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each task that is defined in the proposal; a percentage completion of each task; a concise discussion (2 or 3 sentences) of 

the current status, including accomplishments and problems encountered, if any.  List all tasks, even if no work was done 

during this period.
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Project Description:

Progress this Quarter (includes meetings, work plan status, contract status, significant progress, etc.):

The primary purpose of this project is to develop a test procedure that directly evaluates the permeability (transport 

properties) of concrete and relates these to anticipated field performance with the use of exposure conditions. This 

consists of the following distinct objectives: 

• Evaluation of existing permeability (transport) test procedures. 

• Development of new, or improvement of existing test, procedures to evaluate permeability (transport) properties of 

concrete. 

• Correlation between permeability (transport) properties and measured material response to existing ‘durability’ tests. 

• Develop guidelines to relate permeability, exposure conditions, and field performance for use in specifications and 

quality control processes.

Please see the report attached. It will be divided in the following sessions: 

Session 1: NRMCA National Ready Mixed Concrete Association 

Session 2: Purdue University 

Session 3: Draft Papers
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Anticipated work next quarter:

Significant Results:

Continued testing on samples that have been conditioning 

 

 Rapid conditioning 

The complete calculation of the time of equilibrium for different samples will be performed for samples that are being dried 

Additionally a rapid conditioning is being evaluated for use with the electrical testing. 

 

Gas permeability measurements – comparison with Switzerland 

The samples tested for oxygen permeability and diffusivity will be sent in a Swiss laboratory where the same tests will be 

repeated in order to check the proper setting of our instrument and the repeatability of the results. 

 

Chloride Profile and Binding 

Chloride profiling testing has been developed and will be summarized in the next report. It has been determined that 

additional information is needed to assess binding. A methodology proposed by Tang and Nilsson will be tested, in order 

to evaluate its effectiveness and a possible application.

During the last quarter four important results were obtained. 

 

First, the round robin study was completed using the bulk resistivity test. The results of this study are attached and the 

method should be able to be developed into an AASHTO standard. The data has also been provided to researchers 

working on a new ASTM standard and a draft standard will be drafted. This is the attached paper Spragg et al. 

 

Second, it was observed that improvements for sample conditioning are needed for the ASTM C 1585 procedure. The 

improvements are needed for application to low w/c concrete, field concrete and concrete containing salts. A request for 

standard revision to reflect this needed has been sent to ASTM and these findings are discussed in the attached paper by 

Spragg et al. 

 

Third, a procedure has been developed in earlier work (Pour Ghaz et al attached) however this procedure can be adopted 

here to better understand sample conditioning. The research team has begun to evaluate material properties for use in 

this model and has begun to compare them with theoretical expectations. 

 

Fourth, OPI and gas diffusion test apparatus setups have been completed and these tests are now being compared with 

one another. This completes the setup of all the testing devices.
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Circumstance affecting project or budget.  (Please describe any challenges encountered or anticipated that 
might affect the completion of the project within the time, scope and fiscal constraints set forth in the 
agreement, along with recommended solutions to those problems).

Potential Implementation:
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Anticipated work next quarter:

Significant Results:

 

Continued testing on samples that have been conditioning 

 

Rapid conditioning 

The complete calculation of the time of equilibrium for different samples will be performed for samples that are being dried 

Additionally a rapid conditioning is being evaluated for use with the electrical testing. 
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SESSION 1: NRMCA National Ready Mixed Concrete Association 

This report is divided into three sections.  The first section reports results from NRMCA (Page 

1).  The second section reports results from the last quarter performed at Purdue (Page 56).  

The third section provides chapters/papers of completed work (Page 72). 

 

1.0: NRMCA National Ready Mixed Concrete Association 

Concrete can fail due to chloride induced corrosion, sulfate attack, freeze thaw attack and ASR.  

NRMCA is using rapid index test criteria suitable for specifications will be developed that 

correlate well with slower performance tests for concrete exposed to chlorides, sulfates, and 

freeze thaw. 

Chloride Ingress - Test Methods, Curing Conditions and Test Ages 

Chloride ingress can occur from deicing salts applied in bridge decks in Northern regions as well 

as concrete exposed to marine conditions.  It is well known that when the chloride concentration 

at the steel rebar exceeds the chloride threshold corrosion can initiate.  The chloride diffusion 

test (ASTM C1556) is understood to be a good performance test.  However, that is a very slow 

test and applicable only for sophisticated laboratories.  So rapid index tests were evaluated as 

follows: 

Mixture Proportions and Variables 

w/cm PC 15%FA 30%FA 25%SL 50%SL 7%SF 40%SL+5%SF 

0.29 Yes - l       

0.34       Yes - n 

0.39 Yes - m Yes - l Yes - vl Yes - l Yes - vl Yes - vl  

0.49 Yes - h Yes - m  Yes - m    

0.62   Yes - h  Yes - h   

 

where 

H – High chloride permeability (>5 x 10-12 m2/s) – 3 mixtures 

M – moderate chloride permeability (3 to 5 x 10-12 m2/s)  – 3 mixtures 

L – low chloride permeability (2 to 3 x 10-12 m2/s)  – 3 mixtures 
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VL – very low chloride permeability (0.7 to 2 x 10-12 m2/s)  – 3 mixtures 

N – negligible chloride permeability (<0.7 x 10-12 m2/s)  – 1 mixture 

 

The above mixtures were selected keeping the following in mind: 

1. Cover a predicted (based on Life 365 computer program) 2 year chloride diffusion 
coefficient range that is broad – 6.8x10-12 to 0.62x10-12 m2/s 

2. To be able to use rapid index test criteria to choose mixtures with desired classification 
as indicated above and at the very least rapid index test criteria should help eliminate 
mixtures with high diffusion coefficients (>5 x 10-12 m2/s) 

3. Look at common SCMs like fly ash, slag, silica fume to see if correlation between the 
rapid index tests criteria and diffusion coefficients are independent of SCM types and 
dosages 

4. w/cm, SCM dosages chosen must cover the ranges normally used in HPC 
5. Also some mixtures that would yield high chloride diffusion coefficients (containing high 

w/cm, high pozzolan) should be made and the rapid index tests should yield high values 
so that such mixtures will not be selected.  Also some mixtures that would yield low 
chloride diffusion coefficients (containing low w/cm, low or no pozzolan or conductive 
aggregates) should be made and the rapid index tests should yield low values so that 
such mixtures will be selected. 

 

Mixture Prepared and Tested Thus Far 

All the 13 concrete mixtures have now been cast in 2 phases.  Phase I looked at 6 mixtures and 

the test results are provided in Table 1 whereas Phase II looked at 7 mixtures and the test 

results are provided in Table 2.  The common elements of the two phases are: 

Crushed coarse aggregate (1.0 in. nominal maximum size) ASTM C33 No. 57, natural sand 

FM=2.88 

Adjusted water reducer or high range water reducer (if any) for desired slump = 5 to 7 in. 

Non air entrained concrete mixtures – even though most of these mixtures in practice will 

contain air our aim here is to determine the validity of the rapid index tests and criteria in 

classifying mixtures based on their chloride diffusion coefficients.  This validation will also hold 

for air entrained concrete mixtures.  Also the use of air entrainment will make the comparisons 

between mixtures more challenging  

Planned Test Methods, Curing Conditions and Test Ages 

Normal Curing – Standard moist room curing starts immediately after making the specimens 

Accelerated Curing – 7 days of normal curing followed by 21 days of curing in 100F water 

For all mixtures measure the following: 



 

Transportation Pooled Fund Program QPR _ July-September 2011 Page 3 
 
 

Slump, temperature, air content, density, Strength (28 days), Shrinkage (7 days moist curing 

followed by 90 days of air drying).  Shrinkage test is for reference and may be discontinued for 

future mixtures. 

The following durability tests will be conducted for all the mixtures 

 

Durability Tests 

 Rapid Chloride Permeability test – RCPT  (ASTM C1202)  
i) 28 day accelerated  
ii) 56 day normal curing  
iii) 26 week (182 d) normal curing  
iv) 78 week (546 d) normal curing  

 5 minute Conductivity Test (ASTM C1202 based)  
i) 28 day accelerated  
ii) 56 day normal curing  
iii) 26 week (182 d) normal curing  
iv) 78 week (546 d) normal curing  

 Rapid Migration Test - RMT (AASHTO TP 64)  
i) 28 day accelerated  
ii) 56 day normal curing  
iii) 26 week (182 d) normal curing  
iv) 78 week (546 d) normal curing  

 Chloride Diffusion Test (ASTM C1556)   
i) 59d week normal curing + 186d  in solution.  For Phase II this condition was replaced by 56d normal curing + 

cyclic exposure (75 week using 3d in solution/4d at 73F-50%rh cycle) in solution - 2 
ii) 59d normal curing + 490d in solution till 78 weeks.  For Phase II this condition was replaced by 6months 

normal curing + 15 months in solution - 1   
iii) 59d normal curing + cyclic exposure (18 week using 4d in solution/3d at 100F-20%rh cycle) in solution.  For 

Phase II this condition was replaced by 56d normal curing + cyclic exposure (21 week using 3d in solution/4d at 
73F-50%rh cycle) in solution - 2 

iv) 59d normal curing + 59d in solution.  For Phase II it was 56d normal curing + 35d in solution   
v) 26 weeks normal cure +35 days in solution  

 Sorptivity Test (ASTM C1585) 
i) 28 day accelerated + 18 d specimen conditioning (C1585)  
ii) 56 day normal curing + 18 d specimen conditioning (C1585)  
iii) 26 week (182 d) normal curing + 18 d specimen conditioning (C1585)  

 Absorption test BS 1881:122 (ASTM Draft) 
i) 10 day normal curing + 3 d in oven  
ii) 28 day accelerated + 3 d in oven  
iii) 26 week (182 d) normal curing + 3 d in oven  
For Phase I the oven temperature was maintained at 105C where as for Phase II it was 60C.  The difference 

followed the development of the ASTM drafts.  It was felt that the high oven temperatures will lead to internal 

micro-cracking of concrete leading to misleading high results that are not reflective of the absorption 

characteristics of the concrete specimen being tested. 

Rapid index tests need to correlate with chloride penetration levels for two real life situations: 
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a. when the structures are in a complete or near complete saturation state such as in a submerged 
marine exposure or possibly bridge decks in high humidity regions where chloride ingress is 
primarily diffusion controlled.  The ASTM C1556 would be the correct comparison test here and 
the aim would be to observe which of the rapid index tests correlates well with diffusion 
coefficient (at oldest age).  Ideally suitable rapid index test criteria (s) can be chosen so that 
mixtures can be selected based on the desired level of chloride diffusion coefficient. 

b. when the structures are not completely saturated such as bridge decks in low humidity regions 
where the chloride ingress could be due to sorption and diffusion.  ASTM C1556 conducted in a 
wet/dry scenario would be the closest comparison test here and the aim would be to observe 
which of the rapid index tests correlates well with the ingress coefficient (at oldest age).  Ideally 
suitable rapid index test criteria (s) can be chosen so that mixtures can be selected based on the 
desired level of chloride diffusion coefficient. 

 

Table 1. Yield Adjusted Mixture Proportions and Test Results 

Calculated Batch Quantities 

 0.49Ctrl 0.49SL25 0.39SL50 0.49FA15 0.39FA30 0.34SL40SF5 

Type I/II cement, lb/yd
3
 554 416 306 472 431 382 

Slag, lb/yd
3
  139 306   277 

Fly ash, lb/yd
3
    83 185  

Silica Fume, lb/yd
3
      35 

SCM, % 0 25 50 15 30 45 

Coarse Agg. (No.57), lb/yd
3
 2075 2074 2070 2081 2081 2086 

Fine Aggregate, lb/yd
3
 1303 1293 1314 1273 1267 1264 

Mixing Water, lb/yd
3
 272 272 239 273 240 236 

w/cm 0.49 0.49 0.39 0.49 0.39 0.34 

ASTM C494 Type A, oz/cwt 4.0 4.0 4.0 4.0 4.0 4.0 

ASTM C494 Type F, oz/cwt 2.5 2.9 4.3 2.4 5.0 7.8 

Fresh Concrete Properties 

ASTM C143, Slump, in. 7 1/2 4 1/2 8 7 6 3/4 9 

ASTM C231, Air, % 1.4 1.7 1.3 1.5 1.6 1 

ASTM C138, Density, lb/ft
3
 156.5 156.1 157.7 155.7 156.5 159.3 
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ASTM C1064, Temperature, °F 76 76 75 76 75 75 

Hardened Concrete Properties 

ASTM C39, Compressive Strength, psi 

28 days 6,830 7,550 10,520 6,640 7,970 12,440 

Draft ASTM Standard, Water Absorption Test at 105 °C, % 

10d normal cure 2.89 2.24 1.69 3.25 2.33 1.43 

28d accelerated cure 2.52 1.77 1.34 2.44 1.63 1.26 

196d normal cure 2.30 1.80 1.29 2.29 1.44 1.49 

ASTM C1202, Rapid Chloride Permeability, Coulombs 

28d accelerated cure 4657 1992 561 2414 723 166 

56d normal cure 4674 1912 581 3013 1417 270 

196d normal cure 3356 1581 496 1551 340 147 

550d normal cure 3891
-
 1465

-
 394

-
 1070

-
 174

-
 166

-
 

Draft ASTM Standard, 5 minute Conductivity, Sm
-1

 

28d accelerated cure 0.0189 0.0083 0.0030 0.0091 0.0030 0.0009 

56 normal cure 0.0154 0.0072 0.0034 0.0129 0.0058 0.0013 

196d normal cure 0.0099 0.0055 0.0021 0.0057 0.0018 0.0008 

550d normal cure 0.0076
-
 0.0054

-
 0.0018

-
 0.0054

-
 0.0008

-
 0.0009

-
 

AASHTO TP64, Rate of Penetration (RMT), mm/(V-hr) 

28d accelerated cure 0.065 0.030 0.004 0.046 0.015 0.003 

56d normal cure 0.044 0.025 0.006 0.043 0.024 0.002 

196d normal cure 0.047 0.016 0.006 0.025 0.006 0.002 

550d normal cure 0.048
-
 0.017

-
 0.003

-
 0.017

-
 0.005

-
 0.001

-
 

ASTM C157, Length Change (Drying Shrinkage), % 

28 days
+
 0.035 0.039 0.031 0.029 0.028 0.028 

56 days
+
 0.046 0.048 0.037 0.039 0.036 0.032 

90 days
+
 0.055 0.054 0.044 0.048 0.043 0.039 
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180 days
+
 0.062 0.060 0.049 0.054 0.049 0.044 

ASTM C 1585, Rate of Water Absorption (Sorptivity), x10
-4

 mm/s
1/2

 

28d accel. cure (Initial/Secondary) 10.0 / 7.5 3.1
*
 / 2.8 1.8

*
 / 1.7 7.5 / 4.6 4.8

*
 / 2.1 2.6

*
 / 0.86 

56d normal cure (Initial/Secondary) 9.9 / 6.9 6.8 / 2.4
*
 2.6

*
 / 1.4 20.0 / 13.0 7.1

*
 / 3.3 4.1

*
 / 1.9

*
 

196d normal cure (Initial/Secondary) 6.8
*
 / 6.8 4.1

*
 / 1.3 4.9

*
 / 1.3 4.1 / 2.4 3.6

*
 / 1.8 1.2

*
 / 0.82

*
 

28d accel. cure (Initial/Secondary), g 1.77 / 6.85  0.82 / 2.59  0.66 / 1.75  1.48 / 4.93  1.20 / 2.71  0.51 / 1.13  

56d normal cure (Initial/Secondary), g 1.78 / 6.74  1.06 / 2.94  0.67 / 1.62  2.62 / 12.2  1.4 / 3.76  0.87 / 2.17  

196d normal cure (Initial/Secondary), g 1.34 / 5.74 0.96 / 1.81 1.13 / 1.94 1.09 / 2.73 0.95 / 2.12 0.64 / 1.14 

ASTM C 1556, Chloride Diffusion, x 10
-12

 m
2
/s 

Case 4  5.28 2.24 0.84 8.64 4.81 0.36 

Case 3 11.8 3.20 1.02 6.45 4.01 0.64 

Case 1 2.28 1.37 0.47 1.74 0.14 0.26 

Case 5 2.36 1.32 0.68 3.91 2.02 0.30 

Case 2 11.29 3.34 0.55 4.75 1.12 0.35 

ASTM C 1556, Surface Chloride, % by weight of concrete 

Case 4 1.12 1.77 1.03 0.96 0.75 3.02 

Case 3 1.02 1.37 1.93 1.23 1.39 2.65 

Case 1 1.01 1.90 2.11 1.26 5.62 1.90 

Case 5 0.78 1.29 1.87 1.19 2.41 2.14 

Case 2 1.03 1.05 1.84 1.23 1.40 1.90 

+
 Curing period in 70°F, 50% RH environment NOT included 7 days initial wet curing period in water bath  

*
 a correlation coefficient less than 0.98 indicating that the rate cannot be determined according to ASTM C1585 

-
 Result of only one specimen 

Rapid index tests results were compared with chloride diffusion test data.  Research results 

were presented at the 2009 Concrete Technology Forum in Cincinnatti, OH as “Early Age Tests 

and Criteria for Predicting Long Term Chloride Penetration into Concrete”.  Preliminary 

observations show promising correlations between the early age RCPT results and chloride 

diffusion coefficients for scenarios Case 1, and Case 3.  For Cases 4, and 5 fly ash mixes 
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appear to be more prone to show higher Da‟s than what the early age RCPT results would have 

suggested.   

Detailed analysis of the correlation between the measured diffusion coefficients and rapid index 

test results are being conducted.  Future QPRs will feature those discussions.  Some of the 

results were presented at the ACI Spring Convention in April. 
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Table 2. Yield Adjusted Mixture Proportions and Preliminary Test Results 

Calculated Batch Quantities                 

 0.39PC 0.39FA15 0.39SL25 0.39SF7 0.62FA30 0.62SL50 0.29PC 0.39PC**-R 

Type I/II cement, lb/yd
3
 612 520 462 565 349 249 803 612 

Slag, lb/yd
3
 - - 154 - - 249 - - 

Fly ash, lb/yd
3
 - 92 - - 149 - - - 

Silica Fume, lb/yd
3
 - - - 43 - - - - 

SCM, % 0% 15% 25% 7% 30% 50% 0% 0% 

Coarse Agg. (No.57), lb/yd
3
 2066 2068 2081 2052 2094 2093 2069 2066 

Fine Aggregate, lb/yd
3
 1331 1296 1331 1307 1216 1258 1183 1331 

Mixing Water, lb/yd
3
 238 239 240 237 287 290 236 238 

w/cm 0.39 0.39 0.39 0.39 0.58 0.58 0.29 0.39 

ASTM C494 Type A, oz/cwt 4 4 4 4 3 3 5 4 

ASTM C494 Type F, oz/cwt 8.8 8.3 6.9 8.2 - - 11.7 8.4 

Fresh Concrete Properties                 

ASTM C143, Slump, in. 5 6 1/2 7 3/4 6 6 1/2 7 8 3/4 7 

ASTM C231, Air, % 1.8 1.6 1.2 1.8 1.6 1.4 1.1 1.7 

ASTM C138, Density, lb/ft
3
 158.1 156.9 158.9 156.5 152.5 154.1 159.7 158.1 

ASTM C1064, Temperature, °F 75 75 75 75 75 75 76 76 

Hardened Concrete Properties                 

ASTM C39, Compressive Strength, psi  

28 days 10,460 9,590 10,300 10,740 3,880 5,380 13,480 9,890 

Draft ASTM Standard, Water Absorption Test at 60 °C, %  

56d normal cure 1.03 1.02 1.00 0.82 1.88 1.75 0.91 - 

213d normal cure 0.85 0.79 0.91 0.76 1.55 1.40 0.70 - 

ASTM C1202, Rapid Chloride Permeability, Coulombs  
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28d accelerated cure 2180
-
 1031 1186 276 2495 661 1078 1980 

56d normal cure 1722 1557 1272 299 4012 832 1209 - 

213d normal cure 1607 563 873 252 1177 572 936 - 

Draft ASTM Standard, 5 minute Conductivity, Sm
-1

  

28d accelerated cure 0.0101
-
 0.0054 0.0061 0.0014 0.0089 0.0037 0.0061 0.0102 

56 normal cure 0.0089 0.0070 0.0058 0.0014 0.0119 0.0034 0.0056 - 

213d normal cure 0.0062 0.0026 0.0037 0.0014 0.0042 0.0020 0.0040 - 

AASHTO TP64, Rate of Penetration (RMT), mm/(V-hr)  

28d accelerated cure 0.034
-
 0.017 0.013 0.004 0.047 0.007 0.012 0.029 

56d normal cure 0.027 0.017 0.011 0.004 0.046 0.012 0.011 - 

213d normal cure 0.021 0.009 0.009 0.002 0.033 0.006 0.007 - 

ASTM C157, Length Change (Drying Shrinkage), % 

28 days
+
 0.032 0.037 0.032 0.028 0.041 0.044 0.024 - 

56 days
+
 0.039 0.047 0.038 0.034 0.054 0.052 0.029 - 

90 days
+
 0.042 0.054 0.047 0.043 0.064 0.053 0.030 - 

180 days
+
 0.049 0.056 0.052 0.045 0.066 0.061 0.038 - 

ASTM C 1585, Rate of Water Absorption (Sorptivity), x10
-4

 mm/s
1/2

 

28d accel. cure (Initial/Secondary) - 3.1 / 2.1 4.7 / 2.0* 3.3 / 2.1 9.6 / 3.8 7.6 / 2.8 3.1 / 2.6 9.5 / 5.2 

56d normal cure (Initial/Secondary) 5.9 / 3.3* 6.1 / 4.1 3.1* / 1.5* 3.1 / 1.9* 9.9 / 7.0 7.1* /2.8* 2.1*/ 2.9 - 

213d normal cure (Initial/Secondary) 4.7* / 3.0  3.2* / 2.2 3.6* / 1.9 2.6* / 0.7* 4.6 / 3.7 5.6* / 1.6* 1.6*/1.3* - 

28d accel. cure (Initial/Secondary), g - 0.5 /1.9 0.9 / 2.2 0.6 / 1.9 1.8 / 4.4 1.9 / 3.7 0.5 / 2.2 1.6 / 5.1 

56d normal cure (Initial/Secondary), g 1.1 / 3.2 0.9 /3.8 0.8 / 1.7 0.6 / 1.7 2.3 / 6.9 2.1 / 3.9 0.5 / 2.4 - 

213d normal cure (Initial/Secondary), g 0.8 / 2.5 0.5 / 2.0 0.7 / 1.8 0.5 / 1.0 1.3 / 4.0 1.4 / 2.7 0.3 / 1.2 - 

ASTM C 1556, Chloride Diffusion, x 10
-12

 m
2
/s  

56d nc + 35d in solution 4.58 2.89 2.21 1.18 6.99 2.90 1.32 - 

6m nc + 35d in solution 2.72 1.34 1.12 0.67 7.10 2.31 1.04 - 



 

Transportation Pooled Fund Program QPR _ July-September 2011 Page 10 
 
 

6m nc + 15m in solution 1.35 0.48 0.61 0.22 1.10 0.45 0.48 - 

56d nc + 21w cyclic exposure (3d solution+ 4d air) 1.59 1.24 0.87 0.66 8.33 2.33 0.67 - 

56d nc + 75w cyclic exposure (3d solution+ 4d air) 1.57 0.35 0.40 0.33 4.72 1.39 0.23 - 

ASTM C 1556, Surface Chloride, % by weight of concrete 

56d nc + 35d in solution 0.96 1.17 1.50 1.23 1.11 1.40 1.10 - 

6m nc + 35d in solution 0.94 1.46 1.60 1.27 1.00 1.20 1.46 - 

6m nc + 15m in solution 0.90 0.95 1.45 1.20 1.00 1.35 1.30 - 

56d nc + 21w cyclic exposure (3d solution+ 4d air) 1.01 1.29 1.57 1.32 1.54 1.71 1.42 - 

56d nc + 75w cyclic exposure (3d solution+ 4d air) 1.05 1.30 1.60 1.35 1.54 2.00 1.42 - 

- 
Tested at 21d instead of 28d 

+
 Curing period in 70°F, 50% RH environment NOT included 7 days initial wet curing period in water bath  

*
 A correlation coefficient less than 0.98 indicating that the rate cannot be determined according to ASTM C1585 

**
 Exact repeat of designated mixture 

 

Preliminary Observations 

 

Figure 1. Chloride profile for 56d normal curing followed by 35d in solution 
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Figure 2. Chloride Profile (ASTM C1556) for 180d (6 month) normal curing followed by 35d in solution 

 

 

Figure 3. Chloride Profile (ASTM C1556) for 56d normal curing followed by 21 week in cyclic exposure 
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Figure 4. Chloride Profile (ASTM C1556) for 180d (6m) normal curing followed by 450d (15m) in 

solution 

 

 

Figure 5. Chloride Profile (ASTM C1556) for 56d normal curing followed by 75 week in cyclic exposure 
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Preliminary Discussions on Chloride Diffusion Coefficient Test Results 

 

1. Since the cases depicted in Figures4, and 5 show the longest exposure attention is paid to 
those.  Judging by the chloride profiles shown in Figure 4 (6m normal curing+15 m in 
solution) the best performing mixes (showing low chloride ingress) in order were 
0.39SF7<0.29PC=0.62SL50<039FA15<0.39SL25=0.62FA30<0.39PC.  Judging by the chloride 
profiles shown in Figure 5 (56d normal curing+75 week cyclic) the best performing mixes 
(showing low chloride ingress) in order were 
0.29PC<0.39SF7=0.39SL25=0.39FA15<0.39PC=0.62SL50<0.62FA30.  The 0.39PC mixture had 
lower chloride ingress as compared to both the 0.62SL50 and 0.62FA30 mixtures.  The two 
0.62 w/cm mixtures had noticeably more chloride ingress when compared to all other 
mixtures.  The 0.29PC mixture had the same chloride ingress as the best performing 0.39SF7 
mixture.  The cyclic condition is a little different as it involves chloride ingress into a partially 
saturated concrete surface.  From the difference in performance between the 3 conditions it 
appears that a lower w/cm is more favorable for a cyclic case possibly due to the tighter 
pore structure it entails at the concrete surface and also difference in drying rates. 

2. Judging by the chloride diffusion coefficient values reported in Table 2 for the mixtures in 
Fig. 4(6m normal curing+15 m in solution) the best performing mixes (lowest diffusion 
coefficient) in order were 0.39SF7<0.29PC=0.62SL50=039FA15<0.39SL25<0.62FA30<0.39PC.  
Judging by the chloride diffusion coefficient values reported in Table 2 for the mixtures in 
Fig. 5 (56d normal curing+75 week cyclic) the best performing mixes (lowest diffusion 
coefficient) in order were 0.29PC<0.39SF7=0.39SL25=0.39FA15<0.39PC=0.62SL50<0.62FA30.  
The ranking differences between visual observation based on chloride profile and diffusion 
coefficient estimation is identical for the cyclic case (Fig. 5).  For the immersion case (Fig. 4) 
the difference is negligible and can be explained by the differences in the surface chloride 
content.  The surface chloride contents did not vary substantially between the mixtures.  It 
is the chloride diffusion coefficient value that is used for service life estimation and hence 
attention would be paid to that.  However it is useful to look at the raw chloride profiles to 
make sure the order of mixtures is generally similar.   

3. The chloride diffusion coefficient values vary as follows: 
1. 56d nc + 35d in solution - between 1.18 to 6.99 x10-12 m2/s  
2. 6m nc + 35d in solution - between 0.67 to 7.10 x10-12 m2/s 
3. 6m nc + 15m in solution - between 0.22 to 1.35 x10-12 m2/s 
4. 56d nc + 21w cyclic – between 0.66 to 8.33 x10-12 m2/s 
5. 56d nc + 21w cyclic - between 0.33 to 4.72 x10-12 m2/s 

There is nearly an order of magnitude between the lowest and highest values in each condition 

and it encompasses the broad range of chloride diffusion coefficients.     

 

Work Completed in this Quarter 

Specimens exposed to the last two chloride exposure levels for Table 2 were tested the surface 

chloride contents and diffusion coefficients have been reported.  All the diffusion results will be 

finalized in the next quarter and detailed analysis of the correlation between the measured 
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diffusion coefficients and rapid index test results will be conducted in subsequent quarters.  The 

next QPR will feature those discussions.  Some of the results were presented at the ACI Spring 

Convention in April. 

 

The correlation between the diffusion coefficient results and various rapid index test results (conducted 

at various ages) are provided in the figures below. 

 

 
              (a)                                                                                        (b) 

 
              (c)                                                                                        (d) 
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              (e)                                                                                        (f) 

Figure 4. (a) – (f) for 56d normal curing followed by 35d in solution 

 

 
              (a)                                                                                        (b) 

 
              (c)                                                                                        (d) 

 
              (e)                                                                                        (f) 

Figure 5. (a) – (f) for 180d normal curing followed by 35d in solution 
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Figure 6. (a) – (f) for 56d normal curing followed by 21 week in cyclic exposure 

 

Chloride Diffusion Coefficient and Rapid Index Test Results Comparisons 

A quick look at the Figures 4-6 shows that the 56 day rapid index test results have the highest coefficient 

of correlation with the chloride diffusion coefficient in almost all cases.  So the 56 day coefficient of 

correlations between each of the rapid index test and the chloride diffusion coefficients for the tree 

exposure classes has been summarized in the following Table.    
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Rapid Index Test Coefficient of Correlations with Diffusion Coefficients, % 

56d normal curing 

+ 35d in solution 

180d normal curing + 

35d in solution 

56d normal curing + 

21w cyclic exposure 

Average 

5 minute Conductivity 0.72 0.67 0.52 0.64 

ASTM C1202 0.84 0.92 0.83 0.86 

Absorption 0.53 0.72 0.83 0.69 

RMT, AASHTO TP64 0.96 0.90 0.80 0.89 

Sorptivity, Initial 0.84 0.83 0.92 0.86 

Sorptivity, Final 0.77* 0.89 0.81 0.82 

 

The Rapid Migration Test (AASHTO TP64) has the best correlation of 0.89 followed by the ASTM C1202 

and the initial sorptivity.  If the cylic exposure is excluded then the RMT has an average correlation 

coefficient of 0.93 which is impressive.  It is interesting to see that the 5 minute conductivity results 

have substantially poorer correlations.  Similarly the absorption test has a poorer correlation as 

compared to the initial sorptivity test.   

 

The 0.62SL50 mixture gave significantly low rapid index test results even at an early age of 56 days.  The 

56 day RCPT results for the 0.62SL50 mixture and the 0.29PC mixture were 832 and 1200 coulombs 

respectively but yet the chloride diffusion coefficients of the 0.29PC mixture was 2.2 to 3.5 times lower 

when the chloride exposures are for a shorter duration!  However for the long term chloride exposure 

condition (6m nc + 15m in solution) the 0.62SL50 mixture and the 0.29PC mixture had similar chloride 

diffusion coefficients.  For the long term cyclic exposure (56d nc + 75w cyclic exposure) the chloride 

diffusion coefficients of the 0.62SL50 mixture was 6 times higher than that of the 0.29PC mixture.  Also 

the 0.62SL50 mixture had lower rapid index test result as compared to the 0.39FA15 and 0.39SL25 

mixtures even though the diffusion coefficients of the 0.62SL50 mixture for the long term cyclic case was 

much higher (for the immersed case though the predictions from the rapid index test results are 

accurate).   A job specification of 1000 coulombs would have allowed the 0.62SL50 mixture and rejected 

the 0.29PC mixture!  While the 5 minute conductivity test is equally bad in concluding that the 0.62SL50 

is a better mixture the RMT fairs slightly better.  The 56 day RMT results for the 0.62SL50 mixture and 

the 0.29PC mixture were 0.012 and 0.011 respectively.  The 56 day RMT results would lead one to 

conclude that both of these mixtures are similar.  But it is evident that even the RMT is influenced by the 

effect of the pore solution conductivity albeit to a lesser extent than the RCPT and the 5 minute 
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conductivity tests.  The clearest conclusion though comes from the absorption and sorptivity test 

results.  The 56 day absorption and sorptivity test results were much higher for the 0.62SL50 as 

compared to the 0.29PC mixture.   

The 0.62FA30 mixture has a different story.  Fly ash tends to react slowly and therefore the early age 

rapid index test results of the 0.62FA30 mixture are still high and so they do not lead to incorrect 

conclusions as the 0.62SL50 mixture.  But interestingly for the immersed case even the 0,.62FA30 

mixture is catching up with the 0.29PC mixture.   

 

Further the 56 day RCPT results for the 0.39SF7 mixture and the 0.29PC mixture were 299 and 1200 

coulombs respectively.  For the long term immersed case the measured chloride diffusion coefficients 

match the expected rapid index test results.  However for the long term cyclic case the 0.39SF7 mixture 

had 50% higher chloride diffusion coefficients.   Similar observations can be made when one looked at 

the 5 minute conductivity and RMT test results.   

 

For the four w/c=0.39 mixtures the rapid index test results rank the 4 mixtures in the same order as the 

chloride diffusion coefficients.  So the effect of pore solution conductivity is less evident when similar 

w/cm mixtures are compared.  The biggest danger with the conductivity based tests is that high w/cm 

mixtures containing slag or silica fume (high w/cm silica fume mixtures performed similar to high w/cm 

slag mixtures) can show low early age values leading to the mistaken conclusion that they would help 

attain low diffusion coefficients.  It should be pointed out that low values are being attained for the long 

term immersed case but not for the long term cyclic case.  One possible way to address this is by the 

judicious use of the absorption or sorptivity test results to exclude the high w/cm mixtures.  In that test 

the high w/cm mixtures always appear to give a high value so by requiring a maximum sorptivity criteria 

the high w/cm mixtures can be excluded.  This may be appropriate in environments where chloride 

ingress by sorptivity can be a significant factor such as in bridge decks in low humidity regions where 

deicing salts are applied.  Alternately, it would be simpler to use the very low 28day strengths to reject 

the two 0.62 w/cm mixes, then the other mixes could be ranked using one of the rapid index tests. 

 

When the two 0.60 w/cm mixtures are removed as shown in Figure 7 the coefficient of correlations 

between the 56 day RMT and the chloride diffusion coefficients for the three exposure cases were 0.94, 

0.99 and 0.92 or an average of 0.95.   

 

On the basis of the chloride diffusion test results the mixtures can be classified as follows 
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Classification based on Chloride 

Diffusion Coefficient 

180d normal curing followed by 

35d in solution 

56d normal curing followed by 

21 week in cyclic exposure 

Level 1 (≤1.0x10-12 m2/s) 0.39SF7 0.39SF7, 0.29PC, 0.39SL25 

Level 2  (1 to 3x10-12 m2/s) 0.29PC, 0.39SL25, 0.39FA15, 

0.39PC, 0.62SL50 

0.39PC, 0.39FA15, 0.62SL50 

Level 3 (≥3.0x10-12 m2/s) 0.62FA30 0.62FA30 

 

It will be interesting to observe if the rapid index test results can classify mixtures based on the different 

levels.  When the last two chloride diffusion coefficient results become available the analysis will be 

completed.   This will be completed for all mixtures in Table 1 and Table 2.  Ideally suitable rapid index 

test criteria (s) can be chosen so that mixtures can be selected based on the desired level of chloride 

diffusion coefficient.  Given that the different conditioning requirements lead to different mixtures it is 

clear that more than one rapid index test result may be required.   
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 (b) 180d normal curing followed by 35d in solution 

 
(c) 56d normal curing followed by 21 week in cyclic exposure 

 

Figure 7. (a) – (c) Diffusion Coefficients vs RMT without High w/cm ratio Mixes  

 

 

2.5  Field Core Testing Program (PROPOSED NO COST ADDITIONAL WORK BY 

NRMCA) 

In addition to that lab experimental program it would be useful to get concrete cores from un-

cracked areas from 10-30 years old structures in bridge deck (low relative humidity), bridge 

deck (high relative humidity), marine - submerged, tidal, spray zones.  These samples would be 

used by NRMCA to measure sorptivity, chloride profile on top 2 in., discard the next 1 inch and 

conduct ASTM C1556 chloride diffusion test on next 2 inches.  Do 2 rapid index test results 
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(RCPT, gas permeability) from sample just below that.  So a 7 to 10 in. core thickness of 4 in. 

diameter may be required for this program.  The aim would be to see if there is a unique relation 

between measured rapid index test result and calculated chloride diffusion coefficient from the 

chloride profiles.  Also it would be worthwhile to compare those diffusion coefficients with 

mixture proportions and the 56 day rapid index results attained during quality assurance or mix 

qualification stage (if such is available).  The core test program can account for a wide range of 

field conditions such as moist curing durations, wet/dry chloride exposures, chloride loadings 

and temperature exposures and is therefore an useful extension of this lab based experimental 

program. 

 

Freeze Thaw - Test Methods, Curing Conditions and Test Ages 

Freeze thaw (F-T) attack is another major concrete deterioration mechanism.  Capillary sorption 

and water vapor diffusion are the two principal transport mechanisms that cause critical 

saturation of capillary pores which is necessary for freeze thaw damage. An air content of 5% to 

7% with an air voids spacing factor less than 0.2 m is typically necessary to maintain adequate 

freeze thaw resistance. While the air entrainment requirement is acceptable an attempt will be 

made to develop test and performance criteria as an alternative to the maximum w/cm 

requirement.  ACI 318 states that for F1, F2, F3 categories max w/cm=0.45, min strength=4500 

psi, and air content limits.  It is clear that a low w/cm is required to ensure low water penetration 

and potential for critical saturation.  By conducting mixes with different w/cm and various SCM 

dose and contents we will examine if F-T performance (as measured by no. of cycles for 15% 

mass loss or relative dynamic modulus of elasticity after 300 cycles) is better correlated with a 

rapid index test such as sorption or gas permeability criteria than w/cm.  If at each w/cm, F-T 

performance varies widely depending on the test criteria the importance of the test criteria as 

opposed to w/cm is established.  Also it would be determined whether some mixes with low 

w/cm and higher sorptivity/gas perm can have poorer F-T performance as compared to mixes 

with higher w/cm and lower sorptivity/gas perm which can again establish the importance of the 

test criteria as opposed to w/cm. 

ACI 318-08 F classes 

Moderate F1: Concrete exposed to freezing-and thawing cycles and occasional exposure to 

moisture 

Severe F2: Concrete exposed to freezing-and thawing cycles and in continuous contact with 

moisture 

Very severe F3: Concrete exposed to freezing-and thawing and in continuous contact with 

moisture and exposed to deicing chemicals 

From the test results plots Concrete class F2 can be suggested to have RDM of 60-80% while 

F3 can have RDM>80% after 300 F-T cycles.  It is hoped that these RDM and mass loss 



 

Transportation Pooled Fund Program QPR _ July-September 2011 Page 22 
 
 

correlates with rapid index test criteria such as sorptivity and we can use those test criteria 

rather than RDM. 

For C672 Y axis will be mass loss or visual rating 

Mixture Proportions Planned 

 

w/cm PC 20%FA 30%SL 25%SL+5%SF 

0.40 Yes-m   Yes-vl 

0.45 Yes-m Yes-m Yes-m Yes-vl 

0.50 Yes-h Yes-m Yes-m Yes-l 

0.60 Yes-h   Yes-m 

 

The mixtures that have been struck off have been cast as of now and are shown in Table 3. 

 

Crushed coarse aggregate (1.0" max) no. 57, natural sand FM=2.88 

Adjust water reducer or high range water reducer (if any) for desired slump = 5 to 7 in. 

Air entrained concrete mixtures – Target 5 to 6% air.  Use AEA from same admix manufacturer  

 

Normal Curing – Standard moist room curing starts immediately after making the specimens 

Accelerated Curing – 7 days of normal curing followed by 21 days of curing in 100F water 

 

For all mixtures measure the following: Slump, temperature, air content, density, Strength (28 

days of moist curing followed by 28 days of air drying), Shrinkage (7 days moist curing followed 

by 90 days of air drying).   

 

Durability Tests 
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For all tests at all ages, make 2 cylinders unless otherwise stated.  Make 6 extra cylinders for 

each mix, moist cure for 28 days and then ship 4 to Purdue/UT for gas permeability testing and 

keep the other 2. 

  

 Rapid Chloride Permeability test (ASTM C1202)  
i) 28 day accelerated  
ii) 56 day normal curing  
iii) 26 week (182 d) normal curing 
 

 ASTM C666.  Test 2 replicate specimens as recommended by C666 standard.  28 day 
moist curing followed by 28 day air drying in 50% RH and 70F and then start C666.  Do 
dynamic modulus, mass change tests as required by C666.  Do test until 1000 cycles or 
visible differences between mixtures which-ever occurs first.  Also mixtures should not 
be tested for >25% mass reduction or 50% relative dynamic modulus of elasticity.  

 

 ASTM C672.  Test 2 replicate specimens as recommended by C672 standard.  28 day 
moist curing followed by 28 day air drying in 50% RH and 70F and then start C672.  Do 
test until 150 cycles or visible differences between mixtures which-ever occurs first.  
Determine visual rating every 5 cycles.   

 

 Sorptivity Test (ASTM C1585) after: 
i) 28 day accelerated + 18 d specimen conditioning (C1585)  
ii) 38 day normal curing + 18 d specimen conditioning (C1585)  
iii) 26 week (182 d) normal curing + 18 d specimen conditioning (C1585) 
 

 Absorption test BS 1881:122 – use latest ASTM draft which states 50C. 
i)  28 day accelerated + 3 d in oven  
ii)  56 day normal curing + 3 d in oven  
iii) 26 week (182 d) normal curing + 3 d in oven 
 

Table 3. Yield Adjusted Mixture Proportions and Preliminary Test Results 

Calculated Batch Quantities 

  

0.57 

PC 

0.50 

PC 

0.50 

FA20 

0.50 

SL30 

0.50 

SL25SF5 

0.60 

SL25SF5 

0.45 

PC 

0.45 

SL30 

0.57 

PC**-R 

0.50 

PC**-R 

0.50 

SL30**-R 

Type I/II cement, lb/yd
3
 506 539 442 385 385 353 592 414 505 541 382 

Slag, lb/yd
3
    165 137 126  177   164 
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Fly ash, lb/yd
3
   111         

Silica Fume, lb/yd
3
     27 25      

SCM, % 0 0 20 30 30 30 0 30 0 0 30 

Coarse Agg. (No.57), lb/yd
3
 2087 2021 2071 2060 2058 2077 2035 2029 2082 2026 2043 

Fine Aggregate, lb/yd
3
 1094 1083 1066 1093 1084 1072 1062 1048 1118 1086 1084 

Mixing Water, lb/yd
3
 290 270 276 275 275 302 267 266 293 270 273 

w/cm 0.57 0.50 0.50 0.50 0.50 0.60 0.45 0.45 0.58 0.50 0.50 

ASTM C494 AEA, oz/cwt 3.8 4.4 23.5 6.3 4.4 7.0 4.4 6.9 3.8 4.4 4.8 

ASTM C494 Type F, oz/cwt  3.1 2.2 3.2 5.5 2.6 8.1 11  6.7 12.8 

Fresh Concrete Properties 

ASTM C143, Slump, in. 7 6 6 5 5 6.5 5.25 6 5.5 4.75 7 

ASTM C231, Air, % 6 7.2 6 6.2 6.5 6.2 7 7.6 5.8 7.2 7.2 

ASTM C138, Density, lb/ft
3
 148.1 145.7 147.7 148.1 147.7 147.3 147.3 146.5 148.9 146.1 146.9 

ASTM C1064, Temperature, °F 75 75 73 70 72 70 70 70 70 70 68 

Hardened Concrete Properties 

ASTM C39, Compressive Strength, psi 

28 days 4,918 4,895 4,101 5,376 6,249 4,844 5,427 5,182 4,738 4,454 5,312 

Draft ASTM Standard, Water Absorption Test at 50 °C, % 

28d accelerated cure - - 1.41 - 1.24 1.56 1.61 1.2 2.28 1.81 1.47 

56d normal cure 1.85 1.65 1.81 1.36 1.44 1.74 1.76 1.39 - - - 

182d (26w) normal cure 1.67 1.47 1.19 1.45 1.29 1.51 1.49 1.20 - - - 

ASTM C1202, Rapid Chloride Permeability, Coulombs 

28d accelerated cure - - 2014 - 332 516 2630 851
-
 5015 3578 1077 

56d normal cure 4876 3633 4287 1554 469 848 2957 1143
-
 - - - 

182d (26w) normal cure 5297 3879 2193 1340 532 622 2722 1094 - - - 

ASTM C157, Length Change (Drying Shrinkage), % 
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28 days
+
 0.045 0.039 0.041 0.049 0.053 0.063 0.036 0.039 - - - 

56 days
+
 0.061 0.046 0.050 0.052 0.056 0.069 0.049 0.049 - - - 

90 days
+
 0.069 0.054 0.057 0.058 0.065 0.075 0.055 0.055 - - - 

180 days
+
 0.076 0.059 0.057 0.063 0.065 0.077 0.058 0.058 - - - 

ASTM C 1585, Rate of Water Absorption (Sorptivity), x10
-4

 mm/s
1/2 

28d accelerated cure (Initial/Secondary) - - 
8.7

*
/ 

3.0 
- 

5.6
*
/ 

2.8 

7.1
*
/ 

3.3 

5.9
*
/ 

4.1 
6.7*/ 2.0* 

17.6*/6.7
* 

10.8*/4.7
* 

5.7
*
/ 

1.5 

56d normal cure (Initial/Secondary) 
13.7 

/3.7* 

8.2*/ 

3.4 

14.1/9.

8 

13.1*/ 

4.3 
6.0/ 3.2 6.3/ 3.5 9.4/ 5.9 

5.1/ 

3.0* 
- - - 

196d normal cure (Initial/Secondary) 4.3* /1.6* 3.0* / 2.1* 6.5* / 2.6* 5.0* / 1.2* 8.5 / 2.0* 5.0* / 1.7 5.6 / 3.3 3.5* / 2.4 - - - 

28d accel. cure (Initial/Secondary), g - - 2.0/ 3.7 - 1.8/ 3.7 1.4/ 3.8 1.4/ 4.0 1.8/ 2.6 3.1/ 7.6 2.3/ 5.0 2.0/ 2.7 

56d normal cure (Initial/Secondary), g 2.5/ 5.3 1.6/ 3.8 2.4/ 8.9 2.8/ 5.9 1.6/ 4.1 1.6/ 4.1 2.0/ 6.0 1.5/ 3.5 - - - 

196d normal cure (Initial/Secondary), 

g 
0.9 / 2.4 0.8 / 2.4 1.2 / 2.9 1.2 / 2.2 1.5 / 3.1 1.2 / 2.5 1.0 / 3.3 0.7 / 2.3 - - - 

ASTM C 666, Freezing and  Thawing Resistance, % 

Durability Factor @ 2,500 c 97 98 95 72 96 96 98 97 - - - 

Mass Loss @ 2,500 c 5.0 2.8 5.9 5.9 4.3 6.8 3.7 5.4 - - - 

ASTM C 672, Salt Scaling Resistance   

Visual Rating (0 – 5) @ 50 cyc 5 3.0 3.0 3.0 2.3 3.8 2.0 0.5 - - - 

Visual Rating (0 – 5) @ 180 cyc 5++
 3.5 4.5 3.0 3.6 4.3 2.8 1.5 - - - 

**
 Exact repeat of designated mixture 

*
 A correlation coefficient less than 0.98 indicating that the rate cannot be determined according to ASTM C1585 

+
 Curing period in 70°F, 50% RH environment NOT included 7 days initial wet curing period in water bath  

-
  Result of only one specimen 

++
 Terminated at 75 cycles 

 

After about 2500 cycles the freeze thaw performance of all mixtures are excellent given that 

most specifications will accept a concrete mixture with a durability factor (DF) greater than 80% 

after 300 cycles as excellent freeze thaw behavior.  The test data is very consistent with both 
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freeze thaw specimens from a given mixture showing similar results in terms of durability factor 

and mass loss as seen from the table below. 

 

FT# Mix ID Air% # of Cyc DF01 DF02 Avg. DF ML01 ML02 Avg. ML 

FT1 0.57PC 6.0 2741 97% 98% 97% 5.0% 5.0% 5.0% 

FT2 0.5PC 7.2 2675 96% 99% 98% 2.7% 2.9% 2.8% 

FT3 0.5FA20 6.0 2357 96% 93% 95% 6.2% 5.7% 5.9% 

FT4 0.5SL30 6.2 2672 72% 72% 72% 5.9% 5.9% 5.9% 

FT5 0.5SL25SF5 6.5 2652 97% 95% 96% 4.5% 4.2% 4.3% 

FT6 0.6SL25SF5 6.2 2520 95% 96% 96% 6.6% 6.9% 6.8% 

FT7 0.45PC 7.0 2497 100% 97% 98% 3.3% 4.1% 3.7% 

FT8 0.45SL30 7.6 2482 97% 97% 97% 5.8% 4.9% 5.4% 

 

The C666 mass loss is shown plotted against increasing number of cycles in Figure 8. 
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(a) 

  

(b) 

Figure 8. C666 mass loss vs N of cycles 

 

Mixture 0.50SL30 does show a slightly lower durability factor of 72% where as all other mixtures 

have values exceeding 95%.  Only light scaling on surfaces is observed from the F-T samples 

after 2500 cycles.  F-T mass loss data is still low because the deterioration is low.  This goes to 

show that even though mixtures tested varied a great deal in the 56 day rapid index test results 
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(RCPT, sorptivity and absorption) their freeze thaw performance is not compromised.  In other 

words even though the transport properties may not be very good the air void system is a 

primary factor ensuring good freeze thaw behavior of these mixtures.  At this point it does not 

appear productive to even try to do the remaining 4 concrete mixtures as they will have even 

better rapid index test results.  At the end of about 2700 cycles the specimens will be taken out 

of the F-T machine.  They will be surface dried, weighed and then subjected to 28 days of moist 

room curing.  The specimens will be weighed again and then subject to 300 F-T cycles.  This 

will be completed by the next quarter. 

 

Figure 9 shows that C666 mass loss does not correlate well against w/cm.  

 

 

Note: MixID was noted at right below the data point 

Figure 9. C666 mass loss vs. w/cm 

 

Figure 10 shows that C666 mass loss does not correlate against initial sorptivity expressed as 

percent water absorbed at the end of the testing period corresponding to the primary rate of 

sorption. 
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Note: MixID was noted at the right side of the data point 

Figure 10. C666 mass vs Initial Sorptivity (expressed as S1 water absorption of avg. mass of 2 

specimens) at 56d normal curing condition 

 

Scaling tests have been completed and the visual ratings are given based on the following table 

from C672. 

 

Rating Condition of Surface 

0 No scaling 

1 Very slight scaling (1/8 in. depth max, no coarse aggregate visible) 

2 Slight to moderate scaling 

3 Moderate scaling (some coarse agg visible) 

4 Moderate to severe scaling 

5 Severe scaling (coarse agg visible over entire surface) 

 

Since visual ratings are somewhat subjective they were given by 4 Engineering staff members 

and the ratings averaged for each mixture.  It was interesting to note that the ratings between 

the staff members were fairly consistent.  Ratings after 180 freeze thaw cycles are provided in 
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Table 3, except for Mixture 0.57PC for which the scaling after 75 cycles was so severe that the 

mix had to be terminated. 

 

Mixture performance varied widely from a rating of 1.5 to a high in excess of 5.  The Figure 11 

shows the actual surface appearance of the various mixtures and the corresponding visual 

ratings of scaling. 

 

 

 

Figure 11. Salt scaling slabs with final visual ratings 

 

Correlation between salt scaling test visual ratings and rapid index test results 

Correlations between the visual ratings after 180 cycles and fresh air content and between the 

visual ratings after 180 cycles and the various rapid index tests such as absorption, sorptivity 

and rapid chloride permeability are drawn in Figure 12 a-d.  Air content seemed to have the best 

coefficient of correlation at 0.69 with the visual rating of scaling after 180 cycles.  Among the 

rapid index tests absorption test results had the best correlation where as correlation for the 

sorptivity and RCPT were very poor.  This seems to confirm that deicing scaling resistance may 

not have a good correlation with any of the rapid index test evaluated in this report.  
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                                          (a)                                                                                  (b) 

 

                                          (c)                                                                                  (d) 

 

                                          (e)                                                                                  (f) 

 

Figure 12. (a) – (f) Correlation between the visual ratings after 180 cycles and fresh air content,  

various rapid index tests 

 

It should be kept in mind that the scaling resistance is evaluated after 50 cycles.  Goodspeed et 

al. in their article HPC Defined have stated that a visual rating after 50 cycles of: 
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0,1 corresponded to the HPC performance Grade 3 

2,3 corresponded to the HPC performance Grade 2 

4,5 corresponded to the HPC performance Grade 1 

 

Correlations between the visual ratings after 50 cycles and fresh air content and between the 

visual ratings after 50 cycles and the various rapid index tests such as absorption, sorptivity and 

rapid chloride permeability are drawn in Figure 13 a-d.  In general these correlations are even 

poorer than Figure 12.  It does not appear possible to select rapid index test criteria as an 

alternative to ASTM C672 to select mixtures with good scaling resistance. 
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                                          (e)                                                                                  (f) 

Figure 13. (a) – (f) Correlation between the visual ratings after 50 cycles and fresh air content,  various 

rapid index tests 

 

Sulfate Resistance - Test Methods, Curing Conditions and Test Ages 

Sulfate attack is another major concrete deterioration mechanism.  Water soluble sulfates 

penetrate concrete by a combination of capillary sorption and diffusion. Three mechanisms are 

recognized: 

1 Physical sulfate attack – generally by salt crystallization of certain sulfate salts 

2 Chemical attack of aluminate phases in to form calcium sulfo-aluminate hydrates and gypsum. 

3. Chemical attack on the calcium silicate hydrate matrix at cooler temperatures (thaumasite 

formation)   

Note: The thaumasite sulfate attack mechanism is less common and is not addressed in this 

test program. 

Concrete resistance to sulfate attack is governed by 2 factors:  

1. Cementitious type – Increasing C3A in portland cement portion in concrete decreases its 

sulfate resistance. Aluminate phases from SCMs can also sometimes contribute to this effect – 

more likely in some Class C fly ashes or some higher alumina content slags from off shore.  

2. Low permeability – that reduces the rate of penetration of sulfates into the concrete.  The ACI 

318 building Code recognizes 3 exposure classes of sulfate exposure in increasing severity 

based on concentration of water soluble sulfates in soil or water – S1, S2, and S3 and 

establishes the following (Table A) minimum requirements for concrete mixtures for adequate 

sulfate resistance: 
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Table A. ACI 318 Building code Requirements for Concrete Exposed to Sulfate 

 

Category CM type or Performance Equivalent w/cm, strength 

S0 None None 

S1 Type II or ASTM C1012 <0.1% at 6 mos 0.50, 4000 psi 

S2 Type V or ASTM C1012 <0.1% at 12 mos 0.45, 4500 psi 

S3 Type V+pozz or slag or ASTM C<1012 < 0.1% at 18 mos 0.45, 4500 psi 

 

In ACI 318-08, ASTM C1012 expansion criteria are recognized as an alternative to the 

prescriptive requirements for the allowable types of cementitious materials.  

The maximum w/cm limit is invoked to control the permeability of concrete. Besides w/cm, 

however, the permeability of concrete is also impacted by the composition of the cementitious 

materials.  The aim of this task to develop rapid index test and performance criteria as an 

alternative to the maximum w/cm requirements.  It is clear that a low w/cm is required to ensure 

low sulfate ingress by sorption and diffusion. Low permeability of concrete is an important factor 

to control both the physical and chemical forms of sulfate attack. 

 

By testing concrete mixtures with different w/cm and cementitious types (including SCM types 

and contents) we will examine if concrete performance against sulfate attack (as measured by 

USBR 4908 method B) is better correlated with ASTM C1012 and a rapid index test alternative 

to w/cm criteria. Rapid index tests that will be evaluated  include rapid chloride permeability (and 

conductivity), sorption or gas permeability.   

USBR4908 is a test that was used by the US Bureau of Reclamation on historical research on 

sulfate resistance. It is a long term test on concrete and is not suited for inclusion in code or 

specification criteria. The evaluation of rapid index test results relative to performance in the 

USBR4908 will allow establishment of such required performance criteria. The test involves 

immersing 3x6 in. cylindrical concrete specimens in 10% sodium sulfate solutions for an 

extended period and measuring expansions periodically.  An expansion of 0.5% is considered 

as failure and the test is expected to last at least 12-18 mos.  

It is proposed that all concrete mixtures be subjected to an immersion period of 18 mos with the 

expansions recorded.  Mixtures that show higher resistance to sulfate attack will result in lower 

expansions in the USBR test.  By separating out mixtures into 3 categories based on their 

USBR expansion levels it will be possible to select mixtures that will perform in the different 
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sulfate exposure classes S1, S2, and S3 – mixtures with the lowest USBR expansion levels 

could be used for S3 exposure category and so on.   

Additionally, partially submerged specimens in test solutions will be performed at the same 

sulfate concentration.  This is intended to simulate sorption and wicking of sulfates in structures 

and the condition of physical sulfate attack.  

 

The results will be interpreted as follows: 

 

It is expected that two mixtures with different composition of cementitious materials could have 

the same performance in the USBR test due to different levels of sulfate ingress (permeability) 

into the concrete.  It is proposed to tie the rapid index test criteria that measures a permeability 

property to the C1012 expansion levels (see Table B).   

The process of developing these rapid index criteria is proposed to be accomplished by the 

following 3 plots. 

Plot 1 will have 12 mo or 18 mo USBR expansions on the Y axis and rapid index test results on 

X axis.  Plot only those mixtures (from the 20+ mixtures tested as per Table C) that satisfy the 

ASTM C1012 expansion criteria for the S1 exposure class but that fail that for exposure classes 

S2, and S3.  Three different USBR expansion levels as suggested in column 2 of Table b will be 

used to delineate expansions in the USBR test on concrete specimens for the 3 exposure 

classes (these may need to be revised later based on the test results).  Record the 

corresponding rapid index test criteria.   

Plot 2 should have mixtures that satisfy the ASTM C1012 expansion criteria for the S2 exposure 

class  but that fail that for exposure class S3.  The same three expansion criteria for the USBR 

expansions will be used.  Record the corresponding rapid index test criteria.   

Plot 3 should have mixtures that satisfy the ASTM C1012 expansion criteria for S3 exposure 

class.  The same three expansion criteria for the USBR expansions will be used.   Record the 

corresponding rapid index test criteria.  

 

 The final outcome is expected to be along the following lines 

This allows the two criteria to offset each other and can be established based on the USBR 

concrete performance testing – a more conservative result in the C1012 might permit a less 

conservative criteria in the rapid index for permeability and vice versa. 
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Table B. Interpretation of USBR expansion Results and Development of Rapid Index test Criteria 

 

Category USBR expansion C1012 Rapid index (assume RCPT coulombs) 

S1 0.4 to 0.6% <0.1% at 6 mos 3000 

  <0.1% at 12 mos 4000 

  <0.1% at 18 mos 4000 

S2 0.2 to 0.4% <0.1% at 6 mos 2000 

  <0.1% at 12 mos 3000 

  <0.1% at 18 mos 4000 

S3 <0.2% <0.1% at 6 mos NA 

  <0.1% at 12 mos 1500 

  <0.1% at 18 mos 2000 

 

Table C. Mixture Proportions Planned 

 

Category w/cm Cement No SCM 15%FA 20%FA 30%FA 25%SL 35%SL 50%SL 

S0 0.50 Type I 1 cement       

S1 0.50 Type II 1 cement       

 0.40 Type I  Yes   Yes   

 0.50 Type I  Yes   Yes   

 0.60 Type I  Yes   Yes   

S2 0.45 Type V 2 cements       

 0.40 Type II   Yes   Yes  

 0.50 Type II   Yes   Yes  
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 0.60 Type II   Yes   Yes  

S3 0.40 Type V    Yes   Yes 

 0.50 Type V    Yes   Yes 

 0.60 Type V    Yes   Yes 

 

For S1, 0.50, test 1 Type II control mix 

For S2, 0.45, test 2 Type V control mixes 

So there are a total of 22 mixtures – 18 with SCMs and 4 without.  Some of these mixtures may be 

optimized if possible without losing research objective.   

The mixtures that have been struck off have been cast as of now and are shown in Table 4. 

 

Crushed coarse aggregate (1.0" max) no. 57, natural sand FM=2.88 

FA will be Class F fly ash. 

Adjust water reducer or high range water reducer (if any) for desired slump = 5 to 7 in. 

Non air entrained concrete. 

Need a Type I with relatively high C3A so its not too similar to the Type II 

 

Planned Test Methods, Curing Conditions and Test Ages (Lab) 

 

Mortar 

ASTM C1012.  Conduct C1012 tests.  C1012 is normally done on mortar at a constant w/cm = 

0.485.  Therefore there will be a total of 10 mixtures - 6 SCM mixtures (2 with Type I, 2 with 

Type II, 2 with Type V) and 4 PC only mixtures.   Consider 2 for replication at high and low 

expansion level. Conduct C1012 for 18 mos – some of mixtures with lower SCMs may be 

stopped earlier.  Take periodic expansion readings as per C1012. 

 

Concrete 
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Normal Curing – Standard moist room curing starts immediately after making the specimens 

Accelerated Curing – 7 days of normal curing followed by 21 days of curing in 100F water 

 

For all concrete mixtures measure the following: Slump, temperature, air content, density, 

Strength (4x8 cyl at 28 days of moist curing).   

 

Durability Tests 

For all tests at all ages, make 2 cylinders unless otherwise stated.  Make 6 extra cylinders for 

each mix, moist cure for 28 days and then ship 4 to Purdue/UT for gas permeability testing and 

keep the other 2. 

  

 Rapid Chloride Permeability test (ASTM C1202)  
i) 28 day accelerated  
ii) 56 day normal curing  
iii) 52 week normal curing 
 

 USBR4908 fully immersed method B.  Test 3 prisms per mix.  Start after 28 days of 
moist curing and 28 days of air drying (everything else similar to USBR 4908 
requirements).  Conduct test for 36 mos or as instructed.  Take periodic expansion 
readings.  Follow USBR test method for other requirements.   
 

 USBR4908 partially immersed (same 10% solution as above).  Test 3 prisms per mix.  
Start after 28 days of moist curing and 28 days of air drying (everything else similar to 
USBR 4908 requirements).  Conduct test for 36 mos or as instructed.  Take periodic 
expansion readings.  The specimens are immersed half way following the procedure in 
the NIST report.  Figure 14 shows the test set up.  The partially immersed specimens 
were made for the high and low w/cm and PC only mixes. Mass change will also be 
measured to determine if there is surface spalling at the wet zone.    

 

 Sorptivity Test (ASTM C1585) after : 
i) 28 day accelerated + 18 d specimen conditioning (C1585)  
ii) 56 day normal curing + 18 d specimen conditioning (C1585)  
iii) 52 week normal curing + 18 d specimen conditioning (C1585) 
 

 Absorption test BS 1881:122 – use latest ASTM draft 
i) 28 day accelerated + 3 d in oven  
ii) 56 day normal curing + 3 d in oven  
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iii) 52 week normal curing + 3 d in oven 
 

 

 

 

 

Figure 14 USBR half immersed specimens in the container 

 

If at each w/cm, sulfate performance varies depending on the test criteria the importance of the 

test criteria as opposed to w/cm is established.  Also it would be determined whether some 

mixes with low w/cm and higher sorptivity/gas perm can have poorer sulfate performance as 

compared to mixes with higher w/cm and lower sorptivity/gas perm which can again establish 

the importance of the test criteria as opposed to w/cm.   

 

This task does not consider the development of a more rapid test for C1012. Options include 

smaller specimen size/paste or higher temperature soln. exposure. 

Some of the initial concrete mixtures are being cast at the moment. 

 

Table 4 and Table 5 shows the results from all 22 concrete mixtures cast.  At the moment all the 

early age rapid index test results are available.  One year rapid index test results are available 

only for the mixtures in Table 4.  For the USBR fully immersed and partially immersed 
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conditions 6 to 12 mo test data is available at this point and 12 mo data for all mixtures should 

become available by January 2012.  For the fully immersed case the following are being 

measured – 1. Length change; 2. Mass change; 3. Visual rating/pictures.  For the partially 

immersed case the following are being measured – 1. Scaling length; 2. Mass change; 3. Visual 

rating/pictures.  Ambient RH will continue to be measured at 2 locations – one at 1 in. above the 

solution and the other near the top of the specimen. Only the 12 mo USBR data in Table 4 is 

available and is discussed below.   

 

For the fully immersed case the length change vs age is plotted in Figure 15.  There is 

expansion with increasing age with the higher w/cm mixtures having higher expansions both in 

the case of slag and fly ash mixtures.  The expansion levels are still very low.  For the 0.5 w/cm 

PC mixtures the mixture with the lower C3A (0.5PC2) content had a lower expansion level as 

expected.  The mass age vs age is plotted in Figure 16.  Thus far there has been a mass 

increase as a result of absorption.   The higher w/cm mixtures have had higher mass increases 

as a result of their absorption.  Both the 0.6 w/cm slag and fly ash mixtures have shown a sharp 

mass decrease at a later age.  This is primarily due to the corners of the prisms breaking off.  

Pictures taken at 12 mos for all the fully immersed specimens shown in Figure 17 confirm this.   

 

For the partially immersed case mass loss has not been found to give good results thus far and 

is not reported.  However scaling length has been measured.  This is the length of scaling from 

the surface of the solution upwards.  Scaling occurs because the sulfate solution is absorbed by 

the concrete migrates upwards evaporates from the top surface leaving behind salt crystals 

which can expand when they absorb moisture causing scaling and cracking.  This is described 

as physical sulfate attack and does not require the chemical sulfate attack reaction.  The 

measures scaling lengths are plotted for the different mixtures in Figure 18.  Once again the low 

w/cm (0.40) mixtures had lower scaling lengths when compared to the higher w/cm mixtures 

(0.60) for both the fly ash and slag cement cases.  The other interesting finding is that the two 

0.50 PC mixtures had the similar scaling lengths even though the C3A contents where quite 

different (8% vs 12%).  This confirms that the failure is not due to chemical sulfate attack.  

Figure 19 shows the scaling details for the partially immersed specimens.  For the portion of the 

specimens that has been immersed in the sulfate solutions the two 0.60 w/cm mixtures and the 

PC mixture with the higher C3A showed more significant mass loss.     

 

Correlations between the rapid index test results and USBR expansion results would prove 

interesting.  However such an exercise can be done only after at least 24 mo of USBR testing.  

For the fully immersed case length change might be the most promising way of classifying the 

mixtures.  For the partially immersed case scaling length might be the most promising way of 

classifying the mixtures.  At the end of the 18 months the following destructive testing can be 

conducted – 1. At least 2 cubes/specimen (3 in.) will be sawn off and tested for compressive 
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strength for the immersed case; For the partially immersed case at lest 1 cube will be sawn off 

and tested from the immersed part.  Higher strength loss will be indicative of poorer sulfate 

resistance.  2. Sulfate ingress can be measured for both cases.  Also to accelerate the 

deterioration process of the partially immersed case 2 week cycling may be considered starting 

later this Fall.  It will consist of alternate periods in 73F and 100F conditions.   

 

Table 6 shows the ASTM C1012 mortar test results for the 10 mixtures that have been cast.  6 

month C1012 expansions and the originally expected sulfate exposure classes  are also listed.  

 

Table 4. Yield Adjusted Mixture Proportions and Preliminary Test Results 

 

Calculated Batch Quantities  1 2  3 4  5 6  7  8  

  0.4SL25 0.5SL25 0.6SL25 0.5PC-1 0.4FA15 0.5FA15 0.6FA15 0.5PC-2 

Cement Type I I I I I I I I/II 

Type I/II cement, lb/yd
3
 457 419 378 559 519 476 413 557 

Slag, lb/yd
3
 152 140 126           

Fly ash, lb/yd
3
         92 84 73   

SCM, % 25 25 25 0 15 15 15 0 

Coarse Agg. (No.57), lb/yd
3
 2060 2055 2079 2056 2062 2061 2068 2050 

Fine Aggregate, lb/yd
3
 1302 1247 1260 1256 1277 1277 1272 1253 

Mixing Water, lb/yd
3
 244 279 283 279 244 280 291 279 

w/cm 0.40 0.50 0.56 0.50 0.40 0.50 0.60 0.50 

ASTM C494 Type A, oz/cwt 3 3 3 3 3 3 3 3 

ASTM C494 Type F, oz/cwt 9.15 5.64 0 3 10.29 3.3 2 2.41 

Fresh Concrete Properties                 

ASTM C143, Slump, in. 5.50 6.50 6.50 7.00 4.00     4.00 7.00     5.25 

ASTM C231, Air, % 1.6 1.7 1.2 1.4 1.6 1.4 1.2 2.0 

ASTM C138, Density, lb/ft
3
 156.9 154.1 153.7 154.5 156.1 153.7 153.3 154.1 
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ASTM C1064, Temperature, °F 72 72 72 73 72 72 72 72 

Hardened Concrete Properties     

ASTM C39, Compressive Strength, psi 

28 days 9,540 7,700 5,710 5,690 8,400 5,980 4,630 6,440 

Draft ASTM Standard, Water Absorption Test at 50 °C, % 

28d accelerated cure 0.62 0.79 1.34 1.33 0.61 0.88 1.13 1.31 

56d normal cure 0.63 0.75 1.17 1.04 0.61 0.83 1.01 1.23 

52w normal cure 0.55 0.65 0.87 0.72 0.38 0.64 0.86 0.73 

ASTM C1202, Rapid Chloride Permeability, Coulombs 

28d accelerated cure 728 1104 1842 3132 509 968 1849 3459 

56d normal cure 704 1161 1947 2947 913 1593 2627 3610 

52w normal cure 649 1004 1253 2365 353 526 963 3132 

ASTM C 1585, Rate of Water Absorption (Sorptivity), x10
-4

 mm/s
1/2

 

28d accelerated cure (Initial/Secondary) 2.7*/1.5* 2.8*/1.7* 3.4*/2.1* 6.8*/4.1 2.9*/1.4* 1.9*/1.6* 5.2*/3.1* 5.5/3.6* 

56d normal cure (Initial/Secondary) 3.2*/2.2*
 5.0/2.6*

 8.1/3.0*
 5.5*/3.4 4.0*/2.3*

 5.7/2.8*
 7.4/4.2*

 6.3/3.8 

52w normal cure (Initial/Secondary) 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 

28d accel. cure (Initial/Secondary), g 0.6/ 1.6 0.7/ 1.8 1.3/ 2.6 1.4/ 4.4 0.8/ 1.8 0.7/ 1.8 1.3/ 3.5 0.9/ 3.5 

56d normal cure (Initial/Secondary), g 0.7/2.1 0.9/2.9 2.2/4.3 1.4/3.8 0.9/2.6 1.4/3.5 1.8/5.0 1.2/3.9 

52w normal cure (Initial/Secondary), g 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 

USBR 4908 Fully Immersed Method B (10% solution), % 

Length Change @ 12 months 0.032 0.041 0.040 0.096 0.028 0.038 0.043 0.044 

Length Change @ 18 months 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 

Mass Change @ 12 months 0.60 1.03 0.74
+
 1.38 0.81 1.28 1.33

+
 1.64 

Mass Change @ 18 months 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 0n-going 

USBR 4908 Partially Immersed (10% solution), inch 

Scaling Distance @ 12 months 0.00 - 1.38 1.29 1.33 - 1.71 1.33 

Scaling Distance @ 18 months 0n-going - 0n-going 0n-going 0n-going - 0n-going 0n-going 
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*
 A correlation coefficient less than 0.98 indicating that the rate cannot be determined according to ASTM C1585 

+
 Both ends’ corners of the specimen crumbled and fell off resulted in mass reduction instead of mass gain due to physical 

sulfate attack   

Note. Type I cement had C3A content of 12% whereas Type I/II cement had C3A content of 8%.  

 

Table 5. Yield Adjusted Mixture Proportions and Preliminary Test Results 

 

Calculated Batch 

Quantities 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

  
0.4F

A20 

0.5F

A20 

0.6FA

20 

0.4SL

35 

0.5SL

35 

0.6SL

35 

0.4F

A30 

0.5F

A30 

0.6F

A30 

0.4SL

50 

0.5SL

50 

0.6SL

50 
0.45P

C-V1 

0.45P

C-V2 

Cement Type I/II I/II I/II I/II I/II I/II V-1  V-1  V-1  V-1  V-1  V-1  V-1  V-2  

Type I/II cement, lb/yd
3
 487 448 387 391 361 316                 

Type V cement, lb/yd
3
             429 392 343 300 281 245 577 581 

Slag, lb/yd
3
       210 195 170       300 281 245     

Fly ash, lb/yd
3
 122 112 97       184 168 147           

SCM, % 20 20 20 35 35 35 30 30 30 50 50 50 0 0 

Coarse Agg. (No.57), 

lb/yd
3
 

205

7 

206

1 2062 

203

0 

204

6 

207

3 

206

9 

206

2 

208

8 

202

8 

207

0 

208

6 

204

9 

206

5 

Fine Aggregate, lb/yd
3
 

126

2 

121

6 1259 

127

9 

123

8 

126

7 

124

5 

119

4 

125

6 

127

1 

124

7 

127

0 

128

6 

129

6 

Mixing Water, lb/yd
3
 244 280 290 240 278 302 245 280 294 240 281 304 260 262 

w/cm 

0.4

0 

0.5

0 0.60 

0.4

0 

0.5

0 

0.6

2 

0.4

0 

0.5

0 

0.6

0 

0.4

0 

0.5

0 

0.6

2 

0.4

5 

0.4

5 

ASTM C494 Type A, 

oz/cwt 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

ASTM C494 Type F, 

oz/cwt 

4.6

7 1.8 0 

5.8

4 

2.1

6 0 

4.5

8 0 0 

1.1

7 

0.7

2 0 2.5 2.5 

Fresh Concrete Properties 

ASTM C143, Slump, in. 4.5 

6.7

5 5 7 5 4.5 

4.7

5 

6.7

5 7 7 5.5 6 4.5 6.5 
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ASTM C231, Air, % 1.6 1.8 1.7 3.2 2.1 1.7 2 1.5 1 1.7 1.8 1.3 1.9 1.6 

ASTM C138, Density, 

lb/ft
3
 

155

.3 

153

.3 

152.

5 

154

.5 

153

.3 

153

.7 

155

.3 

152

.5 

153

.7 

154

.1 

154

.9 

154

.5 

155

.3 

156

.5 

ASTM C1064, 

Temperature, °F 74 75 75 72 72 72 70 70 70 71 70 70 72 74 

Hardened Concrete Properties 

ASTM C39, Compressive Strength, psi 

28 days 

7,4

90 

5,3

10 

3,99

0 

10,

020 

6,7

40 

5,7

30 

7,6

10 

4,8

70 
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90 

7,5

00 

7,5

00 

6,2

00 

8,8

00 

7,7

20 

Draft ASTM Standard, Water Absorption Test at 50 °C, % 

28d accelerated cure 

0.9

6 

1.4

5 1.81 

0.6

9 

1.0

2 

1.1

4 

0.9

1 

1.4

6 

1.9

8 

1.0

8 

1.0

9 

1.3

0 

1.1

2 

1.3

0 

56d normal cure 

0.9

2 

1.3

8 1.65 

0.7

8 

1.0

8 

1.2

9 

0.9

3 

1.4

7 

1.8

6 
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7 

1.1

2 

1.5

2 
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*
 A correlation coefficient less than 0.98 indicating that the rate cannot be determined according to ASTM C158 

Note. Type I/II, V-1, and V-2 cements had C3A content of 8%, 3%, and 5%, respectively.   
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Table 6.  ASTM C1012 Mortar Mixture Proportions and Preliminary Test Results  

 

Mix No. 1 2 3 4 5 6 7 8 9 10 

Cement Type I I/II V V I I/II V I I/II V 

C3A (Cement mill cert.), % 12 8 3 5 12 8 3 12 8 3 

Slag,  % 

    
25 35 50 

   
Fly ash, % 

       
15 20 30 

Batch Quantities 

          
Cement, g 500 500 500 500 375 325 250 425 400 350 

Slag cement, g 

    
125 175 250 

   
Fly ash, g 

       
75 100 150 

Graded Standard Sand, g 1375 1375 1375 1375 1375 1375 1375 1375 1375 1375 

Water, g 243 243 243 243 243 243 243 243 243 243 

w/cm 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 

Fresh Mortar Properties 

ASTM C1064, Temperature, °F 74 75 75 75 75 75 72 77 74 73 

ASTM C1437, Flow, % 92 111 122 116 108 108 118 89 107 121 

ASTM C109, At Immersion into Sulfate Solution 

Age, days 1.9 1.8 1.3 1.9 1.8 2.0 5.8 6.8 3.8 6.0 

Compressive strength, psi 2,850 3,381 2,925 3,169 2,894 2,931 4,019 2,850 2,850 2,856 

ASTM C1012, Sulfate Expansions 

6 month, % 0.451 0.064 0.024 0.035 0.034 0.035 0.022 0.032 0.037 0.023 

12 month, % ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing 

18 month, % ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing 

Coeff. Var.- 6 month, % 53 6 21 4 2 17 13 32 15 19 
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Coeff. Var.- 12 month, % ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing 

Coeff. Var.- 18 month, % ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing ongoing Ongoing 

Expected sulfate class S0 S1 S2 S2 S1 S2 S3 S1 S2 S3 

Note. Type I cement had C3A content of 12% whereas Type I/II cement had C3A content of 8%. 
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Figure 15 USBR Fully Immersed Condition Length Change (Mixtures 1-8) 

(a) 15% fly ash mixtures at various w/cm ratios, (b) 25% slag cement mixtures at various w/cm ratios, and (c) 

portland cement mixtures (PC1-C3A=12% vs PC2-C3A=8%) 
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(c) 

 

Figure 16 USBR Fully Immersed Condition Mass Change (Mixtures 1-8) 

(a) 15% fly ash mixtures at various w/cm ratios, (b) 25% slag cement mixtures at various w/cm ratios, and (c) 

portland cement mixtures (PC1-C3A=12% vs PC1-C3A=8%) 
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 (b) 

 

 (c) 

Figure 17 USBR Fully Immersed Sample Pictures after 12 months 

(a) 15% fly ash mixtures at various w/cm ratios, (b) 25% slag cement mixtures at various w/cm ratios, and (c) 

portland cement mixtures (PC1-C3A=12% vs PC1-C3A=8%) 
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Figure 18 USBR Half Immersed Condition Scaling Distance from Immersion Line 

Error Bars indicates ±1 standard deviation for the testing of three specimens,  

PC-1, PC-2 had C3A content of 12%, 8%, respectively 
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(a) 

 

(b) 

 

(c) 

Figure 19 USBR Half Immersed Sample Pictures after 12 months 

 (a) 25% slag cement mixtures, (b) 15% fly ash mixtures, and (c) portland cement mixtures (PC1-C3A=12% vs PC1-

C3A=8%) 

 

 

 

 

 

SESSION 2 : Purdue University 
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Progress this Quarter (includes meetings, work plan status, contract 
status, significant progress, etc.): 
 

The work performed this Quarter at Purdue has been divided in six sections.  In addition, 

previously completed work that is ready in chapter form is provided in the final section of this 

document. 

- 1.0 Swiss Oxygen Diffusivity 

- 2.0 Comparing the Swiss Oxygen Diffusivity and the South African Gas Permeability 

 (OPI), Influence of Sample Conditioning  

- 3.0 Electrical Bulk Resistivity Round Robin Draft 

- 4.0 Water Absorption and Comparison with Freeze Thaw Performance 

- 5.0 The influence of salt on gas permeability 

- 6.0 Theoretical calculations for rapid sample conditioning 

1.0 Swiss Oxygen Diffusivity 

Instrument setting 

In previous quarters the basic elements of this technique have been discussed.  The current 

design has been based on experiments by X and Y.  Figure 1 shows a photo of the instrument 

which is now complete.  A cut concrete core is conditioned and placed in the diffusivity cell.  The 

test measures gas permeability and is based on the concept that oxygen is placed on one side 

of the sample, while nitrogen is placed on the other. The time it takes for the nitrogen to be 

detected in the oxygen cell is used to determine the diffusion coefficient. 

 

 

 

 

 

 

 

 

 

Oxygen 

flowmeter 

Oxygen purity 

analyser 

Oxygen and 

nitrogen cell 

manometer 

Nitrogen 

flowmeter 

Diffusivity cell 

Figure 20: Oxygen diffusivity instrument 
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The calibration of the instrument has been done using a two calibration gases: Nitrogen with 

1000 ppm of oxygen; and Oxygen 99.5% purity. 

 

Details on the Testing and Calculation of Results from Testing  

The instrument previously described is designed for two kinds of samples: 

- 30 mm thick samples, 100 mm of diameter, used in the case of mortar samples; 

- 50 mm thick samples, 100 mm of diameter, used for concrete. 

The specimens can be obtained from the common 4 by 8 in cylinders, subsequently cut in slice 

30 mm or 50 mm thick with a wet saw. 

Afterwards, the samples need to be conditioned in a specific temperature- and humidity- 

controlled chamber, in order to make sure they have reached the equilibrium, in terms of mass 

change.  

 

The test is conducted by exposing one flat face of the sample to a stream of oxygen and the 

opposite face to a stream of nitrogen at equal pressure and temperature. The rate of diffusion of 

oxygen is determined by measuring the oxygen concentration in the nitrogen stream. 

 

The sample is fitted into a silicon rubber ring in the diffusion cell; the curved surface was sealed 

by loading the top plate and silicone rubber ring, which expands laterally, providing an air-tight 

grip onto the sample.  

 

The gas flow rates need to be adjusted in order to minimize the pressure between the two 

streams. At steady state condition, the oxygen concentration in the nitrogen stream was 

measured using an oxygen analyzer: the analyzer consists of a zirconium oxide tube heated to 

700 C, through which the gas stream to be analyzed is passed. 

The measured oxygen concentration value, together with the gas flow rates, the pressure 

differential and the samples dimension were used to calculate the oxygen diffusion coefficient, D 

(m2/s): 

   
  

 

        

    
 
       

    
 

Where: 

-        
  

      
 
(     )

   
 

-    *    (
  

  
 
(     )

 
 √

  

  
)+ 

-    
(     )

 
 

-       
  

   
    

(     )

   
 *    (

  

  
 
(     )

 
 √

  

  
)+  

  

   
 
(     )

 
 
(     )

   
 



 
  

Transportation Pooled Fund Program QPR _ July-September 2011 Page 58 
 

The symbolism used above represents: 

- DN average diffusion constant based on simple diffusion – Fick‟s Law [m2/s]; 

-       is the rate of oxygen diffusion [m3 of O2 at 1 atm/s]; 

- R1 is the flow rate of the nitrogen stream [cm3/min]; 

- R2 is the flow rate of the oxygen stream [cm3/min]; 

- G1 is the percentage of oxygen in the nitrogen stream at the end of the test [%]; 

- G0 is the percentage of oxygen in the nitrogen stream initially [%]; 

- P1 is the pressure of the oxygen stream [atm]; 

- U1 is the difference between the oxygen stream pressure and the nitrogen stream 

pressure [atm]; 

- C1 is the mean concentration of oxygen in the nitrogen stream [%]; 

- C2 is the mean concentration of oxygen in the oxygen stream in contact with the 

specimen [%]; 

-    is the change in concentration through the specimen [%]; 

- A is the area of the cross section of the sample [m2]; 

- L is the thickness of the sample [m]; 

- R is the gas constant [j/(mol sec)]; 

- T is the temperature [°K] 

It has been observed that the calculation procedures use in the literature and following studies 

that followed the original paper [1] are not consistent.  We have rederived the equqations and will 

proceed with the calculation proposed above, that is according to Lawrence‟s paper [1] since we 

believe it is the correct one.  We have also arranged for round robin testing with EMPA to obtain 

repeatability information between the different devices. 
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Transportation Pooled Fund Program QPR _ July-September 2011 Page 59 
 

2.0 Comparing the Swiss Oxygen Diffusivity and the South African Gas Permeability 

measurements (oxygen permeability vs diffusivity)(OPI), Influence of Sample 

Conditioning 

From previous studies it has been seen a consistent influence of samples conditioning on gas 

permeability; specifically the samples should be dried to a level where all pores relevant to 

transport are emptied. According to Parrot [3] the air permeability was very sensitive to moisture 

content, especially above 60% RH. 

It has been found, moreover, that oxygen permeability and diffusivity are somehow related even 

though differences have been noticed. In particular it seems that permeability is a strong 

function of the pore size, while diffusivity seems function of the total porosity [4]. As a 

consequence, different parameters will be affecting permeability and diffusivity differently; for 

instance micro-cracking has a greater influence on permeability than diffusivity. 

In this study, the investigation of the conditioning relative humidity and of the testing system 

used have been analyzed.  

Materials 

A series of experiments has been performed on mortar samples 0.30, 0.40, 0.42 and 0.50 w/c, 

to evaluate both the influence of the mixture proportions and the influence of sample 

conditioning. The mixture proportions are summarized in Table 1. 

Table 1: Mixture proportions 

  0.3 w/c 0.4 w/c 0.42 w/c 0.5 w/c 

Cement [kg/m3] 631.25 547.37 534.13 481.16 

Fly Ash [kg/m3] 1240.42 1240.42 1240.42 1240.42 

Water [kg/m3] 211.89 242.79 247.20 264.86 

WRA [g/m3] 3809.55 - - - 

w/c 0.3 0.4 0.42 0.5 

 

Testing and Results 

The samples were cast, demolded 24 hours after and sealed in plastic bags for 28 days. 

Subsequently they were conditioned in a temperature- and humidity -controlled chamber at 

23+/-1° C and at two different relative humidities: one set of samples at 65+/-2% and another 

set at 50+/-2% RH. 

Oxygen permeability and oxygen diffusivity was measured for each sample when they were 19 

months old and after a conditioning process of 18 months. 
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The oxygen diffusivity results are presented in Figure 21 and Table 2. Oxygen permeability 

results are shown in Figure 22 and Table 3. From the error bars it is evident that the possible 

variability range of oxygen permeability is much higher, so then an higher number of samples 

need to be tested in order to have representative results. The variability instead for oxygen 

diffusivity is consistently lower. 

 

 

 

 

 

 

 

 

 

 

 

Oxygen diffusivity coefficients have been evaluated according to reference [1]. Oxygen 

permeability values have been calculated with reference to [2]. 

Figure 21: Oxygen diffusivity vs. w/c 

ratio 

Figure 22: Oxygen permeability vs. w/c 

ratio 
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Table 2: Oxygen Diffusivity values, Samples geometry and tests parameters 

SAMPLE ID 
D1 

[mm] 
D2 

[mm] 
H1 

[mm] 
H2 [mm] 

Mass 
before test 

[g] 

Mass 
after test 

[g] 

O2 
flow 
[mm] 

N2 
flow 
[mm] 

Absolute 
pressure 

Initial O2 

content 
[%] 

Final O2 
content 

[%] 

Diff coeff. 
[m2/s] 

                          

0.5 - 65% - 1 102.4 102 29.76 30.84 520.75 520.54 117 10 24 0.010 0.479 3.59E-08 

0.5 - 65% - 2 101.42 101.56 30.24 30.38 534.77 534.57 115 8 23 0.005 0.472 3.31E-08 

0.42 - 65% - 1 101.27 101.67 30.38 30.55 540.68 540.42 114 9 23 0.008 0.212 1.52E-08 

0.42 - 65% - 2 102.29 102.15 30.7 30.31 533.98 533.85 114 8 23 0.003 0.253 1.75E-08 

0.42 - 65% - 3 101.67 101.93 30.88 31.16 553.11 552.95 114 8 24 0.005 0.247 1.74E-08 

0.40 - 65% - 1 101.52 101.46 30.46 30.36 538.53 538.35 110 7 23 0.003 0.158 1.05E-08 

0.40 - 65% - 2 101.42 101.75 29.93 29.98 529.13 528.98 115 9 23 0.008 0.163 1.13E-08 

0.40 - 65% - 3 101.5 101.91 31.89 31.85 569.9 569.7 114 8 23 0.006 0.152 1.08E-08 

0.30 - 65% - 1 101.18 101.28 30.4 30.31 555.32 552.15 115 9 23 0.009 0.047 2.83E-09 

0.30 - 65% - 2 101.5 101.76 29.25 29.4 537.33 537.25 114 8 23 0.006 0.049 2.93E-09 

0.30 - 65% - 3 101.4 101.29 31.16 30.69 562.55 562.41 115 9 23 0.007 0.053 3.48E-09 

  
            

0.5 - 50% - 1 101.72 102.19 33.9 32.8 583.12 582.99 115 9 23 0.008 0.630 5.03E-08 

0.5 - 50% - 2 101.7 101.13 32.53 33.5 575.15 575.08 119 10 24 0.002 0.499 4.21E-08 

0.5 - 50% - 3 102.44 102.39 33.2 32.86 578.73 578.68 119 10 24 0.002 0.616 5.11E-08 

0.42 - 50% - 1 102.6 102 31.96 31.98 557.55 557.48 114 9 23 0.004 0.527 4.03E-08 

0.42 - 50% - 2 101.16 101.9 33.27 32.82 577.69 577.61 113 8 23 0.007 0.449 3.407E-08 

0.42 - 50% - 3 101.97 102.09 32.8 33.19 574.94 574.85 116 10 23 0.006 0.431 3.557E-08 

0.40 - 50% - 1 101.93 102.06 32.85 33.84 582.32 582.22 118 10 24 0.008 0.381 3.149E-08 

0.40 - 50% - 2 102.01 101.99 32.5 32.86 576.61 576.59 115 9 23 0.009 0.374 2.90E-08 

0.40 - 50% - 3 102.13 102.3 32.07 32.78 572.57 572.43 114 9 23 0.001 0.416 3.25E-08 

0.30 - 50% - 1 101.8 101.93 32.54 32.52 584.45 584.4 118 10 24 0.009 0.194 1.526E-08 

0.30 - 50% - 2 102.46 102.37 33.24 32.3 592.75 592.7 117 10 24 0.004 0.184 1.488E-08 

0.30 - 50% - 3 102.4 102.6 32.28 33.17 590.26 590.15 115 9 23 0.002 0.199 1.552E-08 
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Table 3: Oxygen permeability results and samples 
geometry 

SAMPLE ID 
H1 

[mm] 
H2 

[mm] 
D1 

[mm] 
D2 

[mm] 

Oxygen 
Permeability 

[m/s] 

            

0.5 - 65% - A 30.88 30.41 68.04 68.06 

2.50E-13 0.5 - 65% - B 32.08 31.66 67.99 68.03 

0.5 - 65% - C 32.23 31.56 68.03 68.08 

0.5 - 65% - D 31.68 32.03 68.06 67.88 

0.42 - 65% - A 31.74 31.34 68 68.03 

2.33E-13 0.42 - 65% - B 30.43 31.89 67.93 67.99 

0.42 - 65% - C 31.28 31.47 68.04 68.02 

0.42 - 65% - D 31.56 32.33 67.95 68.04 

0.40 - 65% - A 31.36 31.23 67.97 68 

1.97E-13 0.40 - 65% - B 31.37 31.05 68.04 68.04 

0.40 - 65% - C 30.78 30.65 68.07 68.01 

0.40 - 65% - D 31.44 30.76 68.04 68.01 

0.30 - 65% - A 31.14 31.37 68.07 68.01 

7.93E-14 0.30 - 65% - B 31.72 32.56 68 68.03 

0.30 - 65% - C 32.2 30.91 68.01 67.93 

0.30 - 65% - D 31.53 30.81 67.91 68 

            

0.5 - 50% - A 32.67 32.74 67.9 67.89 

5.10E-13 0.5 - 50% - B 31.07 31.47 67.87 67.97 

0.5 - 50% - C 31.43 31.93 67.92 67.96 

0.5 - 50% - D 31.43 31.83 67.88 68.01 

0.42 - 50% - A 30.9 30.28 67.95 67.95 

4.17E-13 0.42 - 50% - B 31.59 32.22 67.99 67.97 

0.42 - 50% - C 30.22 29.99 67.85 67.92 

0.42 - 50% - D 31.28 31.14 67.92 67.75 

0.40 - 50% - A 30.29 31.26 67.98 68.09 

3.70E-13 0.40 - 50% - B 30.95 32.66 68.02 68.05 

0.40 - 50% - C 32.03 31.43 68.01 68.07 

0.40 - 50% - D 30.64 31.11 67.95 68.04 

0.30 - 50% - A 31.59 31.09 68.03 67.99 

3.00E-13 0.30 - 50% - B 31.2 31.34 68.08 67.95 

0.30 - 50% - C 32.12 31.12 68 68.04 

0.30 - 50% - D 32.28 31.82 67.97 68.09 
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Conclusion 

From the results a direct correspondence between the tests can be noticed (Figure 23). In 

addition it has been confirmed the influence of w/c ratio and of RH on gas permeability and 

diffusivity measurements. 
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3.0 Electrical Bulk Resistivity Round Robin Draft 

 

A report is attached that outlines the results of an experimental study that evalued the 

use of the bulk resistivity test (along with the proposed testing approach).  The statistical 

analysis is currently being completed however that will soon be sumitted for journal 

review. 

 

Figure 23: Oxygen diffusivity instrument 
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4.0 Water Absorption and Comparison with Freeze Thaw Performance 

Introduction 
 
Companion samples from previous freeze and thaw mixtures (from previous NRMCA 
progress reports) have been further analyzed: three cylinders from each mixture have 
been used in order to evaluate the response of materials to water absorption, ion 
diffusion and moisture transport tests (STADIUM testing) and quantify their degree of 
saturation.  
 
Mixture proportions 
 
The samples tested belong to two groups of mixes and they are summarized in the 
following table: (Table 4). 
 
 
 

Date cast 10/13/2009 10/13/2009 11/12/2009 10/20/2009 10/27/2009 11/4/2009 11/10/2009 11/10/2009 

Calculated Batch Quantities FT1 FT2 FT3 FT4 FT5 FT6 FT7 FT8 

  0.57PC 0.50PC 0.50FA20 0.50SL30 0.5SL25SF5 0.6SL25SF5 0.45PC 0.45SL30 

Type I/II cement, lb/yd3 506 539 442 385 385 353 592 414 

Slag, lb/yd3       165 137 126   177 

Fly ash, lb/yd3     111           

Silica Fume, lb/yd3         27 25     

SCM, % 0 0 20 30 30 30 0 30 

Coarse Agg. (No.57), lb/yd3 2087 2021 2071 2060 2058 2077 2035 2029 

Fine Aggregate, lb/yd3 1094 1083 1066 1093 1084 1072 1062 1048 

Mixing Water, lb/yd3 290 270 276 275 275 302 267 266 

w/cm 0.57 0.50 0.50 0.50 0.50 0.60 0.45 0.45 

ASTM C494 AEA, oz/cwt 0.76 0.81 4.26 1.15 0.86 1.39 0.74 1.16 

ASTM C494 Type F, oz/cwt   0.57 0.40 0.58 2.59 0.51 1.37 1.87 

Fresh Concrete Properties                 

ASTM C143, Slump, in. 7 6 6 5 5 6.5 5.25 6 

ASTM C231, Air, % 6 7.2 6 6.2 6.5 6.2 7 7.6 

ASTM C138, Density, lb/ft3 148.1 145.7 147.7 148.1 147.7 147.3 147.3 146.5 

ASTM C1064, Temperature, F 75 75 73 70 72 70 70 70 

 
Samples preparation and testing 
 
The three cylinders 4x8 inches used for each mixture, previously sealed, have been cut 
in order to have: 

- Two samples 50 mm thick for absorption test; 
- Two samples 50 mm thick for STADIUM migration test; 
- Two samples 50 mm thick and two samples 10 mm thick for STADIUM drying test; 
- One sample 50 mm thick for porosity and DOS evaluation. 

Table 4: Mixture proportions of NRMCA Freeze-Thaw  Samples 
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Absorption Test 

Absorption test has been done according to the procedure described in ASTM C 1585. 

However, a modification has been done to the conditioning procedure: samples were kept in the 

oven at 80% until they have reached mass equilibrium (Δm <0.5%) and not only for three days 

as suggested in the standard. 

STADIUM migration and drying tests 

Migration test consists in monitoring the intensity of electrical current passing through a 

cylindrical test specimen over a 14-days period. A constant DC potential is maintained constant 

across the specimen by an electrical power supply. The upstream cell is filled with a chloride-

containing electrolytic solution and connected to the negative electrode, while the downstream 

cell is filled with a base solution and connected to the positive electrode.  

A picture of the migration test setup is presented in Figure 24. 

 

 

Before the test, cylindrical samples 50 mm thick were cut from the original cylinders, then they 

were covered with epoxy on the edge and finally kept in lime water until they have reached 

mass equilibrium (Δm<0.5%). Afterwards, they were vacuum saturated with 0.3M NaOH solution 

for 18 hours following the procedure described in ASTM C1202. The test was then started and 

the current and potential were monitored through a continuous monitoring system for 14 days.  

Figure 24: Migration test setup (STADIUM Lab User Guide v3) 
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Drying test determines the drying rate of concrete by measuring the mass loss due to 

evaporation and moisture transport in specimens exposed to constant temperature and relative 

humidity. 

The samples, two cylinders 50mm thick and two 10 mm thick with diameter of   100 mm, were 

kept in lime water before the test started, until the moment they have reached mass equilibrium 

(Δm<0.5%). Subsequently the samples were moved in an environmentally controlled chamber 

(23° C and 50% RH) and the mass was monitored in the following days: 

1,2,3,4,5,6,7,9,11,13,15,22,29,etc. until the mass measurement show less than 0.5% variation.  

 Density, absorption and porosity test 

Density, absorption and voids were determined using one cylinder 50 mm thick and with 100 

mm diameter for each mixture and following the procedure described in ASTM C 642.  

 
Results and preliminary discussion 
 
The results from the ASTM C 1585 absorption test are presented in Table 5. 
 

Table 5: Sorptivity results 

  
Initial Absorption Secondary Absorption 

[-] [-] 

FT Mix 1 0.00685 - 

FT Mix 2 0.00426 - 

FT Mix 3 0.00150 0.00060 

FT Mix 4 0.00401 0.00075 

FT Mix 5 0.00265 0.00062 

FT Mix 6 0.00498 0.00080 

FT Mix 7 0.00240 0.00148 

FT Mix 8 0.00113 0.00043 

 
In order to evaluate also the degree of saturation of the samples during the test, 
porosity measurements are being performed and are currently being analyzed.  
Electrical resistance testing is also being performed and the results are provided in 
Table 6.  Additional testing is being performed, results of which will be available in the 
next quarterly progress report including results from the SIMCO cells, comparison with 
resistivity, and comparisions with drying and water absorption.. 
 

The results from resistivity measurements are presented in Table 6. 
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Table 6: Resistivity values 

  
Direct measure 

[kΩ  cm] 

FT mix 1 7.85 

FT mix 2 9.97 

FT mix 3 32.72 

FT mix 4 28.19 

FT mix 5 61.04 

FT mix 6 49.61 

FT mix 7 10.91 

FT mix 8 27.93 

 

 
Conclusions 
 
From the results presented above some considerations can be deducted: 

- Resistivity and ions diffusion are inversely related; 
- it looks like the addition of SCM is positive in terms of resistivity, SCM seems to 

decrease the ions and moisture diffusion. 
- Increasing the w/c ratio, we have always noticed a decreasing of performance; 
- It appears not easy to connect the results presented above with previous 

freeze/thaw tests. 
 
5.0 The influence of salt on gas permeability 

Previous research has shown that salts can alter the rate of fluid absorption and can 
alter the drying process [1].  A request has been sent to ASTM to include information 
regarding previous findings in ASTM C1585 as it applies to sample conditioning, field 
samples and samples containing salt.  This research is seeking to evaluate the role of 
salts on water retention and its influence on gas permeability. 
 
Influence of salt solution on diffusion processes 
 

The influence of salt solution presence on drying process and ions diffusion has been 
evaluated.  
The samples used for this experiment have been casted with 0.42 w/c mortar: the 
mixture proportions are presented in Table 7: 
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Table 7: Mixture proportions 
0.42 w/c mortar 

Material  Quantity 

sand [lb/yd3] 2390.7 

cement [lb/yd3] 1026.7 

water [lb/yd3] 432.2 

w/c 0.42 

 
Figure 25 and 26 illustrate the influence of salt on the mass loss and drying time for 
samples.  This indicates that samples containing salt will be more saturated than water 
filled samples for the same drying level.  Samples are being prepared for OPI testing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] R. Spragg, J. Castro, W. Li, M.Pour-Ghaz P.Huang, J. Weiss, Wetting and Drying 

Concrete Using Aqueous Solutions Containing Deicing Salts (Draft attached) 
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Figure 25: Mass Loss versus 

time for 2 in thick samples 

Figure 26: Mass Loss versus 

time for ½ in thick samples 
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6.0 Theoretical calculations for rapid sample conditioning 

 
One question that has come up repeatedly is how fast samples can be conditioned for 
water absorption tests.  This study is examining the estimated times and conditions that 
can be used for rapid conditioning.  The approach that is being used is to use diffusional 
analysis to determine the times that are required for the samples to attain equilibrium 
and then to make a recommendation on the procedure that should be used.  A sorption-
desorption approach has been used to obain the moisture vapor diffusion coefficient 
which will be used for performing the calculations as described in the following section. 
 
Mixture proportions 
 
The mixture proportions of the mortar were presented in Table 7. 
 
 
Samples preparation and testing 
 
For the desorption-absorption mesaurements used to obtain the diffusion coeffficient, 
mortar samples have been saturated in deionized water for 24 hours.  The desorption 
isotherms have been obtained in three conditions: 

- 50° C with 20% RH steps from 97.5% to oven dry condition; 
- 23° C with 20% RH steps from 97.5% to oven dry condition; 
- 5° C with 20% RH steps from 97.5% to oven dry condition. 

 
According to [2], it is possible to evaluate the diffusivity from the desorption curve. 
Indeed, each step in RH gives an initial mass change that is linear when plot on a 
square root of time scale and the linear part can be used to evaluate the diffusivity D or 
the diffusion coefficient with water vapor content as potential Dv: 

  
   

  
(
  

 √ 
)    ( )                                 

  

  
         ( )    

being L the thickness of the specimen, E the mass, t time, dc/dv is the change in 
moisture concentration in the specimen per change in water vapor content in ambient 
air. 

 
The drying process can be described by the following equation: 

  

  
    (       )  
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where H is the relative humidity, DH is the moisture diffusivity as a function of relative 
humidity and Hs is the variation of relative humidity due to self-desiccation. 
 
So then, knowing the diffusivity in each relative humidity step, it is possible to evaluate 
the humidity profiles in the specific sample during time. 
The partial differential equation has been solved using a Crank-Nicolson (central 
difference) scheme, using a Matlab program previously developed in the laboratory [2] 
(the paper mentioned is also attached to this report). 
 
Results and preliminary discussion 
 
The data from desorption isotherm are presented in Figure 27. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
Typical diffusivity values are provided below. 
 
 

Table 8: Diffusivity values 
at 50 C 

 

Table 9: Diffusivity values 
at 23 C 

  Relative 
Humidity 
(%) 

Diffusivity 
[mm2/s] 

Effective 
Diffusivity 
[mm2/s] 

 

Relative 
Humidity 

(%) 

Diffusivity 
[mm2/s] 

Effective 
Diffusivity 
[mm2/s] 

87.5 2.06E-05 3.02E-08 

 

87.5 2.05E-05 2.55E-08 

67.5 1.04E-05 8.54E-09 

 

67.5 1.29E-05 1.24E-08 

47.5 1.02E-05 7.53E-09 

 

47.5 5.49E-06 3.34E-09 

27.5 3.67E-05 7.56E-09 

 

27.5 9.67E-06 7.24E-09 

8.75 4.65E-06 2.43E-09 

 

8.75 1.95E-06 1.30E-09 

Figure 27: Desorption curve at 5, 

23 and 50 C for 0.42 mortar 
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Table 10: Diffusivity values 
at 5 C 

Relative 
Humidity 

(%) 

Diffusivity 
[mm2/s] 

Effective 
Diffusivity 
[mm2/s] 

87.5 1.01E-05 1.34E-08 

67.5 6.73E-06 5.08E-09 

47.5 6.28E-06 2.99E-09 

27.5 3.67E-06 2.84E-09 

8.75 2.54E-06 1.23E-09 

 
 
A function has been fitted to the data to determine the non-linear moisture diffusion 
coefficient following the approach described by Bazant.   

 ( )    (   
    

  (
   
    

)
 ) 

 
The fitting has been done considering only RH between 100% and 50%.  
 
Solving the differential equation for drying process (Fick‟s second law), it was possible 
to evaluate the time of equilibrium when the sample was having the same relative 
humidity along all its height. 
 
This information will be used to study the drying time. 
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BACKGROUND ON INTERNAL CURING 1 

 2 

Internal curing has emerged over the last decade as a method to improve the performance of low 3 

water to cement ratio (w/c) mixtures [Rilem 2007, ACI SP-256 2008, ACI Committee 231 2010, 4 

INDOT 2010, Bentz and Weiss 2011].  Specifically, internal curing refers to the use of prewetted 5 

lightweight aggregate or other water filled inclusions such as Super Absorbent Polymers (SAP) 6 

or cellular fibers that can provide curing water throughout the cross section of the concrete.  This 7 

differs from conventional water curing where water is provided after placement and where the 8 

water is applied only at the surface of the concrete. Internal curing was originally promoted to 9 

reduce autogenous shrinkage and autogenous shrinkage cracking [Bentz and Snyder 1999, 10 

Jensen and Hansen 2001a, Jensen and Hansen 2001b, Jensen 2005, Cusson and Hoogeveen 11 

2008, Lopez et al. 2009]. However its potential benefits include reducing drying shrinkage 12 

cracking [Henkensiefken et al. 2008, Henkensiefken et al. 2009a], reducing the likelihood of 13 

thermal cracking [Schlitter et al. 2010, Byard et al. 2010] and reducing the likelihood of plastic 14 

shrinkage cracking [Henkensiefken et al. 2010].  Internal curing can also improve the freeze-15 

thaw resistance [INDOT 2010], increase the resistance to fluid absorption [Bentz and Snyder 16 

1999, Henkensiefken et al. 2009b, Peled et al. 2010] and reduce ion diffusion [Bentz 2009] in 17 

concrete. Internal curing has great potential for the concrete industry to create a longer lasting, 18 

more sustainable product. Several aspects of internal curing still require closer examination. One 19 

of these aspects is the use of internal curing for mixtures containing over a wider range of water 20 

to cement ratios (w/c) (e.g., mixtures with a w/c between 0.30 and 0.45). 21 

   22 

To fully understand how internal curing works we need to first realize that the hydration of 23 

cement paste causes a volume reduction which is known as chemical shrinkage [Le Chatelier 24 

1900, Powers 1935, L’Hermite 1960].  While chemical shrinkage starts at the time the water 25 

comes in contact with the cement, it has a different impact on the system before and after the 26 

paste sets.  Before set, the chemical shrinkage causes bulk shrinkage of the cement paste that is 27 

equal to the total external volume change.  After set, however, the cement paste becomes stiff 28 

enough to resist a portion of the volume change caused by chemical shrinkage [Barcelo et al. 29 

1999, Sant et al. 2006]. Contact between the cement particles does not permit this volume 30 

reduction to occur. As a result, vapor-filled pockets form inside the cement paste in the largest 31 
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pores [Jensen and Hansen 2001b, Couch et al. 2006, Lura et al. 2009].  This is known as self-1 

desiccation.  2 

 3 

Chemical shrinkage occurs in all cementitious materials, irrespective of the w/c [Geiker 1983]. In 4 

low w/c mixtures, these vapor filled cavities can result in substantial relative humidity reduction 5 

and shrinkage since the vapor filled cavities form in relatively small pores with a small radius of 6 

curvature [Bentz and Jensen 2006, Radlinska et al. 2008, Lura et al. 2009].  In higher w/c 7 

mixtures those vapor filled spaces also develop however they occur in much larger pores with 8 

less impact on volume change. As a result, it has been thought that many of the higher w/c 9 

system would not see as much benefit from internal curing. 10 

 11 

Lightweight aggregate are used as a water reservoir that can provide water to replenish the empty 12 

pore volume that is created by the chemical shrinkage occurring during hydration.  Since water is 13 

removed from large pores to small pores, the ideal lightweight aggregate would have pore sizes 14 

larger that the pore size that develops the cement paste due to chemical shrinkage [Bentz 2009, 15 

Castro et al. 2010a].  This is the case for many commercially available expanded clays, slates or 16 

shales [Castro et al. 2010a]. 17 

 18 

APPROACHES FOR MIXTURE PROPORTIONING INTERNALLY CURED 19 

CONCRETE 20 

 21 

The design of concrete for internal curing requires that a sufficient amount of water is placed in 22 

the concrete to aid in hydration and to overcome the effects of self-desiccation. Different 23 

approaches had been used during the recent years to determine and quantify the amount water 24 

needed for internal curing. Two of the most widely used approaches are discussed here. 25 

 26 

Bentz and Snyder Approach  27 

 28 

Bentz and Snyder [1999] developed an approach to determine the volume of prewetted LWA 29 

that should be use to “ensure adequate water for complete curing of concrete, which means that 30 

the cement reaches the maximum degree of hydration that is possible, given the space limitation 31 
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for forming hydration products in low w/c systems”.  It is based on the concept of filling the 1 

volume reduction of chemical shrinkage with water from the lightweight aggreagate. [Bentz et 2 

al. 2005]. This approach was first published by Bentz and Snyder [1999] as shown in Equation 1: 3 

 4 

LWA

f

LWA
S

CSC
M










max       (Equation 1) 5 

 6 

where MLWA (kg/m
3
) is the mass of LWA (in a dry state) that needs to be water filled to provide 7 

water to fill in the voids created by chemical shrinkage, Cf (kg/m
3
) is the cement content of the 8 

mixture, CS (ml of water per g of cement) is the chemical shrinkage of the cement, αmax 9 

(unitless) is the expected maximum degree of hydration: [(w/c)/0.36] for w/c below 0.36 and 1 10 

for w/c higher than 0.36, ΦLWA (kg of water/kg of dry LWA) is the absorption capacity of the 11 

LWA (taken here as the 24 h absorption value), and S (unitless) is the expected degree of 12 

saturation of the LWA, expressed as a function of the taken absorption value (ΦLWA). Water 13 

absorption and S values from the most used LWA in America were previously reported by 14 

Castro et al. [2010a].  15 

 16 

In theory, this approach may over estimate the amount of water required for internal curing, 17 

because it does consider the volume change that occurs before set [Henkensiefken 2009], 18 

however this approach is preferred due to its simplicity.  19 

 20 

Jensen and Hansen approach  21 

 22 

Jensen and Hansen [2001a] developed an approach to proportion internally cured mixtures with 23 

the intention of limiting the negative effects of self desiccation in cementitious systems by 24 

maximizing the volume of cement that can react. The equations were developed based on the 25 

Powers’ model to calculate the minimum amount of water that needs to be stored (entrained) to 26 

enable the maximum degree of hydration. It has been published by Jensen and Hansen [2001a] 27 

and is shown in Equation 2: 28 
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 3 

where (w/c)e is the amount of additional water for internal curing, expressed as gram of water by 4 

gram of cement, and the (w/c) is the original water to cement ratio of the system. 5 

 6 

EXTENSION OF INTERNAL CURING TO HIGH W/C SYSTEMS 7 

 8 

Figure 1 (after Bentz et al. 2005) illustrates both approaches as a function of the w/c.  It can be 9 

seen that below a w/c of 0.36 both approaches are identical.  The Bentz approach adds water to 10 

fill all the chemical shrinkage volume which causes it to stay constant above w/c of 0.36 while 11 

the Jensen approach considers only adding the water needed for full hydration which results in 12 

the water recommended decreasing above a w/c of 0.36. 13 

 14 

It should be noted that both approaches assume that all the mixing water will be accessible to 15 

react with the un-hydrated cement.  Issues associated with the distance that the water needs to 16 

travel or a lack of adequate mixing are not considered.  These two issues may decrease the 17 

amount of hydration that occurs and may increase the porosity of the system and its connectivity.  18 

 19 

 20 

RESEARCH OBJECTIVES 21 

 22 

The objective of this research is to examine the potential benefits of internal curing in mortar 23 

systems with w/c from 0.30 to 0.45. In particular this research will evaluate the benefits in terms 24 

of water absorption and electrical conductivity on systems with w/c of 0.30, 0.36, 0.42 and 0.45. 25 

 26 
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MATERIALS 1 

 2 

An ASTM C150 Type I ordinary portland cement (OPC) was used in this study, with a Blaine 3 

fineness of 370 m
2
/kg and an estimated Bogue composition of 56 % C3S, 16 % C2S, 12 % C3A, 4 

7 % C4AF and a Na2O equivalent of 0.68 % by mass.  5 

 6 

The sand used was natural river sand with a fineness modulus of 2.71, an apparent specific 7 

gravity of 2.58, and water absorption of 1.0 % by mass.  Portions of the normal weight sand were 8 

replaced with expanded shale with a fineness modulus of 3.10 and a specific gravity of 1.45 9 

(LWA).  The 24 hour absorption of the LWA was determined to be 17.5 % according to the 10 

paper towel method [NYDOT 2008, Castro et al. 2010]. 11 

 12 

Mixture proportioning 13 

 14 

Twenty different mixtures were prepared.  The mortars had a single volume fraction of fine 15 

aggregate (55% of the total volume) and different w/c (0.30, 0.36, 0.42, and 0.45). For each 16 

system LWA was used as a replacement of NWA at five different levels of normal weight sand 17 

(NWA): 0 %, 25 %, 50 %, 75 % and 100 % of the values calculated using Equation 1.  It is 18 

important to note that replacement is on a total volume basis, the volume of aggregate (LWA and 19 

sand) remained constant at 55 % since only the sand was replaced with LWA.  A list of the 20 

mixture proportions can be found in Table 1. 21 

 22 

Mixing procedure 23 

 24 

The mixing procedure used for the mortar was in accordance with ASTM C305 [ASTM 2006]. 25 

The LWA was oven dried, air cooled, and then submerged in water for 24 ± 1 h prior to mixing.  26 

The volume of water used to submerge the LWA included both mixing water and the water the 27 

LWA would absorb in 24 h.  The excess water (water not absorbed in 24 h) was then decanted 28 

and used as the mixing water.  The normal weight sand was oven dried and cooled for 24 h 29 

before mixing.  For the plain mortar mixtures and the pastes, the water and cement were 30 

conditioned for 24 h at room temperature. 31 



Castro J. Spragg R. and Weiss J.   Draft Manuscript Submitted to ASCE  February 22, 2011 

 7 

 1 

EXPERIMENTAL METHOD PROCEDURES 2 

 3 

Water absorption 4 

 5 

Six 100 mm × 200 mm cylinders were cast for water absorption testing for each mixture.  After 6 

one day of curing, the samples were demolded and then sealed in a double layer of plastic bags 7 

for sealed curing. Bags were stored at 23 ± 1 °C until samples reached an age of 90 d. At that 8 

point the cylinders were removed from the bags and three 50 mm ± 2 mm thick samples were cut 9 

from the central portion of each cylinder using a wet saw.   10 

 11 

After cutting, samples were conditioned by placing them in environmental chambers at 23 ± 0.5 12 

°C and at two different relative humidities (65 ± 1 % and 80 ± 1 %). Samples were conditioned 13 

in the environmental chamber for a period of 9 months. 14 

 15 

Once the samples were removed from the chambers the side surface (i.e. outer circumference) 16 

was sealed with aluminum tape and the top surface was covered with plastic to avoid evaporation 17 

from the sample during testing.  After the samples were prepared, absorption testing was 18 

conducted in accordance with ASTM C1585 [ASTM 2004], with the exception of the 19 

conditioning method described above.  20 

 21 

It should be noted, the effect of internal curing can be increased under sealed conditions 22 

employed in this study as compared with other curing conditions (unsealed curing or curing 23 

under lime water). In sealed curing, the internally cured specimens will have a greater amount of 24 

water available for hydration and will likely hydrate further. This will lead to a denser 25 

microstructure with lower transport coefficients. The authors considered that the sealed curing 26 

condition can represent appropriately the field conditions, and can also isolate the effect of 27 

internal curing on the specimens. However, the authors also consider that differences in the 28 

curing conditions for both internally and not internally cured specimens can affect the 29 

performance of the specimens. 30 

 31 
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 1 

Electrical impedance 2 

 3 

Electrical conductivity of mortar samples was measured using cylindrical specimens (70 mm 4 

height and 35 mm diameter). Two 2.5 mm diameter rods spaced 20 mm were embedded 5 

longitudinally inside each mold (Figure 2). 6 

 7 

A Solartron 1260
TM 

Impedance Gain-Phase analyzer measured the impedance response of each 8 

specimen. The measurements were made over a frequency range from 1 MHz to 1 Hz, using a 9 

100 mV AC signal.  Measurements were performed at 3 d, 7 d, 90 d and 365 d. 10 

 11 

The electrical conductivity was obtained from the measured bulk resistance according to 12 

Equation 3.  13 

 14 

R

k
          (Equation 3) 15 

 16 

where σ is the conductivity (S/m), k is the geometry factor (1/m), and R is the bulk resistance 17 

(ohm). A geometry factor of k = 22.15/m was determined in this research for the used molds.  18 

 19 

A modified parallel model is normally used to describe the electrical conductivity of the concrete 20 

[McCarter and Brousseau 1990, Rajabipour 2006]. Since the conductivity of liquid phase is 21 

several orders of magnitude higher that the conductivity of solid and vapor phases, concrete is 22 

normally considered as a composite material with a single conductive component and the 23 

modified parallel model can be simplified to Equation 4.  It should be noted that this typically 24 

assumes only the fluid phase is conductive.  For internally cured concrete mixtures however the 25 

water in the LWA may also be conductive and the implications of this will be discussed later in 26 

the paper. 27 

 28 

  ooo           (Equation 4) 29 

 30 



Castro J. Spragg R. and Weiss J.   Draft Manuscript Submitted to ASCE  February 22, 2011 

 9 

 1 

where: 2 

 3 

o  = Conductivity of the pore solution, sigma notch (S/m) 4 

o  = Volume fraction of pore solution (unitless) 5 

o  = Connectivity of pores structure (unitless) 6 

 7 

EXPERIMENTAL RESULTS AND DISCUSSION 8 

 9 

Water absorption 10 

 11 

Figure 3 shows the cumulative absorbed water in the samples that were 1 year old (3 months of 12 

sealed curing and 9 months of conditioning) after 8 d of testing for samples conditioned at 65 % 13 

and 80 % relative humidity. Figure 4 show the initial sorptivity (i.e., related to the rate of water 14 

absorption) for samples conditioned at 65 % and 80 % relative humidity calculated as the slope 15 

of the absorption vs. the square root of time during the first six hours of test.  Figure 5 show the 16 

secondary sorptivity for samples conditioned at 65 % and 80 % relative humidity calculated as 17 

the slope of the absorption vs. the square root of time from the second to the eight day of test.   18 

 19 

From Figures 3 to 5 it can be noticed that the water absorption is very sensitive to both the 20 

relative humidity at which the specimens were pre-conditioned before testing [Castro et al. 2011] 21 

and the w/c of the systems. Samples conditioned at 65 % relative humidity show higher values 22 

than similar samples conditioned at 80 % relative humidity. Samples from the mixtures with a 23 

higher w/c show higher absorption values compared with samples with lower w/c, both 24 

conditioned at the same relative humidity.   25 

 26 

These trends can be explained by the fact that water ingress in unsaturated concrete is dominated 27 

by capillary suction upon initial contact with water [Hall 1989]. Capillary absorption can be 28 

related to the volume of the pores as well as the size of empty capillary pores. Then, system with 29 

higher w/c will have a greater proportion of capillary pores. The relation between the 30 

equilibrated relative humidity and the radius of the smallest empty pore is given by the Kelvin-31 
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Laplace equation. Using this equation it is possible to calculate that these capillary pores are 1 

filled with water vapor at relative humidities above 80 %. 2 

 3 

As such, the relative humidity used to condition the sample prior to the sorption test and the w/c 4 

of the system can have a significant impact on the results. The higher the w/c of the system, the 5 

greater the total volume of capillary pores. The lower the relative humidity, the greater the total 6 

volume of pores that are empty and available to be filled with water during the sorption test. 7 

Further, the lower humidity will empty smaller pores, creating a higher suction force in the 8 

materials and resulting in a greater sorption rate and a larger overall total absorption. 9 

 10 

From Figures 3 to 5 it can also be seen that the total volume of water and the rate of absorbed 11 

water decrease when a higher amount of LWA is used. This observation is independent of both 12 

the relative humidity used for conditioning and the w/c of the system. Even more, it can be 13 

observed that proportionally a greater benefit is obtained in those mixtures containing the highest 14 

w/c.  15 

 16 

When water leaves the pores of the LWA it is available in the cement paste to enable additional 17 

hydration.  This additional hydration results in a paste microstructure that is more dense which 18 

has a large impact on the cement paste matrix [Henkensiefken et al. 2009b]. Internal curing 19 

water can also increase the hydration of the areas surrounding the LWA [Henkensiefken et al. 20 

2009b] producing a more dense ITZ [Zhang and Gjørv 1990, Elsharief et al. 2005]. Considering 21 

that the Interfacial Transition Zone (ITZ) of the normal weight aggregate (NWA) could be 22 

percolated across the 3D microstructure, the inclusion of the LWA could depercolate these ITZ 23 

pathways [Winslow et al. 1994, Bentz 2009, Peled et al. 2010].  If LWA, with the denser ITZ it 24 

creates, were added to the system, the NWA ITZ may not be as percolated, resulting in a lower 25 

absorption. As more LWA is used, the potential for percolation of the normal weight aggregate 26 

ITZ also decreases. If enough LWA is used, the ITZ of the NWA would depercolate [Bentz 27 

2009].  For this reason, it could be expected that the absorption of mortars with LWA could be 28 

lower, even in system with a high w/c.  29 

 30 
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The benefits of internal curing are most dramatic for specimens in the sealed condition used in 1 

the study (as compared with curing under lime water).  Under sealed conditions the internally 2 

cured specimens have a greater amount of water available for hydration than the plain samples.  3 

This increased hydration produces a more dense microstructure with lower transport coefficients 4 

(Bentz and Stutzman). The sealed curing condition is likely however a good representation for 5 

field concrete that uses a curing compound. 6 

 7 

Electrical impedance 8 

 9 

Figure 6 shows the electrical conductivity of sealed samples at the age of 3, 7, 90 and 365 days 10 

after casting. The systems with higher w/c have a higher conductivity due mainly to the higher 11 

volume of pore fluid as described by equation 4. The conductivity decreases with the time due to 12 

continued hydration which reduces the volume of conductive pore fluid by hydration which also 13 

makes the conduction path more tortuous. 14 

 15 

The mixture with a w/c of 0.30 shows that internal curing results in a reduction of the measured 16 

conductivity which can be explained by the effect of the water provided for internal curing which 17 

helps to increase the hydration of the areas surrounding the LWA [Henkensiefken et al. 2009b]. 18 

However, in the systems with higher w/c an increase in the LWA content increases the electrical 19 

conductivity at early ages. This may be explained by the fact that these systems have water 20 

contained in the LWA particles that remains for a longer time in the LWA pores without reacting 21 

with the un-hydrated cement. As a result, the total amount of fluid in the system will be 22 

increased with additional LWA, thereby increasing the measured electrical conductivity of the 23 

samples.  24 

 25 

As the samples hydrate (e.g. at 90 days), the system with w/c = 0.36 starts to show the benefits of 26 

internal curing, decreasing the conductivity. At this time, the systems with higher w/c still show 27 

higher conductivity with the use of LWA (again due to the additional water in the system). 28 

Finally at the age of 365 days, all the systems show the benefits of the use of internal curing. At 29 

this age a considerable reduction of the measured electrical conductivity can be observed.  30 

 31 
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The water for internal curing requires longer times to leave the LWA pores in the higher w/c 1 

systems due to the lack of a driving force (which is the under pressure build up due to self 2 

desiccation in the case of a low w/c system). However, at some point, the smaller pores of the 3 

cement paste will develop a meniscus which will make the water move from the LWA pores to 4 

the cement paste. Eventually, this water will react with the un-hydrated cement to increase the 5 

amount of hydration products reducing both the total porosity and the fluid filling the pores of 6 

the system. This will produce a reduction on the measured electrical conductivity.  7 

 8 

A direct comparison of electrical conductivity of the system containing different w/c presents 9 

some difficulties, mainly because the complications associated with determining the volume 10 

fraction of pore solution at different ages. For this reason, after the electrical conductivity of the 11 

samples was measured in a sealed condition at the age of 365 d, samples were vacuum saturated 12 

for 24 hours using tap water. After saturation, electrical conductivity was measured again and 13 

results are shown in Figure 7. 14 

 15 

The conductivities presented in Figure 7 are proportional to the total volume of accessible pores 16 

and their connectivity through the samples. These are parameters that can be used to describe the 17 

transport of fluid in concrete [Rajabipour and Weiss 1997]. Then, Figure 7 shows that using 18 

internal curing on systems with high w/c help to reduce the connectivity of the porosity, which 19 

helps to reduce the fluid transport in concrete.   20 

 21 

Comparing Figures 6d) and 7 it can be observed that the electrical conductivity increases when 22 

samples were re-saturated. It can be explained by the fact that resaturation results in a higher 23 

volume of pore fluid as described by equation 4. However it is important to note that sample re-24 

saturation does not seem to fill the LWA pores, because an increment of conductivity with the 25 

percentage of LWA is not observed.  26 

 27 

Empirical relations for water absorption and electrical conductivity 28 

 29 

Analyzing the data from Figures 3, 4 and 5 it is possible to obtain an empirical relationship for 30 

the cumulative absorption, the initial and secondary sorptivity which is presented in Equation 5. 31 
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From Figure 7 it is possible to obtain an empirical relationship for the saturated electrical 1 

conductivity, which is presented in Equation 6. 2 

 3 

)(exp)/( 31
2 ICCcwCequationsAbsorption

C
   (Equation 5) 4 

 5 

 ]))/([(exp])/([ 7654 ICCcwCCcwCtyConductivi   (Equation 6) 6 

 7 

where “w/c” is the water to cement ratio (e.g. 0.36), “IC” is the internal curing percentage from 8 

Equation 1 (e.g. IC = 50 is 50% of the IC water predicted from equation 1), and C1, C2, C3, C4, 9 

C5, C6 and C7 are the regression constants the values of which are included in Table 2.  10 

 11 

Figure 8 illustrates the proportional reduction of water absorption, initial sorptivity and 12 

secondary sorptivity on the internally cured samples. Figure 9 illustrates the proportional 13 

reduction on electrical conductivity of 1-year old saturated internally cured samples. 14 

 15 

From Figure 8 it can be seen that when LWA is added according to the Bentz and Snyder 16 

approach (equation 1), the internally cured system shows an average reduction of 55 % in the 17 

initial sorptivity and the 8-days cumulated absorption, and 70 % in the secondary sorptivity, 18 

independently of the relative humidity at which the samples were conditioned prior testing. From 19 

Figure 9 it can be seen that internal curing is more efficient to reduce the electrical conductivity 20 

in high w/c systems that in low w/c systems. A reduction of 40 % in conductivity is observed on 21 

the system with w/c of 0.30, but a reduction of 75 % is observed on the system with w/c of 0.45.  22 

 23 

CONCLUSIONS 24 

 25 

A series of twenty mortars were prepared to evaluate the effect of internal curing on the fluid 26 

transport properties of mortars over a range of w/c’s. The effect of internal curing was evaluated 27 

using water absorption and electrical conductivity measurements.  28 

 29 

The total absorbed water was reduced when the level of internal curing was increased. This 30 

reduction in water absorption was known for the system with the low w/c, but the results show 31 
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that the benefits are extendible to systems with higher w/c. These benefits were also observed in 1 

reducing the rate of water absorption showing a lower initial and secondary sorptivity. An 2 

average maximum reduction of 55 % was observed in both the initial sorptivity and cumulated 3 

absorption and a maximum reduction of 70 % was observed in the secondary sorptivity. 4 

 5 

Electrical conductivity tests, performed in sealed samples a year after casting, show a benefit in 6 

the use of internal curing in mortar systems containing low w/c as expected, but also in systems 7 

with higher w/c. The effect of internal curing is proportionally larger in samples prepared with 8 

the highest w/c.  A reduction of 40 % is observed on the system with w/c of 0.30, this reduction 9 

was observed to increase to 75 % on the system with w/c of 0.45.  10 

 11 

The benefits of internal curing are most dramatic for specimens in the sealed condition used in 12 

the study as compared with curing under lime water.  Under sealed conditions the internally 13 

cured specimens have a greater amount of water available for hydration than the plain samples.  14 

This increased hydration produces a more dense microstructure with lower transport coefficients.  15 

 16 

Precaution are needed for interpreting the electrical properties of IC concrete at an early age due 17 

to the higher amount of fluid present in system when prewetted LWA is added. 18 

 19 
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Table 1. Mixture Proportions for the Internally Cured Mixtures. 1 

% LWA Cement Mixing Water NWA, SSD LWA, Dry IC Water

from Eq. 1 (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) NWA LWA Total

0% 727.0 218.1 1429.7 0.0 0.0 55.0 0.0 55.0

25% 727.0 218.1 1330.2 55.4 9.7 51.2 3.8 55.0

50% 727.0 218.1 1230.6 110.8 19.4 47.3 7.7 55.0

75% 727.0 218.1 1131.1 166.2 29.1 43.5 11.5 55.0

100% 727.0 218.1 1031.5 221.6 38.8 39.7 15.3 55.0

0% 662.6 238.6 1419.7 0.0 0.0 55.0 0.0 55.0

25% 662.6 238.6 1320.9 60.6 10.6 50.8 4.2 55.0

50% 662.6 238.6 1212.0 121.2 21.2 46.6 8.4 55.0

75% 662.6 238.6 1103.1 181.8 31.8 42.4 12.6 55.0

100% 662.6 238.6 994.2 242.4 42.4 38.2 16.8 55.0

0% 608.7 255.7 1429.7 0.0 0.0 55.0 0.0 55.0

25% 608.7 255.7 1329.7 55.7 9.7 51.2 3.8 55.0

50% 608.7 255.7 1229.7 111.4 19.4 47.3 7.7 55.0

75% 608.7 255.7 1129.7 167.1 29.1 43.5 11.5 55.0

100% 608.7 255.7 1029.7 222.8 38.8 39.6 15.4 55.0

0% 584.9 263.2 1429.7 0.0 0.0 55.0 0.0 55.0

25% 584.9 263.2 1333.6 53.5 9.4 51.3 3.7 55.0

50% 584.9 263.2 1237.5 107.0 18.8 47.6 7.4 55.0

75% 584.9 263.2 1141.4 160.5 28.2 43.9 11.1 55.0

100% 584.9 263.2 1045.3 214.0 37.6 40.2 14.8 55.0

0.45

Aggregate Volume (%)
w/c

0.30

0.36

0.42

 2 

 3 

 4 

5 
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Table 2. Parameters for Equation 5 and 6 1 

1-year Electrical 

Conductivity

65% RH 80% RH 65% RH 80% RH 65% RH 80% RH Saturated

C1 72.776 19.391 0.084 0.045 0.113 0.019 -

C2 3.93 3.35 3.30 4.06 4.57 3.20 -

C3 0.0093 0.0084 0.0080 0.0083 0.0127 0.0106 -

C4 - - - - - - 184.59

C5 - -  - - - - 46.915

C6 - -  - - - - 0.0558

C7 - - - - - - 0.0108

Parameters

Water Absorption               

at 8 days

Initial                           

Sorptivity

Secondary 

Sorptivity

 2 

3 
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Figure captions 1 
 2 

Fig 1 Water for internal curing needed to maintain saturated condition in cement paste (after 3 

Bentz et al. 2005) 4 

 5 

Fig 2 Picture of the mold used for continuous electrical conductivity measurements 6 

 7 

Fig 3 Cumulative amount of water absorbed after 8 days of testing for samples conditioned at: a) 8 

65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 9 

samples. Continues lines represent empirical equations described at the end of the paper 10 

 11 

Fig 4: Initial sorptivity as a function of the w/c and the amount of LWA for samples conditioned 12 

at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 13 

samples. Continues lines represent empirical equations described at the end of the paper 14 

 15 

Fig 5 Secondary sorptivity as a function of the w/c and the amount of LWA for samples 16 

conditioned at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the 17 

average of 3 samples. Continues lines represent empirical equations described at the end of the 18 

paper 19 

 20 

Fig 6 Electrical conductivity of sealed samples as a function of the amount of LWA at the age of: 21 

a) 3 days, b) 7 days, c) 90 days, and d) 365 days. Error bars represent the standard deviation on 22 

the average of 3 samples. 23 

 24 

Fig 7 Electrical conductivity of vacuum saturated samples at the age of 365 days. Error bars 25 

represent the standard deviation on the average of 3 samples. Continues lines represent empirical 26 

relations described in a further section. 27 

 28 

Fig 8 Proportional reduction on the absorption, initial sorptivity and secondary sorptivity of 29 

internally cured samples 30 

 31 

Fig 9 Proportional reduction on the electrical conductivity of 1-year old saturated internally 32 

cured samples 33 

34 
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Figures: 1 
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Fig 1 Water for internal curing needed to maintain saturated condition in cement paste (after 4 
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Fig 2 Picture of the mold used for continuous electrical conductivity measurements 4 
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Fig 3 Cumulative amount of water absorbed after 8 days of testing for samples conditioned at: a) 6 

65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 7 

samples. Continues lines represent empirical equations described at the end of the paper 8 
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Fig 4: Initial sorptivity as a function of the w/c and the amount of LWA for samples conditioned 6 

at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 7 

samples. Continues lines represent empirical equations described at the end of the paper 8 

 9 

10 



Castro J. Spragg R. and Weiss J.   Draft Manuscript Submitted to ASCE  February 22, 2011 

 28 

 1 

0 25 50 75 100

Amount of LWA from Equation 1 (%)

0

10

20

30

40

S
e

c
o

n
d

a
ry

 S
o

rp
ti

v
it

y
 (

1
0

-4
 m

m
3
 w

a
te

r 
/ 

m
m

2
 s

u
rf

a
c

e
/ 
s

e
c

0
.5
)

w/c = 0.45

w/c = 0.42

w/c = 0.36

w/c = 0.30

a) 65% RH

    2 

0 25 50 75 100

Amount of LWA from Equation 1 (%)

0

10

20

30

40

S
e

c
o

n
d

a
ry

 S
o

rp
ti

v
it

y
 (

1
0

-4
 m

m
3
 w

a
te

r 
/ 

m
m

2
 s

u
rf

a
c

e
/ 
s

e
c

0
.5
)

w/c = 0.45

w/c = 0.42

w/c = 0.36

w/c = 0.30

b) 80% RH

 3 

 4 

Fig 5 Secondary sorptivity as a function of the w/c and the amount of LWA for samples 5 

conditioned at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the 6 

average of 3 samples. Continues lines represent empirical equations described at the end of the 7 

paper 8 
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Fig 6 Electrical conductivity of sealed samples as a function of the amount of LWA at the age of: 6 

a) 3 days, b) 7 days, c) 90 days, and d) 365 days. Error bars represent the standard deviation on 7 

the average of 3 samples. 8 
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Fig 7 Electrical conductivity of vacuum saturated samples at the age of 365 days. Error bars 3 

represent the standard deviation on the average of 3 samples. Continues lines represent empirical 4 

relations described in a further section. 5 
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Fig 8 Proportional reduction on the absorption, initial sorptivity and secondary sorptivity of 4 

internally cured samples 5 
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Fig 9 Proportional reduction on the electrical conductivity of 1-year old saturated internally 4 

cured samples 5 
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 6 

ABSTRACT: Fluid ingress is a primary factor that influences freeze-thaw damage in concrete. 7 

This paper discusses the influence of fluid ingress on freeze-thaw damage development. 8 

Specifically, this paper examines the influence of entrained air content on the rate of water 9 

absorption, the degree of saturation, and the relationship between the saturation level and 10 

freeze-thaw damage. The results indicate that while air content delays the time it takes for 11 

concrete to reach a critical degree of saturation it will not prevent the freeze-thaw damage from 12 

occurring. The results of the experiments show that when the degree of saturation exceeds 86 to 13 

88% freeze-thaw damage is inevitable with or without entrained air, even with very few 14 

freeze-thaw cycles. 15 

 16 
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Background on the Problem of Joint Deterioration in Concrete 24 

Pavements 25 

Concrete pavements represent a large portion of the transportation infrastructure. While 26 

many of these pavements provide excellent long-term performance, a portion of these pavements 27 

have recently shown premature joint deterioration throughout the Midwestern states (Weiss et al. 28 

2007; Sutter et al. 2006; Leech et al. 2008; Rangaraju et al. 2006). This joint deterioration is 29 

problematic since it compromises the performance and potential service life of an otherwise 30 

healthy pavement. Figure 1 shows photographs of a typical damaged pavement joint. This type 31 

of damage is frequently seen as either the development of cracking parallel to the joint or 32 

spalling and cracking at the joint from the bottom of the saw cut to the surface of pavement 33 

approximately 4 to 6 inches from the joint. Unfortunately damage is not frequently observed at 34 

the surface of the pavement until a significant amount of damage has occurred inside the joint. 35 

During field inspections it has been observed that where the joints are damaged the sealant is 36 

damaged and the joint contained standing water. Research is needed to better understand how 37 

this standing water may lead to freeze-thaw damage. Further, this damage occurs in both poorly 38 

air entrained and properly air entrained concrete. As a result the role of air content needed to be 39 

quantified which is the reason for this study. 40 

 41 
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Background on Water Absorption and the Critical Degree of Saturation  42 

Concrete is susceptible to freeze and thaw damage when it is saturated (Sutter et al. 2006; 43 

Leech et al. 2008; Rangaraju et al. 2006; Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz 44 

et al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, Beaudoin and Cameron 45 

1972; Feldman 1987; Scherer 1993; Scherer and Valenza 2005; Sun et al. 2007). While the water 46 

content in concrete can be quantified in several different ways, this paper defines the degree of 47 

saturation (S) as the ratio of the absolute volume of absorbed water to the total volume of pores 48 

(i.e., the total volume of water that can be absorbed by concrete).  49 

It has been suggested that there is a critical degree of saturation (Scr) beyond which freeze 50 

and thaw damage can begin to initiate (Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et 51 

al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, Beaudoin and Cameron 52 

1972). For degrees of saturation below the critical degree of saturation freeze-thaw damage is not 53 

observed to occur even after a large number of freeze-thaw cycles (Fagerlund 1972, 1975, 1977, 54 

1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, 55 

Beaudoin and Cameron 1972).  56 

Figure 2 schematically illustrates the concept of water absorption and the critical degree of 57 

saturation (Fagerlund 2004; Barde et al. 2009). We can begin by assuming that the representative 58 

volume element shown in Figure 2 is filled with pores with different sizes at a given spacing. It 59 



 

 4

is assumed that there are two critical values that describe the freeze-thaw performance. The first 60 

parameter is related to the degree of saturation as described above. The second parameter is 61 

related to a "critical flow distance" (i.e., Dcr), which is the maximum distance that water can flow 62 

from freezing site to the surrounding nearest air-filled space. Damage doesn’t occur when the 63 

flow distance (D) is below the critical distance (Dcr) and the degree of saturation (S) is less than 64 

the critical degree of saturation (Scr) as shown in Fig. 2(a). However, the flow distance increases 65 

with the amount of absorbed water (or poor quality air void system), as does the degree of 66 

saturation. If either the critical flow distance or the critical degree of saturation is exceeded, frost 67 

damage initiates upon the next freezing cycle. The degree of damage can be quantified by the 68 

reduction in the dynamic elastic modulus of concrete as shown schematically in Fig. 2(d). 69 

In Fig. 2(d) for all the values of degree of saturation below the critical degree of saturation 70 

the amount of damage (reduction is the elastic modulus) is very small. As soon as the degree of 71 

saturation exceeds the critical degree of saturation damage initiates in the material (Fagerlund  72 

1972, 1975, 1977, 2004; Bentz et al. 2001).  73 

It should be noted that the quality of air distribution and the volume of the air are two 74 

important parameters affecting the freeze-thaw resistance of the system. The quality of the air 75 

system is related to the critical flow distance while the quantity of the air voids (volume of air) is 76 

related to the critical degree of saturation. A fully saturated system, however, regardless of the 77 
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quantity and quality of the air cannot even sustain a single freezing cycle without accumulating a 78 

significant amount of damage (Litvan 1988).   79 

Background on Use of Acoustic Emission to Quantify Freeze and 80 

Thaw Damage 81 

Acoustic emission (AE) is a nondestructive test method that is based on measuring the 82 

release of energy in concrete (e.g. the release of energy that occurs at the time of cracking). It 83 

should also be noted that AE can be performed in either a passive (i.e., capturing the acoustic 84 

wave generated due to formation of permanent defect such as crack) or active (i.e., using one 85 

transducer to generate a pulse and another transducer to capture the same pulse (in the simplest 86 

arrangement)). Classically AE is typically performed in passive mode in cement/concrete studies 87 

(Ohtsu 1999, 1993; Bentz et al. 2008; Hossain et al. 2003; Shah and Weiss 2006; Kim and Weiss 88 

2003; Moon and Weiss 2006; Ouyang et al. 1991a, 1991b; Suari and Van Mier 1995, 1993; 89 

Pour-Ghaz et al. 2010; Puri and Weiss 2003; Yang et al. 2006; Yoon et al. 1999). AE has been 90 

used in concrete to assess damage due to restrained shrinkage (Bentz et al. 2008; Hossain et al. 91 

2003; Shah and Weiss 2006; Kim and Weiss 2003; Moon and Weiss 2006) and mechanical 92 

loading (Ouyang et al. 1991a, 1991b; Suari and Van Mier 1995, 1993; Pour-Ghaz et al. 2010; 93 

Puri and Weiss 2003; Yang et al. 2006; Yoon et al. 1999). AE has also been used to monitor 94 

freezing and thawing of mortar and it was observed that activity during both freezing and 95 
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thawing (Shimada et al. 1991; Krishnan 2002).   96 

In the present work, the evolution of damage in concrete during freeze–thaw cycles was 97 

monitored using both active and passive AE. The reduced relative dynamic elastic modulus was 98 

calculated for each cycle according to the transmitting time of waves using active AE. Passive 99 

AE was recorded to better understand the damage that develops during the freeze-thaw cycle.    100 

Hypothesis and Outline for Experimental Investigation 101 

There has been a great deal of debate on possible causes of joint deterioration in concrete 102 

pavements. It is the hypothesis of this work that the presence of water (or solution containing 103 

deicing salt solutions) in the joints plays a significant role in the deterioration of concrete 104 

pavement joints. First, it is hypothesized that joints can hold water or deicing fluids substantially 105 

longer than other parts of the pavement. This would enable the concrete at the joint to become 106 

preferentially saturated. The potential for a joint to hold water increases when the joint sealant is 107 

damaged or missing, at low spots in the pavement, and when the joint does not crack and open as 108 

designed (as has been noticed in the field). It is hypothesized that this propensity for saturation 109 

could make the concrete more susceptible to local freeze-thaw damage. Second, it is 110 

hypothesized that the use of air entrainment can increase the resistance to joint deterioration 111 

however it also believed that the use of air entrainment will not eliminate the potential for 112 

damage to occur. The addition of air entrainment is believed to extend the time required for the 113 
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concrete to reach to the critical degree of saturation. 114 

While other factors can contribute to joint deterioration (e.g., the use of specific deicers, 115 

curing conditions, mixture proportions, construction details), they are not specifically considered 116 

in this paper. The scope of this paper is to examine the role of air entrainment on the rate of water 117 

ingress and degree of saturation increase in concrete. Second, this paper provides data to relate 118 

the degree of saturation to freeze-thaw damage in air entrained and non-air entrained concrete. 119 

Experimental Plan 120 

This section describes mixture proportioning, specimen conditioning and the procedures of 121 

the testing in detail.  122 

Mixture Proportions  123 

Three mortar mixtures were prepared with different air contents (6, 10, 14% air by volume 124 

as measured in mortar). The air volume was calculated for an equivalent paste and concrete 125 

system respectively with the assumptions shown in Table 1. All specimens were made with 126 

ordinary Portland cement (Type I) and had a water to cement ratio (w/c) of 0.42 which is typical 127 

of concrete pavements in the state of Indiana. Table 1 presents the proportions of the materials 128 

that were used.   129 

 Mixing was performed in accordance with ASTM C192-06 (ASTM 2006). Two specimen 130 

geometries were used in this study: cylinders (25 mm height by 100 mm diameter) and prisms 131 
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(25 mm by 25 mm by 125 mm). Cylindrical specimens were used the water absorption test. The 132 

prisms specimens were used to evaluate the freeze-thaw damage development using AE. These 133 

specimens were cut from larger specimens. 134 

Specimen Conditioning  135 

The method of the specimen conditioning prior to water absorption testing can substantially 136 

influence the results of the test (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). If the 137 

specimen is not properly conditioned it can lead to a misunderstanding of the actual absorption 138 

behavior (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). Due to the significance of 139 

conditioning and necessity for the specimens to reach equilibrium the standard curing procedures 140 

was not used (Scherer and Valenza 2005). The procedure that was used in this study allowed the 141 

specimens to equilibrate for a longer period. 142 

The cylindrical specimens were cut 24 hours after casting from a larger cylindrical sample 143 

and sealed in two layers of plastic. The specimens were stored at 23 +/- 1°C for 28 days. After 28 144 

days the specimens were removed from the plastic bag and placed in 50 +/- 1, 65 +/-1 and 80 145 

+/-1% relative humidity (RH) environments where they were kept for more than a year to 146 

equilibrate. Table 2 lists the air content and relative humidity of each specimen.  147 

Water Absorption 148 

A procedure similar to ASTM C1585-04 (ASTM 2004) was used however the specimens 149 
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were not conditioned following the accelerated ASTM testing procedure (described above). After 150 

conditioning, the outer circumference of the specimen was sealed with two layers of epoxy resin. 151 

After the epoxy hardened, the specimens were placed under water. Two small spacers were 152 

placed under the sample to provide a small gap between the bottom of the container and the 153 

lower surface of the sample. This allowed water absorption from both circular surfaces (Fig. 3).  154 

Freeze-Thaw Testing  155 

This section describes specimen preparation and procedures used in freeze-thaw testing.  156 

Specimen Saturation 157 

The prismatic specimens were prepared to have different degrees of saturation before 158 

freeze-thaw testing was performed. The specimens were oven dried in steps to 105°C where they 159 

were maintained for 2 days. The specimens were then placed in a desiccator and evacuated to a 160 

residual pressure of 30mm Hg (4000 Pa) for 3 hours. After evacuation and while still under 161 

vacuum, water was introduced into the desiccators to cover the specimens. The specimens were 162 

left in the desiccators for 24 hours. This condition was considered as saturated (i.e., 100% degree 163 

of saturation). The degree of saturation was reduced for some specimens (i.e. 0.96, 0.92, 0.90, 164 

0.86, 0.82, and 0.78) by short periods of drying at 23°C and 50% relative humidity. During the 165 

drying period the mass of the specimens was closely monitored. After drying all the specimens 166 

were sealed in plastic bags for a minimum of 3 days to allow moisture to re-distribute before 167 
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freezing and thawing testing. 168 

Preparation of the Specimen for Freezing and Thawing 169 

Figure 4 shows the procedure used for preparing the specimens for AE testing during 170 

freeze-thaw cycles. The specimens were first preconditioned to different degrees of saturation as 171 

described in section 5.4.1. After preconditioning the specimens were wrapped with a thin plastic 172 

sheet as shown in Fig. 4(a). The thin plastic sheet was used to protect the sample from further 173 

drying during the handling. The specimens were then sealed with a “heat shrink wrap” to further 174 

protect the specimens against moisture exchange with surroundings (prevent them from 175 

absorbing or releasing water during the freeze-thaw process) as shown in Fig. 4(b). It is 176 

important to note that the “heat shrink wrap” was in loose contact with sample (with the 177 

exception of the specimen ends) so that the specimen can expand freely during the test while 178 

minimizing any restraint. 179 

The AE sensors (transducers) were attached on the two ends with a thin layer of vacuum 180 

grease as shown in Fig. 4(c). Figure 5 shows that all the specimens were placed on a suspended 181 

base in testing to minimize noise/vibration transmission from surrounding environment. The 182 

threshold was set at 60 dB and 34 dB for active and passive AE, respectively. Testing was also 183 

performed on dry specimens to ensure that sounds were not being recorded from the environment, 184 

freezing unit, or coupling agent (Pour-Ghaz and Weiss 2010). 185 
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Temperature Cycle used for Freeze-Thaw Testing 186 

Figure 6 shows the temperature cycle (in air) which allows one cycle per day. Temperature 187 

was controlled to vary from 10 +/- 1°C to -18 +/- 1°C. The rate of the temperature change was 188 

14°C/hour resulting in a 2-hour transition period and two 10–hour periods at 10 +/-1 °C and -18 189 

+/-1 °C respectively. 190 

Experimental Results and Discussion  191 

Water Absorption 192 

Sorptivity  193 

The amount of absorbed water (I) is normalized by the cross-sectional area exposed to water 194 

as outlined in ASTM C1585 (ASTM 2004): 195 

I = mt / (a.d)                                                                  (1) 196 

where: mt is the change in specimen mass at time t in grams; a is the area of the both sides 197 

exposed to water, in mm2; d is the density of water in g/mm3.  198 

Sorptivity is defined as the slope of the water absorption versus square root of time curve 199 

(ASTM 2004). The initial sorptivity is the slope of this curve within the first 6 hours, while the 200 

secondary sorptivity is the slope of the curve between 1 to 8 days. 201 

Figure 7(a) illustrates the sorption results for the specimens conditioned at 50% RH with 202 

13% and 31% air contents by volume of paste. The specimens show a similar sorptivity (slope of 203 
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the curves) and amount of absorbed water initially; however, over time the specimens with 204 

higher volumes of air absorb more water. This occurs since the air voids provide space for water 205 

(Helmuth 1961; Warris 1964), however, the diffusion of air and the over-pressure in the 206 

air-bubbles delays water absorption which corresponds for the long time to saturation (Fagerlund 207 

1993, 1995, 2004). It should be noted that although the secondary sorptivity for sample with 208 

higher air content is higher, this sample requires to absorb more water to reach to the critical 209 

degree of saturation.   210 

Figure 7(b) shows the water absorption results for specimens conditioned at 65% RH. 211 

Comparing this result with Fig. 7(a) suggests that the amount of absorbed water for the 212 

specimens conditioned at 65% RH is lower than that of specimens conditioned at 50% RH with 213 

the same air content. Figure 7(c) shows the absorption for specimens conditioned at 80% RH. 214 

The specimens at 65% RH and 50% RH show a nick-point at the end of the 6 hours on a water 215 

absorption square-root of time curve however, the nick-point can not be seen on the results of 216 

80% RH and a more graduate rate of absorption can be seen.  217 

The relative humidity in which the specimens were conditioned in has a significant impact 218 

on the results (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). The driving force of 219 

unsaturated fluid transport is the capillary suction (Hall and Hoff 2002; Martys and Ferraris 1997; 220 

Hanžič et al. 2010). When samples are in equilibrium with a lower relative humidity a larger 221 
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volume of pores are empty and available to be filled with water during the water sorption. 222 

Furthermore, at lower humidity, the maximum size of the pores that is filled with water is smaller, 223 

creating a higher suction force. The overall effect will be higher rate of water absorption and 224 

high volume of absorbed water.  225 

Degree of Saturation 226 

Figure 8(a) shows that the degree of saturation (S) of the specimens conditioned at 50% RH 227 

with two air contents (13 and 31% by volume of paste). Note that the degree of saturation is 228 

plotted as a function of square-root of time on the lower x-axis while actual time is shown on the 229 

upper x-axis.  230 

The most striking feature of the graphs in Fig. 8 is the fact that the degree of saturation 231 

decreases with air content. At the end of the initial 6-hour sorption period samples with lower air 232 

content show higher degree of saturation. For samples equilibrated at 50% RH the degree of 233 

saturation is 39% less when the air content increases 10%, the decrease in degree of saturation 234 

for samples equilibrated at 65% and 80% RH is 23% and 26% respectively.  235 

Note that the secondary rate of absorption (Fig. 7) is different for samples with different air 236 

content; however, in Fig.8 the secondary rate of increase in degree of saturation is approximately 237 

the same for materials with different air content. This suggests that for an equal time of exposure 238 

to water, the specimen with the higher air content has a lower degree of saturation (Fagerlund 239 
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1993, 1995, 2004). 240 

The secondary rate of increase in degree of saturation can be fitted with a linear function to 241 

estimate the amount of absorbed water over a long period of time. The linear fit used in Fig. 8 is 242 

shown with a solid line. Since the objective here is to estimate the degree of saturation over a 243 

long period of time only the date between 100 to 240 days is used in fitting this straight line. 244 

Using this linear function the time to reach to critical degree of saturation is calculated for each 245 

specimen with different air content and initial equilibrium condition and reported in Table 3. 246 

Freeze-Thaw Testing  247 

Monitoring the Damage Development Using Active Acoustic Emission 248 

The relative dynamic elastic modulus is frequently used as an index to evaluate the extent of 249 

damage (Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan 250 

and Sereda 1980; Shimada et al. 1991). Using active AE the transmission time of a single pulse 251 

was measured along the sample. The transmission time along the length of the sample was 252 

measured in both directions (i.e., from sensor 1 to 2 and from sensor 2 to 1). The transmission 253 

time was measured three times in each direction and the average transmission time is reported 254 

here (average of 6 values). The transmitting time was measured after each cycle when the 255 

temperature was stable at 10°C for a minimum of 2 hours. 256 

The relative elastic modulus, i.e. Et/Eo is square proportional to the velocity of wave 257 
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transmitting through materials, which is inversely square proportional to the ratio of the wave 258 

transmission times (ASTM 2008) as shown in Eq. 2. Damage parameter (D) can also be 259 

estimated using Eq. 2.   260 

D = 1 – Et / Eo = 1 - (To / Tt)
2                                                     (2) 261 

where Eo, To are the dynamic elastic modulus before freeze-thaw testing began and 262 

corresponding transmitting time; Et, Tt  are the dynamic elastic modulus during testing at any 263 

time t and corresponding transmitting time. 264 

It should be noted that the main cracks were along the direction of wave propagation and as 265 

such the wave is least sensitive to these cracks however the damage was still easily recorded.  266 

Figure 9 illustrates the damage index (Eq. 2) with increasing cycles of freezing and thawing. 267 

The damage initiates during the first cycle when the degree of saturation is above 86~88%. The 268 

specimens with lower degree of saturation do not show damage while specimens with a higher 269 

degree of saturation show a rapid deterioration. It can be seen that the saturated specimens 270 

(S=100%) can not sustain more than 3 cycles before complete failure occurs. 271 

Figure 10 shows the rate of damage (dD) development per freeze-thaw cycle (dN) (as 272 

determined by the slope of Fig. 9) for specimens with different degrees of saturation. A critical 273 

degree of saturation appears to occur at approximately 86 - 88%. The critical degree of saturation 274 

appears to be independent of the air content.  275 
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Acoustic Energy Measured Using Passive Acoustic Emission 276 

Figure 11 shows the amplitude of the acoustic events as a function time for a specimen with 277 

96% degree of saturation and 13% air content during freezing cycle. The temperature is the 278 

temperature measured in the center of the mortar specimen. Figure 11(a) illustrates the amplitude 279 

distribution for the first freeze-thaw cycle and Fig. 11(b) illustrates the amplitude distribution 280 

during the second freeze-thaw cycle for the same specimen.  281 

In Fig. 11(a) the acoustic events begin to occur as the temperature of the specimen 282 

decreases. A cluster of acoustic event is shown in Fig. 11(a) as highlighted by the ellipsoid. This 283 

cluster of data is not seen in Fig. 11(b). These events can be attributed to micro-cracking of the 284 

specimen due to thermal loading which may be a result of temperature gradient or a result of 285 

thermal expansion coefficient mismatch between the paste and aggregate. Since the thermal 286 

loading is not changed during the second cycle, the damage due to thermal loading does not 287 

exceed the previous level of damage in materials and additional cracking would not be expected 288 

(Kaiser 1950; Kline and Egle 1987).   289 

In Figure 11 the acoustic events begin to increase dramatically after the temperature drops 290 

below -8°C in both cycles. The number of events is higher in the first cycle compared to the 291 

second cycle as more cracking would be expected in the first freeze-thaw cycle while these 292 

cracks would be expected to extend in the following cycles. The damage at the point (below -8°C) 293 
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is likely attributed to formation of ice and cracking inside the specimen. This is consisted with 294 

the observation that pore solution freezes below 0°C due to pore confinement and dissolved ions 295 

in pore solution (Fagerlund 1973; Helmuth 1960).  296 

Desorption Isotherm  297 

Figure 12 shows the desorption isotherm for the specimens with 13% and 31% air content 298 

by volume of paste. The desorption curve demonstrates the mass of water lost from the specimen 299 

at each relative humidity step (i.e., different pore sizes begin to empty out at different relative 300 

humidities starting with large pores at high relative humidities and smaller pores at lower 301 

humidities). The profile of the desorption curve is similar for both specimens until high relative 302 

humidities, i.e. 97.5% RH. At relative humidities higher than 97.5%, a larger difference of the 303 

porosity can be seen. This difference corresponds to the air entrained porosity. 304 

The critical degree of saturation (88%) corresponds to relative humidity of 98.4% for 305 

specimen with 13% air content and 98.96% RH for specimen with 31% air content, respectively. 306 

This implies that some of the air entrained pores are water filled when the specimen is at or 307 

above critical degree of saturation. The difference in mass loss between the 13 and 31% air 308 

content at 2.5% RH is currently unknown however this is repeatable between specimens.  309 

Calculated Time to Reach the Critical Degree of Saturation 310 

In section 6.1 the rate of absorption of water and its relation to the degree of saturation was 311 
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discussed and in section 6.2 the influence of the degree of saturation on freeze-thaw damage was 312 

discussed. To better understand how these findings can be related to one another to predict the 313 

time to freeze-thaw damage a linear function was fit to the plot of degree of saturation verses 314 

square root of time data (using the secondary absorption). 315 

Table 3 shows the time required for each specimen equilibrated at different initial condition 316 

to reach the critical degree of saturation (i.e., 88% in this study). Specimens without air 317 

entrainment can reach to the critical degree of saturation within days (4~6 days). The use of air 318 

entrainment raised the air content, and decreases the degree of saturation. This increases the time 319 

to reach a critical degree of saturation to 3~6 years. The rate of water absorption is substantially 320 

different in the systems with entrained air compared to non-air entrained systems. 321 

Conclusions  322 

The water absorption of mortar containing different volumes of entrained air was examined 323 

in this study. While tests like ASTM C 1585-04 (ASTM 2004) can be used to provide an index of 324 

water absorption, the differences between non air entrained and air entrained systems were small 325 

when only mass gain was investigated. While the absorption rates in plain and air entrained 326 

systems were similar initially the air entrained system showed a higher rate of ingress at later 327 

ages. By normalizing the results of water absorption in terms of the degree of saturation a clear 328 

distinction between the non air entrained and air entrained mixtures can be made. While the non 329 
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air entrained system took 4 to 6 days to reach 88 % saturation, the air entrained system is 330 

estimated to require approximately 3 to 6 years. This shows that entrained air will substantially 331 

increase the time to failure.   332 

The damage due to freeze-thaw was monitored using both passive and active AE. A critical 333 

degree of saturation was observed with specimens that have a degree of saturation greater than 334 

the 86 to 88% exhibiting damage during the few freeze-thaw cycles.   335 

The critical degree of saturation appears to be independent of the air content as materials 336 

with a degree of saturation above the critical degree undergoing damage after a few of 337 

freeze-thaw cycles irrespective of the air content. The volume of air and quality of the air void 338 

system however likely has a strong relation to the critical flow distance. 339 

Increasing the air content resulted in a longer time for the mortar to reach to the critical 340 

degree of saturation. While increasing the air content can delay the time freeze-thaw damage 341 

initiates in practice; it appears that increasing of the air content can not eliminate the potential for 342 

freeze-thaw damage.  343 
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Table 1. Mixture proportions and constituent materials  571 

Air content 

of paste (% by volume 

of mortar a/ concrete b) 

Cement (Type I) 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

13 (6/4) 573.3 240.8 1333.3 

22 (10/7) 548.9 230.6 1276.5 

31 (14/9) 524.5 220.3 1219.8 

Note: a In calculating the equivalent air content in mortar it was assumed 45% paste by volume of the mortar; 572 
b In calculating the equivalent air content in concrete it was assumed 30% paste by volume of the concrete.  573 

574 
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Table 2. Initial condition, air content and namely scheme for specimens used in the present study   575 

Specimen name 
Air content 

of the Paste (%) 
Relative humidity (%) 

 50-13 a 13 50 

65-13 13 65 

80-13 13 80 

50-22 22 50 

65-22 22 65 

80-22 22 80 

50-31 31 50 

65-31 31 65 

80-31 31 80 

Note: a The first number shows the initial humidity of the specimen (e.g.50-13 is 50% RH); 576 

The second number shows the air content of mortar of the specimen (e.g. 50-13 is 13% air by volume of paste).  577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 
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Table 3. Time to reach to the critical level of saturation (88%) for the specimens with different 598 

air content  599 

Initial relative 

humidity (%) 

Air content by 

volume of paste 

(%) 

Secondary 

 sorptivity (mm3/mm2.d0.5) 

Time to reach the critical 

degree of saturation (88%) 

(Scr) in years (+/-1.7%) 

50 

13 0.485 0.011 (4d) 

22 0.691 5.08 

31 0.750 6.10 

65 

13 0.368 0.016 (6d) 

22 0.513 5.63 

31 0.785 5.90 

80 

13 0.563 0.015 (5d) 

22 0.606 4.00 

31 1.009 5.82 

 600 

 601 
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 606 

 607 
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 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 
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Figure captions 619 

Fig. 1 Photography of field observation showing damage in pavement joints 620 

Fig. 2 Schematic illustration of relation between degree of saturation with freeze-thaw damage 621 

[10, 19] 622 

Fig. 3 Double sided sorption test of specimen with 1-inch thickness 623 

Fig. 4 Specimens prepared for acoustic emission testing during freeze-thaw cycle: (a) thin plastic 624 

sheet to avoid evaporation during specimen preparation and handling (b) specimen 625 

covered by heat shrinkable wrap to avoid evaporation during specimen preparation and 626 

handling 627 

Fig. 5 Specimens placed on a suspended base to eliminate vibration and noise from surrounding 628 

environment (inside of freeze-thaw chamber) 629 

Fig. 6 Temperature cycle used in freeze-thaw experiment (air temperature) 630 

Fig. 7 Effect of air content and initial moisture on water absorbed: (a) 50% RH (b) 65% RH (c) 631 

80% RH 632 

Fig. 8 Results of sorption test provided as increase in the degree of saturation: (a) 50% RH (b) 633 

65% RH (c) 80% RH 634 

Fig. 9 Decrease of the relative dynamic elastic modulus with freeze-thaw cycles 635 

Fig. 10 Rate of decrease of relative dynamic elastic modulus with degree of saturation 636 
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Fig. 11 Amplitude in the transition time of freezing (96S): (a) first cycle (b) second cycle 637 

Fig. 12 Mass change at decreasing RH containing de-ionized water  638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 



 

 33 

Figures: 655 
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Fig. 1 Photograph of field observation showing damage in pavement joints 657 
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Fig. 2 Schematic illustration of relation between degree of saturation with freeze-thaw damage 679 

[10, 19] 680 
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 695 

Fig. 3 Double sided sorption test of specimen with 1-inch thickness 696 
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 712 

Fig. 4 Specimens prepared for acoustic emission testing during freeze-thaw cycle: (a) thin plastic 713 

sheet to avoid evaporation during specimen preparation and handling (b) specimen covered by 714 

heat shrinkable wrap to avoid evaporation during specimen preparation and handling 715 

 716 
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 719 

 720 

 721 
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 723 
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 724 

Fig. 5 Specimens placed on a suspended base to eliminate vibration and noise from surrounding 725 

environment (inside of freeze-thaw chamber) 726 

 727 
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 739 

Fig. 6 Temperature cycle used in freeze-thaw experiment (air temperature) 740 
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 741 

Fig. 7 Effect of air content and initial moisture on water absorbed: (a) 50% RH (b) 65% RH (c) 742 

80% RH 743 
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 744 

Fig. 8 Results of sorption test provided as increase in the degree of saturation: (a) 50% RH (b) 745 

65% RH (c) 80% RH 746 
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     747 

Fig. 9 Decrease of the relative dynamic elastic modulus with freeze-thaw cycles 748 
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 762 

Fig. 10 Rate of decrease of relative dynamic elastic modulus with degree of saturation 763 
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 770 

Fig. 11 Amplitude in the transition time of freezing (96S): (a) first cycle (b) second cycle 771 
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       775 

Fig. 12 Mass change at decreasing RH containing de-ionized water 776 

 777 
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samples. The experiments show that a lack of control on moisture content or lack of 
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1. Introduction 

 

The durability of concrete subjected to aggressive environments depends largely on transport 

properties, which are influenced by the pore system [1-7].  Three main mechanisms can be used 

to describe transport in cementitious systems: permeability, diffusion and absorption.  

Permeability is the measure of the flow of water under a pressure gradient, while diffusion is the 

movement of ions due to a concentration gradient. Absorption can be described as the ability to 

take in water by means of capillary suction. All three mechanisms are heavily influenced by the 

volume of pores as well as the connectivity of the pore network. A large fraction of concrete in 

service is only partly saturated and the initial ingress of water and dissolved salts is influenced, at 

least in part, by capillary absorption [7]. As such, water absorption has been used as an important 

factor for quantifying the durability of cementitious systems [4-11].  Water absorption is the 

primary focus of this study since it is being increasingly used by specifiers and in forensic 

studies to provide a parameter that can describe an aspect of concrete durability. It is also 

important that these properties be adequately described for use in service life models [6, 11]. 

 

1.1 Water absorption test 

 

ASTM C1585 [1] is commonly used to determine the absorption and rate of absorption 

(commonly referred to as sorptivity) of water in unsaturated hydraulic cement concretes.  This 

test method, based on work reviewed by Hall [12], consists of preconditioning samples to a 

known moisture content, then exposing the bottom surface of the sample to liquid water and 

measuring the increase in mass resulting from water absorption. According to the standard 

conditioning procedure, samples are conditioned for 18 days. This conditioning period begins by 

first placing the sample in a 50˚C and 80 % relative humidity (RH) environment for three days. 

The samples are then removed from this environment and placed in individually sealed 

containers where they remain for a minimum 15 days at 23 °C, to allow internal moisture to 

redistribute throughout the specimens before the test begins.  

 

The absorption test involves recording incremental mass change measurements at relatively 

frequent intervals during the first six hours after the sample comes in contact with water and 

subsequently taking one measurement every day for the next eight days.  The amount of 

absorbed water is normalized by the cross-section area of the specimen exposed to the fluid 

using Equation 1: 

 

)(a

m
   i t


            (1) 

 

where:  i is the normalized absorbed fluid volume, mt is the change in specimen mass at time t; a  

is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and    is the 

density of the absorbed fluid (taken to be 1000 kg/m
3
 at 23 °C for water).  

 

These absorbed fluid volumes are then plotted as a function of the square root of time.  The 

initial sorptivity is determined as the slope of the curve during the first six hours, while 

secondary sorptivity is determined using the slope of the same measurements between one and 

eight days, as outlined in ASTM C1585 (1). It should be noted that these times work well for 
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water though they may not work as well for other fluids with different surface tension and/or 

viscosity [13]. 

 

The initial and secondary sorptivities can be used to evaluate the connectivity of the pore 

network [9]. Additionally, the secondary sorptivity, combined with exposure conditions, has 

been used for performing service life predictions [11]. 

 

1.2 The role of the relative humidity  

 

Water ingress in unsaturated concrete is dominated by capillary suction upon initial contact with 

water [7, 12-18]. Capillary absorption can be related to the volume of the pores as well as the 

size (i.e. radius) of the partially empty capillary pores (Figure 1a). The relation between the 

equilibrated relative humidity and the radius of the smallest empty pore is given by the Kelvin-

Laplace equation (Equation 2). 

 

 
TRr

RH
m

mV2
   )(Ln


          (2) 

 
where: RH is the relative humidity,   is the surface tension of water (pore solution), Vm is the 

molar volume of water, rm is the average radius of curvature, R is the universal gas constant, and 

T is the absolute temperature. 

 

It should be noted that this expression is simplified as it does not consider the effect of water that 

is absorbed on the walls of the pores. Largely the concrete community has considered two sizes 

of pores as introduced by Powers [19].  The gel pores are considered to be small pores (< 10 nm 

diameter) that are a part of the hydration products. Capillary pores are larger pores that occur due 

to excess water. Capillary porosity is particularly of concern in transport, as is the 

interconnectivity of the capillary pores. 

 

Figure 1b) shows a conceptual illustration based on Powers [19] that uses a desorption isotherm 

to illustrate the volume of water located in the different size pores at different relative humidities. 

 

The relative humidity used to condition the sample prior to the sorption test can have a 

significant impact on the results [1]. Previous test results by Parrot [20, 21] indicated that the 

water absorption rate was very sensitive to the moisture content of the concrete, particularly at 

relative humidities above 60 % which were common for field exposure. Water leaves the largest 

accessible pores first. It can be seen from Figure 1b that capillary pores occupy the range of 

humidity from approximately 80% to 100% RH. As such, initially upon drying water leaves the 

capillary pores. The lower the relative humidity, the greater the total volume of pores that are 

empty and available to be filled with water during the sorption test. Further, the lower humidity 

will empty smaller pores, creating a higher suction force in the materials and resulting in a 

greater sorption rate and a larger overall total absorption. 

 

According to ASTM C1585, the standardized test conditioning will generally provide an internal 

relative humidity similar to relative humidities found near the surface in some field concrete 
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structures [1, 22, 23]. This range of relative humidities can represent what is found in samples in 

the field; however, it is wide enough to considerably affect the test results.  

 

Castro et al. [24] shows that the relative humidity of samples that were kept in the field under 

different exposure conditions was in the range of 80 % to 100 % depending on the type of 

exposure, which is somewhat higher than what is mentioned in ASTM C1585.  

 

1.3 Research objectives 

 

The objectives of this research are threefold. First, this research will examine the influence of 

conditioning relative humidity (oven dry, 50%, 65% and 80% RH) on the results of sorption tests 

performed on mortars with different w/c, containing a fixed volume of aggregate. Second, this 

research will examine the influence of the volume of aggregate (or equivalently the paste 

content) on the results of sorption testing. Third, this research will examine the effect of the 

conditioning method specified in ASTM C1585-04.  

 

 

2. Materials 

 

An ASTM C150 Type I ordinary portland cement (OPC) was used in this study, with a Blaine 

fineness of 370 m
2
/kg and an estimated Bogue composition of 56 % C3S, 16 % C2S, 12 % C3A, 

7 % C4AF and a Na2O equivalent of 0.68 % by mass.  

 

A polycarboxylate-based high-range water-reducing admixture (HRWRA) was added in varying 

rates as indicated in Table 1, depending on the mixture proportions, to maintain similar 

consistencies (i.e., workability).  The sand used was natural river sand with a fineness modulus 

of 2.71, an apparent specific gravity of 2.58, and a water absorption of 1.8 % by mass.   

 

2.1 Mixture proportioning 

 

Six different mixtures were prepared in total.  Four of the mixtures were mortars with a single 

volume fraction of fine aggregate (55% of the total volume) and different w/c (0.35, 0.40, 0.45, 

and 0.50).  These mixtures were designated as 55/0.35, 55/0.40, 55/0.45 and 55/0.50, with the 

number on the left representing the volume fraction of fine aggregate and the number on the right 

representing w/c.  Additionally, two other mortars were prepared with w/c of 0.50, but with 

different volume fractions of fine aggregate (35 % and 45 % of the total volume). They were 

designated as 35/0.50, 45/0.50.  A list of the mixture proportions can be found in Table 1. 

 

 

2.2 Mixing procedure 

 

The mixing procedure used for the mortar was in accordance with ASTM C192-06 [25]. The 

aggregate was oven dried and cooled for 24 h before mixing. The volume of water was corrected 

by the absorption of the aggregate. The water and cement were conditioned for 24 h at room 

temperature prior to mixing. 
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3. Experimental method 

 

Six 100 mm × 200 mm cylinders were cast for each mixture.  After one day of curing, the 

samples were demolded and then sealed in double plastic bags for sealed curing. Bags were 

stored in a room at 23 ± 1 °C until samples reached an age of 28 d. After that, cylinders were 

removed from bags and three 50 mm ± 2 mm thick samples were cut from the central portion of 

each cylinder with a wet saw using water as the cooling fluid.   

 

After cutting, samples were conditioned by placing them in environmental chambers at 

23 ± 0.5 °C. Specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50 were placed in 

environmental chambers at three different relative humidities (50 ± 1 %, 65 ± 1 % and 80 ± 1 %). 

Specimens from mixtures 35/0.50 and 45/0.50 were placed in an environmental chamber at 

50 ± 1 % relative humidity. Samples were kept in the environmental chamber until they reached 

mass equilibrium, defined as a mass change of less than 0.02 % over a 15 day period.  Mixture 

55/0.35 placed at 50 ± 1 % relative humidity required the longest period of time (14 months) to 

reach mass equilibrium. However, all samples were maintained in the chambers for 14 months to 

test them all at the same age. 

 

Additional specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50 were placed at 

50 ± 1 % RH. After the 14 months, these specimens were dried in an oven at 105 ± 2 °C until 

they reached mass equilibrium. 

 

Once the samples were removed from the chambers or from the oven, the side surface (i.e. outer 

circumference) was sealed with epoxy and the top surface was covered with plastic to avoid 

evaporation from the sample during testing.  After the samples were prepared, testing occurred in 

accordance with ASTM C1585-04 [1]. Specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 

55/0.50 were tested over a period of 90 days. Specimens from mixtures 35/0.50 and 45/0.50 were 

tested over a period of 8 days. 

 

Two additional 100 mm × 200 mm cylinders were cast for each mortar mixture.  After one day 

of curing, the samples were demolded and then sealed in double plastic bags for sealed curing. 

Bags were stored in a room at 23 ± 1 °C until samples reached an age of 28 d. After that, 

cylinders were removed from bags and 10 mm ± 2 mm thick samples were cut from the central 

portion of each cylinder with a wet saw.  After cutting, mortar samples were vacuum saturated 

for 24 h. After that, specimens were placed in environmental chambers at six different relative 

humidities (93 ± 1 %, 87 ± 1 %, 80 ± 1 %, 75 ± 1 %, 65 ± 1 % and 50 ± 1 %) to determine their 

desorption isotherms.   

 

 

4. Experimental results and discussion 

 

4.1 Desorption isotherms 

 

Figure 2 shows the desorption isotherm curves measured using 10 mm thick samples. Mass 

change was monitored at regular intervals until it reached equilibrium, defined as a mass change 
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of less than 0.02 % over a 15 day period.  At the end, all samples were oven dried to express 

water absorption in terms of the dry mass of the sample. 

 

It can be noticed that while the values of the moisture content are similar at 50% and lower RH 

(lower RH results not shown in Figure 2), as it refers to the small gel pore system [19], the 

capillary pores at high RH are strongly influenced by the w/c. 

 

4.2 Effect of initial conditioning on water absorption tests 

 

4.2.1 Effects of relative humidity on sorption test 

 

Figure 3 shows the absorbed water during the 90 days of testing performed on mortars 

conditioned at different relative humidities (mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50). It 

can be noticed that the water absorption is very sensitive to the relative humidity at which the 

specimens were pre-conditioned before testing. In each case, as the conditioning relative 

humidity increases, more water is retained in the pore system and thus the absorption decreases.  

 

These results can be viewed in a slightly different manner if they include the initial amount of 

water held in the pores before the test. In order to do this, samples were oven dried at the end of 

the sorption test to calculate the amount of water they held before starting the test. Additional 

specimens that were kept at 50 ± 1 % RH during the 14 months were oven dried and then 

saturated by the procedure described in ASTM C642-07 [26] to measure the total amount of 

interconnected porosity in the systems. Results from Figure 3 were then normalized by the total 

amount of pores in the system, which can be viewed as the degree of saturation of the sample as 

a function of time. This is presented in Figure 4. Figure 5 shows the total degree of saturation for 

the samples after 90 days. 

 

Figures 4 and 5 show that samples prepared at different relative humidities with a low w/c (e.g. 

w/c = 0.35) do not reach values near to saturation even after 90 days of being in contact with 

water. It may be attributed to the refined pore network of this low w/c system which makes it 

difficult for water to move through the sample to fill all the pores. This is commonly referred to 

as depercolation, which occurs after different hydration times for different w/c [27]. 

 

In contrast after 90 days, samples prepared with a higher w/c (e.g. w/c = 0.50) reach much higher 

levels of saturation. It can be noted from Figure 4 that samples conditioned at 50 % RH reach 

values near saturation after about 40 days of testing, similar to what is obtained with oven dry 

samples. Again this may be attributed to the connectivity of the pore network and the size of 

these pores. In this case, a more interconnected pore network will facilitate the movement of 

water to the interior of the specimens and the diffusion of water vapor out of the sample. 

However, when these samples were conditioned at higher relative humilities (65 and 80 % RH), 

the amount of initially retained water is high enough to reduce the diffusion of vapor out of the 

sample. As a result, this may explain why the level of saturation of these specimens is lower. 
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4.2.2 Effects of relative humidity on the amount of absorbed water after 8 days 

 

Figure 6 shows the cumulative water that was absorbed after 8 days of testing performed on 

mortars conditioned at different relative humidities, expressed as a function of w/c (Figure 6a) 

and as a function of the relative humidity (Figure 6b). 

 

Figure 6a) shows that mixture 55/0.50 can exhibit six times higher absorption when the samples 

are conditioned at 50 % RH compared with similar samples conditioned at 80 % RH.  

 

Figure 7 shows a normalization of the data presented in Figure 6. In Figure 7a) the normalization 

is made with respect to the absorption of samples with w/c = 0.35 (mixture 55/0.35). In Figure 

7b) the normalization is made with respect to the absorption of samples conditioned at 50 % 

relative humidity. It can be seen that the values follow a consistent trend in each case, except for 

the oven dry samples.  This is in general agreement with the parallel nature of the desorption 

isotherms for the mortars provided in Figure 2. 

 

4.2.3 Effects of relative humidity on initial sorptivity 

 

Figure 8 shows the initial sorptivity calculated as the slope of the absorption vs. the square root 

of time during the first six hours of test [1].  

 

Figure 8a) shows that mixture 55/0.50 can exhibit a ten times higher initial sorptivity when the 

samples are conditioned at 50 % RH compared with similar samples conditioned at 80 % RH.  

 

It needs to be noted that the oven dry samples show a much higher initial sorptivity, due to the 

fact that the gel’s capillary pores are empty and possibly to microcracking. While the increase in 

sorptivity is observed to be linear for the specimens conditioned at 50%, 65% and 80% relative 

humidity, this trend appears to break down for the oven dry samples which may be attributed to 

micro-cracking generated during the sample preparation [28-32].  

 

4.2.4 Effects of relative humidity on secondary sorptivity 

 

Figure 9 shows the secondary sorptivity calculated as the slope of the absorption vs. the square 

root of time between 1 d and 8 d of testing.  Trends are similar to those observed for the initial 

sorptivity. However, it needs to be noted that samples that were oven dry prior to the test present 

a considerably lower secondary absorption with respect to the samples conditioned in 

environmental chambers. This may be explained by the high initial absorption of the oven dry 

samples shown in Figure 8. During this initial absorption it can be noticed that since a majority 

of the water was already absorbed in the first hours of the test, the secondary rate of absorption 

will be much lower. It can also be expected that microcracking enabled a more rapid ingress of 

water [33]. 

 

Figure 9 shows a similar trend to what was noted in the case of total absorption and initial 

sorptivity, namely that the secondary sorptivity of samples conditioned in chambers exhibits a 

consistent trend when the results are plotted against the w/c or the relative humidity at which 
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samples were conditioned. However, samples that are conditioned by drying them in an oven at 

105 °C do not follow the same tendency. 

 

4.3 Effects of initial moisture of samples on ASTM C1585 conditioning method 

 

At the age of 24 months, samples from each mixture conditioned at the three different relative 

humidities were removed from the chambers. The side surface was sealed with epoxy to be then 

“re-conditioned” using the 18 day procedure described in ASTM C1585. In addition, three other 

samples from each mixture were saturated following the procedure described in ASTM C642 

[26], to then be “re-conditioned” following the same 18 day procedure.  While such a 

resaturation procedure was employed in the initial sorption testing upon which the ASTM C1585 

standard was based [34], it was subsequently omitted from the standard. After samples were fully 

prepared, testing was performed in accordance with ASTM C1585 over a period of 8 days, with 

results provided in Figure 10. In addition, Figure 11 shows the calculated initial and secondary 

sorptivities from these tests. Secondary sorptivity values are not reported when the correlation 

coefficient is lower than 0.98. 

 

Figures 10 and 11 show that the 3 days of controlled drying at 50 ± 2 °C and 80 % RH followed 

by the 15 days for internal moisture equilibration is not capable of eliminating the effects of the 

“moisture history”.  These results suggest that the ASTM C1585 preparation method does not 

prepare all the samples to the same water content before a water absorption test.  As such this 

accelerated method can make a substantial difference in how the data is interpreted. This may be 

due to a moisture hysteresis effect [35]. It should be noted that this can be a concern for field 

samples evaluated using this method, as their as-received relative humidities may easily vary 

between the extremes examined in this study. 

 

4.4 Effects of volume of aggregate on sorption test 

 

Figure 12 shows the absorbed water during 8 days of testing performed on mortars containing 

different volumes of aggregate (mixtures 55/0.50, 45/0.50 and 35/0.50) conditioned at 50 % 

relative humidity. In Figure 12 a) the effect of a higher volume of paste is observed as the 

mixture containing the lower volume of aggregate has the higher absorption. However, when the 

results are normalized by the volume of paste (volume of the main absorbent material), a reversal 

in the order of the samples is observed (Figure 12 b). The samples with the higher volume of 

aggregates have a higher absorption.  

 

Water absorption is typically reported without considering the effect of the absorption of the 

aggregate in the samples. To better understand its effect, Figure 13 was calculated assuming five 

different sand absorptions (0.0 %, 0.6 %, 1.2 %, 1.8 %, and 2.4 %) to then subtract these values 

from the absorption in Figure 12 b). When the sand absorption is assumed to be 0.0 %, the 

resulting absorption at 8 days will be the same as the absorption presented in Figure 12 b).  From 

Figure 13, it can be noticed that for the assumed 1.8 % sand absorption, the normalized water 

absorbed for the sample is the same after 8 days, independent of the amount of aggregate in the 

sample.  
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Figure 14 shows a desorption isotherm for the sand used in these mixtures. It can be noted that at 

50 % RH (humidity at which the samples were conditioned), the amount of water on the sand is 

about 0.2%. Considering that the aggregate used in this study has a 24 h absorption of 1.8%, the 

difference on water absorption of samples containing different amounts of aggregate can be 

explained mainly by the amount of water absorbed by the aggregates. 

   

     

5. Conclusions 

 

This paper has described the absorption behavior of mortars conditioned at different relative 

humidities. As was shown in previous works by Hall [12], Hooton et al. [4, 7] and Martys and 

Ferraris [16, 34], the water absorption test is considerably affected by the relative humidity of the 

samples before starting the test, which if not properly accounted for can lead to a 

misunderstanding of the actual absorption behavior.  Samples conditioned at a 50 % relative 

humidity can show a total absorption that is approximately six times greater than similar samples 

conditioned at 80 % relative humidity. This is consistent with expectations based on the mortars’ 

desorption curves. 

 

Initial sorptivity, secondary sorptivity and total absorption at 8 days for samples conditioned in 

chambers show a linear trend related to the w/c and the relative humidity at which samples were 

conditioned.  Samples that are conditioned by drying in an oven at 105 °C do not follow the 

same trend as samples conditioned in other approaches. This is attributed to two factors: 1) 

emptying of a wider range of pores, and 2) the potential for microcracking.  The conditioning 

procedure described in ASTM C1585-04 is not able to eliminate the “moisture history” of the 

samples, and thus can lead to a misunderstanding of the water absorption test results, especially 

in field samples which have obtained a lower relative humidity.  It is recommended that field 

samples be pre-saturated prior to being exposed to the conditioning regimen of ASTM C1585. 

 

Comparing samples containing different volumes of aggregate can also lead to a 

misunderstanding of the actual absorption behavior. Samples containing higher volumes of 

cement paste will absorb more water. When the results are normalized by the volume of cement 

paste, the sample containing lower volumes of cement paste will absorb more water. However, 

for the materials examined in this study, this difference can be mainly explained by the amount 

of water absorbed by the aggregates in the sample. 
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Table 1. Mixture proportions in saturated surface dry (SSD) conditions. 

 
Material 55/0.35 55/0.40 55/0.45 55/0.50 45/0.50 35/0.50

Volume fraction of aggregate 55% 55% 55% 55% 45% 35%

w/c 0.35 0.40 0.45 0.50 0.50 0.50

Cement (kg/m
3
) 673 626 585 549 671 793

Water (kg/m
3
) 235 250 263 275 336 397

Fine Aggregate (kg/m
3
), SSD 1442 1442 1442 1442 1180 918

HRWRA (g/ 100 g cement) 0.60 0.40 0.20 0.00 0.00 0.00  
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Fig. 1. Relation between relative humidity and partially empty pores in cement paste. 
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Fig. 2. Desorption curves for 14 m mortar samples (typical standard deviation in the average of 3 

samples is lower than 0.2%). 
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Fig. 3. Absorbed water in mortars as a function of relative humidity a) mixture 55/0.35, b) 

mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Error bars represent the standard 

deviation for the average of three samples. 
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Fig. 4. Degree of saturation as a function of time during the water absorption test: 

a) mixture 55/0.35, b) mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Typical 

standard deviation of the average of three samples is lower than 0.02 points in the degree 

of saturation. 
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Fig. 5.  Degree of saturation after 90 d in contact with water as a function of the w/c. 
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Fig. 6. Cumulative absorption at 8 d for mortars with 55 % aggregates versus: a) w/c, b) 

relative humidity. Solid lines are provided only to show a general tendency in the data. 

Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 7. Cumulative absorption at 8 days versus w/c and relative humidity: 

a) normalized to absorption of mixture 55/0.35, b) normalized to absorption at 50 %RH. 

 

 

 

0.30 0.35 0.40 0.45 0.50 0.55

water to cement ratio

0

4

8

12

16

20

24

28

32

In
it

ia
l 

S
o

rp
ti

v
it

y
(1

0
-3
 m

m
/s

0
.5
)

50%RH

65%RH

80%RH

Oven dry

a)

    

0 20 40 60 80 100

RH (%)

0

4

8

12

16

20

24

28

32

In
it

ia
l 

S
o

rp
ti

v
it

y
(1

0
-3
 m

m
/s

0
.5
)

Mortar w/c = 0.35

Mortar w/c = 0.40

Mortar w/c = 0.45

Mortar w/c = 0.50

b)

 
 

Fig. 8. Initial absorption of the 55 % aggregate mortars conditioned at different RH as a function 

of:  a) w/c, b) relative humidity. Solid lines are provided to show a general tendency in the data. 

Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 9. Secondary absorption on mortars with 55 % aggregates conditioned at different RH as a 

function of:  a) w/c, b) relative humidity. Solid lines are provided to show a general tendency in 

the data. Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 10. Effect of initial moisture on the conditioning procedure established in ASTM C1585-04 

a) mixture 55/0.35, b) mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Error bars 

represent the standard deviation for the average of three samples. 
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Fig. 11. Initial and secondary sorptivities on mortars with different initial moisture contents, 

conditioned with the procedure established in ASTM C1585-04. 
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Fig. 12. Water absorption in mortars containing different volume of aggregates: 

a) normalized by surface in contact with water, (b) normalized by volume of paste. 
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Fig 13. Water absorption at 8 d normalized by volume of paste, corrected by different values of 

aggregate absorption. 
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Fig. 14. Desorption isotherm for the sand used in this research. 
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1. Introduction

Electrical impedance measurement techniques have been shown
to provide useful information that can be used to characterize
cementitious systems [1–3]. This technique studies the system
response to the application of a small amplitude alternating potential
signal at different frequencies. AC electrical impedancemeasurements
have the advantages of being non-invasive and non-destructive,
require little in term of preparation of the sample, and offer the
possibility of continual measurements to describe the effect of
hydration [4,5] drying [6], or permeability [7].

Electrical impedance techniques have been used in different
research projects in concrete to study a wide range of concrete
properties specifically this included studies on the microstructural
development of cementitious materials [8,9], precipitation of calcium
hydroxide on the surface of steel after the setting of the mortar [10],
long-term effectiveness of concrete inhibitors for steel in concrete
[11–15], the chloride diffusivity in concrete [16], chloride permeabil-
ity of high performance concrete [17], detection of damage during
tensile loading of cement composites [18], freezing of water in
Portland cement paste [19], water penetration in concrete [20–22],
setting time of concrete [23,24], measuring the concrete internal
moisture content [25], and assessing the change inmicrostructure due
to rapid chloride permeability test [26,27].

While numerous applications exit, they are frequently limited to the
measurement of one sample at a time. It is regularly necessary to
conduct experimental measurements at multiple locations in a sample
or onmultiple specimens. For example, Schmit [28] described the use of
multiple sensors and quantified the influence of sensor position and
number in uncertainty of the results. The ability to perform multiple
measurements is very valuable for monitoring the hydration process,
monitoring multiple specimens, or imaging the crack by electrical
impedance measurements [29]. In addition, a single measurement
cannot properly represent the behavior of a material. To improve
measurements accuracymultiplemeasurements are needed. This paper
describes the development of a user friendly Automatic Electrical
Monitoring System (AEMS). By using this system, multiple electrical
measurements can be performed on specimens and different properties
of concrete materials can be monitored. The developed system is
discussed and some applications of the AEMSwere shown in this paper.

2. Objective

This paper describes the development of an Automated Electrical
Monitoring System (AEMS). The data acquisition system consists of a
computer, a Keithley digital multi-meter and switching unit [30], and
Solartron 1260 impedance spectrometer1 [31]. The role of the
software is to communicate between all components of the system
and to control data collection. This paper shows that the system is
reliable for both short and long-term monitoring. Further, this paper
points out that while in the past the use of electrical impedance
cial products are identified in this paper to specify the materials
employed. In no case does such identification imply endorsement
oes it indicate that the products are necessarily the best available
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Fig. 2. Components of the system.
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measurement techniques has been time consuming, automation
enables these measurements to be performed efficiently. This enables
new applications, like electrical imaging, to be performed effectively
and enables EIS to be extended for use in daily quality control
processes such as permeability measurements. Since electrical
impedance requires less preparation and time, it can be a good
replacement for the tests like rapid chloride permeability which is
time consuming and can alter the microstructure of the concrete.

3. Component of the measurement system

The system developed for this investigation can be used to
measure the AC electrical impedance response of the material. The
components in the system consist of an impedance spectrometer,
digital multi-meter, and a switching unit.

The electrical impedance spectrometer used in this study is capable
of performing only one measurement at a time. There are multi-
channel spectrometer units on the commercial market. However, in
addition to their high cost most of the units are limited to only a few
measurements (up to 16) at a timewhich alsomay be a limiting factor.

The digital multi-meter and switching unit chosen for this project
included a Keithley model 2750 mainframe which has five slots and a
model 2700 which has two slots for inserting the plug-in switch/
control modules. Each slot can support a series of multiplexer, matrix,
or control modules. For example the Module 7708 which was used in
this project has 40 channels. The general features of this module are
described in [32]. The role of the mainframe is to communicate
between channels. Temperature can also be measured using this
system as this is needed for temperature corrections [33].

For each impedance measurement (each sample), 2 channels are
required, (i.e., the Keithley model 2750 mainframe with five 7708
modules can be used for 100 impedance measurements). If more than
100 measurements are necessary, several mainframes can be joined
together to provide the appropriate number of channels.

To combine the mentioned components, the software (named
AEMS) was developed, using LabVIEW. This software selects the
sample that will be tested and then runs the impedance spectrometer
on that sample. After the measurements are completed, the AEMS,
stops the spectrometer, switches the sample and runs the test again.
The measurements are performed one by one not simultaneously. In
all the graphs shown in the paper, this time is considered. This time
for AC measurements is a function of selected frequency and in all
examples in this paper it was about 40 s. However, when the concrete
is hardened, this time difference is not considerable. If some interval
time is necessary between measurements, the AEMS can be
programmed to place the necessary time interval between measure-
ments. In addition, the AEMS can communicate with themainframe to
Fig. 1. Schematic relationship between the components of the system.

Fig. 3. Schematic view of the cylindrical paste specimens, used to measure variability in
cement paste.
measure voltage, DC resistance and temperature independent from
the spectrometer. Fig. 1 schematically shows the component of the
system and the actual parts are shown in Fig. 2.

While an RS-232 serial port was used to control the multi-meter
and switching system in this study, faster data transfer can be
performed using a GPIB2 [34] card. The role of the AEMS software is to
control and switch the channels for each measurement, to control and
run the spectrometer and save data to the computer for later analysis.
2 The General Purpose Interface Bus (GPIB) is an industry standard published by the
Institute of Electrical and Electronic Engineers (IEEE) as ANSI/IEEE Standard 488. GPIB
defines the electrical, mechanical, functional, and software specifications of an
interfacing system to connect PCs to programmable instrument.



Fig. 4. Schematic view of the container with known geometry, to measure the
conductivity of the solutions.
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The software contains options which enable the user to set the
number of samples, measurement frequency, and the time between
each set of measurements. The saved data can be opened and
analyzed in Excel®. Based on the number of measurements, one may
end upwith thousands of data files. Therefore, a macrowas developed
to automatically analyze individual data and place the summarized
results in a worksheet.

4. Experimental results

To verify the performance of the switching units, two simple
experiments were conducted. In the first test, a known resistor (10 Ω)
was connected to all available channels and the resistance was
measured. In the second test, a known potential was measured, using
Fig. 5. Development of the conductivity of (a) 15 cement paste samples withw/c=0.45
and, (b) 5 cement paste samples with w/c=0.5.
all channels. Results show that there is no significant difference
between measured values with each channels and the relative
standard deviation was less than 0.005%.

4.1. Electrical conductivity of cement paste sample during hydration

Electrical measurements can provide information about the
change in pore structure due to hydration process [23,35]. It is
important to use multiple specimens for these measurements due to
the inhomogeneity and corresponding variability of cementitious
materials. To determine the variation between different samples the
electrical conductivity of cement paste samples was measured using
cylindrical paste specimens as described in Fig. 3. Type I ordinary
Portland cement was used with a Blaine fineness of 360 m2/kg and a
Bogue phase composition of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and
Na2O equivalent of 0.72%. Fifteen samples were prepared with a w/c
of 0.45 and 5 samples were prepared with a w/c of 0.50. The
measurement frequency range that was used for the tests ranged from
1 MHz to 10 Hz with ten measurements per decade using the 500 mV
AC stimulus. To determine the conductivity of the material, the bulk
resistance (Rb) obtained from the impedance response normalized for
the effects of specimen and electrode geometries, using the following
equation:

σt = k = Rb ð1Þ

where, σt is the conductivity (S/m) of the paste, Rb is the measured
bulk resistance (Ω) and k is a geometry factor. The geometry factor
Fig. 6. Relative standard deviation between (a) 15 cement paste samples, withw/c=0.45,
at different ages and, (b) between 5 cement paste samples, with w/c=0.50, at different
ages.



Table 1
Mixture proportions of concrete samples.

Materials Batch proportion for 100 kg (kg)

w/c=0.48,
no WR

w/c=0.53,
no WR

w/c=0.48
with WR

Cement (Type I) 8.0 8.0 8.0
Water 3.9 4.3 3.9
Coarse aggregate 68.9 68.6 68.7
Fine aggregate 19.1 19.0 19.0
Water reducer (WR) 0.0 0.0 0.3
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was determined by filling the molds with solutions of known
conductivity and measuring the bulk resistance between the electro-
des. In this experiment two sodium chloride solutions were prepared
with two different concentrations (0.1 M and 1 M). The conductivity
of the two solutions was measured (7.72 and 1.01 S/m for 1 M and
0.1 M solutions, respectively), using a container with known
geometry as shown in Fig. 4. By using this information, the value of
the geometry factor, k, was calculated to be 15.5/m for the geometry
shown in Fig. 3.

The electrical impedance of the samples was measured for 7 days,
starting 30 min after casting. Fig. 5 shows the conductivity of the
samples with w/c of 0.45 and 0.50, respectively. At the end of the test,
all samples were inspected to ascertain the uniformity of specimen.

It can be seen that the conductivity of all samples follows the same
pattern. As expected, the conductivity decreases as the system
hydrates [36–38].

To better assess the variation, the relative standard deviation
(RSD) can be used. The RSD is useful for comparing the uncertainty
between different measurements of varying absolute magnitude. The
Fig. 7. Histogram of conductivity of paste samples with w/c=0.45 (a) 24 h after
casting, (b) 72 h after casting.
RSD is the absolute value of the coefficient of variation calculated using
Eq. (2):

RSD =
ðStandard devation of conductivityÞ

Average of conductivity
× 100 ð2Þ

Fig. 6 shows the RSD of the samples at different ages. Results show
that, even when the samples are made from one mixture there is
variability in the conductivity of the samples, especially at early ages
when the properties change most dramatically. However, the RSD
decreases over time as the measurements stabilize. This is shown in
Fig. 7, which gives the histograms of conductivities for w/c=0.45 (15
samples) at two different ages. The maximum difference is less than
10% for w/c=0.45 and 3.5% for w/c=0.50 at all ages.

4.2. Electrical conductivity of concrete sample

To show the capability of the AEMS, the conductivity of concrete
cylinderswasmeasuredwith differentmixture proportions (shown in
Table 1). For this purpose, 200 mm (diameter)×400 mm (length)
concrete cylinders were prepared with two (1.9 mm diameter)
stainless steel rods as the electrodes. The electrodes were spaced
100 mm apart from each other and fixed in the mold. For each
mixture, five cylinders were cast and impedance tests were
performed every 15 min. The impedance measurements began
30 min after casting and continued for 7 days. Results show that the
conductivities of all five samples of each mixture have very similar
results with the RSD between 1 and 2.5% as can be seen in Fig. 9. As can
be seen in Fig. 8, at about 10 h, the conductivity of concrete samples is
similar. It is obvious from the results that impedance spectroscopy
technique is capable to evaluate and compare different samples with
different mixture proportions.
Fig. 8. Conductivity of concrete with three different mixture proportions, shown in
Table 1.



Fig. 9. Relative standard deviation between concrete samples with three different
mixture proportions, shown in Table 1, at different ages.

Fig. 11. Image of the concrete sample (a) without and (b) with saw cut, created by
electrical impedance measurements.
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4.3. Crack imaging in cement paste and concrete, using impedance
spectroscopy

Electrical impedance imaging has been used by many researchers
in the medical field to monitor various physiological variables [39–
41]. Previous studies indicated that this technique can also be used in
imaging the defects in cementitious materials [29,42]; however,
studies in cement are somewhat limited. The approach consists of
measuring the impedance at different locations on the surface of the
concrete and constructing electrical conductivity (or resistivity)
contour plot from the measured impedances. Since the presence of
damage (e.g., a crack) changes the path of electrical flow in the
concrete, any damage will appear on the plot. Electrical contour plots
can be used to locate visible and invisible damage. In order to
investigate this technique a small test unit developed consisting of
twenty electrodes, as shown in Fig. 10. The impedance was measured
between each pin, in X and Y directions. Then the measured values
were used to construct electrical resistance contour plots. For this
experiment, two concrete samples were prepared with water:
cement:coarse aggregates:fine aggregates ratio of 0.4:1:3:2.85:2.37.
The measurement frequency range was 1 MHz to 10 Hz, with the
500 mV AC stimulus. After performing the measurements, the
resistances measured between each pin were normalized based on
the maximum measured value in each case and then the normalized
values were mapped. Fig. 11 shows the constructed image. The
location of the saw cut is clearly visible in this image. A similar setup
Fig. 10. The dimensions of the concrete samples and the measurement setup, used for
imaging: (a) concrete sample with no cut, and (b) concrete sample with the saw cut.
(with different size and spacing between electrodes) can be used to
determine the location of the damaged area beneath the sealed saw
cut or joints which is currently under investigation.

5. Conclusion

This paper described an approach to automate electrical imped-
ance measurements with an automated electrical monitoring system
(AEMS) that enable multiple measurements to be made.

This switching system enables measurements to be performed on
multiple specimens or where multiple locations are needed. This
enables the aging processes be better quantified, allows variability to
be qualified for quality control, and enables electrical imaging to be
performed.

The system described in this paper was successfully used to
investigate the behavior of concrete sample with different mixture
proportions by continuously monitoring their conductivity. In
addition, variability among different samples was studied and the
results show that there is variability between samples even cast from
one batch which needs to be considered, specifically in statistical
analysis. Constructed electrical image maps can be used to locate the
cracked and damaged area, even if it is beneath the surface.
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The inf luence of temperature on 
electrical conductivity measurements 

and maturity predictions in 
cementitious materials during 

hydration  

 Gaurav Sant, Farshad Rajabipour and Jason Weiss 

Electrical property measurements are being increasingly 
used to assess the transport properties of building 
materials. While conductivity measurements have 
been extensively used, the combined dependence of 
electrical conductivity on measurement temperature 
and microstructural development (cement hydration) 
is often overlooked. In this paper the influence 
of temperature and microstructural development  
(i.e. hydration) are separated. Two cement paste 
mixtures are assessed at 283K, 296K, and 309K, and 
the conductivity response is analysed to differentiate 
the contribution of maturity (pore structure refinement 
due to hydration) and temperature (due to changing 
ionic mobility). The conductivity measurements are 
used to determine the activation energy of electrical 
conduction (i.e. temperature dependence of ion mobility) 
and hydration (i.e. temperature dependence of reaction 
rates). This work provides an improved understanding of 
how temperature influences electrical measurements in 
cementitious systems at early ages, and can provide for 
an accurate interpretation of the electrical properties of 
the system. This information will enable improvements 
in the use of electrical measurements for quality control 
and quality assurance (QC/QA) testing. 

Keywords: Electrical conductivity, hydration, maturity, 
temperature, quality control.

Electrical measurements are powerful non-destructive 
testing techniques that are capable of providing 
information about hydration reactions, microstructural 
features and the transport properties of cement 
based materials. However, electrical measurements 
(e.g., conductivity or resistivity) exhibit temperature 
dependence due to changing ionic mobility with 
temperature. In an electrolyte, electrical conduction 
occurs due to the migration of ions through the solution 
under an applied potential gradient1. Consequently, 
conduction in aqueous electrolytes is dependent on ionic 
mobility and the solution’s concentration. In cementitious 
materials, temperature change influences ionic mobility 
and salt solubility resulting in a change in the electrical 
conduction response as a function of temperature2. 
These considerations highlight the need to account for 
the temperature dependent conductivity response of 
cementitious materials. Further, chemical reactions (such 
as cement hydration) are influenced by temperature3. 
This topic has received significant treatment in the 
literature with the objective of determining how 
temperature influences the rate of material property 
development4,5,6,7. Maturity transformations have been 
extensively used to correlate material properties to the 
extent of reaction that occurs in the system8,9.  

Due to the influence of temperature on the rate of 
hydration and ionic mobility it would be reasonable to 
consider that the electrical properties (conductivity or 
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resistivity) of cement systems are a function of maturity 
and temperature effects as shown in Equation 1. 

s(t,T) = f(M)● f(T) ......(1) 

where, σ(t,T) is the time and temperature dependent 
electrical property (in this case the conductivity (S/m)) of 
the sample, f(M) is a function which defines the influence 
of time and temperature on the sample maturity 
(microstructure development), and f(T) is a function 
that defines the influence of sample temperature and 
accounts for effects such as the ionic mobility and 
solution concentration.  

The temperature dependence of electrical properties in 
cement based systems was studied several decades ago 
by Hammond and Robson who used the Hinrichson-
Rasch law to describe the conductivity of concrete over 
a range of temperatures (Equation 2).10,11

 …...(2)

where, σ(T) is the concrete conductivity (S/m) at 
temperature T (K), σ(TREF) is the conductivity (S/m) at 
a reference temperature TREF (296K for this work) and 
‘A’ is an empirical constant (K). Hammond and Robson 
indicated ‘A’ to be equal to 5500K based on work by 
Spencer10,12. Later, Elkey and Sellevold extended the 
scope of this investigation and determined ‘A’ to vary 
between 2000 and 5000K depending on the mixture 
composition13.

Whittington et al. used a similar approach to investigate 
concrete using electrical resistivity14. Using a slightly 
different form of relationship (Equation 3) described 
by Hammond and Robson they determined concrete to 
have a negative temperature coefficient of resistivity, 
equal to 0.022/°C.  

 ...…(3)

where, ρ(T) = 1/σ(T) is the resistivity (ohms.m) at 
temperature T (K), ρ(TREF) is the resistivity (ohms.m) at 
a reference temperature TREF (K) and α is temperature 
coefficient of resistivity of the material. The work of 
Whittington et al translates to an empirical constant ‘A’ 
of 2130 K for the concretes tested.  

In the 1990s, McCarter determined the temperature 
coefficient of resistivity of concrete as 0.026/°C.15 More 
recently, McCarter proposed a formulation to determine 
the activation energy of electrical conduction based on 
the Arrhenius Law (Equation 4)16,17.

 ……(4)

where, σBulk is the bulk sample conductivity (S/m) at 
an absolute temperature T (K), R is the universal gas 
constant (8.314 J/K mol), EaC is the activation energy for 
the conduction process (J/mol) and A (S/m) is a material 
constant (theoretically equivalent to the conductivity at 
infinite temperature; σ(T = ∞)). The activation energies 
of electrical conduction were determined to be in the 
range of 16-30 KJ/mole for the mixtures evaluated in 
this project.  

research objective 
This paper proposes an approach to simultaneously 
assess the influence of temperature and microstructural 
changes (i.e. maturity) on the measured electrical 
conductivity in cementitious systems. The results of 
this work are aimed at understanding the influence of 
temperature on early-age conductivity measurements. 
This understanding would permit the reliable use of 
electrical measurements in early-age quality control and 
quality assurance (QC/QA) testing and for specification 
compliance of cement-based materials. 

Materials and mixing procedures
Two different cement paste mixtures were prepared 
according to the mixture proportions shown in Table 1. 
Type I ordinary portland cement was used with a Blaine 
fineness of 360 m2/kg and a Bogue phase composition 
of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and a Na2O 
equivalent of 0.72%.  To enhance the workability of the 
mixtures, a high range water reducing admixture was 
added. A commercially available shrinkage reducing 
admixture (SRA) was added at a 5% concentration 
of the initial water content by replacement (by mass) 
of the initial mixing water. For the measurement of 
electrical conductivity de-aired, neat cement pastes 
were prepared using de-ionised water. The water was 
de-aired by boiling then cooled to room temperature 
before mixing. The dry constituent materials were 
placed inside a special mixing chamber18. The chamber 
was then sealed, air was evacuated from the chamber 
using a vacuum pump, and the solution of water and the 
chemical admixtures was introduced into the chamber 



�APRIL 2008  The IndIan ConCreTe Journal 

under the same evacuated condition. The chamber was 
then placed in a commercial paint shaker and shaken 
for five minutes to uniformly mix the constituents and 
obtain a consistent cement paste mixture.  After mixing, 
the chamber was opened and the cement paste slurry 
was placed in the moulds using external vibration. 

Table 1. Mixture proportions (mass) 
  W/C = 0.30 W/C = 0.30 + 5% SRA

Water 0.300 0.285 

Cement 1.000 1.000 

HRWRA  0.005 0.005 

SRA  ~ 0.015 

experimental procedures 
electrical conductivity of fresh and mature 
cement pastes 
The electrical conductivity of cement paste samples was 
measured using cylindrical paste specimens (22 mm 
diameter, 50 mm height). The specimens were cast and 
stored in an airtight plastic vial. Two stainless steel 

electrodes (2.5 mm diameter rods spaced 10 mm centre 
to centre) were embedded longitudinally inside each 
vial (Figure 1b). A impedance gain-phase analyser 
measured the impedance response of each specimen. The 
measurements were made over a wide frequency range; 
i.e. 10 MHz to 1 Hz (10 steps/frequency decade) using a 
100 mV AC stimulus. The bulk resistance (Rb) obtained 
from the impedance response was used to determine the 
material’s conductivity after normalising for the effects 
of specimen and electrode geometry (Equation 5). 

 ......(5)    

where, σt is the paste conductivity (S/m), Rb is the bulk 
resistance (ohms; Ω) and k is a geometry factor (15.76/
m) that was determined experimentally for this specific 
geometry19. During measurements, the specimens 
remained sealed inside plastic vials. Electrical impedance 
measurements were performed for a duration of 7 days 
(at a reference temperature of 296K) after casting on 
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specimens which were kept in a water bath to minimise 
temperature variations (Figure 1a). Measurements were 
performed on samples cured at 283K (14 days), 296K 
(7 days) and 309K (4 days). Prior to mixing, the raw 
materials were temperature conditioned to ensure an 
appropriate mixture temperature (equivalent to the 
measuring temperature) at the end of the mixing cycle. 
For consistency, conductivity measurements until an age 
of 168 hours (real and equivalent age) are presented in 
this paper. The measurements were used to determine 
the activation energy of cement hydration, after a 
correction to account for the influence of temperature 
(ionic mobility) on electrical conductivity. 

To determine the influence of temperature on the 
conductivity of the pore solution (i.e. activation 
energy of electrical conduction; EaC (J/mol)) in cement 
pastes, conductivity measurements were performed 
on cement paste samples (cured for 7 days at 296K; 
~70% hydration – which corresponds to the maximum 
degree of hydration for the mixture as computed using 
Powers model20 that were conditioned to 283K, 296K and  
309K (± 0.5K) in an environmental chamber. Further, 
companion specimens were cast with thermocouples 
embedded to monitor the temperature profile of the 
cement paste mixtures. 

electrical conductivity of synthetic pore 
solutions
To determine the activation energy of electrical 
conduction in an electrolyte, synthetic pore solutions 

of varying concentrations were prepared (0.35 KOH 
+ 0.05 NaOH, 0.70 KOH + 0.10 NaOH, 1.40 KOH +  
0.20 NaOH). The solutions were then conditioned to 283K, 
296K and 309K (± 0.5K) in an environmental chamber. 
When the solutions had achieved an equilibrium 
temperature (measured using thermocouples immersed 
in the solution), the conductivity of the solutions was 
measured using a conductivity cell (Figure 1b) connected 
to a impedance gain-phase analyser20.   

experimental results 
Influence of the rate of reaction on the 
electrical conductivity 
Figure 2 shows the electrical conductivity of cement 
paste mixtures cured at temperatures of 283K, 296K 
and 309K. An initial increase in the conductivity is 
noted for ~1.5 hours for all the cement paste mixtures. 
This may be explained by the rapid initial dissolution 
of alkalis and sulphates into the mixing water. After 
this time (1.5 hours), a reduction in conductivity is 
noted for all mixtures. A significantly different trend is 
observed in the rate of measured conductivity (Figure 2) 
for specimens cured at different temperatures. The 
samples cured at low temperatures show a gradual 
decrease in the conductivity, while mixtures cured at 
higher temperatures exhibit a more rapid decrease. 
This observation may be explained by the temperature 
dependence of the rate of hydration in these cement 
paste mixtures (i.e. the rate of pore structure refinement 
as a function of the reaction temperature).  
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Influence of temperature on the electrical 
conductivity of cement pastes 
Figure 3 shows the measured electrical conductivity of 
two cement paste specimens (cured for 7 days), which 
have been subjected to thermal cycles. After being 
cured for 7 days at 296K, the samples were placed 
at temperatures of 283K and 309K (alternate heating 
and cooling was performed for 12 hours to ensure 
equivalent maturity). The results are shown in Figure 
3(b). As expected, the measured conductivity is lower at 
lower temperatures. The lower conductivity of the SRA 
mixture as compared to the plain mixture is attributed 
to the non-conductive nature of the SRA in cement 
paste and pore solution20,21. The measured value of 
conductivity was then used to determine the activation 
energy of the conduction process in cement pastes. This 
is further discussed later. 

Influence of temperature on the electrical 
conductivity of pore solution 
Figure 4 shows the measured electrical conductivity 
of synthetic pore solutions (0.35 KOH + 0.05 NaOH,  
0.70 KOH + 0.10 NaOH, 1.40 KOH + 0.20 NaOH) 
conditioned to temperatures of 283K, 296K and 309K. 
The electrical conductivity is observed to increase 
linearly over the temperature range from 283K to 309K. 
This is consistent with the increase in ionic mobility and 
the extent of dissociation of the dissolved ionic species 
as a function of temperature. The measured value of 
conductivity was then used to determine the activation 

energy of the conduction process in the electrolytes. This 
is further discussed later. 

discussion of experimental results 
The electrical conductivity of cementitious materials has 
been described extensively using a modified parallel 
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law22,23,24. This relationship can be described using 
Equation 6.

st= s0 f b ......(6)

where, σt is the bulk cement paste conductivity (S/m), σ0 
is the pore solution conductivity (S/m), φ is the volume 
fraction of the solution contained in the pores and β is 
the pore connectivity. The modified parallel law can be 
used to determine which parameters are impacted by 
a change in temperature. The first component which 
would contribute to the bulk conductivity would be 
the pore solution conductivity. Considering hydrated 
products and cement particles to be non-conductive 
(their conductivity is several orders of magnitude lower 
than the ionic pore solution), electrical conduction 
in cementitious materials can be modelled to occur 
primararily through the ionic pore fluid (in the gel and 
capillary porosity)20,23. This is significant, as temperature 
influences chemical equilibrium states; impacting ionic 
mobility (primary effect) and solubility (secondary 
effect)25,26. Ionic mobility (or equivalent conductivity) 
is noted to increase with increasing temperature due 
to the decreasing viscosity of the fluid (water), and an 
increase in the extent of dissociation of the dissolved 
ionic species, which increases the conductivity of the 

system1. An inverse effect (decreasing conductivity) 
would be noted with decreasing temperature. 

The second component which contributes to the overall 
conductivity would be the pore fluid volume. For a 
sealed system, at a given degree of hydration ignoring 
changes in fluid volume due to changes in density with 
temperature, the pore fluid volume would be fixed; as 
solution is not removed from or added to the system. 
This should however be distinguished from a change in 
the pore fluid volume due to the consumption of water 
during hydration.  

The third component is the pore fluid connectivity 
(equivalent to the inverse tortuosity), which decreases 
due to pore structure refinement with increasing maturity; 
a function of time and the reaction temperature.  

activation energy of electrical conduction in 
cement paste and pore solution 
Cement paste specimens subjected to thermal cycling 
were used to determine the influence of temperature 
on the cement paste conductivity, Figure 3. The results 
were used to determine the activation energy of electrical 
conduction (EaC) in cement pastes, Figure 5. The 
activation energy of conduction was determined to be 
25.6 kJ/mol for the plain mixture and 27.6 kJ/mol for the 
SRA mixture. A higher activation energy of conduction 
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in mixtures containing a SRA may be explained by the 
non-conductive nature of the SRA which impedes ion 
migration in the system. Further, the SRA may bind ions 
reducing electrical conduction in the system21. 

To fully understand the influence of temperature 
on the conductivity of an aqueous electrolyte a brief 
background on electrolytic conductivity is needed. 
The conductivity of an aqueous electrolyte can be 
expressed using Equation 7 where, z is the species 
valence (unitless), c is the molar concentration of the 
electrolyte (mol/L) and λ is the equivalent conductivity 
(cm2 S/mole) of each species at infinite dilution (which 
is a function of temperature) and is proportional to the 
ionic mobility26. At low concentrations (< 0.01 mol/l), 
that is, in dilute solutions the equivalent conductivity 
is a constant for a specific species. However, at high 
concentrations the equivalent conductivity is observed 
to decrease inversely (but non-linearly), due to ion-ion 
interactions in the solution19,27. 

 ......(7) 

Conductivity measurements were performed on synthetic 
pore solutions subjected to thermal cycling. The solutions 
were selected to correspond to the concentration of the 
pore fluid of an early-age cement paste (~ 2 hours), a 

later age cement paste (48 hours), and a pore fluid with 
a very high molar (ionic) strength. The results of these 
tests were used to determine the activation energy of 
the conduction process (EaC) (Figure 6; 13.55 kJ/mole, 
9.65 kJ/mole and 8.98 kJ/mole, respectively, in order of 
increasing solution concentration) in the ionic solutions. 
It is noticed that the activation energy decreases with 
increasing concentration, indicating concentrated 
solutions are less sensitive to temperature change as 
compared to dilute solutions. This observation can be 
explained by the large degree of inter-ionic interactions 
in concentrated solutions, which significantly alter the 
conductivity behaviour27. 

Temperature correction for electrical 
conductivity 
The activation energy of conduction in an electrolyte 
can be used to correct the influence of temperature, by 
transforming the conductivity at any temperature (in this 
case 283K or 309K) to a reference temperature (in this 
case 296K) using the expression shown in Equation 8.  

 ......(8) 

where, σ(T) is the sample conductivity (S/m) at any 
temperature T (K), σ(TREF) is the conductivity (S/m) at a 
reference temperature, TREF (296K), EaC is the activation 
energy of electrical conduction in an electrolyte (or 
cement paste) (J/mole) and R is the universal gas 
constant (J/K.mole). The temperature correction is 
performed using the activation energy of conduction 
of the pore solution, having the lowest concentration 
(conductivity). This solution was selected as it is noted to 
correspond to the pore solution chemistry (conductivity) 
of a 2 hour old cement paste (0.35 KOH + 0.05 NaOH), 
which contains a large fluid volume; whose electrical 
conductivity behaviour is most sensitive to changes in 
temperature (Figure 6 – highest EaC).   

determination of the activation energy of the 
hydration reaction 
Electrical conductivity can be corrected to account for 
the influence of temperature on the rate of hydration 
and, consequently microstructural development 
(pore structure refinement). This component may be 
accounted for using a temperature transformation such 
as an equivalent age (i.e. maturity) function proposed 
by Hansen and Pedersen28; Equation 9. In this paper, 
the equivalent age function (Equation 9) is used to 
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determine the activation energy of cement hydration 
(EaR), after normalising conductivity at any temperature 
to a reference temperature T(K); using Equation 8. 

 ......(9) 

where, M (hours) is the maturity (or equivalent age) 
of the specimen at a reference temperature TREF (K), 
EaR (KJ/mol) is the apparent activation energy of the 
hydration reaction, R (J/(mol· K)) is the gas constant 
(8.314 J/mol-K), T (K) is the average temperature of 
the concrete, and dt (hours) is the time interval28. The 
apparent activation energy determined from 10% to 35% 
hydration; (39.50 kJ/mol) is similar to values determined 
by other methods (e.g. chemical shrinkage) for the 
cement systems investigated20.  

Correction for the influence of temperature on 
hydration and electrical conductivity  
As illustrated in Equation 1, the conductivity behaviour 
of a cementitious material can be expressed as a function 
of maturity and the measurement temperature. This 
section will describe a procedure which can be used to 
simultaneously account for the influence of temperature 
on cement hydration and electrical conductivity. 
Due to space considerations, this paper will describe 

the procedure only for the plain cement mixture  
(W/C = 0.30).  

A function can be fit to describe the experimental 
conductivity measurement (W/C = 0.30) at the reference 
temperature (in this case 296K). This function is shown 
in Equation 10 (R2 = 0.9996).

 ......(10) 

where, σ(t,296K) is the measured conductivity at time 
t (hours) at a measurement temperature of 296K (the 
reference temperature). The type of fit used to describe 
the conductivity response is not important. To extend 
the applicability of this function to describe the electrical 
conductivity behaviour at any temperature requires the 
incorporation of a reaction rate constant kR (unitless) 
which accounts for the influence of temperature on the 
rate of cement hydration and an electrical conduction 
constant kT (unitless) which accounts for the influence 
of temperature on electrical conductivity. This approach 
is described in Equations 11, 12 and 13.   
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 ......(11) 

where, 

 ......(12) 

 ......(13) 

where, kR (unitless) is the reaction rate constant which 
accounts for the influence of temperature on the rate 
of cement hydration, kT (unitless) is the electrical 
conduction constant which accounts for the influence 
of temperature on electrical conductivity and T (K) is 
the average temperature of the concrete.  

Figure 7 shows the electrical conductivity response 
of the two cement paste mixtures evaluated using 
the approach described above, to account for the 
influence of temperature on cement hydration and 
electrical conductivity; using the activation energy of 
cement hydration (EaR = 39.50 kJ/mole) and electrical 
conduction for the electrical conductivity response 
of an early pore fluid (0.35 KOH + 0.05 NaOH;  
EaC = 13.55 kJ/mole). It can be seen that (Figure 7), using 
the approach described in Equation 11, the influence of 
temperature on hydration and electrical conductivity 
can be comprehensively described for mixtures cured 
at any temperature.  

An improved approach is proposed to perform the 
temperature correction for electrical conductivity if the 
pore solution chemistry (conductivity) at early-ages 
is well known. This would involve determining the 
activation energy of electrical conduction in electrolytes 
(pore fluids) having an age-dependent concentration 
(and conductivity). This information can be used to 
perform a comprehensive temperature correction for 
electrical conductivity. An example of such an approach 
is illustrated in Figure 8 which shows the activation 
energy of electrical conduction as a function of the 
solution’s conductivity at the reference temperature 
(296K)20,29.  

Conclusions 
Measurements of electrical conductivity performed on 
paste, mortar and concrete require a two-part correction 
to accurately describe early-age behaviour. The first 
part of this approach accounts for the influence of 
temperature on cement hydration (pore refinement), and 
the second part accounts for the influence of temperature 
on electrical conductivity. This paper demonstrates the 
successful application of this correction for electrical 
conductivity measurements using the activation energy 
of electrical conduction and cement hydration.  In this 
context, the activation energy of electrical conduction 
has been determined for electrolytes of varying 
concentrations and for cement pastes. In addition, 
the activation energy of cement hydration has been 
determined to be 39.50 kJ/mol (independent of w/c) 
and is noted to be similar to values determined using 
other techniques (e.g. chemical shrinkage or heat of 
hydration). The approach demonstrated in this paper 
would be crucial for forecasting the long-term durability 
performance of field concretes, based on the early-age 
electrical properties of the material using an approach 
similar to that presented by Lane30. An approach of 
this nature would provide fundamental information 
needed for quality control and quality assurance  
(QC/QA) applications and for ensuring the specification 
compliance of field concretes. This information would 
have an immense impact in determining how field 
concrete is specified, evaluated or purchased.    
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ABSTRACT 
 
Many agencies are interested in using a rapid test method for measuring the electrical properties of 
concrete (i.e., the resistivity or conductivity) since they are related to fluid transport (e.g., diffusion).  The 
advantage of the electrical testing is that it is relatively easy to perform and the test method is relatively 
fast (on the order of 1 minute).  Over the last century, many studies have investigated different 
approaches to measuring electrical properties.  This paper describes the variability associated with the 
method of measuring the bulk resistivity along the longitudinal axis of a cylinder after placing electrodes 
on either end.  A multi-laboratory study of ten participating laboratories provided variability data for twelve 
concrete mixtures at testing ages of 28, 56, and 91 days. The variability within the same laboratory was 
evaluated as the operator variability while the variability between laboratories was evaluated as the multi-
laboratory variability.  Information on the variability is important in the development of precision and bias 
statements for this test.  In addition, this work discusses how the resistivity results obtained from this test 
can be correlated with surface resistivity measurements made using the Wenner probe.  After correcting 
for geometry using the approach proposed by Morris et. al. (1996), a linear agreement was noticed 
between the Wenner test and the measurement through the cylinder. Additionally, the effect of the 
electrode resistance was discussed and for high resistivity concrete such as that used in much of the 
transportation infrastructure, this effect appears to be negligible, however it can be accounted for 
numerically.  
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1.0 INTRODUCTION 
 
For at least a century, tests have been proposed to measure the electrical properties of concrete [1-7].  
These methods have an advantage of being relatively fast to perform and the principle behind these tests 
is relatively straightforward.  While concrete is a composite consisting of a vapor phase (vapor filled 
porosity or “air”), a solid phase (aggregate and cementitious solids) and a fluid phase (the pore solution) 
the conductivity of each of these individual phases are very different.  The conductivity of the solid and 
vapor phases are extremely low, approximated as 10

-9
 and 10

-15
 S/m respectively, while the conductivity 

of the liquid phase is several orders of magnitude higher, ranging from 1 to 20 S/m [8, 9]. 
 
As such, it can be assumed that the majority of conduction occurs through the pore fluid.  A number of 
composite models have been developed where this concept is used [10-13].  Two of the more popular 
equations that are used in the cement and concrete literature are Archies expression and the modified 
parallel expression [11, 14]. While several documents have reviewed these methods previously, the goal 
of this section is to describe that the overall conduction is dependent on three factors as illustrated with 
the modified parallel rule in Equation 1: 
 

   
      

 
 [1] 

 
Where   is the bulk conductivity,    represents the conductivity of the fluid phase,   is the volume portion 
of the fluid phase,   is the degree of saturation  and ,   is the tortuosity of the pore network. Collectively, 

the factor ,   ⁄  can be referred to as the formation factor for a given saturation. This implies that electrical 
testing is sensitive to concrete with a higher fluid volume (higher water content) and a more open pore 
network that leads to higher connectivity (higher w/c). 
 
One of the more popular electrical test methods is the Rapid Chloride Permeability Test or RCP test [15, 
16]. This test method involves placing a saturated concrete specimen, typically four-inch diameter and 
two inches thick, between electrodes in different solutions and integrating the charge that is passed over 
a six hour testing period [15]. While this test has gained wide use, there are a few drawbacks that have 
been pointed out [17-19].  First this test is destructive in nature.  As a result each sample can only provide 
a single measurement at a single age.  Second, saturating the specimen can take a relatively long 
preparation time.  Third, the potential for heating effects due to the large voltage and long test period, and 
possible modification of the microstructure [20, 21]. There has been research regarding temperature 
correction for the RCP test [22, 23], but for many RCP test setups monitoring of temperature can be 
difficult or is frequently not done. Proposed changes to this test have been proposed include extrapolating 
the charge passed after a test duration of 30-minutes and extrapolating to the 6-hour value [24], 
increasing the size of the reservoirs to reduce the heating effects [25], and using a single resistance 
reading measured at an early age, often 1-minute or 5-minutes [18, 19]. 
 
Alternative testing methods have been proposed that require little to no sample preparation or enable the 
sample to be tested at different ages.  One rapid test for electrical resistivity of concrete is the Wenner 
probe. As with any test, there are certain considerations that can impact the results.  For example, the 
probe spacing, geometry of the sample, aggregate size and surface moisture conditions can all influence 
the measured electrical response.  Since the moisture conditions at the surface of the test specimens are 
quite important, care should be taken to protect against drying or using on surface treated concretes [26-
28]. Some work has been done to evaluate the effect of differing layer properties [29]. Additionally, some 
work has suggested the need for an additional non-linear geometry factor for this method that occurs from 
the constricted geometry, such as that of a standard test cylinder [30].  Further, when this method is used 
on real structures the location and proximity of the rebar needs to be considered [29, 31].  
 
Several of these concerns can be addressed if a standard testing protocol is adopted.  A draft test 
method has been developed to use a four-probe Wenner configuration on a 102 mm x 205 mm cylinder 
with probe spacing of 38.1 mm [32]. This surface resistivity (SR) test method places the probes directly on 
the surface of the test specimen. This test method has been accepted for use by the Florida Department 
of Transportation as a quality control test [26].  Additional departments of transportation have evaluated 



the SR method as a possible quality control method as well [33].  Work has also been done to correlate 
RCP testing and diffusion testing with SR [26, 34, 35].  This method has a distinct advantage in that it is 
rapid to perform and easy to perform on the surface of a cylinder. 
 
The resistance of a concrete cylinder can alternatively be evaluated by using plate electrodes that can be 
placed on the end of the sample [31, 36]. The resistance value obtained can be normalized by specimen 
geometry, simply the ratio of sample cross-sectional area to length, to obtain the sample resistivity, 
termed the bulk resistivity or BR. For this test, good electrical contact must be ensured between the plate 
electrodes and the test specimen [30, 36]. While this can be assisted through the use of a conductive 
medium, the surface finish of the cylinder ends should be flat. Some work was also done on evaluating 
the contact pressure between the plate and the specimen [36]. This test has the distinct advantage of 
rapid testing and a simple geometry factor.  To the best of the authors knowledge, a multi-laboratory 
study of variability has not been performed on this geometry though some studies have reported 
exchanges of samples between two labs [36]. 
 
Three major factors that should be considered in any electrical resistivity testing are the effects of 
geometry and temperature. While the bulk resistivity of concrete can be considered a material property, 
the tests that are performed provide a measure of electrical resistance. The resistance measurement 
should be corrected for the geometry. This correction can be determined empirically or numerically, 
although some corrections are simpler. Different geometries have been considered where the geometry 
factor can be determined experimentally [8, 37]. Temperature is another important factor in the testing of 
concrete resistivity. This occurs as the primary conduction path is through the ionic pore solution; the 
increase of temperature increases the mobility of the ions decreasing the resistivity. There has been work 
that has investigated the possibility of a temperature correction for resistivity test s [6, 38-42]. In this work 
the samples are all performed in laboratory conditions, as such the sample should be 23+/-2C.  Lastly, 
from Equation 1, saturation is a major component of the bulk conductivity of concrete. As such, 
knowledge of the moisture history and moisture content at testing are important considerations in the 
evaluation of resistivity data [43]. 
The main objectives of this study are fourfold: 

First, it provides some background on electrical property measurements for concrete and provides 
some of the physical principles behind these tests. 

Second, it presents the results of an inter-laboratory test of the electrical bulk resistivity of concrete.  
This information can be used in the development of precision and bias statements 

Third, it demonstrates the relationship between surface resistance test methods (e.g. wenner) and 
measurements performed on a cylindrical geometry. 

Fourth, it highlights important considerations in the development of testing standards and 
development of policies for the use of electrical methods as quality control/quality assurance 
tests. 

 
2.0 EXPERIMENTAL DETAILS 
2.1 Materials 
A round robin test testing program was proposed in 2009 to evaluate the repeatability of the Wenner and 
bulk resistance tests on concrete cylinders.  A series of twelve concrete mixtures were prepared at the 
laboratories who participated in this study.  The mixtures are structural/bridge deck concretes used by 
state departments of transportation from around the country. A final report detailing a parallel series of 
wenner and bulk resistivity tests conducted by AASTHO TIG group are available [44, 45]. 
 

Table 1—Summary of mixture proportions used in this study, SSD masses 
 
 



 
 
2.2 Sample Conditioning 
The samples were demolded at an age of 48-hours and placed into a saturated lime-water bath kept at a 
constant room temperature until the age of testing (23+/- 2C). At an age of 14-days, the respective 
laboratories removed the samples and wrapped them in paper towels soaked in saturated lime-water. 
The samples were then double-bagged and prepared to be shipped via two-day shipping to the other 
participating laboratories. The goal is to ensure the samples remain wet during testing. 
 
After the samples were received by other testing laboratories, they were removed from the bag and place 
into saturated lime water baths kept at room temperature (23+/- 2C).  At ages of 28, 56, and 91-days, the 
samples were removed from saturated lime bath, the surface was wiped dry, and the samples were 
tested for SR and DR.  After this testing the samples were placed back in the saturated lime water. 
 
3.0  TESTING PROCEDURE 
It should be noted that the test described herein (the plates placed on the end of the cylinder) was a part 
of a larger study conducted by the AASTHO TIG evaluating surface resistivity [44, 45]. Not all of the labs 
chose to participate in this portion of the study, so those laboratories have been excluded from the 
following data though to avoid confusion the original laboratory numbers were retained.  
 
3.1 Equipment 
The equipment involved in this test consisted of a CNS Farnell Mk II, U95 surface resistivity meter using 
an alternating current at 13 Hz, a set of 4-inch diameter stainless steel plate electrodes, and 16 gauge, 
two-conductor wire to connect the probe tips of the surface resistivity meter to the plate electrodes. 
 
The cable was outfitted with alligator clips on one end to allow easy access to the probe tips of the 
resistivity meter. The other end of the cable was outfitted with a ring terminal to connect to the plate 
electrode. The plate electrode was drilled and tapped to allow easy and consistent attachment. 
 
An important consideration is to ensure proper electrical contact between the cylinder and the plate 
electrodes [30, 36]. For this study, this was done using thin, lime-water saturated sponges. 
 
3.2 Testing Procedure 
The plate electrodes should be connected to the pins of the surface resistivity meter. The first two pins 
that generate the current and measure the potential were connected to one of the steel plate electrodes 
and likewise for the second set of pins, as shown in Figure 1. 
 

1 2

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

1 0.34 163 237 119 - 119 - - 1059 - 717

2 0.40 144 285 71 - - - - 282 854 824

3 0.39 199 392 119 - - - - 785 - 724

4 0.35 158 279 178 - - - - 940 - 793

5 0.40 164 308 103 - - - - 909 - 879

6 0.37 145 390 - - - - - 1068 - 712

7 0.40 160 297 80 - - 24 - 532 528 686

8 0.39 131 251 84 - - - - 555 - 1295

9 0.41 151 291 65 - - 15 - 1032 - 697

10 0.30 151 297 153 44 - - - 1009 - 638

11 0.30 157 430 95 - - - - 1033 - 577

12 0.35 156 402 - - - - 44 1009 - 624

Meta-

Kaolin

Coarse Aggregate Fine 

Aggregate
Cement Fly Ash

Micron 

Fly Ash
Slag

Silica 

Fumew/cm
 Mixture 

No.

Water



  
(a) (b) 

 
Figure 1—Attach the alligator clips to the Wenner probe tips.   a.) close-up   b.) at a distance 

 
The resistances of the top and bottom sponges were then measured, as shown in Figure 2. As resistance 
of the sponges is largely dependent on moisture content, a test cylinder was used to ensure the pressure 
on the sponge was consistent for the test of sponge resistance and the measurement of the test cylinder. 
This was to ensure approximately the same moisture content. The goal of this was to provide a correction 
for sponge resistance, as discussed below. 
  

 

 

 

(a) (b) 
 

Figure 2—Measuring the sponge resistance for a.) the top and b.) the bottom sponges. 

 
The concrete cylinder is then placed between the plate electrodes, with sponges being placed between 
the plates and the concrete cylinder, as shown in Figure 3. 
 



 
 

Figure 3—Measuring the resistance of the system. 
 
3.3 Calculations 
The resistances of the top and bottom of the top and bottom sponge are termed             and 

               respectively. The measured resistance of the system, as depicted in Figure 3, was termed 

         . The measured resistance was corrected for the resistance of the sponges by treating the 
system as resistors in series, as shown in Equation 2. [36]. It was noticed for the sponges used in this 
study that their resistance values in each lab tended to remain relatively constant. Thus, for sponges that 
show this constant resistance it is proposed they only be measured periodically and their resistances can 
be assumed. 
 

                                               [2] 

 
The bulk resistivity, denoted  , can be determined by using Equation 2. Where the geometry factor,  ,for 
current flow through the bulk material is given by Equation 3. 
 

              [3] 

   
 

 
 [4] 

 
where           is the calculated resistance of the concrete test cylinder from Equation 1,   is the cross-

sectional area, and   is the length of test specimen. 
 
4.0 RESULTS AND DISCUSSION 
4.1 Bulk Resistivity Data 
The samples were tested at three ages: 28, 56, and 91-days. The average bulk resistivity (BR) and 
coefficient of variation (COV) of three test cylinders measured at each testing age is presented below. 
Cells marked with N/A represent no data reported. 
 
Data measured at ages of 28-days is presented in Table 2. Mixtures 1 through 5 were not tested for 28-
day BR as the equipment was in the process of being distributed.  Data measured at ages of 56-days is 



presented in Table 3. Mixture 1 was not tested for 56-day BR as the equipment had still not been 
received by one laboratory.  Data measured at ages of 91-days is presented in Table 4.   
 

Table 2—Average BR and COV obtained at a testing age of 28-days. 
 

 
 
 

 
Table 3—Average BR and COV obtained at a testing age of 56-days. 

 

 
 

Table 4—Average BR and COV obtained at a testing age of 91-days. 

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average N/A N/A N/A N/A N/A 5.29 13.41 14.97 8.84 12.67 6.46 14.89

COV N/A N/A N/A N/A N/A 0.52 1.15 8.52 1.84 0.47 9.96 5.52 4.00

Average N/A N/A N/A N/A N/A 5.27 14.12 16.98 8.36 13.49 6.73 18.84

COV N/A N/A N/A N/A N/A 0.21 1.50 1.07 0.23 2.23 9.56 3.21 2.57

Average N/A N/A N/A N/A N/A 5.19 13.54 14.03 7.69 11.53 5.43 16.04

COV N/A N/A N/A N/A N/A 0.58 0.85 1.69 1.79 1.50 0.91 10.67 2.57

Average N/A N/A N/A N/A N/A 5.65 15.19 16.73 8.31 16.93 7.36 N/A

COV N/A N/A N/A N/A N/A 0.97 0.63 2.83 1.58 0.97 1.38 N/A 1.39

Average N/A N/A N/A N/A N/A 5.55 15.24 15.69 9.60 13.72 6.68 20.24

COV N/A N/A N/A N/A N/A 1.84 1.14 0.57 0.87 3.17 0.77 0.07 1.20

Average N/A N/A N/A N/A N/A 5.03 13.59 15.01 8.91 12.87 6.88 16.90

COV N/A N/A N/A N/A N/A 0.89 0.89 1.06 0.08 1.12 1.03 0.39 0.78

Average N/A N/A N/A N/A N/A 5.84 14.36 16.58 8.63 14.59 6.81 18.21

COV N/A N/A N/A N/A N/A 0.55 2.54 0.83 1.11 3.07 1.90 0.85 1.55

Average N/A N/A N/A N/A N/A 5.31 14.39 16.37 8.91 13.15 7.00 16.48

COV N/A N/A N/A N/A N/A 0.03 0.06 0.68 0.58 3.03 0.58 5.07 1.43

Average N/A N/A N/A N/A N/A 5.12 14.20 15.60 8.62 14.22 6.77 18.55

COV N/A N/A N/A N/A N/A 0.01 0.35 0.13 4.51 0.92 0.22 0.63 0.97

Average N/A N/A N/A N/A N/A 5.68 14.02 15.11 8.30 12.30 6.40 16.76

COV N/A N/A N/A N/A N/A 0.01 0.20 0.04 0.21 0.26 0.13 0.11 0.14

Average N/A N/A N/A N/A N/A 5.39 14.21 15.71 8.62 13.55 6.65 17.43

COV N/A N/A N/A N/A N/A 5.00 4.45 6.03 5.89 11.01 7.62 9.46

1

2

3

5

6

All 

Labs

7

8

9

10

12

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average N/A 6.73 8.76 12.63 8.07 6.56 24.34 29.99 14.78 22.20 11.98 18.14

COV N/A 3.86 3.23 3.35 1.51 2.46 0.87 0.73 2.65 2.62 2.50 1.02 2.25

Average N/A 8.64 9.10 12.05 10.83 7.22 24.52 27.25 13.14 22.53 12.69 20.12

COV N/A 2.68 2.55 2.65 7.47 4.17 4.61 1.20 1.67 3.95 6.31 3.21 3.68

Average N/A 6.18 7.81 12.26 7.71 5.81 23.13 21.61 12.17 17.26 N/A 17.71

COV N/A 7.82 2.81 0.82 0.60 0.79 3.70 2.87 2.68 2.55 N/A 6.87 3.15

Average N/A 7.98 9.26 11.41 7.26 7.08 24.10 29.12 14.92 22.48 10.91 N/A

COV N/A 0.00 7.48 1.52 4.69 2.13 2.58 1.67 7.09 1.65 0.76 N/A 2.96

Average N/A 7.70 9.16 12.89 9.99 6.70 N/A 25.02 N/A 19.62 10.09 21.49

COV N/A 3.24 7.42 1.12 1.01 6.86 N/A 3.74 N/A 4.50 2.77 1.62 3.59

Average N/A 8.38 8.55 12.34 8.33 6.57 24.20 27.18 16.50 21.37 12.16 19.88

COV N/A 9.52 3.50 2.29 2.77 3.06 2.15 4.45 1.48 0.66 8.34 3.96 3.83

Average N/A 7.18 9.27 13.64 9.31 6.72 25.89 31.29 14.38 24.98 12.55 20.85

COV N/A 5.85 3.66 1.75 3.01 2.68 5.07 2.63 3.47 2.42 2.55 3.24 3.30

Average N/A N/A 9.20 13.50 8.59 6.52 26.09 30.28 15.13 23.23 13.43 20.27

COV N/A N/A 3.61 6.27 1.17 3.48 1.00 2.98 2.05 4.15 3.52 2.47 3.07

Average N/A 7.98 8.92 14.85 7.94 6.26 26.58 26.03 14.20 22.24 11.22 21.46

COV N/A 0.00 5.33 5.28 4.52 1.91 2.20 1.09 6.33 1.83 1.60 2.32 2.95

Average N/A 6.10 8.34 11.94 7.90 6.52 22.21 23.65 13.06 18.67 9.95 15.99

COV N/A 3.00 1.44 1.35 5.13 2.55 5.98 3.48 5.57 4.57 2.21 5.79 3.73

Average N/A 7.43 8.84 12.75 8.59 6.59 24.56 27.14 14.25 21.46 11.66 19.55

COV N/A 12.51 5.43 7.91 13.01 5.95 5.79 11.50 9.14 10.72 10.27 9.60
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4.2 Operator Variability 
The operator variability is described from the average COV from each mixture for each different 
laboratory. This is shown as the last column in Tables 2-5. The maximum of average within-laboratory 
COV for each testing age is presented in Table 6. Previous work evaluating the development of an 
automated resistivity testing system has reported similar within-laboratory variability [46]. 
 

Table 6—Maximum within-laboratory COV  
 

Testing Age 
Within-laboratory 

COV 

28-days 4.00 % 

56-days 3.83 % 

91-days 5.01 % 
  
4.3 Multi-laboratory Variability 
The multi-laboratory variability can be described from the average COVs from each laboratory for the 
different mixtures. This is shown as the last row in Tables 2-5, termed All Lab COV. The maximum of 
average multi-laboratory COV for each testing age is presented in Table 7, and is used to develop the 
precision statement for multi-laboratory variability. It should be noted that the variation increases over 
time.  It is believed that this may be due to slight variations in curing conditions which may have occurred 
at each lab which could amplify differences overtime. 
 

Table 7—Maximum multi-laboratory COV  
 

Testing Age 
Multi-laboratory 

COV 

28-days 11.01 % 

56-days 13.01 % 

91-days 20.39 % 

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average 10.24 8.07 12.14 18.71 11.36 7.58 38.05 42.08 19.44 34.98 17.90 18.80

COV 4.31 2.81 3.92 3.35 1.33 3.20 0.26 6.35 3.14 3.16 2.49 4.73 3.25

Average 12.16 10.43 15.12 18.83 16.81 8.31 32.40 39.19 17.58 29.78 16.17 24.58

COV 5.71 2.68 2.55 4.65 4.68 2.46 5.09 1.27 1.14 3.75 5.82 4.22 3.67

Average 10.43 7.85 10.61 16.58 9.46 6.65 28.87 31.78 14.63 22.71 13.10 17.18

COV 3.85 8.39 7.77 1.60 4.56 7.64 5.05 5.11 3.86 2.00 6.79 3.49 5.01

Average 11.01 8.36 12.12 16.21 10.20 8.48 33.45 37.14 20.19 28.66 15.45 N/A

COV 4.08 1.53 5.63 1.44 3.94 1.70 2.12 2.79 8.16 1.82 3.51 N/A 3.34

Average 13.91 10.11 14.34 23.58 N/A 7.65 30.97 30.81 15.60 29.92 15.80 20.96

COV 0.17 1.78 7.11 1.28 N/A 8.25 3.19 0.76 3.77 3.15 1.58 0.58 2.87

Average 10.67 10.05 14.11 19.27 12.58 7.94 35.83 40.06 20.81 29.55 17.18 21.03

COV 3.59 6.60 6.45 1.04 2.23 2.30 2.34 3.88 1.12 1.08 0.94 3.29 2.91

Average 12.22 8.92 13.25 20.47 13.29 7.67 38.06 45.59 19.19 35.36 18.49 20.29

COV 1.05 5.37 3.19 2.36 2.46 2.86 5.27 3.06 3.44 2.89 2.29 3.52 3.15

Average 11.16 14.35 14.35 19.54 12.06 8.60 37.74 43.37 N/A 34.48 22.41 19.55

COV 0.21 1.58 1.58 8.51 2.65 7.51 0.38 7.26 N/A 5.63 9.89 4.55 4.52

Average 12.39 9.75 13.71 22.44 12.65 6.74 37.54 38.41 18.26 30.51 16.50 21.15

COV 2.19 9.15 4.24 6.30 9.41 0.59 1.31 0.75 6.02 2.23 2.30 2.26 3.90

Average 10.07 7.82 11.12 15.96 10.40 7.26 31.21 33.11 14.93 22.67 12.69 18.01

COV 4.73 1.84 0.55 1.32 3.78 2.91 5.62 4.19 4.85 3.89 0.63 0.71 2.92

Average 11.43 9.57 13.09 19.16 12.09 7.69 34.41 38.15 17.85 29.86 16.57 20.17

COV 10.66 20.39 11.56 13.25 18.07 8.77 10.03 13.06 12.95 15.08 16.71 10.75
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4.4 Precision Statements 
Precision estimates were calculated [47].  For this experiment, the fundamental statistic was determined 
to be the COV, represented as 1s% in ASTM C670-10. Therefore, the calculated precision indices will 
correspond to d2s% described in ASTM C670-10. This index represents the maximum difference 
between two individual test results, expressed as a percentage of their average. The precision indices for 
different testing ages are shown in Table 8.  
 

Table 8—Precision indices for direct resistivity 
 

Testing Age Within-laboratory Multi-laboratory 

28-days 11.30 31.14 

56-days 10.84 36.79 

91-days 14.17 57.66 
 
The maximum precision index for the within-laboratory and multi-laboratory variability will be used to form 
the precision statements. 
The maximum pooled single-operator coefficient of variation was found to be 5.01 %. Therefore, the 
results of two properly conducted tests by the same operator on the same concrete material at the same 
age are not expected to differ by more than 14.2 % of their average.  The maximum pooled multi-
laboratory coefficient of variation was found to be 20.39. Therefore, the results of two properly conducted 
tests by different laboratories on the same concrete material at the same age are not expected to differ by 
more than 57.7 % of their average. 
 
4.5 Correlation with Surface Resistivity Measurements 
Surface resistivity measurements were conducted as a part of this study [44]. Figure 4 compares the 
measured SR and the calculated BR. 
 
A linear correlation was noticed, except that SR measurements tended to be 1.86 times higher than BR. 
This large data of experimental results support previous work using finite element that showed additional 
geometry factors must be used to account for test geometry, such as probe spacing, cylinder length, and 
cylinder diameter [30]. The factor of 1.86 is in good agreement with the geometric correction proposed by 
Morris et. al. (1995) for a cylinder with a length of 205 mm, diameter of 102 mm, probe spacing of 38.1 
mm and a MSA of 19 mm, which was approximately 1.9. 
 

 
 



Figure 4—Correlation of measured SR and DR of samples from differing ages, each data point 

represents the average of three samples. 

 
4.6 Effects of Electrode Resistance 
Previous work has shown that electrode resistance (and other factors to insure connectivity between the 
electrode and sample) may influence the results as discussed in Equation 2. 
 
The major contributor to electrode resistance is bad contact between the plate electrode and the surface 
of the test cylinder. Some work has suggested the possibility of using flexible electrodes [30]. However, a 
more practical solution is to use an aid that allows for good electrical contact. In the laboratory, this can 
be accomplished through the use of an electrically conductive jelly [48, 49]. The alternative is to use 
another soft, conductive medium. Popular solutions have included the use of saturated sponges, chamois 
cloth, and paper towels [21, 36]. 
 
An important issue becomes the associated resistance of the sponges. Previously, this associated 
resistance can be treated as a series of resistors in parallel with the test cylinder, which produces the 
correction shown and described by Equation 2. 
 
The sponge resistance is largely dependent on the moisture content of the sponges and the conductivity 
of the solution in which they are saturated. For this study, the solution was saturated lime water, which 
was also used as the storage solution for the test cylinders. Furthermore, to ensure proper moisture 
content, the contact pressure for the sponge was kept constant between the sponge resistivity test and 
the cylinder test, as shown in Figures 2 and 3. 
 
While this correction provides the truest value for resistivity, the results of this study show that this 
correction might not always be very large. For the sponges used in this study, the resistances of the two 
sponges were much less than the resistance of the cylinder. Figure 5a shows the measured resistance 
(i.e., sample, sponges and electrodes) as a function of the cylinder resistance (i.e., the sample alone), as 
defined in Equation 2.The best fit line shows only a small difference between the measured resistance 
and the cylinder resistance. 
 
Additionally, the ratio of the measured resistance to the cylinder resistance, as defined in the preceding 
paragraph, can be shown against the concrete resistivity, depicted in Figure 5b. This ratio represents the 
correction from cylinder resistance. Figure 5b shows that for high resistivity concrete, the resistance 
correction become almost negligible, while for lower resistivity concrete the sponge resistance might play 
a larger role. 
 

 



 

 
 
 Figure 5—Influence of electrode resistance on a.) the measured resistance (sample and electrodes) as a 

function of the  cylinder (sample) resistance and b.) the ratio of measured resistance (sample and 
electrodes) and cylinder (sample) resistance as a function of concrete resistivity. 

 
5.0 SUMMARY AND CONCLUSIONS 
This paper reports results from a multi-laboratory investigation of the variability associated with testing the 
electrical bulk resistivity of concrete cylinders by placing plate electrodes on the ends of the cylinder. An 
analysis of the data is presented.  The following observations can be made regarding the variability of the 
resistivity test method. It should be noted that the samples used in this study were conditioned by storing 
in lime saturated water between test measurements. First, resistivity testing is a rapid test method that 
allows for rapid results. This rapid test drastically reduces the amount of time a technician needs to spend 
conditioning the sample and conducting the test.  Therefore, this test is well suited for quality control 
testing. Second, resistivity testing can be considered a non-destructive test. This means that for each 
mixture being evaluated using resistivity, only a small number of samples need be prepared. This can be 
contrasted with other destructive electrical tests that require a larger series of samples for proper mixture 
evaluation.  In fact, this testing can be performed on cylindrical samples before they are tested for 
compressive or splitting tensile strength. Third, the operator and multi-laboratory precision of this test 
method have been quantified using data from the maximum COV obtained from an inter-laboratory study 
consisting of ten laboratories and twelve differing mixtures. Fourth, specimen geometry can greatly 
influence the results of an electrical test. This often requires the use of a geometry correction factor. For 
the direct resistivity test, this geometry factor is simply the ratio of sample area to sample length.  Finally, 
the effects of electrode resistance were addressed using a series model. While previous work described 
corrections for end plate resistance, the variability data from this investigation shows that for the materials 
used in this study, the correction that is needed is quite small. It is suggested that a resistivity test be 
developed that could include a variety of sample geometries including 1) the wenner probe geometry, 2) 
the direct bulk resistance described herein, and 3) alternative geometries provided the geometry factor 
can be quantified.   
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Abstract 1 

 2 

A series of wetting and drying tests were performed on concrete using different aqueous 3 

solutions containing deicing salts. The rate of fluid absorption was generally lower for aqueous 4 

solutions containing deicing salts than it was for water.  In addition, less fluid was absorbed for 5 

samples exposed to aqueous solutions containing deicing salts than for samples exposed to water.  6 

The change in the rate of aqueous fluid absorption was proportional to the square root of the ratio 7 

of surface tension and viscosity of the absorbed fluid.  Concrete that has been exposed to 8 

solutions containing deicing salts showed less mass loss during drying.  Measures of equilibrium 9 

relative humidity over the salt solutions are used to interpret drying behavior.  Experimental data 10 

indicates that concretes that had previously been exposed to deicing solutions can also exhibit 11 

reduced rate of absorption, even if water is the fluid being absorbed.  12 

 13 

 14 

1. Research Need and Significance 15 

 16 

Some jointed plain portland cement concrete pavements in freezing prone climates have shown 17 

premature deterioration at the longitudinal and transverse joints.  While some have attributed this 18 

damage to a chemical attack, inadequate air entrainment, poor mixture design, inadequate 19 

constituent materials, or poor construction practices; it is the hypothesis of the authors of this 20 

paper that this joint deterioration may be attributed, at least in part, to preferential absorption of 21 

fluid at joints.  This hypothesis was developed based on observations from the field that show 22 

these deteriorated locations frequently occurred at low spots in the pavement, where joint sealers 23 

were damaged, where water has collected, or where the joint does not appear to have opened 24 

thereby trapping water [1].  Preferential fluid ingress at joints could increase a variety of damage 25 

mechanisms including deleterious chemical reactions, crystallization pressure, or freeze thaw 26 

damage that may degrade the concrete.  To fully evaluate fluid ingress at the joints it is essential 27 

that the wetting and drying behavior of concrete is evaluated using aqueous solutions containing 28 

deicing salts.   29 

 30 



 

1 

 

This work is limited in scope as it considers only the ingress of aqueous solutions over short time 1 

periods and does not explicitly consider any chemical reaction that occurs between the aqueous 2 

solution and the concrete.  This information is intended to provide reference for those developing 3 

tests to evaluate potential deicer-concrete interactions [2], for developing tests on fluid 4 

absorption, for evaluating fluid absorption in concrete [3], for input parameters in computer 5 

simulation of fluid ingress at joints [4], and for potential approaches to limit joint deterioration 6 

like penetrating sealers for possible use in concrete pavements [5].    7 

  8 

 9 

2. Fluid Absorption in Porous Materials 10 

 11 

Fluid absorption is a frequently used test to provide an indication of the durability of concrete 12 

systems since it is simple to perform.  Several standard tests exist for measuring water absorption 13 

including ASTM C 1585-04 [6], BS 1881-99 [7], and ASTM D6489-99 [8].  While the concept 14 

behind these tests is very similar, there are differences in how the samples are conditioned, 15 

treated, and tested.  In each of these tests water is typically used as the fluid that is being 16 

absorbed. Hall [9] discusses that water can interact with the cement matrix adding complexity to 17 

the interpretation of results.  To overcome some of these limitations or to indicate how 18 

absorption can be reduced by fluid composition other solutions have been tested [9-13].   19 

 20 

MacInnis and Nathawad [14] assessed the absorption of an aqueous solution consisting of a NaCl 21 

deicing salt and reported a decrease in absorption.  Sutter et al. [15] reported that sorptivity 22 

decreased from highest to lowest in the order of water, NaCl, CaCl2 and MgCl2.  Similar data has 23 

recently been observed by Janusz [16].  As a result, it can be observed that concrete exposed to 24 

deicing salt solutions absorb fluid at a slower rate than they would absorb water; however the 25 

previous work has not related this behavior to the fluid properties or described the influence of 26 

salt concentration or properties of the aqueous solution. 27 

 28 

The results of one-dimensional fluid absorption tests (assuming negligible gravitational effects) 29 

are typically reported as the cumulative water absorbed per surface area (surface from which 30 

water is absorbed) versus the square root of wetting time. Equation 1 is frequently used to 31 



 

2 

 

describe the water absorption (total volume of fluid absorbed) and the sorptivity (related to the 1 

rate of absorption) [17]. 2 

 3 

2/1Si   Eq. 1 

 4 

where i [mm
3
/mm

2
] is the cumulative water absorption, S [mm/s

1/2
] is the sorptivity, and  [s] is 5 

the elapsed time.  It should be noted that additional equation have been proposed to account for 6 

time dependent properties [18]. 7 

 8 

Hall [9] proposed that the diffusion would scale proportionately with the ratio of surface tension 9 

() and viscosity () of the fluid.  Hall further related this to sorptivity since sorptivity is related 10 

to the square root of diffusion.  Kelham [19] derived an expression for fluid absorption (Equation 11 

2) that shows the relationship between depth of penetration and the square root of the ratio of 12 

surface tension and viscosity.   13 

 14 

rp

k
x






)cos(4
)(   Eq. 2 

 15 

where x() [mm] is the penetration depth,  [N/mm] is the surface tension,  [rad] is the liquid-16 

solid contact angle, p  [Dimensionless] dis the porosity of the medium, r [mm] is the pore radius, 17 

k [mm
2
] is the intrinsic permeability of the material, and  [Pa.s] is the viscosity of fluid. An 18 

expression similar to equation 2 was derived by Scherer and Wheeler [20] for stone consolidates.   19 

 20 

Previous research using organic fluids has shown an absorption rate that scales proportionally 21 

with the square root of the ratio of surface tension and viscosity of the fluid (()
1/2

).  This work 22 

will use this approach to attempt to interpret results from absorption tests that used aqueous 23 

solutions containing deicing salts.  24 

 25 

 26 

3. Properties of Deicing Salt Solutions  27 

 28 
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Physical properties of pure solutions were gathered from literature and compared with measured 1 

values for the industrially available deicing solutions tested in this research, and they are 2 

provided here for convenience in one location.   The properties of the deicing solutions will be 3 

used in interpreting the wetting and drying results, discussed later in this paper.  This section is 4 

divided into four sections.  The first three sections describe the influence of the deicing solutions 5 

in terms of surface tension, viscosity, and equilibrium relative humidity over the aqueous 6 

solution.  The fourth section describes the specific gravity of the solution as a function of 7 

concentration as this is used to determine the volume of solution absorbed during the absorption 8 

test. 9 

 10 

 11 

3.1 Surface Tension of Deicing Salt Solutions 12 

 13 

Figure 1 (a) shows surface tension measurements at different concentrations for the three 14 

solutions used in this research: NaCl, CaCl2, MgCl2.  The surface tension for NaCl was obtained 15 

from [10], CaCl2 from [21] and MgCl2 from [22].  A Du Noüy Ring Tensiometer KRÜSS was 16 

used with a resolution of 0.1 mN/m for the industrial deicers tested in this study.  The 17 

tensiometer was cleaned between measurements following ASTM D971-04 [24].  The 18 

tensiometer was first calibrated using de-ionized water, which provided a value of 71.0 x 10
-6

 19 

N/mm. A series of three measurements were performed for each solution, with the average 20 

reported.  21 

 22 

The closed points in Figure 1 (a) are the values measured for the industrially available solutions.  23 

The lines represent values taken from literature for pure salt solutions at different mass 24 

concentrations.  While the general trends are consistent, differences between the solutions 25 

containing industrial deicing salts and literature values may be due to impurities or other additves 26 

however further work is needed to examine this in greater detail. 27 

 28 

 29 

3.2 Viscosity of Deicing Salt Solutions 30 

 31 
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Figure 1 (b) shows a comparison of the viscosities for the solutions used in this research between 1 

pure solutions taken from literature and measurements of the deicing solutions. Viscosity 2 

measurements for the industrial deicers were performed on the salt solutions using an Anton-Parr 3 

rheometer, model Physica MCR 301.  The rheometer kept the solution being tested at 23.0 ± 0.02 4 

ºC and from the torque applied to the fluid that causes a shear from which the viscosity can be 5 

found.  Calibration of the device was performed using a reference standard.  6 

 7 

The dashed lines presented are viscosities at different concentrations and are taken from 8 

literature [10, 21-23], while the points represent measured viscosities of the industrially available 9 

solutions. Again, differences between literature values and those of the solutions measured can 10 

be explained by differences in possible additions or chemistries of the industrial deicers. 11 

 12 

 13 

3.3 Relative Humidity of Deicing Salt Solutions 14 

 15 

Relative humidity measurements were performed on the salt solutions using Rotronic 16 

HygrClip2S sensors (± 0.8 % RH at 23 ± 0.1 °C).  The relative humidity probes were mounted in 17 

a 75 mm x 68 mm stainless steel cylinder that was placed over a water jacketed sample cup 18 

holder.  The water jacket was connected with a water bath at a constant temperature of 23.0 ± 0.1 19 

ºC.   20 

 21 

Figure 1 (c) shows the relative humidity measured over salt solutions for a wide range of solution 22 

concentrations.  As the concentration increased the relative humidity over the solution decreased.  23 

The measured relative humidities of these unsaturated salt solutions are higher than that of the 24 

saturated solution of these salts which are 75.4 % RH for NaCl [25], 33.0 % RH for MgCl2 [25] 25 

and 22 % for CaCl2 [21]. 26 

 27 

 28 

3.4 Specific Gravity of Deicing Salt Solutions 29 

 30 



 

5 

 

Figure 1 (d) shows the specific gravity of different deicing solutions as a function of 1 

concentration.  The specific gravity of the solution increases with concentration.  The CaCl2 and 2 

MgCl2 increase at very similar rates with an increase in concentration, while the NaCl increases 3 

slightly less than the CaCl2 and MgCl2 (i.e., 25 % less increase with concentration).  This may be 4 

attributed to the colligative properties of solutions. 5 

       6 

 7 

       8 

 9 

Fig .1.  Properties of Deicing Salts at 23-25 ºC: (a) Surface Tension (b) Viscosity (c) Relative 10 

Humidty (d) Specific Gravity (Rosenburgh 2010, unpublished data) 11 

 12 

 13 

4. Wetting and Drying for Concrete with Deicing Solutions 14 
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 1 

4.1 Experimental Program of Wetting and Drying of Concrete with Deicing Solutions 2 

 3 

The concrete mixture that was used for these tests was a typical INDOT class C bridge deck 4 

concrete.  The mixture proportions of this concrete are shown in Table 1. The fresh air content 5 

was 5.7 %, which was measured according to ASTM C231-09 [26]. The hardened air content of 6 

the concrete was 4.4 % as assessed using an automated optical scanning approach [18] based on 7 

the method proposed by Peterson et al. [28]. 8 

 9 

Table 1.  Mixture Proportions of Concrete Assuming Saturated Surface Dry (SSD) Conditions  10 

 11 

Material Mass 

Cement (kg/m
3
) 316 

Class C Fly Ash (kg/m
3
) 60 

Water  (kg/m
3
) 150 

Fine Aggregate  (kg/m
3
) 736 

Coarse Aggregate  (kg/m
3
) 1049 

Air Entraining Admix.  (ml/100 kg of cem. materials) 20 

High Range Water Reducer Admix.  (ml/100 kg of cem. materials) 456 

Retarder Admixture  (ml/100 kg of cem. materials) 98 

 12 

The concrete was produced in a central mix plant and discharged from a ready mix concrete 13 

truck.   A series of 100 mm × 200 mm cylinders were cast.  After one day of curing, the cylinders 14 

were demolded and sealed in double plastic bags at 23 ± 0.5 °C until the samples reached an age 15 

of 28 d. After 28 days of curing the cylinders were removed from bags and three 50 mm ± 2 mm 16 

thick samples were cut from the central portion of each cylinder using a wet saw.   17 

 18 

Two different sets of samples were used in this study.  The first set of samples were used to 19 

evaluate the effect of sample conditioning on water absorption. In each condition, three samples 20 

were used. A total of five conditions were considered: ASTM C1585-04, oven-dry, 50 % RH, 65 % 21 

RH and 80 % RH.  To ensure that these samples that were conditioned at 50 %, 65 %, and 80 % 22 

RH, reached equilibrium, a 12-month conditioning was period was considered. The second set of 23 



 

7 

 

samples that were used for aqueous salt solution absorption, drying, and de-ionized water re-1 

absorption were conditioned at 50 ± 2 % RH, 23 ± 0.5 °C for 36 months and two samples were 2 

tested for each salt solution. 3 

 4 

To prepare the specimens for fluid absorption testing, the sides of the samples were sealed with 5 

epoxy.  After the epoxy had hardened, the top surface was covered with plastic to avoid 6 

evaporation from the sample during testing. 7 

 8 

The absorption test involves recording incremental mass change measurements during the first 9 

six hours after the sample comes in contact with the fluid and subsequently taking one 10 

measurement every day for the next eight days.  The amount of absorbed fluid is normalized by 11 

the cross-section area of the specimen exposed to the fluid using Equation 3. 12 

 13 

)(a

m
   i t


  Eq. 3 

 14 

where:  i (mm
3
/mm

2
) is the normalized absorbed fluid, mt (g) is the change in specimen mass at 15 

time t; a (mm
2
) is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and 16 

  (g/mm
3
) is the density of the absorbed fluid (this is provided in greater detail in 3.1). These 17 

absorption measurements are then plotted as a function of the square root of time, as provided by 18 

Equation 1.  The sorptivity is the slope of this graph.  19 

 20 

The second series of samples were tested using seven different fluids. Their composition was 21 

primarily based on one of three different industrially available deicing products, either NaCl, 22 

MgCl2 or CaCl2.  A low concentration was used for each salt solution as well as a higher 23 

concentration that was selected to be near the eutectic composition for each salt.  De-ionized 24 

water was also used as a reference fluid. 25 

 26 

 27 

4.2 Experimental Results from Wetting with Water for Different Conditioning Methods 28 

 29 
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Figure 2 shows the results from water absorption tests performed on the first series of samples 1 

that were conditioned with different environmental conditions as mentioned earlier (ASTM 2 

C1585-04 accelerated conditioning, 80 % RH, 65 % RH, 50 % RH and oven drying).  It should 3 

be remembered that these samples were conditioned for 12 months while the remainder of the 4 

samples discussed in this paper were conditioned at 50 % RH for a much longer time.   Sample 5 

preparation has an enormous impact on the water absorption results as more severe drying 6 

enables a greater volume of water to be absorbed during the test.   7 

 8 

 9 

 10 

Fig. 2. Water absorption on samples subjected to different conditioning procedures. 11 

 12 

 13 

4.3 Experimental Results from Wetting and Drying with Deicing Solutions 14 

 15 

Figure 3 illustrates the results of the fluid absorption test as a function of time (for concrete at 50 % 16 

RH for a longer conditioning time than the samples in Figure 2).  It can be seen that even though 17 

the concrete that is used for all the tests in Figure 3 has the same conditioning and exposure 18 

conditions, the volume of solution absorbed by each material is dependent on the deicing salt 19 

solution and the concentration of the deicing salt solution that was absorbed.  The sample with 20 

the low concentration of NaCl showed a slight increase in the rate of absorption (as compared 21 

with water) as well as the amount of fluid absorbed.  This is consistent with the data reported by 22 
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MacInnis and Nathawad [14].  The absorption of all the other fluids was reduced when compared 1 

with water.  As a result, it can be concluded that in general as the salt concentration increased the 2 

rate of absorption reduced and and the total absorption was reduced. Further work is needed to 3 

examine lower concentrations for NaCl to ascertain why a slight increase is typically reported.   4 

 5 

 6 

 7 

Fig. 3.  Volume of deicing solutions absorbed by concrete as a function of time (typical standard 8 

deviation less than 0.1 mm
3
/mm

2
). 9 

 10 

After the fluid absorption test was performed for 8 days the samples were dried at 50 ± 2 % RH, 11 

23 ± 0.5 °C for seven days.  The samples were kept in the same one-faced exposed condition for 12 

the drying test; however, the exposed surface that was facing down in the absorption testing was 13 

placed facing up to simulate drying from the top. During the drying test the mass of the samples 14 

was recorded at regular intervals. 15 

 16 

Figure 4 shows the volume of water loss during the drying period.  It is important to note that the 17 

drying test will result in only the water portion of the solution being evaporated from the system 18 

leaving the salt to become more concentrated in the solution before it eventually precipitates out.  19 

It can be noticed that as the concentration of deicing solution was increased the mass loss during 20 

drying decreased. This was particularly evident in the high concentration solutions, which 21 

showed nearly no mass loss or even a slight gain during drying. 22 
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 1 

    2 

 3 

Fig. 4.  Drying of concrete prewetted with different salt solutions as a function of time (typical 4 

standard deviation less than 0.03 mm
3
 water/mm

2
). 5 

 6 

 7 

4.4 Experimental Results from Wetting Previously Exposed to Deicing Solutions 8 

 9 

The same set of samples that were previously tested for absorption and drying were oven dried to 10 

be tested for second absorption test using de-ionized water. This was done to investigate the 11 

effects of previously absorbed salts on re-absorption of de-ionized water. However, in the case of 12 

the oven-dried samples, higher water absorption is expected. This can be due to the empty 13 

capillary pores and possibly to microcracking generated during oven drying [29-33].  14 

 15 

To prepare the samples for the de-ionized water re-absorption test, the samples were placed in an 16 

oven at 105 ± 2 °C until they reached to equilibrium. The equilibrium condition was defined as a 17 

difference less than 0.5 % between two successive mass measurements (24 hours apart). It is 18 

important to note that this drying process will evaporate only the water portion of the solution 19 

pre-absorbed, leaving salt in the pores. Since these samples were oven dried, their absorption 20 

rates and absorbed water are not comparable with any previous tests. 21 

 22 
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Figure 5 shows the results for this second absorption test. It can be seen by comparing the results 1 

to the results in Figure 3 that the behavior of the samples was dependent on the deicing solutions 2 

and the concentrations of deicing solutions used in the first wetting test. These results are a clear 3 

indication that the history of the samples affects the results of fluid absorption.  This suggests 4 

when sorption testing is preformed on field concretes, some understanding of the admixtures or 5 

salts that remain in the pore system is needed to fully interpret the results. 6 

 7 

 8 

 9 

Fig 5. Volume of de-ionized water absorbed by concrete as a function of time in the second fluid 10 

absorption test (Fluid from the original test is shown in the caption). 11 

 12 

 13 

4.5 Drying of Mortars Saturated with Different Deicing Salts 14 

 15 

Moisture desorption is an established technique for evaluating the effect of moisture loss at a 16 

given humidity for a material.  A TA Q5000 SA moisture sorption analyzer was used to carefully 17 

control temperature and humidity.  Mortar samples were prepared (w/c = 0.42 and 55 % 18 

aggregate by volume) and cast in a cylindrical mold with a 34 mm diameter and 50 mm height.  19 

At an age of 28 days the specimens were demolded and 34 mm diameter 0.8 ± 0.05 mm thick 20 

slices were taken from the middle of the samples.  The samples were dried under controlled 21 

conditions (at 23 ± 0.1 °C and 50 ± 1 % RH) in a CO2 free chamber until they reach mass 22 
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equilibrium. Then, samples were submerged for a minimum of 5 days in aqueous solutions with 1 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2 by mass.  2 

 3 

For the samples submerged in NaCl, CaCl2, and MgCl2 solutions a 50 mg to 70 mg piece of 4 

sample was placed in a tared quartz pan after a minimum of 5 days of submersion.  The pan 5 

containing the sample was then suspended from the balance (± 0.001 mg accuracy) and placed in 6 

the relative humidity chamber to equilibrate at 23.0 ± 0.1 °C  and 97.5 ± 0.1 % RH for up to 96 h 7 

or until the sample had achieved a stable mass (less than an 0.001 % mass change/15 minutes).  8 

Then, the relative humidity was reduced to reach 95 %. After the sample mass equilibrated, the 9 

relative humidity in the chamber was changed in 10 % RH steps to 55 % RH, allowing the 10 

sample to attempt to equilibrate (12 h or 0.01% change in mass over 15 minutes) at each new 11 

humidity. After equilibrating at 55 % RH the samples were dried to 0 % RH.  For the sample 12 

submerged in de-ionized water the procedure was similar, but the relative humidity was reduced 13 

in 5 % steps from 97.5 % to 2.5 %, and then reduced to 0 % RH. 14 

 15 

Figure 6 shows the plot of mass change as a function of time for the mortar saturated in de-16 

ionized water. The sample soaked in water can be seen to lose mass with the decrease of RH.  17 

For this system, when the environment is below 100 % RH, water will move from the pores to 18 

outside of the sample and classical drying behavior is observed.  The maximum mass of the 19 

sample is 8.5 % higher than the mass of the oven dry sample. 20 

 21 
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Fig. 6. Mass change at decreasing RH for samples containing de-ionized water  1 

 2 

Figure 7 shows a plot of mass change for the mortar samples submerged in aqueous solutions of 3 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2.  It can be observed that initially upon placement in 4 

the testing chamber at 97.5 % relative humidity the mass of the sample increases for the first 96 5 

h until the relative humidity of the chamber is changed.   The samples absorb water during this 6 

time of preconditioning, with values much higher than the 8.5 % increase in mass of the sample 7 

with de-ionized water as compared with the oven dry sample.  8 

 9 

The sample loses weight as the relative humidity is decreased however it should be noted that the 10 

sample mass does not decrease to below the initial mass obtained from soaking the sample in the 11 

deicing solution until relative humidity was decreased below 85 %, 55 % and 55 % for NaCl, 12 

CaCl2 and MgCl2 respectively.  This will be compared with the equilibrium relative humidity of 13 

the salt solution later in the paper. 14 

  15 
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Fig. 7. Mass change for samples submerged in aqueous solutions containing deicing salts: (a) 1 

NaCl 23% (b) CaCl2 32 % and (c) MgCl2 30%. 2 

 3 

 4 

5. Discussion of Results 5 

 6 

5.1 Aqueous Solution Absorption Behavior as a Function of Surface Tension and Viscosity 7 

 8 

Equation 3 showed that the rate of absorption was related to the square root of surface tension 9 

and viscosity.  Figure 8 plots the square root of the ratio of surface tension and viscosity versus 10 

mass concentration of salt.  Pure salt solutions are shown as lines while industrial deicing 11 

solutions are presented as solid points, and the open points represent the measured sorption 12 

response of concrete (i.e., salt sorptivity/water sorptivity) from Figure 3. Figure 8 confirms that 13 

as the solution concentration increases, the rate of fluid absorption (i.e., sorptivity) decreases. 14 

Further, while the properties of pure solutions may not exactly represent the response of 15 

industrially available deicing solutions they do provide a comparable trend.  Reasonable 16 

agreement is seen between the measured sorption and square root of the ratio of surface tension 17 

and viscosity the measured properties.  Additional work is currently being performed to extend 18 

these results to a wide range of temperatures. 19 

 20 

 21 

 22 

0 10 20 30 40

Concentration (Mass %)

0.2

0.4

0.6

0.8

1.0

1.2

(
/

)0
.5

s
o

lu
ti

o
n
 /

 (
/


)0
.5

w
a

te
r

0.2

0.4

0.6

0.8

1.0

1.2

R
e

la
tiv

e
 S

o
rp

tiv
ity

(S
s

o
lu

tio
n  / S

w
a

te
r )

NaCl theoretical

NaCl measured

NaCl relative sorptivity

CaCl2 theoretical

CaCl2 measured

CaCl2 relative sorptivity

MgCl2 theoretical

MgCl2 measured 

MgCl2 relative sorptivity



 

16 

 

Fig 8. Relative sorptivity for deicing solutions. 1 

 2 

 3 

5.2 Drying Time Versus Wetting Time 4 

 5 

Comparing Figures 3 and 4 indicates that wetting happens much faster than drying. When de-6 

ionized water was used as the absorbed fluid, the amount of fluid that was evaporated from the 7 

sample after eight days was 0.8 mm
3
/mm

2
. In contrast, it took just two hours for samples to 8 

absorb the same amount of fluid.  These differences are even larger when salt solutions were 9 

used as the absorbed fluid. When MgCl2 solution was used as the absorbed fluid, the amount of 10 

fluid that was evaporated from the sample after eight days was 0.07 mm
3
/mm

2
, but it took just 11 

ten minutes for the samples to absorb the same amount of fluid. 12 

 13 

This is important as it suggests that field concrete may be more susceptible to increasing its level 14 

of saturation over time rather than drying out.  Further, it shows that laboratory tests that use 15 

equal times for drying and wetting increase the saturation level of the concrete over time.  16 

Researchers [34] observed an increase in sample mass during wetting and drying cycling with 17 

deicers which was attributed to microcracking; however an increase in mass would be consistent 18 

with the wetting and behavior observed in this paper.     19 

 20 

 21 

5.3 Reduced Drying with Salt Solutions – The Role of Solution Equilibrium Humidity  22 

 23 

The relative humidity of different salt solutions presented in Figure 1 (b) help to understand the 24 

results from the drying tests. The equilibrium relative humidity for the 23% NaCl, 32% CaCl2 25 

and 30% MgCl2 solutions are 80 %, 40 % and 50 % respectively.  When the samples are placed 26 

in an environment with a relative humidity that is greater than or equivalent to the approximate 27 

equilibrium relative humidity over the aqueous solution in the pores water will not be lost to then 28 

environment. (Figure 4) and the sample can actually gain mass (Figure 4 and 7), most likely due 29 

to the water absorption on the surface of the sample. This can be seen by the thinner (dashed 30 

lines in Figure 7), which show the initial mass of the sample after it has been submerged in a 31 
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aqueous solution for over 5 days. At relative humidity higher than the equilibrium of the aqueous 1 

salt solution the samples will increase in mass. At relative humidities where the environment is 2 

less than the equilibrium humidity over the salt solution, the samples will be expected to 3 

decrease in mass.  The drying behavior of systems containing concentrated aqueous solutions of 4 

deicing salts is complex and requires additional research. 5 

 6 

 7 

5.4 Effect of Solution on Rewetting 8 

 9 

When samples of concrete that were previously exposed to deicing solutions were rewet with 10 

water they had an absorption and rate of absorption that depended on the history of the 11 

specimens (Figure 5).  The absorption of water can be 30 % to 50 % less in specimens that were 12 

exposed to deicing solutions at some point in their lives.  This is an important, yet subtle, factor 13 

to understand.  This is important since absorption tests of field concrete may be mistakenly 14 

interpreted by relating the reduction in sorption to pore filling or delayed sorption.  Both of these 15 

observations (lower sorptivity and delayed sorption) are consistent with data here for samples 16 

that did not have reduced porosity or differences in sample damage. 17 

 18 

 19 

6. Summary and Conclusions 20 

 21 

This paper has reported experimental results of fluid absorption measurements and drying of 22 

concrete in the presence of deicing solutions.  The following observations can be made.  First, 23 

the absorption of fluid in concrete depends on the drying environment used to condition the 24 

samples.  Samples stored at a lower RH absorbed a greater volume of fluid.  Second, it was 25 

observed that the deicing solutions reduce the rate of fluid absorption.  This reduction can be 26 

related to the square root of the ratio of surface tension and viscosity [10].  Third, the time scale 27 

between drying and wetting is different and concrete is more likely to become preferentially 28 

increasingly wet over time.  Fourth, the drying of concrete containing aqueous solutions with 29 

deicers differs from that of water.  The equilibrium relative humidity of the aqueous solution 30 

plays an important role on limiting drying.   Finally, the presence of deicing salts in field samples 31 
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impacts the absorption when field samples are tested in the lab using water.   This suggests that 1 

care must be taken in analyzing field concrete exposed to deicing salt solutions.  2 

 3 

 4 
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Abstract 
Shrinkage reducing admixtures (SRAs) have been used over the last three decades to reduce 
the volume change (i.e., shrinkage) that occurs in cement paste, mortar, and concrete during 
drying.  The goal of reducing shrinkage is to reduce the risk of shrinkage cracking in concrete 
elements.  SRAs alter the properties of the pore solution, such as surface tension and 
viscosity, which result in a reduction in the magnitude of drying shrinkage, especially at 
humidities below 80-85%.  In addition to altering the magnitude of shrinkage, SRAs appear to 
alter the rate of drying and diffusivity coefficient.  This paper examines the role of SRAs in 
two ways.  First, desorption spectra are measured to obtain the moisture diffusivity of plain 
mortar and mortar containing SRA. Second, the paper measures relative humidity in slabs to 
obtain moisture profiles.  The relative humidity profile predicted from the non-linear diffusion 
coefficient is compared with the measured humidity profile.   
 
 
1. Background 
 
Shrinkage Reducing Admixtures (SRAs) were introduced to the concrete industry in the 
1980’s [1, 2].  Recent reviews have summarized three decades of research on SRA on 
concrete properties [3-6].  SRA’s are generally observed to reduce shrinkage which can 
substantially reduce the propensity for restrained shrinkage cracking. 
 
The majority of shrinkage measurements on concrete containing SRA are performed on 
concrete samples with a relatively large cross section, like those that one may use in standard 
shrinkage tests like ASTM C-157 [7].  While this type of test can provide information on the 
benefits of SRA, it has two primary limitations.  First, it generally only describes the 
shrinkage of the concrete at one relative humidity (50% for example for ASTM C-157 [7]).  
Second, it measures the average length change of the prism and does not explicitly account 
for moisture gradients. 
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To overcome the limitation of measuring shrinkage at one relative humidity, a series of tests 
were performed measuring small paste and mortar samples with and without SRA at different 
relative humidities [8].  This response can be used to describe the shrinkage that may be 
expected over a wide range of relative humidities [9-11]. This does however indicate, not 
surprisingly, that shrinkage is not linearly related to relative humidity [8].  The shrinkage of 
the paste can be extended to mortar or concrete using the Pickett [12] or Hobbs [13] 
approaches.   
 
Previous work has been performed to measure relative humidity profiles in concrete.  This 
includes the work of Monfore [14] and Grasley et al. [15] who used resistance based gages to 
measure humidity in vapor filled cavities in concrete, the work of Molina [16] who measured 
relative humidity using chilled mirror technology, and work of Schieβl et al. [17] using 
electrical resistance measurements of concrete to assess the moisture distribution. 
 
Relative humidity measurements in slabs can be complicated by the size of the probe that is 
used to measure the humidity.  Measurements in small cavities with limited vapor volume can 
make it difficult to use techniques that require a substantial air flow rate like chilled mirrors.  
Previous measures of electrical resistance of concrete require two assumptions.  First, that 
there are no hysteretic effects [18, 19] and second, that the resistance is measured at the depth 
of the electrodes.  It can be noted that the first assumption is required since electrical 
measurements measure water content and not relative humidity directly and hysteretic effects 
due to drying and wetting can complicate the interpretation [19].  The second assumption is 
more nebulous as the shape of the electrical field that develops between the two electrodes is 
not symmetric at the plane of the electrodes since more charge will pass through the side 
containing more liquid [19].  As such it may be beneficial to measure the moisture diffusion 
coefficient directly rather than measuring relative humidity profiles and back calculating the 
diffusion coefficient. 
 
One advantage of using desorption measurements to obtain a non-linear diffusion coefficient 
is the fact that the testing can be performed over a much shorter duration than drying of thick 
concrete slabs.  For example, the non-linear diffusion coefficient measured in this paper took 
approximately 5 days to measure after casting and curing which is substantially shorter than 
allowing a concrete slab to dry and back-fitting the diffusion coefficient (which can take 
many many months).  Second, this approach is not subjected so some of the issues that arise 
in attempting to ascertain the correct depth of the relative humidity measurement or the 
influence of a relatively large size cavity on the measured value. 
 
 
2. Research Objective 
 
This paper describes research that is attempting to measure a non-linear moisture diffusion 
coefficient in a mortar.  Mortar was preferred to cement paste to minimize the potential 
impact of different pore size distributions that may occur between pastes and mortars.  In 
addition the mortar was preferred to minimize potential issues that may occur with 
inconsistent mixing action that can be encountered in paste samples.  This paper has three 
main objectives: 
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• First, the paper describes tests on mortar that is dried in a controlled fashion to 
evaluate the non-linear diffusion coefficient following the approach used by 
Anderberg and Wadso [20] and Garbalinska [21], 

• Second, the paper provides data that illustrates the influence of shrinkage reducing 
admixture on the non-linear diffusion coefficient, and  

• Third, the paper will provide a comparison of the relative humidity profile predicted 
using the non-linear diffusion coefficient with a measured relative humidity  profile in 
a slab. 

 
 

3. Relative Humidity Gradient and Cracking Potential 
 
Previous work [9, 10, 22-24] has suggested that the humidity gradient in a slab can be used to 
predict the free shrinkage, stress development, slab cracking, and curling in a thick concrete 
element.  The background for this type of approach can be found in [10, 25]. Figure 1 
schematically illustrates the approach can be taken to utilize the relative humidity profile to 
compute the stress distribution and gradient. Strong dependence of diffusion coefficient on the 
shape and magnitude of the relative humidity profile can result in higher stress gradient and 
increase in cracking potential. 
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Figure 1: Schematically illustrates the approach can be taken to utilize the relative humidity 
and moisture content (W) profile to compute the stress distribution [10]. 
 
 
4. Materials and Methods 
 
Three mortar mixtures were prepared for this study.   The plain mortar had a water to cement 
ratio (w/c) of 0.50 and consisted of 55% aggregate by volume.  The mortars containing 
shrinkage reducing admixture (SRA) had 1% and 5% of the mix water replaced with a SRA 
(denoted as 1% SRA and 5% SRA respectively).  ASTM C150 [7] Type I ordinary portland 
cement (OPC) was used with a Blaine fineness of 370 m2/kg and an estimated Bogue phase 
composition of 56 % C3S, 16 % C2S, 12 % C3A, 7 % C4AF and a Na2O equivalent of 0.68 % 
by mass.  The normal weight aggregate (NWA) was natural river sand with a fineness 
modulus of 2.71, an apparent specific gravity of 2.58, and an absorption of 1.8 % by mass.  
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The SRA was commercially available Tetragaurd AS20.  All of the NWA was oven-dried and 
air-cooled for 24 hr before mixing. The mixing procedure used for the mortar was in 
accordance with ASTM C192-06 [7].  The samples were all tested in a sealed condition unless 
otherwise noted. 
 
The experiments that were performed consist primarily of two specimen geometries.  The first 
sample geometry was used for the diffusivity tests.  This sample consisted of a 0.8 mm thick 
by 6 mm diameter mortar disk that was taken from a larger cylinder that was sealed from the 
time of casting before being exposed to progressive drying at an age of 7 days for 
determination of the moisture diffusivity. The second sample geometry consisted of slab 
specimens (177.8 mm x 254.0 mm x 508.0 mm) with relative humidity sensors embedded at 
four depths (12.7, 25.4, 38.1 and 92 mm) measured from the drying surface.  The slabs were 
exposed to drying at 50 ± 1% at an age of 7 days.  The slab geometry is shown in Figure 2. 
 

 
Figure 2: Slab geometry with one-sided drying 

 
5. Measurements of a Non-Linear Diffusion Coefficient 
 
The samples used for determining the diffusion coefficient were cut from a small cylinder of 
mortar using a high precision wet saw.  The test started approximately 5 minutes after cutting 
the sample. The samples were kept in water. At the start of the test the sample was removed 
from the water and was placed in a clean towel for a few seconds to remove the surface water. 
The sample was then placed in the desorption analyzer. The diffusivity test was performed in 
an automated absorption/desorption analyzer [26, 27] at 23oC in which samples were 
subjected to isothermal desorption at different relative humidities. The first step in the 
isothermal desorption was isothermal conditioning at 97.5 % relative humidity. The samples 
were allowed to equilibrate to 97.5%. After isothermal conditioning at 97.5% the relative 
humidity was decreased in 5% relative humidity increments. Samples at each step of the 
desorption were considered to be at equilibrium when the mass change was smaller than 0.001 
mg for 15 minutes [26].  
 
For a slab geometry with double-sided drying (where the contribution of mass transfer from 
the edges of the sample is  negligible compared to mass transfer from the surface of the slab 
[20, 21, 28]) the mass change due to drying (Mt), at any time (t), can be related to the 
moisture diffusivity, (D), using Equation 1 [20, 21, 28] 
 

Sealed surfaces 

Drying surface 
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where M∞ is the mass change at equilibrium and L is the thickness of the sample.  
 
The diffusivity over each relative humidity step can be obtained from the linear portion of a 
plot of ( )2/ ∞MM t  against ( )22/16 Lt π .  Generally the mortar samples tested exhibited the 
linear portion of their curve between 20 and 80% of the equilibrium mass.  For materials for 
which the diffusivity is a function of relative humidity, Equation 1 can be used provided that 
the diffusivity can be assumed constant during each isothermal desorption step.  In the present 
work since the samples were subjected to 5% change of relative humidity, the diffusivity can 
be assumed constant during each step of desorption. Better results can be obtained by 
decreasing the size of the steps, however the duration of the testing would increase but a 
sensitivity analysis would need to be determined. 
 
Figure 3 illustrates the calculated diffusivity of the 0.8 mm thick specimens (exposed to 2 
sided drying) of plain mortar, and mortar samples with 1 and 5% SRA.  Note that the 
diffusivity at each step is expressed as diffusivity at average relative humidity of that step 
(e.g., the diffusivity of the samples that is equilibrated at 97.5% relative humidity and exposed 
to 92.5% relative humidity is reported as diffusivity at 95%).  The samples with SRA 
demonstrate a lower diffusivity than the plain system at higher relative humidity. This lower 
relative humidity in the SRA system corresponds with a reduced rate of drying (at high 
relative humidity).  This would suggest that plain mortar has a more non-linear moisture 
diffusivity while samples with SRA are more linear with respect to the diffusivity over a large 
range of moisture contents.  This can have substantial implications on the moisture profile, 
shrinkage profile, reduction in curling, drying rate, and microcracking at the surface of the 
slab [29]. 
 
 
6.  Relative Humidity Measurements in Slabs 
 
The internal relative humidity and temperature of the slab was measured at four depths (12.7, 
25.4, 38.1 and 92 mm) in a series of 250 mm hollow shafts (parallel to the surface)  that 
contain I-button sensors [30] that measure temperature and relative humidity. The depth of the 
hollow shaft reported is measured from the exposed surface of the slab to the center of the 
shaft. Slabs were exposed to drying from the top surface. 
 
The I-button data loggers measure the relative humidity with +1.0% and temperature +0.1oC 
accuracy respectively. The advantage of this type of relative humidity sensor is the fact that it 
measures the relative humidity of the air inside the hollow shaft directly which is in 
equilibrium with surrounding materials.  To ensure accuracy of the measurements all the 
sensors were compared to two salt solutions with 87 and 78% relative humidities. The sensors 
were within +1.0% of the expected relative humidity. In addition to calibration, data were 
corrected for saturation drift [30].  
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Figure 3: Moisture diffusivity of mortar samples with different loadings of shrinkage reducing 
admixture (SRA) 
 
At the time of casting the slabs, cylindrical samples (with 2.54 cm diameter and 5.1 cm 
height) were cast from the same materials used to make the slabs and was kept sealed. These 
samples were used to measure the internal relative humidity at 7, 28 and 63 days (two samples 
at each age). The measurements were performed by crushing the samples and placing them in 
an air-tight container against a temperature and relative humidity sensor [26]. These 
measurements were performed to account for the self-desiccation effect which is needed in 
Equation 2. 
 
Figure 4 illustrates the relative humidity of the slabs that have been exposed to drying at an 
age of 7 days (results are based on the average independent measurement in two slabs). It can 
be noticed that the relative humidity appears to remain higher in the samples containing SRA. 
The depth of the sensors is the distance to the center of the hollow shaft (in which sensor in 
placed in) from the surface of the slab. It is expected that the measured relative humidity with 
sensor may be more representative of the top of the hollow shaft.   
 
 
7.  Comparing Slab Measurements with Predictions Using the Diffusion Coefficient 
 
Equation 2 describes the relative humidity as a function of time and position [31-35] 
 

( )
t

HHgradDdiv
t

H s
H ∂

∂
−=

∂
∂                                                                                               (2) 

 
where H is the relative humidity, DH is the moisture diffusivity as a function of relative 
humidity and Hs is the variation of relative humidity due to self-desiccation.  
 
Equation 2 assumes that the contribution of thermal gradients and aging are negligible [33]. 
The second term on the right-hand-side of Equation 2 is the contribution of self-desiccation 
[33]. The self-desiccation term in the present work is measured independently from crushed 
samples as described above. The boundary conditions at the sealed (bottom) surface of the 
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slab and top (exposed to drying) surface of the slab can be expressed by 0/ =∂∂ xH  and 
50.0=H   respectively. The initial condition of the slab at drying (i.e., humidity at 7 days) is 

obtained by measuring the internal relative humidity of the crushed samples. 
 

 
Figure 4: Change of internal relative humidity of slabs at different depth measured from 
exposed surface of the slab, (a) plain mortar, (b) mortar containing 5% shrinkage reducing 
admixture (SRA) 
 
A non-linear finite difference scheme [33, 36, 37] was used. To effectively capture the non-
linearity caused by the diffusivity, Crank-Nicolson (central difference) scheme was used. 
Crank-Nicolson scheme is stable [33, 36, 37] and effective in capturing non-linearities caused 
by strong dependence of diffusivity on relative humidity. In using this scheme any oscillations 
around the exact solution can be avoided by decreasing the time increments. In each time step 
the first solution was obtained by time lagging the diffusivity one time step and then 
improving the solution by subsequent iterations. In subsequent iterations, a weighted average 
diffusivity of the last two iterations was used. This method of averaging is known as modified 
Picard iterations [38] and requires less number of iterations in each time step.  
 
Figure 5 illustrates the comparison of the experimentally obtained relative humidity at 
different locations and the numerically obtained profiles using the non-linear diffusivity 
coefficients.  
 
 
8. Implications of Differences in Relative Humidity Profiles 
 
Results of the non-linear diffusion coefficient can be used to describe moisture distribution at 
early ages and its potential impact on microcracking, curling and through cracking.  The 
SRA’s, especially at 5% show a reduced rate of drying.  This is confirmed with less mass loss.   
This work may also provide insight on microcracking and damage localization that ultimately 
leads to through cracking in restrained elements.  Acoustic emission has shown that the 
inclusion of SRA substantially reduces the acoustic activity due to microcracking in the 
specimens that contain 5% SRA as compared with the plain mixture. 
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Figure 5:  Comparison of the experimentally measured relative humidity and numerically 
obtained relative humidity profile, (a) illustration of location of the sensors and boundary 
conditions of the slab, (b) plain mortar, (c) mortar with 5% shrinkage reducing admixture  
(SRA) 
 
 
9. Conclusions 
 
This paper examined the role of SRAs on the relative humidity profile that develops in a 
drying mortar.  The paper begins by describing the measurement of desorption spectra to 
obtain the moisture diffusivity of plain mortar and mortar containing SRA.  The paper uses 
these non-linear diffusion coefficients to predict the moisture profiles that would be expected 
to occur in drying slabs.  The results indicate that SRA dries more slowly at high relative 
humidities (liquid diffusion) however this trend may be reduced for lower relative humidities 
when the vapor diffusion prevails.  The relative humidity profiles computed using the non-
linear diffusion coefficient were directly compared with independently measured relative 
humidity in slabs.  A reasonable comparison was observed given the issues associated with 
errors in relative humidity depth location and the shortcomings of using a non-aging 
coefficient.  The implications of this approach could be more rapid indications of relative 
humidity profiles in concrete as well as explanations of shrinkage, stress and cracking 
distributions throughout the sample cross section.  
 
 
10. Acknowledgements 
 
The authors gratefully acknowledge the support of BASF, the Construction Chemical 
Company. This work was conducted in the Charles Pankow Concrete Materials Laboratory at 
Purdue University. As such, the authors gratefully acknowledge the support which has made 
this laboratory and its operation possible. 
 



International RILEM Conference on Use of Superabsorbent Polymers and Other New Additives in Concrete 
15-18 August 2010, Technical University of Denmark, Lyngby, Denmark 

 

8. References 
 
[1] Sato, T., Goto, T., and Sakai, K., 'Mechanism for Reducing Drying Shrinkage of 

Hardened Cement by Organic Additives,' CAJ Review, (1983) 52-54. 
[2] Tomita, R., Simoyama, Y., and Inoue, K., 'Properties of hardened concrete 

impregnated with cement shrinkage reducing agent,' CAJ Review, (1986) 314-317. 
[3] ACI.Committee.231, 'Report on Early-Age Cracking: Causes, Measurement, and 

Mitigation,' American Concrete Institute ACI 231R-10, 2010. 
[4] Nmai, C., Tomita, R., Hondo, F., and Buffenbarger, J., 'Shrinkage reducing 

admixtures,' Concr. Int.,  20 (4)(1998) 31-37. 
[5] Shah, S.P., Weiss, W.J., and Yang, W., 'Shrinkage cracking – can it be prevented?,' 

Concr. Int.,  20 (4)(1998) 51-55. 
[6] Weiss, J. and Berke, N.S., 'Shrinkage reducing admixtures,' in Early age cracking in 

cementitious systems, RILEM state-of-the-art report—Report 25, A. Bentur, Ed., ed 
Bagneux, France: RILEM, 2002. 

[7] Annual Book of ASTM Standards. West Conshohocken, PA: American Society for 
Testing and Materials, ASTM International, 2009. 

[8] Weiss, J., Lura, P., Rajabipour, F., and Sant, G., 'Performance of shrinkage-reducing 
admixtures at different humidities and at early ages,' ACI Mater. J.,  105 (5) Sep-Oct 
(2008) 478-486. 

[9] Bazant, Z.P., Ed., Fourth RILEM International symposium on Creep and Shrinkage of 
Concrete: Mathematical Modeling Northwestern University, 1986. 

[10] Weiss, W.J., 'Prediction of early-age shrinkage cracking in concrete,' Ph.D., Civil 
Engineering, Northwestern University, Evanston, IL, 1999. 

[11] Moon, J.H., 'Shrinkage, Residual Stress, and Cracking in Heterogeneous Materials,' 
Ph.D., Civil Engineering, Purdue University, West Lafayette, IN, 2006. 

[12] Pickett, G., 'Shrinkage stresses in concrete,' Mater. Struct.,  42 (8)(1946) 165-204. 
[13] Hobbs, D.W., 'Influence of aggregate restraint on the shrinkage of conrete,' ACI 

Journal,  71-30 (1974) 445-450. 
[14] Monfore, G.E., 'A small probe-type gauge for measuring relative humidity,' Journal of 

the PCA Research and Development Laboratories,  5 (2)(1962). 
[15] Grasley, Z.C., Lange, D.A., and D'Ambrosia, M.D., 'Internal relative humidity and 

drying stress gradients in concrete,' Mater. Struct.,  39 (9) Nov (2006) 901-909. 
[16] Molina, L., 'Measurement of high humidity in cementitious material at an early age,' 

Swedish Cement and Concrete Research Institute, Stockholm, Sweden1990. 
[17] Schielβl, A., Weiss, W.J., Shane, J.D., Berke, N.S., Mason, T.O., and Shah, S.P., 

'Assessing the moisture profile of drying concrete using impedance spectroscopy,' 
Concr. Sci. Eng.,  2 (2000) 106-116. 

[18] Elkey, W. and Sellevold, E.J., 'Electrical resistivity of concrete,' Norwegian Road 
Research Laboratory1995. 

[19] Rajabipour, F., 'Insitu electrical sensing and materials health monitoring in conrete 
structures,' Ph.D., Civil Engineering, Purdue University, West Lafayette, IN, 2006. 

[20] Anderberg, A. and Wadso, L., 'Method for simultaneous determination of sorption 
isotherms and diffusivity of cement-based materials,' Cem. Concr. Res.,  38 (1) Jan 
(2008) 89-94. 



International RILEM Conference on Use of Superabsorbent Polymers and Other New Additives in Concrete 
15-18 August 2010, Technical University of Denmark, Lyngby, Denmark 

 

[21] Garbalinska, H., 'Application of root t-type, logarithmic and half-time methods in 
desorptive measurements of diffusivity in narrow humidity ranges,' Cem. Concr. Res.,  
36 (7) Jul (2006) 1294-1303. 

[22] Moon, J.H. and Weiss, J., 'Estimating residual stress in the restrained ring test under 
circumferential drying,' Cem. Concr. Compos.,  28 (5) May (2006) 486-496. 

[23] Weiss, W.J., Yang, W., and Shah, S.P., 'Shrinkage cracking of restrained concrete 
slabs,' J. Eng. Mech.,  124 (7) Jul (1998) 765-774. 

[24] Weiss, W.J., Yang, W., and Shah, S.P., 'Influence of specimen size/geometry on 
shrinkage cracking of rings,' J. Eng. Mech.,  126 (1) Jan (2000) 93-101. 

[25] Bazant, Z.P., 'Material Models for Structural Creep Analysis,' in Mathematical 
Modeling of Creep and Shrinkage of Concrete, Z. P. Bazant, Ed., ed New York: John 
Wiley and Son Ltd, 1988. 

[26] Castro, J., Lura, P., Rajabipour, F., and Weiss, J., 'Internal curing: discussion on the 
role of pore solution on relative humidity measurements and desorption of lightweight 
aggregate (LWA) ' in Advances in the Material Science of Concrete. vol. SP-270, J. H. 
Ideker and A. Radlinska, Eds., ed Chicago, IL: American Concrete Institute, 2010. 

[27] Instruments, T., 'Dynamic Vapor Sorption Analysis: Q5000 SA,' 
http://www.tainstruments.com2010. 

[28] Crank, J., The Mathematics of Diffusion, 2nd ed. New York: Oxford University Press, 
1980. 

[29] Neithalath, N., Pease, B.J., Moon, J.H., Rajabipour, F., Weiss, J., and Attiogbe, E., 
'Considering moisture gradients and time-dependent crack growth in restrained 
concrete elements subjected to drying,' in High Performance Cement Based Concrete 
Composites, J. J. Bernacki, et al., Eds., ed Chennnai, India: American Ceramics 
Society, 2005, pp. 279-290. 

[30] Maxim, 'Data Logger, Temperature/Humidity Loggers, and Sensors,' Sunnyvale, CA, 
2010. 

[31] Bazant, Z.P. and Kim, J.K., 'Consequences of Diffusion-Theory for Shrinkage of 
Concrete,' Mater. Struct.,  24 (143) Sep (1991) 323-326. 

[32] Bazant, Z.P., Kim, J.K., and Panula, L., 'Improved Prediction Model for Time-
Dependent Deformations of Concrete .1. Shrinkage,' Mater. Struct.,  24 (143) Sep 
(1991) 327-345. 

[33] Bazant, Z.P. and Najjar, L.J., 'Nonlinear water diffusion in nonsaturated concrete,' 
Mater. Struct.,  5 (25)(1972) 3-20. 

[34] Xi, Y.P., Bazant, Z.P., and Jennings, H.M., 'Moisture Diffusion in Cementitious 
Materials - Adsorption-Isotherms,' Adv. Cem. Based Mater,  1 (6) Nov (1994) 248-
257. 

[35] Xi, Y.P., Bazant, Z.P., Molina, L., and Jennings, H.M., 'Moisture Diffusion in 
Cementitious Materials - Moisture Capacity and Diffusivity,' Adv. Cem. Based Mater,  
1 (6) Nov (1994) 258-266. 

[36] Crank, J. and Nicolson, P., 'A Practical Method for Numerical Evaluation of Solutions 
of Partial Differential Equations of the Heat-Conduction Type,' Proceedings of the 
Cambridge Philosophical Society,  43 (1)(1947) 50-67. 

[37] Ozisik, M.N., Finite Difference in Heat Transfer. London: CRC Press, 1994. 
[38] Pour-Ghaz, M., 'A novel approach for practical modelling of steel corrosion in 

concrete,' M.A.Sc, Civil Engineering, Carleton University, Ottawa, Canada, 2007. 



Castro J. Spragg R. and Weiss J.   Draft Manuscript Submitted to ASCE  February 22, 2011 

 1 

Water Absorption and Electrical Conductivity for Internally Cured Mortars with a W/C 1 

between 0.30 and 0.45  2 

 3 
Javier Castro

1
, Robert Spragg

2
, and Jason Weiss

3 
4 

 5 

Abstract: Internal curing has emerged over the last decade as an approach to counteract the 6 
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Specifically much of the early research on internal curing focused on the reduction of autogenous 8 

shrinkage. Recent work has however demonstrated that internal curing can also be beneficial in 9 

reducing drying shrinkage cracking, reducing the propensity for thermal cracking, reducing fluid 10 

absorption and reducing ion diffusion in concrete. However several aspects of internal curing 11 

still require closer examination. One of these aspects is the application of internal curing for 12 
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BACKGROUND ON INTERNAL CURING 1 

 2 

Internal curing has emerged over the last decade as a method to improve the performance of low 3 

water to cement ratio (w/c) mixtures [Rilem 2007, ACI SP-256 2008, ACI Committee 231 2010, 4 

INDOT 2010, Bentz and Weiss 2011].  Specifically, internal curing refers to the use of prewetted 5 

lightweight aggregate or other water filled inclusions such as Super Absorbent Polymers (SAP) 6 

or cellular fibers that can provide curing water throughout the cross section of the concrete.  This 7 

differs from conventional water curing where water is provided after placement and where the 8 

water is applied only at the surface of the concrete. Internal curing was originally promoted to 9 

reduce autogenous shrinkage and autogenous shrinkage cracking [Bentz and Snyder 1999, 10 

Jensen and Hansen 2001a, Jensen and Hansen 2001b, Jensen 2005, Cusson and Hoogeveen 11 

2008, Lopez et al. 2009]. However its potential benefits include reducing drying shrinkage 12 

cracking [Henkensiefken et al. 2008, Henkensiefken et al. 2009a], reducing the likelihood of 13 

thermal cracking [Schlitter et al. 2010, Byard et al. 2010] and reducing the likelihood of plastic 14 

shrinkage cracking [Henkensiefken et al. 2010].  Internal curing can also improve the freeze-15 

thaw resistance [INDOT 2010], increase the resistance to fluid absorption [Bentz and Snyder 16 

1999, Henkensiefken et al. 2009b, Peled et al. 2010] and reduce ion diffusion [Bentz 2009] in 17 

concrete. Internal curing has great potential for the concrete industry to create a longer lasting, 18 

more sustainable product. Several aspects of internal curing still require closer examination. One 19 

of these aspects is the use of internal curing for mixtures containing over a wider range of water 20 

to cement ratios (w/c) (e.g., mixtures with a w/c between 0.30 and 0.45). 21 

   22 

To fully understand how internal curing works we need to first realize that the hydration of 23 

cement paste causes a volume reduction which is known as chemical shrinkage [Le Chatelier 24 

1900, Powers 1935, L’Hermite 1960].  While chemical shrinkage starts at the time the water 25 

comes in contact with the cement, it has a different impact on the system before and after the 26 

paste sets.  Before set, the chemical shrinkage causes bulk shrinkage of the cement paste that is 27 

equal to the total external volume change.  After set, however, the cement paste becomes stiff 28 

enough to resist a portion of the volume change caused by chemical shrinkage [Barcelo et al. 29 

1999, Sant et al. 2006]. Contact between the cement particles does not permit this volume 30 

reduction to occur. As a result, vapor-filled pockets form inside the cement paste in the largest 31 
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pores [Jensen and Hansen 2001b, Couch et al. 2006, Lura et al. 2009].  This is known as self-1 

desiccation.  2 

 3 

Chemical shrinkage occurs in all cementitious materials, irrespective of the w/c [Geiker 1983]. In 4 

low w/c mixtures, these vapor filled cavities can result in substantial relative humidity reduction 5 

and shrinkage since the vapor filled cavities form in relatively small pores with a small radius of 6 

curvature [Bentz and Jensen 2006, Radlinska et al. 2008, Lura et al. 2009].  In higher w/c 7 

mixtures those vapor filled spaces also develop however they occur in much larger pores with 8 

less impact on volume change. As a result, it has been thought that many of the higher w/c 9 

system would not see as much benefit from internal curing. 10 

 11 

Lightweight aggregate are used as a water reservoir that can provide water to replenish the empty 12 

pore volume that is created by the chemical shrinkage occurring during hydration.  Since water is 13 

removed from large pores to small pores, the ideal lightweight aggregate would have pore sizes 14 

larger that the pore size that develops the cement paste due to chemical shrinkage [Bentz 2009, 15 

Castro et al. 2010a].  This is the case for many commercially available expanded clays, slates or 16 

shales [Castro et al. 2010a]. 17 

 18 

APPROACHES FOR MIXTURE PROPORTIONING INTERNALLY CURED 19 

CONCRETE 20 

 21 

The design of concrete for internal curing requires that a sufficient amount of water is placed in 22 

the concrete to aid in hydration and to overcome the effects of self-desiccation. Different 23 

approaches had been used during the recent years to determine and quantify the amount water 24 

needed for internal curing. Two of the most widely used approaches are discussed here. 25 

 26 

Bentz and Snyder Approach  27 

 28 

Bentz and Snyder [1999] developed an approach to determine the volume of prewetted LWA 29 

that should be use to “ensure adequate water for complete curing of concrete, which means that 30 

the cement reaches the maximum degree of hydration that is possible, given the space limitation 31 
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for forming hydration products in low w/c systems”.  It is based on the concept of filling the 1 

volume reduction of chemical shrinkage with water from the lightweight aggreagate. [Bentz et 2 

al. 2005]. This approach was first published by Bentz and Snyder [1999] as shown in Equation 1: 3 

 4 

LWA

f

LWA
S

CSC
M










max       (Equation 1) 5 

 6 

where MLWA (kg/m
3
) is the mass of LWA (in a dry state) that needs to be water filled to provide 7 

water to fill in the voids created by chemical shrinkage, Cf (kg/m
3
) is the cement content of the 8 

mixture, CS (ml of water per g of cement) is the chemical shrinkage of the cement, αmax 9 

(unitless) is the expected maximum degree of hydration: [(w/c)/0.36] for w/c below 0.36 and 1 10 

for w/c higher than 0.36, ΦLWA (kg of water/kg of dry LWA) is the absorption capacity of the 11 

LWA (taken here as the 24 h absorption value), and S (unitless) is the expected degree of 12 

saturation of the LWA, expressed as a function of the taken absorption value (ΦLWA). Water 13 

absorption and S values from the most used LWA in America were previously reported by 14 

Castro et al. [2010a].  15 

 16 

In theory, this approach may over estimate the amount of water required for internal curing, 17 

because it does consider the volume change that occurs before set [Henkensiefken 2009], 18 

however this approach is preferred due to its simplicity.  19 

 20 

Jensen and Hansen approach  21 

 22 

Jensen and Hansen [2001a] developed an approach to proportion internally cured mixtures with 23 

the intention of limiting the negative effects of self desiccation in cementitious systems by 24 

maximizing the volume of cement that can react. The equations were developed based on the 25 

Powers’ model to calculate the minimum amount of water that needs to be stored (entrained) to 26 

enable the maximum degree of hydration. It has been published by Jensen and Hansen [2001a] 27 

and is shown in Equation 2: 28 
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 3 

where (w/c)e is the amount of additional water for internal curing, expressed as gram of water by 4 

gram of cement, and the (w/c) is the original water to cement ratio of the system. 5 

 6 

EXTENSION OF INTERNAL CURING TO HIGH W/C SYSTEMS 7 

 8 

Figure 1 (after Bentz et al. 2005) illustrates both approaches as a function of the w/c.  It can be 9 

seen that below a w/c of 0.36 both approaches are identical.  The Bentz approach adds water to 10 

fill all the chemical shrinkage volume which causes it to stay constant above w/c of 0.36 while 11 

the Jensen approach considers only adding the water needed for full hydration which results in 12 

the water recommended decreasing above a w/c of 0.36. 13 

 14 

It should be noted that both approaches assume that all the mixing water will be accessible to 15 

react with the un-hydrated cement.  Issues associated with the distance that the water needs to 16 

travel or a lack of adequate mixing are not considered.  These two issues may decrease the 17 

amount of hydration that occurs and may increase the porosity of the system and its connectivity.  18 

 19 

 20 

RESEARCH OBJECTIVES 21 

 22 

The objective of this research is to examine the potential benefits of internal curing in mortar 23 

systems with w/c from 0.30 to 0.45. In particular this research will evaluate the benefits in terms 24 

of water absorption and electrical conductivity on systems with w/c of 0.30, 0.36, 0.42 and 0.45. 25 

 26 
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MATERIALS 1 

 2 

An ASTM C150 Type I ordinary portland cement (OPC) was used in this study, with a Blaine 3 

fineness of 370 m
2
/kg and an estimated Bogue composition of 56 % C3S, 16 % C2S, 12 % C3A, 4 

7 % C4AF and a Na2O equivalent of 0.68 % by mass.  5 

 6 

The sand used was natural river sand with a fineness modulus of 2.71, an apparent specific 7 

gravity of 2.58, and water absorption of 1.0 % by mass.  Portions of the normal weight sand were 8 

replaced with expanded shale with a fineness modulus of 3.10 and a specific gravity of 1.45 9 

(LWA).  The 24 hour absorption of the LWA was determined to be 17.5 % according to the 10 

paper towel method [NYDOT 2008, Castro et al. 2010]. 11 

 12 

Mixture proportioning 13 

 14 

Twenty different mixtures were prepared.  The mortars had a single volume fraction of fine 15 

aggregate (55% of the total volume) and different w/c (0.30, 0.36, 0.42, and 0.45). For each 16 

system LWA was used as a replacement of NWA at five different levels of normal weight sand 17 

(NWA): 0 %, 25 %, 50 %, 75 % and 100 % of the values calculated using Equation 1.  It is 18 

important to note that replacement is on a total volume basis, the volume of aggregate (LWA and 19 

sand) remained constant at 55 % since only the sand was replaced with LWA.  A list of the 20 

mixture proportions can be found in Table 1. 21 

 22 

Mixing procedure 23 

 24 

The mixing procedure used for the mortar was in accordance with ASTM C305 [ASTM 2006]. 25 

The LWA was oven dried, air cooled, and then submerged in water for 24 ± 1 h prior to mixing.  26 

The volume of water used to submerge the LWA included both mixing water and the water the 27 

LWA would absorb in 24 h.  The excess water (water not absorbed in 24 h) was then decanted 28 

and used as the mixing water.  The normal weight sand was oven dried and cooled for 24 h 29 

before mixing.  For the plain mortar mixtures and the pastes, the water and cement were 30 

conditioned for 24 h at room temperature. 31 
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 1 

EXPERIMENTAL METHOD PROCEDURES 2 

 3 

Water absorption 4 

 5 

Six 100 mm × 200 mm cylinders were cast for water absorption testing for each mixture.  After 6 

one day of curing, the samples were demolded and then sealed in a double layer of plastic bags 7 

for sealed curing. Bags were stored at 23 ± 1 °C until samples reached an age of 90 d. At that 8 

point the cylinders were removed from the bags and three 50 mm ± 2 mm thick samples were cut 9 

from the central portion of each cylinder using a wet saw.   10 

 11 

After cutting, samples were conditioned by placing them in environmental chambers at 23 ± 0.5 12 

°C and at two different relative humidities (65 ± 1 % and 80 ± 1 %). Samples were conditioned 13 

in the environmental chamber for a period of 9 months. 14 

 15 

Once the samples were removed from the chambers the side surface (i.e. outer circumference) 16 

was sealed with aluminum tape and the top surface was covered with plastic to avoid evaporation 17 

from the sample during testing.  After the samples were prepared, absorption testing was 18 

conducted in accordance with ASTM C1585 [ASTM 2004], with the exception of the 19 

conditioning method described above.  20 

 21 

It should be noted, the effect of internal curing can be increased under sealed conditions 22 

employed in this study as compared with other curing conditions (unsealed curing or curing 23 

under lime water). In sealed curing, the internally cured specimens will have a greater amount of 24 

water available for hydration and will likely hydrate further. This will lead to a denser 25 

microstructure with lower transport coefficients. The authors considered that the sealed curing 26 

condition can represent appropriately the field conditions, and can also isolate the effect of 27 

internal curing on the specimens. However, the authors also consider that differences in the 28 

curing conditions for both internally and not internally cured specimens can affect the 29 

performance of the specimens. 30 

 31 
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 1 

Electrical impedance 2 

 3 

Electrical conductivity of mortar samples was measured using cylindrical specimens (70 mm 4 

height and 35 mm diameter). Two 2.5 mm diameter rods spaced 20 mm were embedded 5 

longitudinally inside each mold (Figure 2). 6 

 7 

A Solartron 1260
TM 

Impedance Gain-Phase analyzer measured the impedance response of each 8 

specimen. The measurements were made over a frequency range from 1 MHz to 1 Hz, using a 9 

100 mV AC signal.  Measurements were performed at 3 d, 7 d, 90 d and 365 d. 10 

 11 

The electrical conductivity was obtained from the measured bulk resistance according to 12 

Equation 3.  13 

 14 

R

k
          (Equation 3) 15 

 16 

where σ is the conductivity (S/m), k is the geometry factor (1/m), and R is the bulk resistance 17 

(ohm). A geometry factor of k = 22.15/m was determined in this research for the used molds.  18 

 19 

A modified parallel model is normally used to describe the electrical conductivity of the concrete 20 

[McCarter and Brousseau 1990, Rajabipour 2006]. Since the conductivity of liquid phase is 21 

several orders of magnitude higher that the conductivity of solid and vapor phases, concrete is 22 

normally considered as a composite material with a single conductive component and the 23 

modified parallel model can be simplified to Equation 4.  It should be noted that this typically 24 

assumes only the fluid phase is conductive.  For internally cured concrete mixtures however the 25 

water in the LWA may also be conductive and the implications of this will be discussed later in 26 

the paper. 27 

 28 

  ooo           (Equation 4) 29 

 30 
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 1 

where: 2 

 3 

o  = Conductivity of the pore solution, sigma notch (S/m) 4 

o  = Volume fraction of pore solution (unitless) 5 

o  = Connectivity of pores structure (unitless) 6 

 7 

EXPERIMENTAL RESULTS AND DISCUSSION 8 

 9 

Water absorption 10 

 11 

Figure 3 shows the cumulative absorbed water in the samples that were 1 year old (3 months of 12 

sealed curing and 9 months of conditioning) after 8 d of testing for samples conditioned at 65 % 13 

and 80 % relative humidity. Figure 4 show the initial sorptivity (i.e., related to the rate of water 14 

absorption) for samples conditioned at 65 % and 80 % relative humidity calculated as the slope 15 

of the absorption vs. the square root of time during the first six hours of test.  Figure 5 show the 16 

secondary sorptivity for samples conditioned at 65 % and 80 % relative humidity calculated as 17 

the slope of the absorption vs. the square root of time from the second to the eight day of test.   18 

 19 

From Figures 3 to 5 it can be noticed that the water absorption is very sensitive to both the 20 

relative humidity at which the specimens were pre-conditioned before testing [Castro et al. 2011] 21 

and the w/c of the systems. Samples conditioned at 65 % relative humidity show higher values 22 

than similar samples conditioned at 80 % relative humidity. Samples from the mixtures with a 23 

higher w/c show higher absorption values compared with samples with lower w/c, both 24 

conditioned at the same relative humidity.   25 

 26 

These trends can be explained by the fact that water ingress in unsaturated concrete is dominated 27 

by capillary suction upon initial contact with water [Hall 1989]. Capillary absorption can be 28 

related to the volume of the pores as well as the size of empty capillary pores. Then, system with 29 

higher w/c will have a greater proportion of capillary pores. The relation between the 30 

equilibrated relative humidity and the radius of the smallest empty pore is given by the Kelvin-31 
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Laplace equation. Using this equation it is possible to calculate that these capillary pores are 1 

filled with water vapor at relative humidities above 80 %. 2 

 3 

As such, the relative humidity used to condition the sample prior to the sorption test and the w/c 4 

of the system can have a significant impact on the results. The higher the w/c of the system, the 5 

greater the total volume of capillary pores. The lower the relative humidity, the greater the total 6 

volume of pores that are empty and available to be filled with water during the sorption test. 7 

Further, the lower humidity will empty smaller pores, creating a higher suction force in the 8 

materials and resulting in a greater sorption rate and a larger overall total absorption. 9 

 10 

From Figures 3 to 5 it can also be seen that the total volume of water and the rate of absorbed 11 

water decrease when a higher amount of LWA is used. This observation is independent of both 12 

the relative humidity used for conditioning and the w/c of the system. Even more, it can be 13 

observed that proportionally a greater benefit is obtained in those mixtures containing the highest 14 

w/c.  15 

 16 

When water leaves the pores of the LWA it is available in the cement paste to enable additional 17 

hydration.  This additional hydration results in a paste microstructure that is more dense which 18 

has a large impact on the cement paste matrix [Henkensiefken et al. 2009b]. Internal curing 19 

water can also increase the hydration of the areas surrounding the LWA [Henkensiefken et al. 20 

2009b] producing a more dense ITZ [Zhang and Gjørv 1990, Elsharief et al. 2005]. Considering 21 

that the Interfacial Transition Zone (ITZ) of the normal weight aggregate (NWA) could be 22 

percolated across the 3D microstructure, the inclusion of the LWA could depercolate these ITZ 23 

pathways [Winslow et al. 1994, Bentz 2009, Peled et al. 2010].  If LWA, with the denser ITZ it 24 

creates, were added to the system, the NWA ITZ may not be as percolated, resulting in a lower 25 

absorption. As more LWA is used, the potential for percolation of the normal weight aggregate 26 

ITZ also decreases. If enough LWA is used, the ITZ of the NWA would depercolate [Bentz 27 

2009].  For this reason, it could be expected that the absorption of mortars with LWA could be 28 

lower, even in system with a high w/c.  29 

 30 
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The benefits of internal curing are most dramatic for specimens in the sealed condition used in 1 

the study (as compared with curing under lime water).  Under sealed conditions the internally 2 

cured specimens have a greater amount of water available for hydration than the plain samples.  3 

This increased hydration produces a more dense microstructure with lower transport coefficients 4 

(Bentz and Stutzman). The sealed curing condition is likely however a good representation for 5 

field concrete that uses a curing compound. 6 

 7 

Electrical impedance 8 

 9 

Figure 6 shows the electrical conductivity of sealed samples at the age of 3, 7, 90 and 365 days 10 

after casting. The systems with higher w/c have a higher conductivity due mainly to the higher 11 

volume of pore fluid as described by equation 4. The conductivity decreases with the time due to 12 

continued hydration which reduces the volume of conductive pore fluid by hydration which also 13 

makes the conduction path more tortuous. 14 

 15 

The mixture with a w/c of 0.30 shows that internal curing results in a reduction of the measured 16 

conductivity which can be explained by the effect of the water provided for internal curing which 17 

helps to increase the hydration of the areas surrounding the LWA [Henkensiefken et al. 2009b]. 18 

However, in the systems with higher w/c an increase in the LWA content increases the electrical 19 

conductivity at early ages. This may be explained by the fact that these systems have water 20 

contained in the LWA particles that remains for a longer time in the LWA pores without reacting 21 

with the un-hydrated cement. As a result, the total amount of fluid in the system will be 22 

increased with additional LWA, thereby increasing the measured electrical conductivity of the 23 

samples.  24 

 25 

As the samples hydrate (e.g. at 90 days), the system with w/c = 0.36 starts to show the benefits of 26 

internal curing, decreasing the conductivity. At this time, the systems with higher w/c still show 27 

higher conductivity with the use of LWA (again due to the additional water in the system). 28 

Finally at the age of 365 days, all the systems show the benefits of the use of internal curing. At 29 

this age a considerable reduction of the measured electrical conductivity can be observed.  30 

 31 
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The water for internal curing requires longer times to leave the LWA pores in the higher w/c 1 

systems due to the lack of a driving force (which is the under pressure build up due to self 2 

desiccation in the case of a low w/c system). However, at some point, the smaller pores of the 3 

cement paste will develop a meniscus which will make the water move from the LWA pores to 4 

the cement paste. Eventually, this water will react with the un-hydrated cement to increase the 5 

amount of hydration products reducing both the total porosity and the fluid filling the pores of 6 

the system. This will produce a reduction on the measured electrical conductivity.  7 

 8 

A direct comparison of electrical conductivity of the system containing different w/c presents 9 

some difficulties, mainly because the complications associated with determining the volume 10 

fraction of pore solution at different ages. For this reason, after the electrical conductivity of the 11 

samples was measured in a sealed condition at the age of 365 d, samples were vacuum saturated 12 

for 24 hours using tap water. After saturation, electrical conductivity was measured again and 13 

results are shown in Figure 7. 14 

 15 

The conductivities presented in Figure 7 are proportional to the total volume of accessible pores 16 

and their connectivity through the samples. These are parameters that can be used to describe the 17 

transport of fluid in concrete [Rajabipour and Weiss 1997]. Then, Figure 7 shows that using 18 

internal curing on systems with high w/c help to reduce the connectivity of the porosity, which 19 

helps to reduce the fluid transport in concrete.   20 

 21 

Comparing Figures 6d) and 7 it can be observed that the electrical conductivity increases when 22 

samples were re-saturated. It can be explained by the fact that resaturation results in a higher 23 

volume of pore fluid as described by equation 4. However it is important to note that sample re-24 

saturation does not seem to fill the LWA pores, because an increment of conductivity with the 25 

percentage of LWA is not observed.  26 

 27 

Empirical relations for water absorption and electrical conductivity 28 

 29 

Analyzing the data from Figures 3, 4 and 5 it is possible to obtain an empirical relationship for 30 

the cumulative absorption, the initial and secondary sorptivity which is presented in Equation 5. 31 
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From Figure 7 it is possible to obtain an empirical relationship for the saturated electrical 1 

conductivity, which is presented in Equation 6. 2 

 3 

)(exp)/( 31
2 ICCcwCequationsAbsorption

C
   (Equation 5) 4 

 5 

 ]))/([(exp])/([ 7654 ICCcwCCcwCtyConductivi   (Equation 6) 6 

 7 

where “w/c” is the water to cement ratio (e.g. 0.36), “IC” is the internal curing percentage from 8 

Equation 1 (e.g. IC = 50 is 50% of the IC water predicted from equation 1), and C1, C2, C3, C4, 9 

C5, C6 and C7 are the regression constants the values of which are included in Table 2.  10 

 11 

Figure 8 illustrates the proportional reduction of water absorption, initial sorptivity and 12 

secondary sorptivity on the internally cured samples. Figure 9 illustrates the proportional 13 

reduction on electrical conductivity of 1-year old saturated internally cured samples. 14 

 15 

From Figure 8 it can be seen that when LWA is added according to the Bentz and Snyder 16 

approach (equation 1), the internally cured system shows an average reduction of 55 % in the 17 

initial sorptivity and the 8-days cumulated absorption, and 70 % in the secondary sorptivity, 18 

independently of the relative humidity at which the samples were conditioned prior testing. From 19 

Figure 9 it can be seen that internal curing is more efficient to reduce the electrical conductivity 20 

in high w/c systems that in low w/c systems. A reduction of 40 % in conductivity is observed on 21 

the system with w/c of 0.30, but a reduction of 75 % is observed on the system with w/c of 0.45.  22 

 23 

CONCLUSIONS 24 

 25 

A series of twenty mortars were prepared to evaluate the effect of internal curing on the fluid 26 

transport properties of mortars over a range of w/c’s. The effect of internal curing was evaluated 27 

using water absorption and electrical conductivity measurements.  28 

 29 

The total absorbed water was reduced when the level of internal curing was increased. This 30 

reduction in water absorption was known for the system with the low w/c, but the results show 31 
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that the benefits are extendible to systems with higher w/c. These benefits were also observed in 1 

reducing the rate of water absorption showing a lower initial and secondary sorptivity. An 2 

average maximum reduction of 55 % was observed in both the initial sorptivity and cumulated 3 

absorption and a maximum reduction of 70 % was observed in the secondary sorptivity. 4 

 5 

Electrical conductivity tests, performed in sealed samples a year after casting, show a benefit in 6 

the use of internal curing in mortar systems containing low w/c as expected, but also in systems 7 

with higher w/c. The effect of internal curing is proportionally larger in samples prepared with 8 

the highest w/c.  A reduction of 40 % is observed on the system with w/c of 0.30, this reduction 9 

was observed to increase to 75 % on the system with w/c of 0.45.  10 

 11 

The benefits of internal curing are most dramatic for specimens in the sealed condition used in 12 

the study as compared with curing under lime water.  Under sealed conditions the internally 13 

cured specimens have a greater amount of water available for hydration than the plain samples.  14 

This increased hydration produces a more dense microstructure with lower transport coefficients.  15 

 16 

Precaution are needed for interpreting the electrical properties of IC concrete at an early age due 17 

to the higher amount of fluid present in system when prewetted LWA is added. 18 

 19 
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Table 1. Mixture Proportions for the Internally Cured Mixtures. 1 

% LWA Cement Mixing Water NWA, SSD LWA, Dry IC Water

from Eq. 1 (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) NWA LWA Total

0% 727.0 218.1 1429.7 0.0 0.0 55.0 0.0 55.0

25% 727.0 218.1 1330.2 55.4 9.7 51.2 3.8 55.0

50% 727.0 218.1 1230.6 110.8 19.4 47.3 7.7 55.0

75% 727.0 218.1 1131.1 166.2 29.1 43.5 11.5 55.0

100% 727.0 218.1 1031.5 221.6 38.8 39.7 15.3 55.0

0% 662.6 238.6 1419.7 0.0 0.0 55.0 0.0 55.0

25% 662.6 238.6 1320.9 60.6 10.6 50.8 4.2 55.0

50% 662.6 238.6 1212.0 121.2 21.2 46.6 8.4 55.0

75% 662.6 238.6 1103.1 181.8 31.8 42.4 12.6 55.0

100% 662.6 238.6 994.2 242.4 42.4 38.2 16.8 55.0

0% 608.7 255.7 1429.7 0.0 0.0 55.0 0.0 55.0

25% 608.7 255.7 1329.7 55.7 9.7 51.2 3.8 55.0

50% 608.7 255.7 1229.7 111.4 19.4 47.3 7.7 55.0

75% 608.7 255.7 1129.7 167.1 29.1 43.5 11.5 55.0

100% 608.7 255.7 1029.7 222.8 38.8 39.6 15.4 55.0

0% 584.9 263.2 1429.7 0.0 0.0 55.0 0.0 55.0

25% 584.9 263.2 1333.6 53.5 9.4 51.3 3.7 55.0

50% 584.9 263.2 1237.5 107.0 18.8 47.6 7.4 55.0

75% 584.9 263.2 1141.4 160.5 28.2 43.9 11.1 55.0

100% 584.9 263.2 1045.3 214.0 37.6 40.2 14.8 55.0

0.45

Aggregate Volume (%)
w/c

0.30

0.36

0.42

 2 

 3 

 4 

5 
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Table 2. Parameters for Equation 5 and 6 1 

1-year Electrical 

Conductivity

65% RH 80% RH 65% RH 80% RH 65% RH 80% RH Saturated

C1 72.776 19.391 0.084 0.045 0.113 0.019 -

C2 3.93 3.35 3.30 4.06 4.57 3.20 -

C3 0.0093 0.0084 0.0080 0.0083 0.0127 0.0106 -

C4 - - - - - - 184.59

C5 - -  - - - - 46.915

C6 - -  - - - - 0.0558

C7 - - - - - - 0.0108

Parameters

Water Absorption               

at 8 days

Initial                           

Sorptivity

Secondary 

Sorptivity

 2 

3 
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Figure captions 1 
 2 

Fig 1 Water for internal curing needed to maintain saturated condition in cement paste (after 3 

Bentz et al. 2005) 4 

 5 

Fig 2 Picture of the mold used for continuous electrical conductivity measurements 6 

 7 

Fig 3 Cumulative amount of water absorbed after 8 days of testing for samples conditioned at: a) 8 

65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 9 

samples. Continues lines represent empirical equations described at the end of the paper 10 

 11 

Fig 4: Initial sorptivity as a function of the w/c and the amount of LWA for samples conditioned 12 

at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 13 

samples. Continues lines represent empirical equations described at the end of the paper 14 

 15 

Fig 5 Secondary sorptivity as a function of the w/c and the amount of LWA for samples 16 

conditioned at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the 17 

average of 3 samples. Continues lines represent empirical equations described at the end of the 18 

paper 19 

 20 

Fig 6 Electrical conductivity of sealed samples as a function of the amount of LWA at the age of: 21 

a) 3 days, b) 7 days, c) 90 days, and d) 365 days. Error bars represent the standard deviation on 22 

the average of 3 samples. 23 

 24 

Fig 7 Electrical conductivity of vacuum saturated samples at the age of 365 days. Error bars 25 

represent the standard deviation on the average of 3 samples. Continues lines represent empirical 26 

relations described in a further section. 27 

 28 

Fig 8 Proportional reduction on the absorption, initial sorptivity and secondary sorptivity of 29 

internally cured samples 30 

 31 

Fig 9 Proportional reduction on the electrical conductivity of 1-year old saturated internally 32 

cured samples 33 

34 
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Figures: 1 
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Fig 1 Water for internal curing needed to maintain saturated condition in cement paste (after 4 
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Fig 2 Picture of the mold used for continuous electrical conductivity measurements 4 
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Fig 3 Cumulative amount of water absorbed after 8 days of testing for samples conditioned at: a) 6 

65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 7 

samples. Continues lines represent empirical equations described at the end of the paper 8 
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 5 

Fig 4: Initial sorptivity as a function of the w/c and the amount of LWA for samples conditioned 6 

at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the average of 3 7 

samples. Continues lines represent empirical equations described at the end of the paper 8 
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Fig 5 Secondary sorptivity as a function of the w/c and the amount of LWA for samples 5 

conditioned at: a) 65% RH and b) 80% RH. Error bars represent the standard deviation on the 6 

average of 3 samples. Continues lines represent empirical equations described at the end of the 7 

paper 8 
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Fig 6 Electrical conductivity of sealed samples as a function of the amount of LWA at the age of: 6 

a) 3 days, b) 7 days, c) 90 days, and d) 365 days. Error bars represent the standard deviation on 7 

the average of 3 samples. 8 
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Fig 7 Electrical conductivity of vacuum saturated samples at the age of 365 days. Error bars 3 

represent the standard deviation on the average of 3 samples. Continues lines represent empirical 4 

relations described in a further section. 5 
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Fig 8 Proportional reduction on the absorption, initial sorptivity and secondary sorptivity of 4 

internally cured samples 5 
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Fig 9 Proportional reduction on the electrical conductivity of 1-year old saturated internally 4 

cured samples 5 
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ABSTRACT: Fluid ingress is a primary factor that influences freeze-thaw damage in concrete. 7 

This paper discusses the influence of fluid ingress on freeze-thaw damage development. 8 

Specifically, this paper examines the influence of entrained air content on the rate of water 9 

absorption, the degree of saturation, and the relationship between the saturation level and 10 

freeze-thaw damage. The results indicate that while air content delays the time it takes for 11 

concrete to reach a critical degree of saturation it will not prevent the freeze-thaw damage from 12 

occurring. The results of the experiments show that when the degree of saturation exceeds 86 to 13 

88% freeze-thaw damage is inevitable with or without entrained air, even with very few 14 

freeze-thaw cycles. 15 
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Background on the Problem of Joint Deterioration in Concrete 24 

Pavements 25 

Concrete pavements represent a large portion of the transportation infrastructure. While 26 

many of these pavements provide excellent long-term performance, a portion of these pavements 27 

have recently shown premature joint deterioration throughout the Midwestern states (Weiss et al. 28 

2007; Sutter et al. 2006; Leech et al. 2008; Rangaraju et al. 2006). This joint deterioration is 29 

problematic since it compromises the performance and potential service life of an otherwise 30 

healthy pavement. Figure 1 shows photographs of a typical damaged pavement joint. This type 31 

of damage is frequently seen as either the development of cracking parallel to the joint or 32 

spalling and cracking at the joint from the bottom of the saw cut to the surface of pavement 33 

approximately 4 to 6 inches from the joint. Unfortunately damage is not frequently observed at 34 

the surface of the pavement until a significant amount of damage has occurred inside the joint. 35 

During field inspections it has been observed that where the joints are damaged the sealant is 36 

damaged and the joint contained standing water. Research is needed to better understand how 37 

this standing water may lead to freeze-thaw damage. Further, this damage occurs in both poorly 38 

air entrained and properly air entrained concrete. As a result the role of air content needed to be 39 

quantified which is the reason for this study. 40 

 41 
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Background on Water Absorption and the Critical Degree of Saturation  42 

Concrete is susceptible to freeze and thaw damage when it is saturated (Sutter et al. 2006; 43 

Leech et al. 2008; Rangaraju et al. 2006; Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz 44 

et al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, Beaudoin and Cameron 45 

1972; Feldman 1987; Scherer 1993; Scherer and Valenza 2005; Sun et al. 2007). While the water 46 

content in concrete can be quantified in several different ways, this paper defines the degree of 47 

saturation (S) as the ratio of the absolute volume of absorbed water to the total volume of pores 48 

(i.e., the total volume of water that can be absorbed by concrete).  49 

It has been suggested that there is a critical degree of saturation (Scr) beyond which freeze 50 

and thaw damage can begin to initiate (Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et 51 

al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, Beaudoin and Cameron 52 

1972). For degrees of saturation below the critical degree of saturation freeze-thaw damage is not 53 

observed to occur even after a large number of freeze-thaw cycles (Fagerlund 1972, 1975, 1977, 54 

1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al. 1991, 55 

Beaudoin and Cameron 1972).  56 

Figure 2 schematically illustrates the concept of water absorption and the critical degree of 57 

saturation (Fagerlund 2004; Barde et al. 2009). We can begin by assuming that the representative 58 

volume element shown in Figure 2 is filled with pores with different sizes at a given spacing. It 59 
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is assumed that there are two critical values that describe the freeze-thaw performance. The first 60 

parameter is related to the degree of saturation as described above. The second parameter is 61 

related to a "critical flow distance" (i.e., Dcr), which is the maximum distance that water can flow 62 

from freezing site to the surrounding nearest air-filled space. Damage doesn’t occur when the 63 

flow distance (D) is below the critical distance (Dcr) and the degree of saturation (S) is less than 64 

the critical degree of saturation (Scr) as shown in Fig. 2(a). However, the flow distance increases 65 

with the amount of absorbed water (or poor quality air void system), as does the degree of 66 

saturation. If either the critical flow distance or the critical degree of saturation is exceeded, frost 67 

damage initiates upon the next freezing cycle. The degree of damage can be quantified by the 68 

reduction in the dynamic elastic modulus of concrete as shown schematically in Fig. 2(d). 69 

In Fig. 2(d) for all the values of degree of saturation below the critical degree of saturation 70 

the amount of damage (reduction is the elastic modulus) is very small. As soon as the degree of 71 

saturation exceeds the critical degree of saturation damage initiates in the material (Fagerlund  72 

1972, 1975, 1977, 2004; Bentz et al. 2001).  73 

It should be noted that the quality of air distribution and the volume of the air are two 74 

important parameters affecting the freeze-thaw resistance of the system. The quality of the air 75 

system is related to the critical flow distance while the quantity of the air voids (volume of air) is 76 

related to the critical degree of saturation. A fully saturated system, however, regardless of the 77 
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quantity and quality of the air cannot even sustain a single freezing cycle without accumulating a 78 

significant amount of damage (Litvan 1988).   79 

Background on Use of Acoustic Emission to Quantify Freeze and 80 

Thaw Damage 81 

Acoustic emission (AE) is a nondestructive test method that is based on measuring the 82 

release of energy in concrete (e.g. the release of energy that occurs at the time of cracking). It 83 

should also be noted that AE can be performed in either a passive (i.e., capturing the acoustic 84 

wave generated due to formation of permanent defect such as crack) or active (i.e., using one 85 

transducer to generate a pulse and another transducer to capture the same pulse (in the simplest 86 

arrangement)). Classically AE is typically performed in passive mode in cement/concrete studies 87 

(Ohtsu 1999, 1993; Bentz et al. 2008; Hossain et al. 2003; Shah and Weiss 2006; Kim and Weiss 88 

2003; Moon and Weiss 2006; Ouyang et al. 1991a, 1991b; Suari and Van Mier 1995, 1993; 89 

Pour-Ghaz et al. 2010; Puri and Weiss 2003; Yang et al. 2006; Yoon et al. 1999). AE has been 90 

used in concrete to assess damage due to restrained shrinkage (Bentz et al. 2008; Hossain et al. 91 

2003; Shah and Weiss 2006; Kim and Weiss 2003; Moon and Weiss 2006) and mechanical 92 

loading (Ouyang et al. 1991a, 1991b; Suari and Van Mier 1995, 1993; Pour-Ghaz et al. 2010; 93 

Puri and Weiss 2003; Yang et al. 2006; Yoon et al. 1999). AE has also been used to monitor 94 

freezing and thawing of mortar and it was observed that activity during both freezing and 95 
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thawing (Shimada et al. 1991; Krishnan 2002).   96 

In the present work, the evolution of damage in concrete during freeze–thaw cycles was 97 

monitored using both active and passive AE. The reduced relative dynamic elastic modulus was 98 

calculated for each cycle according to the transmitting time of waves using active AE. Passive 99 

AE was recorded to better understand the damage that develops during the freeze-thaw cycle.    100 

Hypothesis and Outline for Experimental Investigation 101 

There has been a great deal of debate on possible causes of joint deterioration in concrete 102 

pavements. It is the hypothesis of this work that the presence of water (or solution containing 103 

deicing salt solutions) in the joints plays a significant role in the deterioration of concrete 104 

pavement joints. First, it is hypothesized that joints can hold water or deicing fluids substantially 105 

longer than other parts of the pavement. This would enable the concrete at the joint to become 106 

preferentially saturated. The potential for a joint to hold water increases when the joint sealant is 107 

damaged or missing, at low spots in the pavement, and when the joint does not crack and open as 108 

designed (as has been noticed in the field). It is hypothesized that this propensity for saturation 109 

could make the concrete more susceptible to local freeze-thaw damage. Second, it is 110 

hypothesized that the use of air entrainment can increase the resistance to joint deterioration 111 

however it also believed that the use of air entrainment will not eliminate the potential for 112 

damage to occur. The addition of air entrainment is believed to extend the time required for the 113 
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concrete to reach to the critical degree of saturation. 114 

While other factors can contribute to joint deterioration (e.g., the use of specific deicers, 115 

curing conditions, mixture proportions, construction details), they are not specifically considered 116 

in this paper. The scope of this paper is to examine the role of air entrainment on the rate of water 117 

ingress and degree of saturation increase in concrete. Second, this paper provides data to relate 118 

the degree of saturation to freeze-thaw damage in air entrained and non-air entrained concrete. 119 

Experimental Plan 120 

This section describes mixture proportioning, specimen conditioning and the procedures of 121 

the testing in detail.  122 

Mixture Proportions  123 

Three mortar mixtures were prepared with different air contents (6, 10, 14% air by volume 124 

as measured in mortar). The air volume was calculated for an equivalent paste and concrete 125 

system respectively with the assumptions shown in Table 1. All specimens were made with 126 

ordinary Portland cement (Type I) and had a water to cement ratio (w/c) of 0.42 which is typical 127 

of concrete pavements in the state of Indiana. Table 1 presents the proportions of the materials 128 

that were used.   129 

 Mixing was performed in accordance with ASTM C192-06 (ASTM 2006). Two specimen 130 

geometries were used in this study: cylinders (25 mm height by 100 mm diameter) and prisms 131 
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(25 mm by 25 mm by 125 mm). Cylindrical specimens were used the water absorption test. The 132 

prisms specimens were used to evaluate the freeze-thaw damage development using AE. These 133 

specimens were cut from larger specimens. 134 

Specimen Conditioning  135 

The method of the specimen conditioning prior to water absorption testing can substantially 136 

influence the results of the test (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). If the 137 

specimen is not properly conditioned it can lead to a misunderstanding of the actual absorption 138 

behavior (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). Due to the significance of 139 

conditioning and necessity for the specimens to reach equilibrium the standard curing procedures 140 

was not used (Scherer and Valenza 2005). The procedure that was used in this study allowed the 141 

specimens to equilibrate for a longer period. 142 

The cylindrical specimens were cut 24 hours after casting from a larger cylindrical sample 143 

and sealed in two layers of plastic. The specimens were stored at 23 +/- 1°C for 28 days. After 28 144 

days the specimens were removed from the plastic bag and placed in 50 +/- 1, 65 +/-1 and 80 145 

+/-1% relative humidity (RH) environments where they were kept for more than a year to 146 

equilibrate. Table 2 lists the air content and relative humidity of each specimen.  147 

Water Absorption 148 

A procedure similar to ASTM C1585-04 (ASTM 2004) was used however the specimens 149 
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were not conditioned following the accelerated ASTM testing procedure (described above). After 150 

conditioning, the outer circumference of the specimen was sealed with two layers of epoxy resin. 151 

After the epoxy hardened, the specimens were placed under water. Two small spacers were 152 

placed under the sample to provide a small gap between the bottom of the container and the 153 

lower surface of the sample. This allowed water absorption from both circular surfaces (Fig. 3).  154 

Freeze-Thaw Testing  155 

This section describes specimen preparation and procedures used in freeze-thaw testing.  156 

Specimen Saturation 157 

The prismatic specimens were prepared to have different degrees of saturation before 158 

freeze-thaw testing was performed. The specimens were oven dried in steps to 105°C where they 159 

were maintained for 2 days. The specimens were then placed in a desiccator and evacuated to a 160 

residual pressure of 30mm Hg (4000 Pa) for 3 hours. After evacuation and while still under 161 

vacuum, water was introduced into the desiccators to cover the specimens. The specimens were 162 

left in the desiccators for 24 hours. This condition was considered as saturated (i.e., 100% degree 163 

of saturation). The degree of saturation was reduced for some specimens (i.e. 0.96, 0.92, 0.90, 164 

0.86, 0.82, and 0.78) by short periods of drying at 23°C and 50% relative humidity. During the 165 

drying period the mass of the specimens was closely monitored. After drying all the specimens 166 

were sealed in plastic bags for a minimum of 3 days to allow moisture to re-distribute before 167 
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freezing and thawing testing. 168 

Preparation of the Specimen for Freezing and Thawing 169 

Figure 4 shows the procedure used for preparing the specimens for AE testing during 170 

freeze-thaw cycles. The specimens were first preconditioned to different degrees of saturation as 171 

described in section 5.4.1. After preconditioning the specimens were wrapped with a thin plastic 172 

sheet as shown in Fig. 4(a). The thin plastic sheet was used to protect the sample from further 173 

drying during the handling. The specimens were then sealed with a “heat shrink wrap” to further 174 

protect the specimens against moisture exchange with surroundings (prevent them from 175 

absorbing or releasing water during the freeze-thaw process) as shown in Fig. 4(b). It is 176 

important to note that the “heat shrink wrap” was in loose contact with sample (with the 177 

exception of the specimen ends) so that the specimen can expand freely during the test while 178 

minimizing any restraint. 179 

The AE sensors (transducers) were attached on the two ends with a thin layer of vacuum 180 

grease as shown in Fig. 4(c). Figure 5 shows that all the specimens were placed on a suspended 181 

base in testing to minimize noise/vibration transmission from surrounding environment. The 182 

threshold was set at 60 dB and 34 dB for active and passive AE, respectively. Testing was also 183 

performed on dry specimens to ensure that sounds were not being recorded from the environment, 184 

freezing unit, or coupling agent (Pour-Ghaz and Weiss 2010). 185 



 

 11

Temperature Cycle used for Freeze-Thaw Testing 186 

Figure 6 shows the temperature cycle (in air) which allows one cycle per day. Temperature 187 

was controlled to vary from 10 +/- 1°C to -18 +/- 1°C. The rate of the temperature change was 188 

14°C/hour resulting in a 2-hour transition period and two 10–hour periods at 10 +/-1 °C and -18 189 

+/-1 °C respectively. 190 

Experimental Results and Discussion  191 

Water Absorption 192 

Sorptivity  193 

The amount of absorbed water (I) is normalized by the cross-sectional area exposed to water 194 

as outlined in ASTM C1585 (ASTM 2004): 195 

I = mt / (a.d)                                                                  (1) 196 

where: mt is the change in specimen mass at time t in grams; a is the area of the both sides 197 

exposed to water, in mm2; d is the density of water in g/mm3.  198 

Sorptivity is defined as the slope of the water absorption versus square root of time curve 199 

(ASTM 2004). The initial sorptivity is the slope of this curve within the first 6 hours, while the 200 

secondary sorptivity is the slope of the curve between 1 to 8 days. 201 

Figure 7(a) illustrates the sorption results for the specimens conditioned at 50% RH with 202 

13% and 31% air contents by volume of paste. The specimens show a similar sorptivity (slope of 203 
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the curves) and amount of absorbed water initially; however, over time the specimens with 204 

higher volumes of air absorb more water. This occurs since the air voids provide space for water 205 

(Helmuth 1961; Warris 1964), however, the diffusion of air and the over-pressure in the 206 

air-bubbles delays water absorption which corresponds for the long time to saturation (Fagerlund 207 

1993, 1995, 2004). It should be noted that although the secondary sorptivity for sample with 208 

higher air content is higher, this sample requires to absorb more water to reach to the critical 209 

degree of saturation.   210 

Figure 7(b) shows the water absorption results for specimens conditioned at 65% RH. 211 

Comparing this result with Fig. 7(a) suggests that the amount of absorbed water for the 212 

specimens conditioned at 65% RH is lower than that of specimens conditioned at 50% RH with 213 

the same air content. Figure 7(c) shows the absorption for specimens conditioned at 80% RH. 214 

The specimens at 65% RH and 50% RH show a nick-point at the end of the 6 hours on a water 215 

absorption square-root of time curve however, the nick-point can not be seen on the results of 216 

80% RH and a more graduate rate of absorption can be seen.  217 

The relative humidity in which the specimens were conditioned in has a significant impact 218 

on the results (Castro et al. 2010a, 2010b, 2010c; Spragg et al. 2011). The driving force of 219 

unsaturated fluid transport is the capillary suction (Hall and Hoff 2002; Martys and Ferraris 1997; 220 

Hanžič et al. 2010). When samples are in equilibrium with a lower relative humidity a larger 221 
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volume of pores are empty and available to be filled with water during the water sorption. 222 

Furthermore, at lower humidity, the maximum size of the pores that is filled with water is smaller, 223 

creating a higher suction force. The overall effect will be higher rate of water absorption and 224 

high volume of absorbed water.  225 

Degree of Saturation 226 

Figure 8(a) shows that the degree of saturation (S) of the specimens conditioned at 50% RH 227 

with two air contents (13 and 31% by volume of paste). Note that the degree of saturation is 228 

plotted as a function of square-root of time on the lower x-axis while actual time is shown on the 229 

upper x-axis.  230 

The most striking feature of the graphs in Fig. 8 is the fact that the degree of saturation 231 

decreases with air content. At the end of the initial 6-hour sorption period samples with lower air 232 

content show higher degree of saturation. For samples equilibrated at 50% RH the degree of 233 

saturation is 39% less when the air content increases 10%, the decrease in degree of saturation 234 

for samples equilibrated at 65% and 80% RH is 23% and 26% respectively.  235 

Note that the secondary rate of absorption (Fig. 7) is different for samples with different air 236 

content; however, in Fig.8 the secondary rate of increase in degree of saturation is approximately 237 

the same for materials with different air content. This suggests that for an equal time of exposure 238 

to water, the specimen with the higher air content has a lower degree of saturation (Fagerlund 239 
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1993, 1995, 2004). 240 

The secondary rate of increase in degree of saturation can be fitted with a linear function to 241 

estimate the amount of absorbed water over a long period of time. The linear fit used in Fig. 8 is 242 

shown with a solid line. Since the objective here is to estimate the degree of saturation over a 243 

long period of time only the date between 100 to 240 days is used in fitting this straight line. 244 

Using this linear function the time to reach to critical degree of saturation is calculated for each 245 

specimen with different air content and initial equilibrium condition and reported in Table 3. 246 

Freeze-Thaw Testing  247 

Monitoring the Damage Development Using Active Acoustic Emission 248 

The relative dynamic elastic modulus is frequently used as an index to evaluate the extent of 249 

damage (Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan 250 

and Sereda 1980; Shimada et al. 1991). Using active AE the transmission time of a single pulse 251 

was measured along the sample. The transmission time along the length of the sample was 252 

measured in both directions (i.e., from sensor 1 to 2 and from sensor 2 to 1). The transmission 253 

time was measured three times in each direction and the average transmission time is reported 254 

here (average of 6 values). The transmitting time was measured after each cycle when the 255 

temperature was stable at 10°C for a minimum of 2 hours. 256 

The relative elastic modulus, i.e. Et/Eo is square proportional to the velocity of wave 257 
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transmitting through materials, which is inversely square proportional to the ratio of the wave 258 

transmission times (ASTM 2008) as shown in Eq. 2. Damage parameter (D) can also be 259 

estimated using Eq. 2.   260 

D = 1 – Et / Eo = 1 - (To / Tt)
2                                                     (2) 261 

where Eo, To are the dynamic elastic modulus before freeze-thaw testing began and 262 

corresponding transmitting time; Et, Tt  are the dynamic elastic modulus during testing at any 263 

time t and corresponding transmitting time. 264 

It should be noted that the main cracks were along the direction of wave propagation and as 265 

such the wave is least sensitive to these cracks however the damage was still easily recorded.  266 

Figure 9 illustrates the damage index (Eq. 2) with increasing cycles of freezing and thawing. 267 

The damage initiates during the first cycle when the degree of saturation is above 86~88%. The 268 

specimens with lower degree of saturation do not show damage while specimens with a higher 269 

degree of saturation show a rapid deterioration. It can be seen that the saturated specimens 270 

(S=100%) can not sustain more than 3 cycles before complete failure occurs. 271 

Figure 10 shows the rate of damage (dD) development per freeze-thaw cycle (dN) (as 272 

determined by the slope of Fig. 9) for specimens with different degrees of saturation. A critical 273 

degree of saturation appears to occur at approximately 86 - 88%. The critical degree of saturation 274 

appears to be independent of the air content.  275 
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Acoustic Energy Measured Using Passive Acoustic Emission 276 

Figure 11 shows the amplitude of the acoustic events as a function time for a specimen with 277 

96% degree of saturation and 13% air content during freezing cycle. The temperature is the 278 

temperature measured in the center of the mortar specimen. Figure 11(a) illustrates the amplitude 279 

distribution for the first freeze-thaw cycle and Fig. 11(b) illustrates the amplitude distribution 280 

during the second freeze-thaw cycle for the same specimen.  281 

In Fig. 11(a) the acoustic events begin to occur as the temperature of the specimen 282 

decreases. A cluster of acoustic event is shown in Fig. 11(a) as highlighted by the ellipsoid. This 283 

cluster of data is not seen in Fig. 11(b). These events can be attributed to micro-cracking of the 284 

specimen due to thermal loading which may be a result of temperature gradient or a result of 285 

thermal expansion coefficient mismatch between the paste and aggregate. Since the thermal 286 

loading is not changed during the second cycle, the damage due to thermal loading does not 287 

exceed the previous level of damage in materials and additional cracking would not be expected 288 

(Kaiser 1950; Kline and Egle 1987).   289 

In Figure 11 the acoustic events begin to increase dramatically after the temperature drops 290 

below -8°C in both cycles. The number of events is higher in the first cycle compared to the 291 

second cycle as more cracking would be expected in the first freeze-thaw cycle while these 292 

cracks would be expected to extend in the following cycles. The damage at the point (below -8°C) 293 
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is likely attributed to formation of ice and cracking inside the specimen. This is consisted with 294 

the observation that pore solution freezes below 0°C due to pore confinement and dissolved ions 295 

in pore solution (Fagerlund 1973; Helmuth 1960).  296 

Desorption Isotherm  297 

Figure 12 shows the desorption isotherm for the specimens with 13% and 31% air content 298 

by volume of paste. The desorption curve demonstrates the mass of water lost from the specimen 299 

at each relative humidity step (i.e., different pore sizes begin to empty out at different relative 300 

humidities starting with large pores at high relative humidities and smaller pores at lower 301 

humidities). The profile of the desorption curve is similar for both specimens until high relative 302 

humidities, i.e. 97.5% RH. At relative humidities higher than 97.5%, a larger difference of the 303 

porosity can be seen. This difference corresponds to the air entrained porosity. 304 

The critical degree of saturation (88%) corresponds to relative humidity of 98.4% for 305 

specimen with 13% air content and 98.96% RH for specimen with 31% air content, respectively. 306 

This implies that some of the air entrained pores are water filled when the specimen is at or 307 

above critical degree of saturation. The difference in mass loss between the 13 and 31% air 308 

content at 2.5% RH is currently unknown however this is repeatable between specimens.  309 

Calculated Time to Reach the Critical Degree of Saturation 310 

In section 6.1 the rate of absorption of water and its relation to the degree of saturation was 311 



 

 18 

discussed and in section 6.2 the influence of the degree of saturation on freeze-thaw damage was 312 

discussed. To better understand how these findings can be related to one another to predict the 313 

time to freeze-thaw damage a linear function was fit to the plot of degree of saturation verses 314 

square root of time data (using the secondary absorption). 315 

Table 3 shows the time required for each specimen equilibrated at different initial condition 316 

to reach the critical degree of saturation (i.e., 88% in this study). Specimens without air 317 

entrainment can reach to the critical degree of saturation within days (4~6 days). The use of air 318 

entrainment raised the air content, and decreases the degree of saturation. This increases the time 319 

to reach a critical degree of saturation to 3~6 years. The rate of water absorption is substantially 320 

different in the systems with entrained air compared to non-air entrained systems. 321 

Conclusions  322 

The water absorption of mortar containing different volumes of entrained air was examined 323 

in this study. While tests like ASTM C 1585-04 (ASTM 2004) can be used to provide an index of 324 

water absorption, the differences between non air entrained and air entrained systems were small 325 

when only mass gain was investigated. While the absorption rates in plain and air entrained 326 

systems were similar initially the air entrained system showed a higher rate of ingress at later 327 

ages. By normalizing the results of water absorption in terms of the degree of saturation a clear 328 

distinction between the non air entrained and air entrained mixtures can be made. While the non 329 
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air entrained system took 4 to 6 days to reach 88 % saturation, the air entrained system is 330 

estimated to require approximately 3 to 6 years. This shows that entrained air will substantially 331 

increase the time to failure.   332 

The damage due to freeze-thaw was monitored using both passive and active AE. A critical 333 

degree of saturation was observed with specimens that have a degree of saturation greater than 334 

the 86 to 88% exhibiting damage during the few freeze-thaw cycles.   335 

The critical degree of saturation appears to be independent of the air content as materials 336 

with a degree of saturation above the critical degree undergoing damage after a few of 337 

freeze-thaw cycles irrespective of the air content. The volume of air and quality of the air void 338 

system however likely has a strong relation to the critical flow distance. 339 

Increasing the air content resulted in a longer time for the mortar to reach to the critical 340 

degree of saturation. While increasing the air content can delay the time freeze-thaw damage 341 

initiates in practice; it appears that increasing of the air content can not eliminate the potential for 342 

freeze-thaw damage.  343 
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Table 1. Mixture proportions and constituent materials  571 

Air content 

of paste (% by volume 

of mortar a/ concrete b) 

Cement (Type I) 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

13 (6/4) 573.3 240.8 1333.3 

22 (10/7) 548.9 230.6 1276.5 

31 (14/9) 524.5 220.3 1219.8 

Note: a In calculating the equivalent air content in mortar it was assumed 45% paste by volume of the mortar; 572 
b In calculating the equivalent air content in concrete it was assumed 30% paste by volume of the concrete.  573 

574 
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Table 2. Initial condition, air content and namely scheme for specimens used in the present study   575 

Specimen name 
Air content 

of the Paste (%) 
Relative humidity (%) 

 50-13 a 13 50 

65-13 13 65 

80-13 13 80 

50-22 22 50 

65-22 22 65 

80-22 22 80 

50-31 31 50 

65-31 31 65 

80-31 31 80 

Note: a The first number shows the initial humidity of the specimen (e.g.50-13 is 50% RH); 576 

The second number shows the air content of mortar of the specimen (e.g. 50-13 is 13% air by volume of paste).  577 
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Table 3. Time to reach to the critical level of saturation (88%) for the specimens with different 598 

air content  599 

Initial relative 

humidity (%) 

Air content by 

volume of paste 

(%) 

Secondary 

 sorptivity (mm3/mm2.d0.5) 

Time to reach the critical 

degree of saturation (88%) 

(Scr) in years (+/-1.7%) 

50 

13 0.485 0.011 (4d) 

22 0.691 5.08 

31 0.750 6.10 

65 

13 0.368 0.016 (6d) 

22 0.513 5.63 

31 0.785 5.90 

80 

13 0.563 0.015 (5d) 

22 0.606 4.00 

31 1.009 5.82 

 600 

 601 

 602 

 603 
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 606 
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 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 
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Figure captions 619 

Fig. 1 Photography of field observation showing damage in pavement joints 620 

Fig. 2 Schematic illustration of relation between degree of saturation with freeze-thaw damage 621 

[10, 19] 622 

Fig. 3 Double sided sorption test of specimen with 1-inch thickness 623 

Fig. 4 Specimens prepared for acoustic emission testing during freeze-thaw cycle: (a) thin plastic 624 

sheet to avoid evaporation during specimen preparation and handling (b) specimen 625 

covered by heat shrinkable wrap to avoid evaporation during specimen preparation and 626 

handling 627 

Fig. 5 Specimens placed on a suspended base to eliminate vibration and noise from surrounding 628 

environment (inside of freeze-thaw chamber) 629 

Fig. 6 Temperature cycle used in freeze-thaw experiment (air temperature) 630 

Fig. 7 Effect of air content and initial moisture on water absorbed: (a) 50% RH (b) 65% RH (c) 631 

80% RH 632 

Fig. 8 Results of sorption test provided as increase in the degree of saturation: (a) 50% RH (b) 633 

65% RH (c) 80% RH 634 

Fig. 9 Decrease of the relative dynamic elastic modulus with freeze-thaw cycles 635 

Fig. 10 Rate of decrease of relative dynamic elastic modulus with degree of saturation 636 
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Fig. 11 Amplitude in the transition time of freezing (96S): (a) first cycle (b) second cycle 637 

Fig. 12 Mass change at decreasing RH containing de-ionized water  638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

 650 
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 654 
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Figures: 655 

 656 

Fig. 1 Photograph of field observation showing damage in pavement joints 657 
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 678 

Fig. 2 Schematic illustration of relation between degree of saturation with freeze-thaw damage 679 

[10, 19] 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 



 

 35 

 695 

Fig. 3 Double sided sorption test of specimen with 1-inch thickness 696 
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 712 

Fig. 4 Specimens prepared for acoustic emission testing during freeze-thaw cycle: (a) thin plastic 713 

sheet to avoid evaporation during specimen preparation and handling (b) specimen covered by 714 

heat shrinkable wrap to avoid evaporation during specimen preparation and handling 715 

 716 

 717 
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 720 

 721 

 722 

 723 
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 724 

Fig. 5 Specimens placed on a suspended base to eliminate vibration and noise from surrounding 725 

environment (inside of freeze-thaw chamber) 726 

 727 
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 737 
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 739 

Fig. 6 Temperature cycle used in freeze-thaw experiment (air temperature) 740 
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 741 

Fig. 7 Effect of air content and initial moisture on water absorbed: (a) 50% RH (b) 65% RH (c) 742 

80% RH 743 
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 744 

Fig. 8 Results of sorption test provided as increase in the degree of saturation: (a) 50% RH (b) 745 

65% RH (c) 80% RH 746 



 

 41 

     747 

Fig. 9 Decrease of the relative dynamic elastic modulus with freeze-thaw cycles 748 
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 762 

Fig. 10 Rate of decrease of relative dynamic elastic modulus with degree of saturation 763 
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 770 

Fig. 11 Amplitude in the transition time of freezing (96S): (a) first cycle (b) second cycle 771 
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       775 

Fig. 12 Mass change at decreasing RH containing de-ionized water 776 
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ASTM C1585 is commonly used to determine the absorption of water in unsaturated hydraulic 

cement concretes. Unfortunately, the initial moisture content that can exist in the samples after 

the samples preparation may provide a wide enough variation to considerably influence the 

results of the test.  This paper provides a series of measurements to evaluate the role of the 

relative humidity of the samples prior the test. The role of the w/c and the cement paste volume 

were also evaluated. The results of this research confirm that water absorption testing is 

considerably influenced by sample preparation, the w/c and by the volume of paste in the 

samples. The experiments show that a lack of control on moisture content or lack of 

consideration of the material composition may lead to a misunderstanding of the actual 
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1. Introduction 

 

The durability of concrete subjected to aggressive environments depends largely on transport 

properties, which are influenced by the pore system [1-7].  Three main mechanisms can be used 

to describe transport in cementitious systems: permeability, diffusion and absorption.  

Permeability is the measure of the flow of water under a pressure gradient, while diffusion is the 

movement of ions due to a concentration gradient. Absorption can be described as the ability to 

take in water by means of capillary suction. All three mechanisms are heavily influenced by the 

volume of pores as well as the connectivity of the pore network. A large fraction of concrete in 

service is only partly saturated and the initial ingress of water and dissolved salts is influenced, at 

least in part, by capillary absorption [7]. As such, water absorption has been used as an important 

factor for quantifying the durability of cementitious systems [4-11].  Water absorption is the 

primary focus of this study since it is being increasingly used by specifiers and in forensic 

studies to provide a parameter that can describe an aspect of concrete durability. It is also 

important that these properties be adequately described for use in service life models [6, 11]. 

 

1.1 Water absorption test 

 

ASTM C1585 [1] is commonly used to determine the absorption and rate of absorption 

(commonly referred to as sorptivity) of water in unsaturated hydraulic cement concretes.  This 

test method, based on work reviewed by Hall [12], consists of preconditioning samples to a 

known moisture content, then exposing the bottom surface of the sample to liquid water and 

measuring the increase in mass resulting from water absorption. According to the standard 

conditioning procedure, samples are conditioned for 18 days. This conditioning period begins by 

first placing the sample in a 50˚C and 80 % relative humidity (RH) environment for three days. 

The samples are then removed from this environment and placed in individually sealed 

containers where they remain for a minimum 15 days at 23 °C, to allow internal moisture to 

redistribute throughout the specimens before the test begins.  

 

The absorption test involves recording incremental mass change measurements at relatively 

frequent intervals during the first six hours after the sample comes in contact with water and 

subsequently taking one measurement every day for the next eight days.  The amount of 

absorbed water is normalized by the cross-section area of the specimen exposed to the fluid 

using Equation 1: 

 

)(a

m
   i t


            (1) 

 

where:  i is the normalized absorbed fluid volume, mt is the change in specimen mass at time t; a  

is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and    is the 

density of the absorbed fluid (taken to be 1000 kg/m
3
 at 23 °C for water).  

 

These absorbed fluid volumes are then plotted as a function of the square root of time.  The 

initial sorptivity is determined as the slope of the curve during the first six hours, while 

secondary sorptivity is determined using the slope of the same measurements between one and 

eight days, as outlined in ASTM C1585 (1). It should be noted that these times work well for 
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water though they may not work as well for other fluids with different surface tension and/or 

viscosity [13]. 

 

The initial and secondary sorptivities can be used to evaluate the connectivity of the pore 

network [9]. Additionally, the secondary sorptivity, combined with exposure conditions, has 

been used for performing service life predictions [11]. 

 

1.2 The role of the relative humidity  

 

Water ingress in unsaturated concrete is dominated by capillary suction upon initial contact with 

water [7, 12-18]. Capillary absorption can be related to the volume of the pores as well as the 

size (i.e. radius) of the partially empty capillary pores (Figure 1a). The relation between the 

equilibrated relative humidity and the radius of the smallest empty pore is given by the Kelvin-

Laplace equation (Equation 2). 

 

 
TRr

RH
m

mV2
   )(Ln


          (2) 

 
where: RH is the relative humidity,   is the surface tension of water (pore solution), Vm is the 

molar volume of water, rm is the average radius of curvature, R is the universal gas constant, and 

T is the absolute temperature. 

 

It should be noted that this expression is simplified as it does not consider the effect of water that 

is absorbed on the walls of the pores. Largely the concrete community has considered two sizes 

of pores as introduced by Powers [19].  The gel pores are considered to be small pores (< 10 nm 

diameter) that are a part of the hydration products. Capillary pores are larger pores that occur due 

to excess water. Capillary porosity is particularly of concern in transport, as is the 

interconnectivity of the capillary pores. 

 

Figure 1b) shows a conceptual illustration based on Powers [19] that uses a desorption isotherm 

to illustrate the volume of water located in the different size pores at different relative humidities. 

 

The relative humidity used to condition the sample prior to the sorption test can have a 

significant impact on the results [1]. Previous test results by Parrot [20, 21] indicated that the 

water absorption rate was very sensitive to the moisture content of the concrete, particularly at 

relative humidities above 60 % which were common for field exposure. Water leaves the largest 

accessible pores first. It can be seen from Figure 1b that capillary pores occupy the range of 

humidity from approximately 80% to 100% RH. As such, initially upon drying water leaves the 

capillary pores. The lower the relative humidity, the greater the total volume of pores that are 

empty and available to be filled with water during the sorption test. Further, the lower humidity 

will empty smaller pores, creating a higher suction force in the materials and resulting in a 

greater sorption rate and a larger overall total absorption. 

 

According to ASTM C1585, the standardized test conditioning will generally provide an internal 

relative humidity similar to relative humidities found near the surface in some field concrete 
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structures [1, 22, 23]. This range of relative humidities can represent what is found in samples in 

the field; however, it is wide enough to considerably affect the test results.  

 

Castro et al. [24] shows that the relative humidity of samples that were kept in the field under 

different exposure conditions was in the range of 80 % to 100 % depending on the type of 

exposure, which is somewhat higher than what is mentioned in ASTM C1585.  

 

1.3 Research objectives 

 

The objectives of this research are threefold. First, this research will examine the influence of 

conditioning relative humidity (oven dry, 50%, 65% and 80% RH) on the results of sorption tests 

performed on mortars with different w/c, containing a fixed volume of aggregate. Second, this 

research will examine the influence of the volume of aggregate (or equivalently the paste 

content) on the results of sorption testing. Third, this research will examine the effect of the 

conditioning method specified in ASTM C1585-04.  

 

 

2. Materials 

 

An ASTM C150 Type I ordinary portland cement (OPC) was used in this study, with a Blaine 

fineness of 370 m
2
/kg and an estimated Bogue composition of 56 % C3S, 16 % C2S, 12 % C3A, 

7 % C4AF and a Na2O equivalent of 0.68 % by mass.  

 

A polycarboxylate-based high-range water-reducing admixture (HRWRA) was added in varying 

rates as indicated in Table 1, depending on the mixture proportions, to maintain similar 

consistencies (i.e., workability).  The sand used was natural river sand with a fineness modulus 

of 2.71, an apparent specific gravity of 2.58, and a water absorption of 1.8 % by mass.   

 

2.1 Mixture proportioning 

 

Six different mixtures were prepared in total.  Four of the mixtures were mortars with a single 

volume fraction of fine aggregate (55% of the total volume) and different w/c (0.35, 0.40, 0.45, 

and 0.50).  These mixtures were designated as 55/0.35, 55/0.40, 55/0.45 and 55/0.50, with the 

number on the left representing the volume fraction of fine aggregate and the number on the right 

representing w/c.  Additionally, two other mortars were prepared with w/c of 0.50, but with 

different volume fractions of fine aggregate (35 % and 45 % of the total volume). They were 

designated as 35/0.50, 45/0.50.  A list of the mixture proportions can be found in Table 1. 

 

 

2.2 Mixing procedure 

 

The mixing procedure used for the mortar was in accordance with ASTM C192-06 [25]. The 

aggregate was oven dried and cooled for 24 h before mixing. The volume of water was corrected 

by the absorption of the aggregate. The water and cement were conditioned for 24 h at room 

temperature prior to mixing. 
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3. Experimental method 

 

Six 100 mm × 200 mm cylinders were cast for each mixture.  After one day of curing, the 

samples were demolded and then sealed in double plastic bags for sealed curing. Bags were 

stored in a room at 23 ± 1 °C until samples reached an age of 28 d. After that, cylinders were 

removed from bags and three 50 mm ± 2 mm thick samples were cut from the central portion of 

each cylinder with a wet saw using water as the cooling fluid.   

 

After cutting, samples were conditioned by placing them in environmental chambers at 

23 ± 0.5 °C. Specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50 were placed in 

environmental chambers at three different relative humidities (50 ± 1 %, 65 ± 1 % and 80 ± 1 %). 

Specimens from mixtures 35/0.50 and 45/0.50 were placed in an environmental chamber at 

50 ± 1 % relative humidity. Samples were kept in the environmental chamber until they reached 

mass equilibrium, defined as a mass change of less than 0.02 % over a 15 day period.  Mixture 

55/0.35 placed at 50 ± 1 % relative humidity required the longest period of time (14 months) to 

reach mass equilibrium. However, all samples were maintained in the chambers for 14 months to 

test them all at the same age. 

 

Additional specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50 were placed at 

50 ± 1 % RH. After the 14 months, these specimens were dried in an oven at 105 ± 2 °C until 

they reached mass equilibrium. 

 

Once the samples were removed from the chambers or from the oven, the side surface (i.e. outer 

circumference) was sealed with epoxy and the top surface was covered with plastic to avoid 

evaporation from the sample during testing.  After the samples were prepared, testing occurred in 

accordance with ASTM C1585-04 [1]. Specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 

55/0.50 were tested over a period of 90 days. Specimens from mixtures 35/0.50 and 45/0.50 were 

tested over a period of 8 days. 

 

Two additional 100 mm × 200 mm cylinders were cast for each mortar mixture.  After one day 

of curing, the samples were demolded and then sealed in double plastic bags for sealed curing. 

Bags were stored in a room at 23 ± 1 °C until samples reached an age of 28 d. After that, 

cylinders were removed from bags and 10 mm ± 2 mm thick samples were cut from the central 

portion of each cylinder with a wet saw.  After cutting, mortar samples were vacuum saturated 

for 24 h. After that, specimens were placed in environmental chambers at six different relative 

humidities (93 ± 1 %, 87 ± 1 %, 80 ± 1 %, 75 ± 1 %, 65 ± 1 % and 50 ± 1 %) to determine their 

desorption isotherms.   

 

 

4. Experimental results and discussion 

 

4.1 Desorption isotherms 

 

Figure 2 shows the desorption isotherm curves measured using 10 mm thick samples. Mass 

change was monitored at regular intervals until it reached equilibrium, defined as a mass change 
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of less than 0.02 % over a 15 day period.  At the end, all samples were oven dried to express 

water absorption in terms of the dry mass of the sample. 

 

It can be noticed that while the values of the moisture content are similar at 50% and lower RH 

(lower RH results not shown in Figure 2), as it refers to the small gel pore system [19], the 

capillary pores at high RH are strongly influenced by the w/c. 

 

4.2 Effect of initial conditioning on water absorption tests 

 

4.2.1 Effects of relative humidity on sorption test 

 

Figure 3 shows the absorbed water during the 90 days of testing performed on mortars 

conditioned at different relative humidities (mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50). It 

can be noticed that the water absorption is very sensitive to the relative humidity at which the 

specimens were pre-conditioned before testing. In each case, as the conditioning relative 

humidity increases, more water is retained in the pore system and thus the absorption decreases.  

 

These results can be viewed in a slightly different manner if they include the initial amount of 

water held in the pores before the test. In order to do this, samples were oven dried at the end of 

the sorption test to calculate the amount of water they held before starting the test. Additional 

specimens that were kept at 50 ± 1 % RH during the 14 months were oven dried and then 

saturated by the procedure described in ASTM C642-07 [26] to measure the total amount of 

interconnected porosity in the systems. Results from Figure 3 were then normalized by the total 

amount of pores in the system, which can be viewed as the degree of saturation of the sample as 

a function of time. This is presented in Figure 4. Figure 5 shows the total degree of saturation for 

the samples after 90 days. 

 

Figures 4 and 5 show that samples prepared at different relative humidities with a low w/c (e.g. 

w/c = 0.35) do not reach values near to saturation even after 90 days of being in contact with 

water. It may be attributed to the refined pore network of this low w/c system which makes it 

difficult for water to move through the sample to fill all the pores. This is commonly referred to 

as depercolation, which occurs after different hydration times for different w/c [27]. 

 

In contrast after 90 days, samples prepared with a higher w/c (e.g. w/c = 0.50) reach much higher 

levels of saturation. It can be noted from Figure 4 that samples conditioned at 50 % RH reach 

values near saturation after about 40 days of testing, similar to what is obtained with oven dry 

samples. Again this may be attributed to the connectivity of the pore network and the size of 

these pores. In this case, a more interconnected pore network will facilitate the movement of 

water to the interior of the specimens and the diffusion of water vapor out of the sample. 

However, when these samples were conditioned at higher relative humilities (65 and 80 % RH), 

the amount of initially retained water is high enough to reduce the diffusion of vapor out of the 

sample. As a result, this may explain why the level of saturation of these specimens is lower. 
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4.2.2 Effects of relative humidity on the amount of absorbed water after 8 days 

 

Figure 6 shows the cumulative water that was absorbed after 8 days of testing performed on 

mortars conditioned at different relative humidities, expressed as a function of w/c (Figure 6a) 

and as a function of the relative humidity (Figure 6b). 

 

Figure 6a) shows that mixture 55/0.50 can exhibit six times higher absorption when the samples 

are conditioned at 50 % RH compared with similar samples conditioned at 80 % RH.  

 

Figure 7 shows a normalization of the data presented in Figure 6. In Figure 7a) the normalization 

is made with respect to the absorption of samples with w/c = 0.35 (mixture 55/0.35). In Figure 

7b) the normalization is made with respect to the absorption of samples conditioned at 50 % 

relative humidity. It can be seen that the values follow a consistent trend in each case, except for 

the oven dry samples.  This is in general agreement with the parallel nature of the desorption 

isotherms for the mortars provided in Figure 2. 

 

4.2.3 Effects of relative humidity on initial sorptivity 

 

Figure 8 shows the initial sorptivity calculated as the slope of the absorption vs. the square root 

of time during the first six hours of test [1].  

 

Figure 8a) shows that mixture 55/0.50 can exhibit a ten times higher initial sorptivity when the 

samples are conditioned at 50 % RH compared with similar samples conditioned at 80 % RH.  

 

It needs to be noted that the oven dry samples show a much higher initial sorptivity, due to the 

fact that the gel’s capillary pores are empty and possibly to microcracking. While the increase in 

sorptivity is observed to be linear for the specimens conditioned at 50%, 65% and 80% relative 

humidity, this trend appears to break down for the oven dry samples which may be attributed to 

micro-cracking generated during the sample preparation [28-32].  

 

4.2.4 Effects of relative humidity on secondary sorptivity 

 

Figure 9 shows the secondary sorptivity calculated as the slope of the absorption vs. the square 

root of time between 1 d and 8 d of testing.  Trends are similar to those observed for the initial 

sorptivity. However, it needs to be noted that samples that were oven dry prior to the test present 

a considerably lower secondary absorption with respect to the samples conditioned in 

environmental chambers. This may be explained by the high initial absorption of the oven dry 

samples shown in Figure 8. During this initial absorption it can be noticed that since a majority 

of the water was already absorbed in the first hours of the test, the secondary rate of absorption 

will be much lower. It can also be expected that microcracking enabled a more rapid ingress of 

water [33]. 

 

Figure 9 shows a similar trend to what was noted in the case of total absorption and initial 

sorptivity, namely that the secondary sorptivity of samples conditioned in chambers exhibits a 

consistent trend when the results are plotted against the w/c or the relative humidity at which 
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samples were conditioned. However, samples that are conditioned by drying them in an oven at 

105 °C do not follow the same tendency. 

 

4.3 Effects of initial moisture of samples on ASTM C1585 conditioning method 

 

At the age of 24 months, samples from each mixture conditioned at the three different relative 

humidities were removed from the chambers. The side surface was sealed with epoxy to be then 

“re-conditioned” using the 18 day procedure described in ASTM C1585. In addition, three other 

samples from each mixture were saturated following the procedure described in ASTM C642 

[26], to then be “re-conditioned” following the same 18 day procedure.  While such a 

resaturation procedure was employed in the initial sorption testing upon which the ASTM C1585 

standard was based [34], it was subsequently omitted from the standard. After samples were fully 

prepared, testing was performed in accordance with ASTM C1585 over a period of 8 days, with 

results provided in Figure 10. In addition, Figure 11 shows the calculated initial and secondary 

sorptivities from these tests. Secondary sorptivity values are not reported when the correlation 

coefficient is lower than 0.98. 

 

Figures 10 and 11 show that the 3 days of controlled drying at 50 ± 2 °C and 80 % RH followed 

by the 15 days for internal moisture equilibration is not capable of eliminating the effects of the 

“moisture history”.  These results suggest that the ASTM C1585 preparation method does not 

prepare all the samples to the same water content before a water absorption test.  As such this 

accelerated method can make a substantial difference in how the data is interpreted. This may be 

due to a moisture hysteresis effect [35]. It should be noted that this can be a concern for field 

samples evaluated using this method, as their as-received relative humidities may easily vary 

between the extremes examined in this study. 

 

4.4 Effects of volume of aggregate on sorption test 

 

Figure 12 shows the absorbed water during 8 days of testing performed on mortars containing 

different volumes of aggregate (mixtures 55/0.50, 45/0.50 and 35/0.50) conditioned at 50 % 

relative humidity. In Figure 12 a) the effect of a higher volume of paste is observed as the 

mixture containing the lower volume of aggregate has the higher absorption. However, when the 

results are normalized by the volume of paste (volume of the main absorbent material), a reversal 

in the order of the samples is observed (Figure 12 b). The samples with the higher volume of 

aggregates have a higher absorption.  

 

Water absorption is typically reported without considering the effect of the absorption of the 

aggregate in the samples. To better understand its effect, Figure 13 was calculated assuming five 

different sand absorptions (0.0 %, 0.6 %, 1.2 %, 1.8 %, and 2.4 %) to then subtract these values 

from the absorption in Figure 12 b). When the sand absorption is assumed to be 0.0 %, the 

resulting absorption at 8 days will be the same as the absorption presented in Figure 12 b).  From 

Figure 13, it can be noticed that for the assumed 1.8 % sand absorption, the normalized water 

absorbed for the sample is the same after 8 days, independent of the amount of aggregate in the 

sample.  
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Figure 14 shows a desorption isotherm for the sand used in these mixtures. It can be noted that at 

50 % RH (humidity at which the samples were conditioned), the amount of water on the sand is 

about 0.2%. Considering that the aggregate used in this study has a 24 h absorption of 1.8%, the 

difference on water absorption of samples containing different amounts of aggregate can be 

explained mainly by the amount of water absorbed by the aggregates. 

   

     

5. Conclusions 

 

This paper has described the absorption behavior of mortars conditioned at different relative 

humidities. As was shown in previous works by Hall [12], Hooton et al. [4, 7] and Martys and 

Ferraris [16, 34], the water absorption test is considerably affected by the relative humidity of the 

samples before starting the test, which if not properly accounted for can lead to a 

misunderstanding of the actual absorption behavior.  Samples conditioned at a 50 % relative 

humidity can show a total absorption that is approximately six times greater than similar samples 

conditioned at 80 % relative humidity. This is consistent with expectations based on the mortars’ 

desorption curves. 

 

Initial sorptivity, secondary sorptivity and total absorption at 8 days for samples conditioned in 

chambers show a linear trend related to the w/c and the relative humidity at which samples were 

conditioned.  Samples that are conditioned by drying in an oven at 105 °C do not follow the 

same trend as samples conditioned in other approaches. This is attributed to two factors: 1) 

emptying of a wider range of pores, and 2) the potential for microcracking.  The conditioning 

procedure described in ASTM C1585-04 is not able to eliminate the “moisture history” of the 

samples, and thus can lead to a misunderstanding of the water absorption test results, especially 

in field samples which have obtained a lower relative humidity.  It is recommended that field 

samples be pre-saturated prior to being exposed to the conditioning regimen of ASTM C1585. 

 

Comparing samples containing different volumes of aggregate can also lead to a 

misunderstanding of the actual absorption behavior. Samples containing higher volumes of 

cement paste will absorb more water. When the results are normalized by the volume of cement 

paste, the sample containing lower volumes of cement paste will absorb more water. However, 

for the materials examined in this study, this difference can be mainly explained by the amount 

of water absorbed by the aggregates in the sample. 
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Table 1. Mixture proportions in saturated surface dry (SSD) conditions. 

 
Material 55/0.35 55/0.40 55/0.45 55/0.50 45/0.50 35/0.50

Volume fraction of aggregate 55% 55% 55% 55% 45% 35%

w/c 0.35 0.40 0.45 0.50 0.50 0.50

Cement (kg/m
3
) 673 626 585 549 671 793

Water (kg/m
3
) 235 250 263 275 336 397

Fine Aggregate (kg/m
3
), SSD 1442 1442 1442 1442 1180 918

HRWRA (g/ 100 g cement) 0.60 0.40 0.20 0.00 0.00 0.00  
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Fig. 1. Relation between relative humidity and partially empty pores in cement paste. 
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Fig. 2. Desorption curves for 14 m mortar samples (typical standard deviation in the average of 3 

samples is lower than 0.2%). 



 

 

0 20 40 60 80 100

Time (days)

0

2

4

6

8

10

12

W
a

te
r 

A
b

s
o

rp
ti

o
n

 (
m

m
3
/m

m
2
)

w/c = 0.35, Oven Dry

w/c = 0.35, 50% RH

w/c = 0.35, 65% RH

w/c = 0.35, 80% RH

a)

     

0 20 40 60 80 100

Time (days)

0

2

4

6

8

10

12

W
a

te
r 

A
b

s
o

rp
ti

o
n

 (
m

m
3
/m

m
2
)

w/c = 0.40, Oven Dry

w/c = 0.40, 50% RH

w/c = 0.40, 65% RH

w/c = 0.40, 80% RH

b)

 
 

0 20 40 60 80 100

Time (days)

0

2

4

6

8

10

12

W
a

te
r 

A
b

s
o

rp
ti

o
n

 (
m

m
3
/m

m
2
)

w/c = 0.45, Oven Dry

w/c = 0.45, 50% RH

w/c = 0.45, 65% RH

w/c = 0.45, 80% RH

c)

    

0 20 40 60 80 100

Time (days)

0

2

4

6

8

10

12

W
a

te
r 

A
b

s
o

rp
ti

o
n

 (
m

m
3
/m

m
2
)

w/c = 0.50, Oven Dry

w/c = 0.50, 50% RH

w/c = 0.50, 65% RH

w/c = 0.50, 80% RH

d)

 
 

Fig. 3. Absorbed water in mortars as a function of relative humidity a) mixture 55/0.35, b) 

mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Error bars represent the standard 

deviation for the average of three samples. 
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Fig. 4. Degree of saturation as a function of time during the water absorption test: 

a) mixture 55/0.35, b) mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Typical 

standard deviation of the average of three samples is lower than 0.02 points in the degree 

of saturation. 
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Fig. 5.  Degree of saturation after 90 d in contact with water as a function of the w/c. 
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Fig. 6. Cumulative absorption at 8 d for mortars with 55 % aggregates versus: a) w/c, b) 

relative humidity. Solid lines are provided only to show a general tendency in the data. 

Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 7. Cumulative absorption at 8 days versus w/c and relative humidity: 

a) normalized to absorption of mixture 55/0.35, b) normalized to absorption at 50 %RH. 
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Fig. 8. Initial absorption of the 55 % aggregate mortars conditioned at different RH as a function 

of:  a) w/c, b) relative humidity. Solid lines are provided to show a general tendency in the data. 

Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 9. Secondary absorption on mortars with 55 % aggregates conditioned at different RH as a 

function of:  a) w/c, b) relative humidity. Solid lines are provided to show a general tendency in 

the data. Error bars represent the standard deviation on the average of 3 samples. 
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Fig. 10. Effect of initial moisture on the conditioning procedure established in ASTM C1585-04 

a) mixture 55/0.35, b) mixture 55/0.40, c) mixture 55/0.45, d) mixture 55/0.50. Error bars 

represent the standard deviation for the average of three samples. 
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Fig. 11. Initial and secondary sorptivities on mortars with different initial moisture contents, 

conditioned with the procedure established in ASTM C1585-04. 
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Fig. 12. Water absorption in mortars containing different volume of aggregates: 

a) normalized by surface in contact with water, (b) normalized by volume of paste. 
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Fig 13. Water absorption at 8 d normalized by volume of paste, corrected by different values of 

aggregate absorption. 
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Fig. 14. Desorption isotherm for the sand used in this research. 
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1. Introduction

Electrical impedance measurement techniques have been shown
to provide useful information that can be used to characterize
cementitious systems [1–3]. This technique studies the system
response to the application of a small amplitude alternating potential
signal at different frequencies. AC electrical impedancemeasurements
have the advantages of being non-invasive and non-destructive,
require little in term of preparation of the sample, and offer the
possibility of continual measurements to describe the effect of
hydration [4,5] drying [6], or permeability [7].

Electrical impedance techniques have been used in different
research projects in concrete to study a wide range of concrete
properties specifically this included studies on the microstructural
development of cementitious materials [8,9], precipitation of calcium
hydroxide on the surface of steel after the setting of the mortar [10],
long-term effectiveness of concrete inhibitors for steel in concrete
[11–15], the chloride diffusivity in concrete [16], chloride permeabil-
ity of high performance concrete [17], detection of damage during
tensile loading of cement composites [18], freezing of water in
Portland cement paste [19], water penetration in concrete [20–22],
setting time of concrete [23,24], measuring the concrete internal
moisture content [25], and assessing the change inmicrostructure due
to rapid chloride permeability test [26,27].

While numerous applications exit, they are frequently limited to the
measurement of one sample at a time. It is regularly necessary to
conduct experimental measurements at multiple locations in a sample
or onmultiple specimens. For example, Schmit [28] described the use of
multiple sensors and quantified the influence of sensor position and
number in uncertainty of the results. The ability to perform multiple
measurements is very valuable for monitoring the hydration process,
monitoring multiple specimens, or imaging the crack by electrical
impedance measurements [29]. In addition, a single measurement
cannot properly represent the behavior of a material. To improve
measurements accuracymultiplemeasurements are needed. This paper
describes the development of a user friendly Automatic Electrical
Monitoring System (AEMS). By using this system, multiple electrical
measurements can be performed on specimens and different properties
of concrete materials can be monitored. The developed system is
discussed and some applications of the AEMSwere shown in this paper.

2. Objective

This paper describes the development of an Automated Electrical
Monitoring System (AEMS). The data acquisition system consists of a
computer, a Keithley digital multi-meter and switching unit [30], and
Solartron 1260 impedance spectrometer1 [31]. The role of the
software is to communicate between all components of the system
and to control data collection. This paper shows that the system is
reliable for both short and long-term monitoring. Further, this paper
points out that while in the past the use of electrical impedance
cial products are identified in this paper to specify the materials
employed. In no case does such identification imply endorsement
oes it indicate that the products are necessarily the best available

mailto:poursaee@purdue.edu
http://dx.doi.org/10.1016/j.autcon.2009.12.016
http://www.sciencedirect.com/science/journal/09265805
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measurement techniques has been time consuming, automation
enables these measurements to be performed efficiently. This enables
new applications, like electrical imaging, to be performed effectively
and enables EIS to be extended for use in daily quality control
processes such as permeability measurements. Since electrical
impedance requires less preparation and time, it can be a good
replacement for the tests like rapid chloride permeability which is
time consuming and can alter the microstructure of the concrete.

3. Component of the measurement system

The system developed for this investigation can be used to
measure the AC electrical impedance response of the material. The
components in the system consist of an impedance spectrometer,
digital multi-meter, and a switching unit.

The electrical impedance spectrometer used in this study is capable
of performing only one measurement at a time. There are multi-
channel spectrometer units on the commercial market. However, in
addition to their high cost most of the units are limited to only a few
measurements (up to 16) at a timewhich alsomay be a limiting factor.

The digital multi-meter and switching unit chosen for this project
included a Keithley model 2750 mainframe which has five slots and a
model 2700 which has two slots for inserting the plug-in switch/
control modules. Each slot can support a series of multiplexer, matrix,
or control modules. For example the Module 7708 which was used in
this project has 40 channels. The general features of this module are
described in [32]. The role of the mainframe is to communicate
between channels. Temperature can also be measured using this
system as this is needed for temperature corrections [33].

For each impedance measurement (each sample), 2 channels are
required, (i.e., the Keithley model 2750 mainframe with five 7708
modules can be used for 100 impedance measurements). If more than
100 measurements are necessary, several mainframes can be joined
together to provide the appropriate number of channels.

To combine the mentioned components, the software (named
AEMS) was developed, using LabVIEW. This software selects the
sample that will be tested and then runs the impedance spectrometer
on that sample. After the measurements are completed, the AEMS,
stops the spectrometer, switches the sample and runs the test again.
The measurements are performed one by one not simultaneously. In
all the graphs shown in the paper, this time is considered. This time
for AC measurements is a function of selected frequency and in all
examples in this paper it was about 40 s. However, when the concrete
is hardened, this time difference is not considerable. If some interval
time is necessary between measurements, the AEMS can be
programmed to place the necessary time interval between measure-
ments. In addition, the AEMS can communicate with themainframe to
Fig. 1. Schematic relationship between the components of the system.

Fig. 3. Schematic view of the cylindrical paste specimens, used to measure variability in
cement paste.
measure voltage, DC resistance and temperature independent from
the spectrometer. Fig. 1 schematically shows the component of the
system and the actual parts are shown in Fig. 2.

While an RS-232 serial port was used to control the multi-meter
and switching system in this study, faster data transfer can be
performed using a GPIB2 [34] card. The role of the AEMS software is to
control and switch the channels for each measurement, to control and
run the spectrometer and save data to the computer for later analysis.
2 The General Purpose Interface Bus (GPIB) is an industry standard published by the
Institute of Electrical and Electronic Engineers (IEEE) as ANSI/IEEE Standard 488. GPIB
defines the electrical, mechanical, functional, and software specifications of an
interfacing system to connect PCs to programmable instrument.



Fig. 4. Schematic view of the container with known geometry, to measure the
conductivity of the solutions.
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The software contains options which enable the user to set the
number of samples, measurement frequency, and the time between
each set of measurements. The saved data can be opened and
analyzed in Excel®. Based on the number of measurements, one may
end upwith thousands of data files. Therefore, a macrowas developed
to automatically analyze individual data and place the summarized
results in a worksheet.

4. Experimental results

To verify the performance of the switching units, two simple
experiments were conducted. In the first test, a known resistor (10 Ω)
was connected to all available channels and the resistance was
measured. In the second test, a known potential was measured, using
Fig. 5. Development of the conductivity of (a) 15 cement paste samples withw/c=0.45
and, (b) 5 cement paste samples with w/c=0.5.
all channels. Results show that there is no significant difference
between measured values with each channels and the relative
standard deviation was less than 0.005%.

4.1. Electrical conductivity of cement paste sample during hydration

Electrical measurements can provide information about the
change in pore structure due to hydration process [23,35]. It is
important to use multiple specimens for these measurements due to
the inhomogeneity and corresponding variability of cementitious
materials. To determine the variation between different samples the
electrical conductivity of cement paste samples was measured using
cylindrical paste specimens as described in Fig. 3. Type I ordinary
Portland cement was used with a Blaine fineness of 360 m2/kg and a
Bogue phase composition of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and
Na2O equivalent of 0.72%. Fifteen samples were prepared with a w/c
of 0.45 and 5 samples were prepared with a w/c of 0.50. The
measurement frequency range that was used for the tests ranged from
1 MHz to 10 Hz with ten measurements per decade using the 500 mV
AC stimulus. To determine the conductivity of the material, the bulk
resistance (Rb) obtained from the impedance response normalized for
the effects of specimen and electrode geometries, using the following
equation:

σt = k = Rb ð1Þ

where, σt is the conductivity (S/m) of the paste, Rb is the measured
bulk resistance (Ω) and k is a geometry factor. The geometry factor
Fig. 6. Relative standard deviation between (a) 15 cement paste samples, withw/c=0.45,
at different ages and, (b) between 5 cement paste samples, with w/c=0.50, at different
ages.



Table 1
Mixture proportions of concrete samples.

Materials Batch proportion for 100 kg (kg)

w/c=0.48,
no WR

w/c=0.53,
no WR

w/c=0.48
with WR

Cement (Type I) 8.0 8.0 8.0
Water 3.9 4.3 3.9
Coarse aggregate 68.9 68.6 68.7
Fine aggregate 19.1 19.0 19.0
Water reducer (WR) 0.0 0.0 0.3
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was determined by filling the molds with solutions of known
conductivity and measuring the bulk resistance between the electro-
des. In this experiment two sodium chloride solutions were prepared
with two different concentrations (0.1 M and 1 M). The conductivity
of the two solutions was measured (7.72 and 1.01 S/m for 1 M and
0.1 M solutions, respectively), using a container with known
geometry as shown in Fig. 4. By using this information, the value of
the geometry factor, k, was calculated to be 15.5/m for the geometry
shown in Fig. 3.

The electrical impedance of the samples was measured for 7 days,
starting 30 min after casting. Fig. 5 shows the conductivity of the
samples with w/c of 0.45 and 0.50, respectively. At the end of the test,
all samples were inspected to ascertain the uniformity of specimen.

It can be seen that the conductivity of all samples follows the same
pattern. As expected, the conductivity decreases as the system
hydrates [36–38].

To better assess the variation, the relative standard deviation
(RSD) can be used. The RSD is useful for comparing the uncertainty
between different measurements of varying absolute magnitude. The
Fig. 7. Histogram of conductivity of paste samples with w/c=0.45 (a) 24 h after
casting, (b) 72 h after casting.
RSD is the absolute value of the coefficient of variation calculated using
Eq. (2):

RSD =
ðStandard devation of conductivityÞ

Average of conductivity
× 100 ð2Þ

Fig. 6 shows the RSD of the samples at different ages. Results show
that, even when the samples are made from one mixture there is
variability in the conductivity of the samples, especially at early ages
when the properties change most dramatically. However, the RSD
decreases over time as the measurements stabilize. This is shown in
Fig. 7, which gives the histograms of conductivities for w/c=0.45 (15
samples) at two different ages. The maximum difference is less than
10% for w/c=0.45 and 3.5% for w/c=0.50 at all ages.

4.2. Electrical conductivity of concrete sample

To show the capability of the AEMS, the conductivity of concrete
cylinderswasmeasuredwith differentmixture proportions (shown in
Table 1). For this purpose, 200 mm (diameter)×400 mm (length)
concrete cylinders were prepared with two (1.9 mm diameter)
stainless steel rods as the electrodes. The electrodes were spaced
100 mm apart from each other and fixed in the mold. For each
mixture, five cylinders were cast and impedance tests were
performed every 15 min. The impedance measurements began
30 min after casting and continued for 7 days. Results show that the
conductivities of all five samples of each mixture have very similar
results with the RSD between 1 and 2.5% as can be seen in Fig. 9. As can
be seen in Fig. 8, at about 10 h, the conductivity of concrete samples is
similar. It is obvious from the results that impedance spectroscopy
technique is capable to evaluate and compare different samples with
different mixture proportions.
Fig. 8. Conductivity of concrete with three different mixture proportions, shown in
Table 1.



Fig. 9. Relative standard deviation between concrete samples with three different
mixture proportions, shown in Table 1, at different ages.

Fig. 11. Image of the concrete sample (a) without and (b) with saw cut, created by
electrical impedance measurements.
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4.3. Crack imaging in cement paste and concrete, using impedance
spectroscopy

Electrical impedance imaging has been used by many researchers
in the medical field to monitor various physiological variables [39–
41]. Previous studies indicated that this technique can also be used in
imaging the defects in cementitious materials [29,42]; however,
studies in cement are somewhat limited. The approach consists of
measuring the impedance at different locations on the surface of the
concrete and constructing electrical conductivity (or resistivity)
contour plot from the measured impedances. Since the presence of
damage (e.g., a crack) changes the path of electrical flow in the
concrete, any damage will appear on the plot. Electrical contour plots
can be used to locate visible and invisible damage. In order to
investigate this technique a small test unit developed consisting of
twenty electrodes, as shown in Fig. 10. The impedance was measured
between each pin, in X and Y directions. Then the measured values
were used to construct electrical resistance contour plots. For this
experiment, two concrete samples were prepared with water:
cement:coarse aggregates:fine aggregates ratio of 0.4:1:3:2.85:2.37.
The measurement frequency range was 1 MHz to 10 Hz, with the
500 mV AC stimulus. After performing the measurements, the
resistances measured between each pin were normalized based on
the maximum measured value in each case and then the normalized
values were mapped. Fig. 11 shows the constructed image. The
location of the saw cut is clearly visible in this image. A similar setup
Fig. 10. The dimensions of the concrete samples and the measurement setup, used for
imaging: (a) concrete sample with no cut, and (b) concrete sample with the saw cut.
(with different size and spacing between electrodes) can be used to
determine the location of the damaged area beneath the sealed saw
cut or joints which is currently under investigation.

5. Conclusion

This paper described an approach to automate electrical imped-
ance measurements with an automated electrical monitoring system
(AEMS) that enable multiple measurements to be made.

This switching system enables measurements to be performed on
multiple specimens or where multiple locations are needed. This
enables the aging processes be better quantified, allows variability to
be qualified for quality control, and enables electrical imaging to be
performed.

The system described in this paper was successfully used to
investigate the behavior of concrete sample with different mixture
proportions by continuously monitoring their conductivity. In
addition, variability among different samples was studied and the
results show that there is variability between samples even cast from
one batch which needs to be considered, specifically in statistical
analysis. Constructed electrical image maps can be used to locate the
cracked and damaged area, even if it is beneath the surface.
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The inf luence of temperature on 
electrical conductivity measurements 

and maturity predictions in 
cementitious materials during 

hydration  

 Gaurav Sant, Farshad Rajabipour and Jason Weiss 

Electrical property measurements are being increasingly 
used to assess the transport properties of building 
materials. While conductivity measurements have 
been extensively used, the combined dependence of 
electrical conductivity on measurement temperature 
and microstructural development (cement hydration) 
is often overlooked. In this paper the influence 
of temperature and microstructural development  
(i.e. hydration) are separated. Two cement paste 
mixtures are assessed at 283K, 296K, and 309K, and 
the conductivity response is analysed to differentiate 
the contribution of maturity (pore structure refinement 
due to hydration) and temperature (due to changing 
ionic mobility). The conductivity measurements are 
used to determine the activation energy of electrical 
conduction (i.e. temperature dependence of ion mobility) 
and hydration (i.e. temperature dependence of reaction 
rates). This work provides an improved understanding of 
how temperature influences electrical measurements in 
cementitious systems at early ages, and can provide for 
an accurate interpretation of the electrical properties of 
the system. This information will enable improvements 
in the use of electrical measurements for quality control 
and quality assurance (QC/QA) testing. 

Keywords: Electrical conductivity, hydration, maturity, 
temperature, quality control.

Electrical measurements are powerful non-destructive 
testing techniques that are capable of providing 
information about hydration reactions, microstructural 
features and the transport properties of cement 
based materials. However, electrical measurements 
(e.g., conductivity or resistivity) exhibit temperature 
dependence due to changing ionic mobility with 
temperature. In an electrolyte, electrical conduction 
occurs due to the migration of ions through the solution 
under an applied potential gradient1. Consequently, 
conduction in aqueous electrolytes is dependent on ionic 
mobility and the solution’s concentration. In cementitious 
materials, temperature change influences ionic mobility 
and salt solubility resulting in a change in the electrical 
conduction response as a function of temperature2. 
These considerations highlight the need to account for 
the temperature dependent conductivity response of 
cementitious materials. Further, chemical reactions (such 
as cement hydration) are influenced by temperature3. 
This topic has received significant treatment in the 
literature with the objective of determining how 
temperature influences the rate of material property 
development4,5,6,7. Maturity transformations have been 
extensively used to correlate material properties to the 
extent of reaction that occurs in the system8,9.  

Due to the influence of temperature on the rate of 
hydration and ionic mobility it would be reasonable to 
consider that the electrical properties (conductivity or 
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resistivity) of cement systems are a function of maturity 
and temperature effects as shown in Equation 1. 

s(t,T) = f(M)● f(T) ......(1) 

where, σ(t,T) is the time and temperature dependent 
electrical property (in this case the conductivity (S/m)) of 
the sample, f(M) is a function which defines the influence 
of time and temperature on the sample maturity 
(microstructure development), and f(T) is a function 
that defines the influence of sample temperature and 
accounts for effects such as the ionic mobility and 
solution concentration.  

The temperature dependence of electrical properties in 
cement based systems was studied several decades ago 
by Hammond and Robson who used the Hinrichson-
Rasch law to describe the conductivity of concrete over 
a range of temperatures (Equation 2).10,11

 …...(2)

where, σ(T) is the concrete conductivity (S/m) at 
temperature T (K), σ(TREF) is the conductivity (S/m) at 
a reference temperature TREF (296K for this work) and 
‘A’ is an empirical constant (K). Hammond and Robson 
indicated ‘A’ to be equal to 5500K based on work by 
Spencer10,12. Later, Elkey and Sellevold extended the 
scope of this investigation and determined ‘A’ to vary 
between 2000 and 5000K depending on the mixture 
composition13.

Whittington et al. used a similar approach to investigate 
concrete using electrical resistivity14. Using a slightly 
different form of relationship (Equation 3) described 
by Hammond and Robson they determined concrete to 
have a negative temperature coefficient of resistivity, 
equal to 0.022/°C.  

 ...…(3)

where, ρ(T) = 1/σ(T) is the resistivity (ohms.m) at 
temperature T (K), ρ(TREF) is the resistivity (ohms.m) at 
a reference temperature TREF (K) and α is temperature 
coefficient of resistivity of the material. The work of 
Whittington et al translates to an empirical constant ‘A’ 
of 2130 K for the concretes tested.  

In the 1990s, McCarter determined the temperature 
coefficient of resistivity of concrete as 0.026/°C.15 More 
recently, McCarter proposed a formulation to determine 
the activation energy of electrical conduction based on 
the Arrhenius Law (Equation 4)16,17.

 ……(4)

where, σBulk is the bulk sample conductivity (S/m) at 
an absolute temperature T (K), R is the universal gas 
constant (8.314 J/K mol), EaC is the activation energy for 
the conduction process (J/mol) and A (S/m) is a material 
constant (theoretically equivalent to the conductivity at 
infinite temperature; σ(T = ∞)). The activation energies 
of electrical conduction were determined to be in the 
range of 16-30 KJ/mole for the mixtures evaluated in 
this project.  

research objective 
This paper proposes an approach to simultaneously 
assess the influence of temperature and microstructural 
changes (i.e. maturity) on the measured electrical 
conductivity in cementitious systems. The results of 
this work are aimed at understanding the influence of 
temperature on early-age conductivity measurements. 
This understanding would permit the reliable use of 
electrical measurements in early-age quality control and 
quality assurance (QC/QA) testing and for specification 
compliance of cement-based materials. 

Materials and mixing procedures
Two different cement paste mixtures were prepared 
according to the mixture proportions shown in Table 1. 
Type I ordinary portland cement was used with a Blaine 
fineness of 360 m2/kg and a Bogue phase composition 
of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and a Na2O 
equivalent of 0.72%.  To enhance the workability of the 
mixtures, a high range water reducing admixture was 
added. A commercially available shrinkage reducing 
admixture (SRA) was added at a 5% concentration 
of the initial water content by replacement (by mass) 
of the initial mixing water. For the measurement of 
electrical conductivity de-aired, neat cement pastes 
were prepared using de-ionised water. The water was 
de-aired by boiling then cooled to room temperature 
before mixing. The dry constituent materials were 
placed inside a special mixing chamber18. The chamber 
was then sealed, air was evacuated from the chamber 
using a vacuum pump, and the solution of water and the 
chemical admixtures was introduced into the chamber 
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under the same evacuated condition. The chamber was 
then placed in a commercial paint shaker and shaken 
for five minutes to uniformly mix the constituents and 
obtain a consistent cement paste mixture.  After mixing, 
the chamber was opened and the cement paste slurry 
was placed in the moulds using external vibration. 

Table 1. Mixture proportions (mass) 
  W/C = 0.30 W/C = 0.30 + 5% SRA

Water 0.300 0.285 

Cement 1.000 1.000 

HRWRA  0.005 0.005 

SRA  ~ 0.015 

experimental procedures 
electrical conductivity of fresh and mature 
cement pastes 
The electrical conductivity of cement paste samples was 
measured using cylindrical paste specimens (22 mm 
diameter, 50 mm height). The specimens were cast and 
stored in an airtight plastic vial. Two stainless steel 

electrodes (2.5 mm diameter rods spaced 10 mm centre 
to centre) were embedded longitudinally inside each 
vial (Figure 1b). A impedance gain-phase analyser 
measured the impedance response of each specimen. The 
measurements were made over a wide frequency range; 
i.e. 10 MHz to 1 Hz (10 steps/frequency decade) using a 
100 mV AC stimulus. The bulk resistance (Rb) obtained 
from the impedance response was used to determine the 
material’s conductivity after normalising for the effects 
of specimen and electrode geometry (Equation 5). 

 ......(5)    

where, σt is the paste conductivity (S/m), Rb is the bulk 
resistance (ohms; Ω) and k is a geometry factor (15.76/
m) that was determined experimentally for this specific 
geometry19. During measurements, the specimens 
remained sealed inside plastic vials. Electrical impedance 
measurements were performed for a duration of 7 days 
(at a reference temperature of 296K) after casting on 
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specimens which were kept in a water bath to minimise 
temperature variations (Figure 1a). Measurements were 
performed on samples cured at 283K (14 days), 296K 
(7 days) and 309K (4 days). Prior to mixing, the raw 
materials were temperature conditioned to ensure an 
appropriate mixture temperature (equivalent to the 
measuring temperature) at the end of the mixing cycle. 
For consistency, conductivity measurements until an age 
of 168 hours (real and equivalent age) are presented in 
this paper. The measurements were used to determine 
the activation energy of cement hydration, after a 
correction to account for the influence of temperature 
(ionic mobility) on electrical conductivity. 

To determine the influence of temperature on the 
conductivity of the pore solution (i.e. activation 
energy of electrical conduction; EaC (J/mol)) in cement 
pastes, conductivity measurements were performed 
on cement paste samples (cured for 7 days at 296K; 
~70% hydration – which corresponds to the maximum 
degree of hydration for the mixture as computed using 
Powers model20 that were conditioned to 283K, 296K and  
309K (± 0.5K) in an environmental chamber. Further, 
companion specimens were cast with thermocouples 
embedded to monitor the temperature profile of the 
cement paste mixtures. 

electrical conductivity of synthetic pore 
solutions
To determine the activation energy of electrical 
conduction in an electrolyte, synthetic pore solutions 

of varying concentrations were prepared (0.35 KOH 
+ 0.05 NaOH, 0.70 KOH + 0.10 NaOH, 1.40 KOH +  
0.20 NaOH). The solutions were then conditioned to 283K, 
296K and 309K (± 0.5K) in an environmental chamber. 
When the solutions had achieved an equilibrium 
temperature (measured using thermocouples immersed 
in the solution), the conductivity of the solutions was 
measured using a conductivity cell (Figure 1b) connected 
to a impedance gain-phase analyser20.   

experimental results 
Influence of the rate of reaction on the 
electrical conductivity 
Figure 2 shows the electrical conductivity of cement 
paste mixtures cured at temperatures of 283K, 296K 
and 309K. An initial increase in the conductivity is 
noted for ~1.5 hours for all the cement paste mixtures. 
This may be explained by the rapid initial dissolution 
of alkalis and sulphates into the mixing water. After 
this time (1.5 hours), a reduction in conductivity is 
noted for all mixtures. A significantly different trend is 
observed in the rate of measured conductivity (Figure 2) 
for specimens cured at different temperatures. The 
samples cured at low temperatures show a gradual 
decrease in the conductivity, while mixtures cured at 
higher temperatures exhibit a more rapid decrease. 
This observation may be explained by the temperature 
dependence of the rate of hydration in these cement 
paste mixtures (i.e. the rate of pore structure refinement 
as a function of the reaction temperature).  
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Influence of temperature on the electrical 
conductivity of cement pastes 
Figure 3 shows the measured electrical conductivity of 
two cement paste specimens (cured for 7 days), which 
have been subjected to thermal cycles. After being 
cured for 7 days at 296K, the samples were placed 
at temperatures of 283K and 309K (alternate heating 
and cooling was performed for 12 hours to ensure 
equivalent maturity). The results are shown in Figure 
3(b). As expected, the measured conductivity is lower at 
lower temperatures. The lower conductivity of the SRA 
mixture as compared to the plain mixture is attributed 
to the non-conductive nature of the SRA in cement 
paste and pore solution20,21. The measured value of 
conductivity was then used to determine the activation 
energy of the conduction process in cement pastes. This 
is further discussed later. 

Influence of temperature on the electrical 
conductivity of pore solution 
Figure 4 shows the measured electrical conductivity 
of synthetic pore solutions (0.35 KOH + 0.05 NaOH,  
0.70 KOH + 0.10 NaOH, 1.40 KOH + 0.20 NaOH) 
conditioned to temperatures of 283K, 296K and 309K. 
The electrical conductivity is observed to increase 
linearly over the temperature range from 283K to 309K. 
This is consistent with the increase in ionic mobility and 
the extent of dissociation of the dissolved ionic species 
as a function of temperature. The measured value of 
conductivity was then used to determine the activation 

energy of the conduction process in the electrolytes. This 
is further discussed later. 

discussion of experimental results 
The electrical conductivity of cementitious materials has 
been described extensively using a modified parallel 
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law22,23,24. This relationship can be described using 
Equation 6.

st= s0 f b ......(6)

where, σt is the bulk cement paste conductivity (S/m), σ0 
is the pore solution conductivity (S/m), φ is the volume 
fraction of the solution contained in the pores and β is 
the pore connectivity. The modified parallel law can be 
used to determine which parameters are impacted by 
a change in temperature. The first component which 
would contribute to the bulk conductivity would be 
the pore solution conductivity. Considering hydrated 
products and cement particles to be non-conductive 
(their conductivity is several orders of magnitude lower 
than the ionic pore solution), electrical conduction 
in cementitious materials can be modelled to occur 
primararily through the ionic pore fluid (in the gel and 
capillary porosity)20,23. This is significant, as temperature 
influences chemical equilibrium states; impacting ionic 
mobility (primary effect) and solubility (secondary 
effect)25,26. Ionic mobility (or equivalent conductivity) 
is noted to increase with increasing temperature due 
to the decreasing viscosity of the fluid (water), and an 
increase in the extent of dissociation of the dissolved 
ionic species, which increases the conductivity of the 

system1. An inverse effect (decreasing conductivity) 
would be noted with decreasing temperature. 

The second component which contributes to the overall 
conductivity would be the pore fluid volume. For a 
sealed system, at a given degree of hydration ignoring 
changes in fluid volume due to changes in density with 
temperature, the pore fluid volume would be fixed; as 
solution is not removed from or added to the system. 
This should however be distinguished from a change in 
the pore fluid volume due to the consumption of water 
during hydration.  

The third component is the pore fluid connectivity 
(equivalent to the inverse tortuosity), which decreases 
due to pore structure refinement with increasing maturity; 
a function of time and the reaction temperature.  

activation energy of electrical conduction in 
cement paste and pore solution 
Cement paste specimens subjected to thermal cycling 
were used to determine the influence of temperature 
on the cement paste conductivity, Figure 3. The results 
were used to determine the activation energy of electrical 
conduction (EaC) in cement pastes, Figure 5. The 
activation energy of conduction was determined to be 
25.6 kJ/mol for the plain mixture and 27.6 kJ/mol for the 
SRA mixture. A higher activation energy of conduction 
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in mixtures containing a SRA may be explained by the 
non-conductive nature of the SRA which impedes ion 
migration in the system. Further, the SRA may bind ions 
reducing electrical conduction in the system21. 

To fully understand the influence of temperature 
on the conductivity of an aqueous electrolyte a brief 
background on electrolytic conductivity is needed. 
The conductivity of an aqueous electrolyte can be 
expressed using Equation 7 where, z is the species 
valence (unitless), c is the molar concentration of the 
electrolyte (mol/L) and λ is the equivalent conductivity 
(cm2 S/mole) of each species at infinite dilution (which 
is a function of temperature) and is proportional to the 
ionic mobility26. At low concentrations (< 0.01 mol/l), 
that is, in dilute solutions the equivalent conductivity 
is a constant for a specific species. However, at high 
concentrations the equivalent conductivity is observed 
to decrease inversely (but non-linearly), due to ion-ion 
interactions in the solution19,27. 

 ......(7) 

Conductivity measurements were performed on synthetic 
pore solutions subjected to thermal cycling. The solutions 
were selected to correspond to the concentration of the 
pore fluid of an early-age cement paste (~ 2 hours), a 

later age cement paste (48 hours), and a pore fluid with 
a very high molar (ionic) strength. The results of these 
tests were used to determine the activation energy of 
the conduction process (EaC) (Figure 6; 13.55 kJ/mole, 
9.65 kJ/mole and 8.98 kJ/mole, respectively, in order of 
increasing solution concentration) in the ionic solutions. 
It is noticed that the activation energy decreases with 
increasing concentration, indicating concentrated 
solutions are less sensitive to temperature change as 
compared to dilute solutions. This observation can be 
explained by the large degree of inter-ionic interactions 
in concentrated solutions, which significantly alter the 
conductivity behaviour27. 

Temperature correction for electrical 
conductivity 
The activation energy of conduction in an electrolyte 
can be used to correct the influence of temperature, by 
transforming the conductivity at any temperature (in this 
case 283K or 309K) to a reference temperature (in this 
case 296K) using the expression shown in Equation 8.  

 ......(8) 

where, σ(T) is the sample conductivity (S/m) at any 
temperature T (K), σ(TREF) is the conductivity (S/m) at a 
reference temperature, TREF (296K), EaC is the activation 
energy of electrical conduction in an electrolyte (or 
cement paste) (J/mole) and R is the universal gas 
constant (J/K.mole). The temperature correction is 
performed using the activation energy of conduction 
of the pore solution, having the lowest concentration 
(conductivity). This solution was selected as it is noted to 
correspond to the pore solution chemistry (conductivity) 
of a 2 hour old cement paste (0.35 KOH + 0.05 NaOH), 
which contains a large fluid volume; whose electrical 
conductivity behaviour is most sensitive to changes in 
temperature (Figure 6 – highest EaC).   

determination of the activation energy of the 
hydration reaction 
Electrical conductivity can be corrected to account for 
the influence of temperature on the rate of hydration 
and, consequently microstructural development 
(pore structure refinement). This component may be 
accounted for using a temperature transformation such 
as an equivalent age (i.e. maturity) function proposed 
by Hansen and Pedersen28; Equation 9. In this paper, 
the equivalent age function (Equation 9) is used to 
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determine the activation energy of cement hydration 
(EaR), after normalising conductivity at any temperature 
to a reference temperature T(K); using Equation 8. 

 ......(9) 

where, M (hours) is the maturity (or equivalent age) 
of the specimen at a reference temperature TREF (K), 
EaR (KJ/mol) is the apparent activation energy of the 
hydration reaction, R (J/(mol· K)) is the gas constant 
(8.314 J/mol-K), T (K) is the average temperature of 
the concrete, and dt (hours) is the time interval28. The 
apparent activation energy determined from 10% to 35% 
hydration; (39.50 kJ/mol) is similar to values determined 
by other methods (e.g. chemical shrinkage) for the 
cement systems investigated20.  

Correction for the influence of temperature on 
hydration and electrical conductivity  
As illustrated in Equation 1, the conductivity behaviour 
of a cementitious material can be expressed as a function 
of maturity and the measurement temperature. This 
section will describe a procedure which can be used to 
simultaneously account for the influence of temperature 
on cement hydration and electrical conductivity. 
Due to space considerations, this paper will describe 

the procedure only for the plain cement mixture  
(W/C = 0.30).  

A function can be fit to describe the experimental 
conductivity measurement (W/C = 0.30) at the reference 
temperature (in this case 296K). This function is shown 
in Equation 10 (R2 = 0.9996).

 ......(10) 

where, σ(t,296K) is the measured conductivity at time 
t (hours) at a measurement temperature of 296K (the 
reference temperature). The type of fit used to describe 
the conductivity response is not important. To extend 
the applicability of this function to describe the electrical 
conductivity behaviour at any temperature requires the 
incorporation of a reaction rate constant kR (unitless) 
which accounts for the influence of temperature on the 
rate of cement hydration and an electrical conduction 
constant kT (unitless) which accounts for the influence 
of temperature on electrical conductivity. This approach 
is described in Equations 11, 12 and 13.   
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 ......(11) 

where, 

 ......(12) 

 ......(13) 

where, kR (unitless) is the reaction rate constant which 
accounts for the influence of temperature on the rate 
of cement hydration, kT (unitless) is the electrical 
conduction constant which accounts for the influence 
of temperature on electrical conductivity and T (K) is 
the average temperature of the concrete.  

Figure 7 shows the electrical conductivity response 
of the two cement paste mixtures evaluated using 
the approach described above, to account for the 
influence of temperature on cement hydration and 
electrical conductivity; using the activation energy of 
cement hydration (EaR = 39.50 kJ/mole) and electrical 
conduction for the electrical conductivity response 
of an early pore fluid (0.35 KOH + 0.05 NaOH;  
EaC = 13.55 kJ/mole). It can be seen that (Figure 7), using 
the approach described in Equation 11, the influence of 
temperature on hydration and electrical conductivity 
can be comprehensively described for mixtures cured 
at any temperature.  

An improved approach is proposed to perform the 
temperature correction for electrical conductivity if the 
pore solution chemistry (conductivity) at early-ages 
is well known. This would involve determining the 
activation energy of electrical conduction in electrolytes 
(pore fluids) having an age-dependent concentration 
(and conductivity). This information can be used to 
perform a comprehensive temperature correction for 
electrical conductivity. An example of such an approach 
is illustrated in Figure 8 which shows the activation 
energy of electrical conduction as a function of the 
solution’s conductivity at the reference temperature 
(296K)20,29.  

Conclusions 
Measurements of electrical conductivity performed on 
paste, mortar and concrete require a two-part correction 
to accurately describe early-age behaviour. The first 
part of this approach accounts for the influence of 
temperature on cement hydration (pore refinement), and 
the second part accounts for the influence of temperature 
on electrical conductivity. This paper demonstrates the 
successful application of this correction for electrical 
conductivity measurements using the activation energy 
of electrical conduction and cement hydration.  In this 
context, the activation energy of electrical conduction 
has been determined for electrolytes of varying 
concentrations and for cement pastes. In addition, 
the activation energy of cement hydration has been 
determined to be 39.50 kJ/mol (independent of w/c) 
and is noted to be similar to values determined using 
other techniques (e.g. chemical shrinkage or heat of 
hydration). The approach demonstrated in this paper 
would be crucial for forecasting the long-term durability 
performance of field concretes, based on the early-age 
electrical properties of the material using an approach 
similar to that presented by Lane30. An approach of 
this nature would provide fundamental information 
needed for quality control and quality assurance  
(QC/QA) applications and for ensuring the specification 
compliance of field concretes. This information would 
have an immense impact in determining how field 
concrete is specified, evaluated or purchased.    
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ABSTRACT 
 
Many agencies are interested in using a rapid test method for measuring the electrical properties of 
concrete (i.e., the resistivity or conductivity) since they are related to fluid transport (e.g., diffusion).  The 
advantage of the electrical testing is that it is relatively easy to perform and the test method is relatively 
fast (on the order of 1 minute).  Over the last century, many studies have investigated different 
approaches to measuring electrical properties.  This paper describes the variability associated with the 
method of measuring the bulk resistivity along the longitudinal axis of a cylinder after placing electrodes 
on either end.  A multi-laboratory study of ten participating laboratories provided variability data for twelve 
concrete mixtures at testing ages of 28, 56, and 91 days. The variability within the same laboratory was 
evaluated as the operator variability while the variability between laboratories was evaluated as the multi-
laboratory variability.  Information on the variability is important in the development of precision and bias 
statements for this test.  In addition, this work discusses how the resistivity results obtained from this test 
can be correlated with surface resistivity measurements made using the Wenner probe.  After correcting 
for geometry using the approach proposed by Morris et. al. (1996), a linear agreement was noticed 
between the Wenner test and the measurement through the cylinder. Additionally, the effect of the 
electrode resistance was discussed and for high resistivity concrete such as that used in much of the 
transportation infrastructure, this effect appears to be negligible, however it can be accounted for 
numerically.  
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1.0 INTRODUCTION 
 
For at least a century, tests have been proposed to measure the electrical properties of concrete [1-7].  
These methods have an advantage of being relatively fast to perform and the principle behind these tests 
is relatively straightforward.  While concrete is a composite consisting of a vapor phase (vapor filled 
porosity or “air”), a solid phase (aggregate and cementitious solids) and a fluid phase (the pore solution) 
the conductivity of each of these individual phases are very different.  The conductivity of the solid and 
vapor phases are extremely low, approximated as 10

-9
 and 10

-15
 S/m respectively, while the conductivity 

of the liquid phase is several orders of magnitude higher, ranging from 1 to 20 S/m [8, 9]. 
 
As such, it can be assumed that the majority of conduction occurs through the pore fluid.  A number of 
composite models have been developed where this concept is used [10-13].  Two of the more popular 
equations that are used in the cement and concrete literature are Archies expression and the modified 
parallel expression [11, 14]. While several documents have reviewed these methods previously, the goal 
of this section is to describe that the overall conduction is dependent on three factors as illustrated with 
the modified parallel rule in Equation 1: 
 

   
      

 
 [1] 

 
Where   is the bulk conductivity,    represents the conductivity of the fluid phase,   is the volume portion 
of the fluid phase,   is the degree of saturation  and ,   is the tortuosity of the pore network. Collectively, 

the factor ,   ⁄  can be referred to as the formation factor for a given saturation. This implies that electrical 
testing is sensitive to concrete with a higher fluid volume (higher water content) and a more open pore 
network that leads to higher connectivity (higher w/c). 
 
One of the more popular electrical test methods is the Rapid Chloride Permeability Test or RCP test [15, 
16]. This test method involves placing a saturated concrete specimen, typically four-inch diameter and 
two inches thick, between electrodes in different solutions and integrating the charge that is passed over 
a six hour testing period [15]. While this test has gained wide use, there are a few drawbacks that have 
been pointed out [17-19].  First this test is destructive in nature.  As a result each sample can only provide 
a single measurement at a single age.  Second, saturating the specimen can take a relatively long 
preparation time.  Third, the potential for heating effects due to the large voltage and long test period, and 
possible modification of the microstructure [20, 21]. There has been research regarding temperature 
correction for the RCP test [22, 23], but for many RCP test setups monitoring of temperature can be 
difficult or is frequently not done. Proposed changes to this test have been proposed include extrapolating 
the charge passed after a test duration of 30-minutes and extrapolating to the 6-hour value [24], 
increasing the size of the reservoirs to reduce the heating effects [25], and using a single resistance 
reading measured at an early age, often 1-minute or 5-minutes [18, 19]. 
 
Alternative testing methods have been proposed that require little to no sample preparation or enable the 
sample to be tested at different ages.  One rapid test for electrical resistivity of concrete is the Wenner 
probe. As with any test, there are certain considerations that can impact the results.  For example, the 
probe spacing, geometry of the sample, aggregate size and surface moisture conditions can all influence 
the measured electrical response.  Since the moisture conditions at the surface of the test specimens are 
quite important, care should be taken to protect against drying or using on surface treated concretes [26-
28]. Some work has been done to evaluate the effect of differing layer properties [29]. Additionally, some 
work has suggested the need for an additional non-linear geometry factor for this method that occurs from 
the constricted geometry, such as that of a standard test cylinder [30].  Further, when this method is used 
on real structures the location and proximity of the rebar needs to be considered [29, 31].  
 
Several of these concerns can be addressed if a standard testing protocol is adopted.  A draft test 
method has been developed to use a four-probe Wenner configuration on a 102 mm x 205 mm cylinder 
with probe spacing of 38.1 mm [32]. This surface resistivity (SR) test method places the probes directly on 
the surface of the test specimen. This test method has been accepted for use by the Florida Department 
of Transportation as a quality control test [26].  Additional departments of transportation have evaluated 



the SR method as a possible quality control method as well [33].  Work has also been done to correlate 
RCP testing and diffusion testing with SR [26, 34, 35].  This method has a distinct advantage in that it is 
rapid to perform and easy to perform on the surface of a cylinder. 
 
The resistance of a concrete cylinder can alternatively be evaluated by using plate electrodes that can be 
placed on the end of the sample [31, 36]. The resistance value obtained can be normalized by specimen 
geometry, simply the ratio of sample cross-sectional area to length, to obtain the sample resistivity, 
termed the bulk resistivity or BR. For this test, good electrical contact must be ensured between the plate 
electrodes and the test specimen [30, 36]. While this can be assisted through the use of a conductive 
medium, the surface finish of the cylinder ends should be flat. Some work was also done on evaluating 
the contact pressure between the plate and the specimen [36]. This test has the distinct advantage of 
rapid testing and a simple geometry factor.  To the best of the authors knowledge, a multi-laboratory 
study of variability has not been performed on this geometry though some studies have reported 
exchanges of samples between two labs [36]. 
 
Three major factors that should be considered in any electrical resistivity testing are the effects of 
geometry and temperature. While the bulk resistivity of concrete can be considered a material property, 
the tests that are performed provide a measure of electrical resistance. The resistance measurement 
should be corrected for the geometry. This correction can be determined empirically or numerically, 
although some corrections are simpler. Different geometries have been considered where the geometry 
factor can be determined experimentally [8, 37]. Temperature is another important factor in the testing of 
concrete resistivity. This occurs as the primary conduction path is through the ionic pore solution; the 
increase of temperature increases the mobility of the ions decreasing the resistivity. There has been work 
that has investigated the possibility of a temperature correction for resistivity test s [6, 38-42]. In this work 
the samples are all performed in laboratory conditions, as such the sample should be 23+/-2C.  Lastly, 
from Equation 1, saturation is a major component of the bulk conductivity of concrete. As such, 
knowledge of the moisture history and moisture content at testing are important considerations in the 
evaluation of resistivity data [43]. 
The main objectives of this study are fourfold: 

First, it provides some background on electrical property measurements for concrete and provides 
some of the physical principles behind these tests. 

Second, it presents the results of an inter-laboratory test of the electrical bulk resistivity of concrete.  
This information can be used in the development of precision and bias statements 

Third, it demonstrates the relationship between surface resistance test methods (e.g. wenner) and 
measurements performed on a cylindrical geometry. 

Fourth, it highlights important considerations in the development of testing standards and 
development of policies for the use of electrical methods as quality control/quality assurance 
tests. 

 
2.0 EXPERIMENTAL DETAILS 
2.1 Materials 
A round robin test testing program was proposed in 2009 to evaluate the repeatability of the Wenner and 
bulk resistance tests on concrete cylinders.  A series of twelve concrete mixtures were prepared at the 
laboratories who participated in this study.  The mixtures are structural/bridge deck concretes used by 
state departments of transportation from around the country. A final report detailing a parallel series of 
wenner and bulk resistivity tests conducted by AASTHO TIG group are available [44, 45]. 
 

Table 1—Summary of mixture proportions used in this study, SSD masses 
 
 



 
 
2.2 Sample Conditioning 
The samples were demolded at an age of 48-hours and placed into a saturated lime-water bath kept at a 
constant room temperature until the age of testing (23+/- 2C). At an age of 14-days, the respective 
laboratories removed the samples and wrapped them in paper towels soaked in saturated lime-water. 
The samples were then double-bagged and prepared to be shipped via two-day shipping to the other 
participating laboratories. The goal is to ensure the samples remain wet during testing. 
 
After the samples were received by other testing laboratories, they were removed from the bag and place 
into saturated lime water baths kept at room temperature (23+/- 2C).  At ages of 28, 56, and 91-days, the 
samples were removed from saturated lime bath, the surface was wiped dry, and the samples were 
tested for SR and DR.  After this testing the samples were placed back in the saturated lime water. 
 
3.0  TESTING PROCEDURE 
It should be noted that the test described herein (the plates placed on the end of the cylinder) was a part 
of a larger study conducted by the AASTHO TIG evaluating surface resistivity [44, 45]. Not all of the labs 
chose to participate in this portion of the study, so those laboratories have been excluded from the 
following data though to avoid confusion the original laboratory numbers were retained.  
 
3.1 Equipment 
The equipment involved in this test consisted of a CNS Farnell Mk II, U95 surface resistivity meter using 
an alternating current at 13 Hz, a set of 4-inch diameter stainless steel plate electrodes, and 16 gauge, 
two-conductor wire to connect the probe tips of the surface resistivity meter to the plate electrodes. 
 
The cable was outfitted with alligator clips on one end to allow easy access to the probe tips of the 
resistivity meter. The other end of the cable was outfitted with a ring terminal to connect to the plate 
electrode. The plate electrode was drilled and tapped to allow easy and consistent attachment. 
 
An important consideration is to ensure proper electrical contact between the cylinder and the plate 
electrodes [30, 36]. For this study, this was done using thin, lime-water saturated sponges. 
 
3.2 Testing Procedure 
The plate electrodes should be connected to the pins of the surface resistivity meter. The first two pins 
that generate the current and measure the potential were connected to one of the steel plate electrodes 
and likewise for the second set of pins, as shown in Figure 1. 
 

1 2

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

1 0.34 163 237 119 - 119 - - 1059 - 717

2 0.40 144 285 71 - - - - 282 854 824

3 0.39 199 392 119 - - - - 785 - 724

4 0.35 158 279 178 - - - - 940 - 793

5 0.40 164 308 103 - - - - 909 - 879

6 0.37 145 390 - - - - - 1068 - 712

7 0.40 160 297 80 - - 24 - 532 528 686

8 0.39 131 251 84 - - - - 555 - 1295

9 0.41 151 291 65 - - 15 - 1032 - 697

10 0.30 151 297 153 44 - - - 1009 - 638

11 0.30 157 430 95 - - - - 1033 - 577

12 0.35 156 402 - - - - 44 1009 - 624

Meta-
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Cement Fly Ash
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No.
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Figure 1—Attach the alligator clips to the Wenner probe tips.   a.) close-up   b.) at a distance 

 
The resistances of the top and bottom sponges were then measured, as shown in Figure 2. As resistance 
of the sponges is largely dependent on moisture content, a test cylinder was used to ensure the pressure 
on the sponge was consistent for the test of sponge resistance and the measurement of the test cylinder. 
This was to ensure approximately the same moisture content. The goal of this was to provide a correction 
for sponge resistance, as discussed below. 
  

 

 

 

(a) (b) 
 

Figure 2—Measuring the sponge resistance for a.) the top and b.) the bottom sponges. 

 
The concrete cylinder is then placed between the plate electrodes, with sponges being placed between 
the plates and the concrete cylinder, as shown in Figure 3. 
 



 
 

Figure 3—Measuring the resistance of the system. 
 
3.3 Calculations 
The resistances of the top and bottom of the top and bottom sponge are termed             and 

               respectively. The measured resistance of the system, as depicted in Figure 3, was termed 

         . The measured resistance was corrected for the resistance of the sponges by treating the 
system as resistors in series, as shown in Equation 2. [36]. It was noticed for the sponges used in this 
study that their resistance values in each lab tended to remain relatively constant. Thus, for sponges that 
show this constant resistance it is proposed they only be measured periodically and their resistances can 
be assumed. 
 

                                               [2] 

 
The bulk resistivity, denoted  , can be determined by using Equation 2. Where the geometry factor,  ,for 
current flow through the bulk material is given by Equation 3. 
 

              [3] 

   
 

 
 [4] 

 
where           is the calculated resistance of the concrete test cylinder from Equation 1,   is the cross-

sectional area, and   is the length of test specimen. 
 
4.0 RESULTS AND DISCUSSION 
4.1 Bulk Resistivity Data 
The samples were tested at three ages: 28, 56, and 91-days. The average bulk resistivity (BR) and 
coefficient of variation (COV) of three test cylinders measured at each testing age is presented below. 
Cells marked with N/A represent no data reported. 
 
Data measured at ages of 28-days is presented in Table 2. Mixtures 1 through 5 were not tested for 28-
day BR as the equipment was in the process of being distributed.  Data measured at ages of 56-days is 



presented in Table 3. Mixture 1 was not tested for 56-day BR as the equipment had still not been 
received by one laboratory.  Data measured at ages of 91-days is presented in Table 4.   
 

Table 2—Average BR and COV obtained at a testing age of 28-days. 
 

 
 
 

 
Table 3—Average BR and COV obtained at a testing age of 56-days. 

 

 
 

Table 4—Average BR and COV obtained at a testing age of 91-days. 

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average N/A N/A N/A N/A N/A 5.29 13.41 14.97 8.84 12.67 6.46 14.89

COV N/A N/A N/A N/A N/A 0.52 1.15 8.52 1.84 0.47 9.96 5.52 4.00

Average N/A N/A N/A N/A N/A 5.27 14.12 16.98 8.36 13.49 6.73 18.84

COV N/A N/A N/A N/A N/A 0.21 1.50 1.07 0.23 2.23 9.56 3.21 2.57

Average N/A N/A N/A N/A N/A 5.19 13.54 14.03 7.69 11.53 5.43 16.04

COV N/A N/A N/A N/A N/A 0.58 0.85 1.69 1.79 1.50 0.91 10.67 2.57

Average N/A N/A N/A N/A N/A 5.65 15.19 16.73 8.31 16.93 7.36 N/A

COV N/A N/A N/A N/A N/A 0.97 0.63 2.83 1.58 0.97 1.38 N/A 1.39

Average N/A N/A N/A N/A N/A 5.55 15.24 15.69 9.60 13.72 6.68 20.24

COV N/A N/A N/A N/A N/A 1.84 1.14 0.57 0.87 3.17 0.77 0.07 1.20

Average N/A N/A N/A N/A N/A 5.03 13.59 15.01 8.91 12.87 6.88 16.90

COV N/A N/A N/A N/A N/A 0.89 0.89 1.06 0.08 1.12 1.03 0.39 0.78

Average N/A N/A N/A N/A N/A 5.84 14.36 16.58 8.63 14.59 6.81 18.21

COV N/A N/A N/A N/A N/A 0.55 2.54 0.83 1.11 3.07 1.90 0.85 1.55

Average N/A N/A N/A N/A N/A 5.31 14.39 16.37 8.91 13.15 7.00 16.48

COV N/A N/A N/A N/A N/A 0.03 0.06 0.68 0.58 3.03 0.58 5.07 1.43

Average N/A N/A N/A N/A N/A 5.12 14.20 15.60 8.62 14.22 6.77 18.55

COV N/A N/A N/A N/A N/A 0.01 0.35 0.13 4.51 0.92 0.22 0.63 0.97

Average N/A N/A N/A N/A N/A 5.68 14.02 15.11 8.30 12.30 6.40 16.76

COV N/A N/A N/A N/A N/A 0.01 0.20 0.04 0.21 0.26 0.13 0.11 0.14

Average N/A N/A N/A N/A N/A 5.39 14.21 15.71 8.62 13.55 6.65 17.43

COV N/A N/A N/A N/A N/A 5.00 4.45 6.03 5.89 11.01 7.62 9.46

1

2

3

5

6

All 

Labs

7

8

9

10

12

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average N/A 6.73 8.76 12.63 8.07 6.56 24.34 29.99 14.78 22.20 11.98 18.14

COV N/A 3.86 3.23 3.35 1.51 2.46 0.87 0.73 2.65 2.62 2.50 1.02 2.25

Average N/A 8.64 9.10 12.05 10.83 7.22 24.52 27.25 13.14 22.53 12.69 20.12

COV N/A 2.68 2.55 2.65 7.47 4.17 4.61 1.20 1.67 3.95 6.31 3.21 3.68

Average N/A 6.18 7.81 12.26 7.71 5.81 23.13 21.61 12.17 17.26 N/A 17.71

COV N/A 7.82 2.81 0.82 0.60 0.79 3.70 2.87 2.68 2.55 N/A 6.87 3.15

Average N/A 7.98 9.26 11.41 7.26 7.08 24.10 29.12 14.92 22.48 10.91 N/A

COV N/A 0.00 7.48 1.52 4.69 2.13 2.58 1.67 7.09 1.65 0.76 N/A 2.96

Average N/A 7.70 9.16 12.89 9.99 6.70 N/A 25.02 N/A 19.62 10.09 21.49

COV N/A 3.24 7.42 1.12 1.01 6.86 N/A 3.74 N/A 4.50 2.77 1.62 3.59

Average N/A 8.38 8.55 12.34 8.33 6.57 24.20 27.18 16.50 21.37 12.16 19.88

COV N/A 9.52 3.50 2.29 2.77 3.06 2.15 4.45 1.48 0.66 8.34 3.96 3.83

Average N/A 7.18 9.27 13.64 9.31 6.72 25.89 31.29 14.38 24.98 12.55 20.85

COV N/A 5.85 3.66 1.75 3.01 2.68 5.07 2.63 3.47 2.42 2.55 3.24 3.30

Average N/A N/A 9.20 13.50 8.59 6.52 26.09 30.28 15.13 23.23 13.43 20.27

COV N/A N/A 3.61 6.27 1.17 3.48 1.00 2.98 2.05 4.15 3.52 2.47 3.07

Average N/A 7.98 8.92 14.85 7.94 6.26 26.58 26.03 14.20 22.24 11.22 21.46

COV N/A 0.00 5.33 5.28 4.52 1.91 2.20 1.09 6.33 1.83 1.60 2.32 2.95

Average N/A 6.10 8.34 11.94 7.90 6.52 22.21 23.65 13.06 18.67 9.95 15.99

COV N/A 3.00 1.44 1.35 5.13 2.55 5.98 3.48 5.57 4.57 2.21 5.79 3.73

Average N/A 7.43 8.84 12.75 8.59 6.59 24.56 27.14 14.25 21.46 11.66 19.55

COV N/A 12.51 5.43 7.91 13.01 5.95 5.79 11.50 9.14 10.72 10.27 9.60

1

2

3

5

6

12

All 

Labs

7

8

9

10



 
 
 

 
4.2 Operator Variability 
The operator variability is described from the average COV from each mixture for each different 
laboratory. This is shown as the last column in Tables 2-5. The maximum of average within-laboratory 
COV for each testing age is presented in Table 6. Previous work evaluating the development of an 
automated resistivity testing system has reported similar within-laboratory variability [46]. 
 

Table 6—Maximum within-laboratory COV  
 

Testing Age 
Within-laboratory 

COV 

28-days 4.00 % 

56-days 3.83 % 

91-days 5.01 % 
  
4.3 Multi-laboratory Variability 
The multi-laboratory variability can be described from the average COVs from each laboratory for the 
different mixtures. This is shown as the last row in Tables 2-5, termed All Lab COV. The maximum of 
average multi-laboratory COV for each testing age is presented in Table 7, and is used to develop the 
precision statement for multi-laboratory variability. It should be noted that the variation increases over 
time.  It is believed that this may be due to slight variations in curing conditions which may have occurred 
at each lab which could amplify differences overtime. 
 

Table 7—Maximum multi-laboratory COV  
 

Testing Age 
Multi-laboratory 

COV 

28-days 11.01 % 

56-days 13.01 % 

91-days 20.39 % 

Lab
Test 

Statistic
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10 Mix 11 Mix 12 Average

Average 10.24 8.07 12.14 18.71 11.36 7.58 38.05 42.08 19.44 34.98 17.90 18.80

COV 4.31 2.81 3.92 3.35 1.33 3.20 0.26 6.35 3.14 3.16 2.49 4.73 3.25

Average 12.16 10.43 15.12 18.83 16.81 8.31 32.40 39.19 17.58 29.78 16.17 24.58

COV 5.71 2.68 2.55 4.65 4.68 2.46 5.09 1.27 1.14 3.75 5.82 4.22 3.67

Average 10.43 7.85 10.61 16.58 9.46 6.65 28.87 31.78 14.63 22.71 13.10 17.18

COV 3.85 8.39 7.77 1.60 4.56 7.64 5.05 5.11 3.86 2.00 6.79 3.49 5.01

Average 11.01 8.36 12.12 16.21 10.20 8.48 33.45 37.14 20.19 28.66 15.45 N/A

COV 4.08 1.53 5.63 1.44 3.94 1.70 2.12 2.79 8.16 1.82 3.51 N/A 3.34

Average 13.91 10.11 14.34 23.58 N/A 7.65 30.97 30.81 15.60 29.92 15.80 20.96

COV 0.17 1.78 7.11 1.28 N/A 8.25 3.19 0.76 3.77 3.15 1.58 0.58 2.87

Average 10.67 10.05 14.11 19.27 12.58 7.94 35.83 40.06 20.81 29.55 17.18 21.03

COV 3.59 6.60 6.45 1.04 2.23 2.30 2.34 3.88 1.12 1.08 0.94 3.29 2.91

Average 12.22 8.92 13.25 20.47 13.29 7.67 38.06 45.59 19.19 35.36 18.49 20.29

COV 1.05 5.37 3.19 2.36 2.46 2.86 5.27 3.06 3.44 2.89 2.29 3.52 3.15

Average 11.16 14.35 14.35 19.54 12.06 8.60 37.74 43.37 N/A 34.48 22.41 19.55

COV 0.21 1.58 1.58 8.51 2.65 7.51 0.38 7.26 N/A 5.63 9.89 4.55 4.52

Average 12.39 9.75 13.71 22.44 12.65 6.74 37.54 38.41 18.26 30.51 16.50 21.15

COV 2.19 9.15 4.24 6.30 9.41 0.59 1.31 0.75 6.02 2.23 2.30 2.26 3.90

Average 10.07 7.82 11.12 15.96 10.40 7.26 31.21 33.11 14.93 22.67 12.69 18.01

COV 4.73 1.84 0.55 1.32 3.78 2.91 5.62 4.19 4.85 3.89 0.63 0.71 2.92

Average 11.43 9.57 13.09 19.16 12.09 7.69 34.41 38.15 17.85 29.86 16.57 20.17

COV 10.66 20.39 11.56 13.25 18.07 8.77 10.03 13.06 12.95 15.08 16.71 10.75
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4.4 Precision Statements 
Precision estimates were calculated [47].  For this experiment, the fundamental statistic was determined 
to be the COV, represented as 1s% in ASTM C670-10. Therefore, the calculated precision indices will 
correspond to d2s% described in ASTM C670-10. This index represents the maximum difference 
between two individual test results, expressed as a percentage of their average. The precision indices for 
different testing ages are shown in Table 8.  
 

Table 8—Precision indices for direct resistivity 
 

Testing Age Within-laboratory Multi-laboratory 

28-days 11.30 31.14 

56-days 10.84 36.79 

91-days 14.17 57.66 
 
The maximum precision index for the within-laboratory and multi-laboratory variability will be used to form 
the precision statements. 
The maximum pooled single-operator coefficient of variation was found to be 5.01 %. Therefore, the 
results of two properly conducted tests by the same operator on the same concrete material at the same 
age are not expected to differ by more than 14.2 % of their average.  The maximum pooled multi-
laboratory coefficient of variation was found to be 20.39. Therefore, the results of two properly conducted 
tests by different laboratories on the same concrete material at the same age are not expected to differ by 
more than 57.7 % of their average. 
 
4.5 Correlation with Surface Resistivity Measurements 
Surface resistivity measurements were conducted as a part of this study [44]. Figure 4 compares the 
measured SR and the calculated BR. 
 
A linear correlation was noticed, except that SR measurements tended to be 1.86 times higher than BR. 
This large data of experimental results support previous work using finite element that showed additional 
geometry factors must be used to account for test geometry, such as probe spacing, cylinder length, and 
cylinder diameter [30]. The factor of 1.86 is in good agreement with the geometric correction proposed by 
Morris et. al. (1995) for a cylinder with a length of 205 mm, diameter of 102 mm, probe spacing of 38.1 
mm and a MSA of 19 mm, which was approximately 1.9. 
 

 
 



Figure 4—Correlation of measured SR and DR of samples from differing ages, each data point 

represents the average of three samples. 

 
4.6 Effects of Electrode Resistance 
Previous work has shown that electrode resistance (and other factors to insure connectivity between the 
electrode and sample) may influence the results as discussed in Equation 2. 
 
The major contributor to electrode resistance is bad contact between the plate electrode and the surface 
of the test cylinder. Some work has suggested the possibility of using flexible electrodes [30]. However, a 
more practical solution is to use an aid that allows for good electrical contact. In the laboratory, this can 
be accomplished through the use of an electrically conductive jelly [48, 49]. The alternative is to use 
another soft, conductive medium. Popular solutions have included the use of saturated sponges, chamois 
cloth, and paper towels [21, 36]. 
 
An important issue becomes the associated resistance of the sponges. Previously, this associated 
resistance can be treated as a series of resistors in parallel with the test cylinder, which produces the 
correction shown and described by Equation 2. 
 
The sponge resistance is largely dependent on the moisture content of the sponges and the conductivity 
of the solution in which they are saturated. For this study, the solution was saturated lime water, which 
was also used as the storage solution for the test cylinders. Furthermore, to ensure proper moisture 
content, the contact pressure for the sponge was kept constant between the sponge resistivity test and 
the cylinder test, as shown in Figures 2 and 3. 
 
While this correction provides the truest value for resistivity, the results of this study show that this 
correction might not always be very large. For the sponges used in this study, the resistances of the two 
sponges were much less than the resistance of the cylinder. Figure 5a shows the measured resistance 
(i.e., sample, sponges and electrodes) as a function of the cylinder resistance (i.e., the sample alone), as 
defined in Equation 2.The best fit line shows only a small difference between the measured resistance 
and the cylinder resistance. 
 
Additionally, the ratio of the measured resistance to the cylinder resistance, as defined in the preceding 
paragraph, can be shown against the concrete resistivity, depicted in Figure 5b. This ratio represents the 
correction from cylinder resistance. Figure 5b shows that for high resistivity concrete, the resistance 
correction become almost negligible, while for lower resistivity concrete the sponge resistance might play 
a larger role. 
 

 



 

 
 
 Figure 5—Influence of electrode resistance on a.) the measured resistance (sample and electrodes) as a 

function of the  cylinder (sample) resistance and b.) the ratio of measured resistance (sample and 
electrodes) and cylinder (sample) resistance as a function of concrete resistivity. 

 
5.0 SUMMARY AND CONCLUSIONS 
This paper reports results from a multi-laboratory investigation of the variability associated with testing the 
electrical bulk resistivity of concrete cylinders by placing plate electrodes on the ends of the cylinder. An 
analysis of the data is presented.  The following observations can be made regarding the variability of the 
resistivity test method. It should be noted that the samples used in this study were conditioned by storing 
in lime saturated water between test measurements. First, resistivity testing is a rapid test method that 
allows for rapid results. This rapid test drastically reduces the amount of time a technician needs to spend 
conditioning the sample and conducting the test.  Therefore, this test is well suited for quality control 
testing. Second, resistivity testing can be considered a non-destructive test. This means that for each 
mixture being evaluated using resistivity, only a small number of samples need be prepared. This can be 
contrasted with other destructive electrical tests that require a larger series of samples for proper mixture 
evaluation.  In fact, this testing can be performed on cylindrical samples before they are tested for 
compressive or splitting tensile strength. Third, the operator and multi-laboratory precision of this test 
method have been quantified using data from the maximum COV obtained from an inter-laboratory study 
consisting of ten laboratories and twelve differing mixtures. Fourth, specimen geometry can greatly 
influence the results of an electrical test. This often requires the use of a geometry correction factor. For 
the direct resistivity test, this geometry factor is simply the ratio of sample area to sample length.  Finally, 
the effects of electrode resistance were addressed using a series model. While previous work described 
corrections for end plate resistance, the variability data from this investigation shows that for the materials 
used in this study, the correction that is needed is quite small. It is suggested that a resistivity test be 
developed that could include a variety of sample geometries including 1) the wenner probe geometry, 2) 
the direct bulk resistance described herein, and 3) alternative geometries provided the geometry factor 
can be quantified.   
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Abstract 1 

 2 

A series of wetting and drying tests were performed on concrete using different aqueous 3 

solutions containing deicing salts. The rate of fluid absorption was generally lower for aqueous 4 

solutions containing deicing salts than it was for water.  In addition, less fluid was absorbed for 5 

samples exposed to aqueous solutions containing deicing salts than for samples exposed to water.  6 

The change in the rate of aqueous fluid absorption was proportional to the square root of the ratio 7 

of surface tension and viscosity of the absorbed fluid.  Concrete that has been exposed to 8 

solutions containing deicing salts showed less mass loss during drying.  Measures of equilibrium 9 

relative humidity over the salt solutions are used to interpret drying behavior.  Experimental data 10 

indicates that concretes that had previously been exposed to deicing solutions can also exhibit 11 

reduced rate of absorption, even if water is the fluid being absorbed.  12 

 13 

 14 

1. Research Need and Significance 15 

 16 

Some jointed plain portland cement concrete pavements in freezing prone climates have shown 17 

premature deterioration at the longitudinal and transverse joints.  While some have attributed this 18 

damage to a chemical attack, inadequate air entrainment, poor mixture design, inadequate 19 

constituent materials, or poor construction practices; it is the hypothesis of the authors of this 20 

paper that this joint deterioration may be attributed, at least in part, to preferential absorption of 21 

fluid at joints.  This hypothesis was developed based on observations from the field that show 22 

these deteriorated locations frequently occurred at low spots in the pavement, where joint sealers 23 

were damaged, where water has collected, or where the joint does not appear to have opened 24 

thereby trapping water [1].  Preferential fluid ingress at joints could increase a variety of damage 25 

mechanisms including deleterious chemical reactions, crystallization pressure, or freeze thaw 26 

damage that may degrade the concrete.  To fully evaluate fluid ingress at the joints it is essential 27 

that the wetting and drying behavior of concrete is evaluated using aqueous solutions containing 28 

deicing salts.   29 

 30 



 

1 

 

This work is limited in scope as it considers only the ingress of aqueous solutions over short time 1 

periods and does not explicitly consider any chemical reaction that occurs between the aqueous 2 

solution and the concrete.  This information is intended to provide reference for those developing 3 

tests to evaluate potential deicer-concrete interactions [2], for developing tests on fluid 4 

absorption, for evaluating fluid absorption in concrete [3], for input parameters in computer 5 

simulation of fluid ingress at joints [4], and for potential approaches to limit joint deterioration 6 

like penetrating sealers for possible use in concrete pavements [5].    7 

  8 

 9 

2. Fluid Absorption in Porous Materials 10 

 11 

Fluid absorption is a frequently used test to provide an indication of the durability of concrete 12 

systems since it is simple to perform.  Several standard tests exist for measuring water absorption 13 

including ASTM C 1585-04 [6], BS 1881-99 [7], and ASTM D6489-99 [8].  While the concept 14 

behind these tests is very similar, there are differences in how the samples are conditioned, 15 

treated, and tested.  In each of these tests water is typically used as the fluid that is being 16 

absorbed. Hall [9] discusses that water can interact with the cement matrix adding complexity to 17 

the interpretation of results.  To overcome some of these limitations or to indicate how 18 

absorption can be reduced by fluid composition other solutions have been tested [9-13].   19 

 20 

MacInnis and Nathawad [14] assessed the absorption of an aqueous solution consisting of a NaCl 21 

deicing salt and reported a decrease in absorption.  Sutter et al. [15] reported that sorptivity 22 

decreased from highest to lowest in the order of water, NaCl, CaCl2 and MgCl2.  Similar data has 23 

recently been observed by Janusz [16].  As a result, it can be observed that concrete exposed to 24 

deicing salt solutions absorb fluid at a slower rate than they would absorb water; however the 25 

previous work has not related this behavior to the fluid properties or described the influence of 26 

salt concentration or properties of the aqueous solution. 27 

 28 

The results of one-dimensional fluid absorption tests (assuming negligible gravitational effects) 29 

are typically reported as the cumulative water absorbed per surface area (surface from which 30 

water is absorbed) versus the square root of wetting time. Equation 1 is frequently used to 31 



 

2 

 

describe the water absorption (total volume of fluid absorbed) and the sorptivity (related to the 1 

rate of absorption) [17]. 2 

 3 

2/1Si   Eq. 1 

 4 

where i [mm
3
/mm

2
] is the cumulative water absorption, S [mm/s

1/2
] is the sorptivity, and  [s] is 5 

the elapsed time.  It should be noted that additional equation have been proposed to account for 6 

time dependent properties [18]. 7 

 8 

Hall [9] proposed that the diffusion would scale proportionately with the ratio of surface tension 9 

() and viscosity () of the fluid.  Hall further related this to sorptivity since sorptivity is related 10 

to the square root of diffusion.  Kelham [19] derived an expression for fluid absorption (Equation 11 

2) that shows the relationship between depth of penetration and the square root of the ratio of 12 

surface tension and viscosity.   13 

 14 

rp

k
x






)cos(4
)(   Eq. 2 

 15 

where x() [mm] is the penetration depth,  [N/mm] is the surface tension,  [rad] is the liquid-16 

solid contact angle, p  [Dimensionless] dis the porosity of the medium, r [mm] is the pore radius, 17 

k [mm
2
] is the intrinsic permeability of the material, and  [Pa.s] is the viscosity of fluid. An 18 

expression similar to equation 2 was derived by Scherer and Wheeler [20] for stone consolidates.   19 

 20 

Previous research using organic fluids has shown an absorption rate that scales proportionally 21 

with the square root of the ratio of surface tension and viscosity of the fluid (()
1/2

).  This work 22 

will use this approach to attempt to interpret results from absorption tests that used aqueous 23 

solutions containing deicing salts.  24 

 25 

 26 

3. Properties of Deicing Salt Solutions  27 

 28 



 

3 

 

Physical properties of pure solutions were gathered from literature and compared with measured 1 

values for the industrially available deicing solutions tested in this research, and they are 2 

provided here for convenience in one location.   The properties of the deicing solutions will be 3 

used in interpreting the wetting and drying results, discussed later in this paper.  This section is 4 

divided into four sections.  The first three sections describe the influence of the deicing solutions 5 

in terms of surface tension, viscosity, and equilibrium relative humidity over the aqueous 6 

solution.  The fourth section describes the specific gravity of the solution as a function of 7 

concentration as this is used to determine the volume of solution absorbed during the absorption 8 

test. 9 

 10 

 11 

3.1 Surface Tension of Deicing Salt Solutions 12 

 13 

Figure 1 (a) shows surface tension measurements at different concentrations for the three 14 

solutions used in this research: NaCl, CaCl2, MgCl2.  The surface tension for NaCl was obtained 15 

from [10], CaCl2 from [21] and MgCl2 from [22].  A Du Noüy Ring Tensiometer KRÜSS was 16 

used with a resolution of 0.1 mN/m for the industrial deicers tested in this study.  The 17 

tensiometer was cleaned between measurements following ASTM D971-04 [24].  The 18 

tensiometer was first calibrated using de-ionized water, which provided a value of 71.0 x 10
-6

 19 

N/mm. A series of three measurements were performed for each solution, with the average 20 

reported.  21 

 22 

The closed points in Figure 1 (a) are the values measured for the industrially available solutions.  23 

The lines represent values taken from literature for pure salt solutions at different mass 24 

concentrations.  While the general trends are consistent, differences between the solutions 25 

containing industrial deicing salts and literature values may be due to impurities or other additves 26 

however further work is needed to examine this in greater detail. 27 

 28 

 29 

3.2 Viscosity of Deicing Salt Solutions 30 

 31 



 

4 

 

Figure 1 (b) shows a comparison of the viscosities for the solutions used in this research between 1 

pure solutions taken from literature and measurements of the deicing solutions. Viscosity 2 

measurements for the industrial deicers were performed on the salt solutions using an Anton-Parr 3 

rheometer, model Physica MCR 301.  The rheometer kept the solution being tested at 23.0 ± 0.02 4 

ºC and from the torque applied to the fluid that causes a shear from which the viscosity can be 5 

found.  Calibration of the device was performed using a reference standard.  6 

 7 

The dashed lines presented are viscosities at different concentrations and are taken from 8 

literature [10, 21-23], while the points represent measured viscosities of the industrially available 9 

solutions. Again, differences between literature values and those of the solutions measured can 10 

be explained by differences in possible additions or chemistries of the industrial deicers. 11 

 12 

 13 

3.3 Relative Humidity of Deicing Salt Solutions 14 

 15 

Relative humidity measurements were performed on the salt solutions using Rotronic 16 

HygrClip2S sensors (± 0.8 % RH at 23 ± 0.1 °C).  The relative humidity probes were mounted in 17 

a 75 mm x 68 mm stainless steel cylinder that was placed over a water jacketed sample cup 18 

holder.  The water jacket was connected with a water bath at a constant temperature of 23.0 ± 0.1 19 

ºC.   20 

 21 

Figure 1 (c) shows the relative humidity measured over salt solutions for a wide range of solution 22 

concentrations.  As the concentration increased the relative humidity over the solution decreased.  23 

The measured relative humidities of these unsaturated salt solutions are higher than that of the 24 

saturated solution of these salts which are 75.4 % RH for NaCl [25], 33.0 % RH for MgCl2 [25] 25 

and 22 % for CaCl2 [21]. 26 

 27 

 28 

3.4 Specific Gravity of Deicing Salt Solutions 29 

 30 



 

5 

 

Figure 1 (d) shows the specific gravity of different deicing solutions as a function of 1 

concentration.  The specific gravity of the solution increases with concentration.  The CaCl2 and 2 

MgCl2 increase at very similar rates with an increase in concentration, while the NaCl increases 3 

slightly less than the CaCl2 and MgCl2 (i.e., 25 % less increase with concentration).  This may be 4 

attributed to the colligative properties of solutions. 5 

       6 

 7 

       8 

 9 

Fig .1.  Properties of Deicing Salts at 23-25 ºC: (a) Surface Tension (b) Viscosity (c) Relative 10 

Humidty (d) Specific Gravity (Rosenburgh 2010, unpublished data) 11 

 12 

 13 

4. Wetting and Drying for Concrete with Deicing Solutions 14 
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 1 

4.1 Experimental Program of Wetting and Drying of Concrete with Deicing Solutions 2 

 3 

The concrete mixture that was used for these tests was a typical INDOT class C bridge deck 4 

concrete.  The mixture proportions of this concrete are shown in Table 1. The fresh air content 5 

was 5.7 %, which was measured according to ASTM C231-09 [26]. The hardened air content of 6 

the concrete was 4.4 % as assessed using an automated optical scanning approach [18] based on 7 

the method proposed by Peterson et al. [28]. 8 

 9 

Table 1.  Mixture Proportions of Concrete Assuming Saturated Surface Dry (SSD) Conditions  10 

 11 

Material Mass 

Cement (kg/m
3
) 316 

Class C Fly Ash (kg/m
3
) 60 

Water  (kg/m
3
) 150 

Fine Aggregate  (kg/m
3
) 736 

Coarse Aggregate  (kg/m
3
) 1049 

Air Entraining Admix.  (ml/100 kg of cem. materials) 20 

High Range Water Reducer Admix.  (ml/100 kg of cem. materials) 456 

Retarder Admixture  (ml/100 kg of cem. materials) 98 

 12 

The concrete was produced in a central mix plant and discharged from a ready mix concrete 13 

truck.   A series of 100 mm × 200 mm cylinders were cast.  After one day of curing, the cylinders 14 

were demolded and sealed in double plastic bags at 23 ± 0.5 °C until the samples reached an age 15 

of 28 d. After 28 days of curing the cylinders were removed from bags and three 50 mm ± 2 mm 16 

thick samples were cut from the central portion of each cylinder using a wet saw.   17 

 18 

Two different sets of samples were used in this study.  The first set of samples were used to 19 

evaluate the effect of sample conditioning on water absorption. In each condition, three samples 20 

were used. A total of five conditions were considered: ASTM C1585-04, oven-dry, 50 % RH, 65 % 21 

RH and 80 % RH.  To ensure that these samples that were conditioned at 50 %, 65 %, and 80 % 22 

RH, reached equilibrium, a 12-month conditioning was period was considered. The second set of 23 



 

7 

 

samples that were used for aqueous salt solution absorption, drying, and de-ionized water re-1 

absorption were conditioned at 50 ± 2 % RH, 23 ± 0.5 °C for 36 months and two samples were 2 

tested for each salt solution. 3 

 4 

To prepare the specimens for fluid absorption testing, the sides of the samples were sealed with 5 

epoxy.  After the epoxy had hardened, the top surface was covered with plastic to avoid 6 

evaporation from the sample during testing. 7 

 8 

The absorption test involves recording incremental mass change measurements during the first 9 

six hours after the sample comes in contact with the fluid and subsequently taking one 10 

measurement every day for the next eight days.  The amount of absorbed fluid is normalized by 11 

the cross-section area of the specimen exposed to the fluid using Equation 3. 12 

 13 

)(a

m
   i t


  Eq. 3 

 14 

where:  i (mm
3
/mm

2
) is the normalized absorbed fluid, mt (g) is the change in specimen mass at 15 

time t; a (mm
2
) is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and 16 

  (g/mm
3
) is the density of the absorbed fluid (this is provided in greater detail in 3.1). These 17 

absorption measurements are then plotted as a function of the square root of time, as provided by 18 

Equation 1.  The sorptivity is the slope of this graph.  19 

 20 

The second series of samples were tested using seven different fluids. Their composition was 21 

primarily based on one of three different industrially available deicing products, either NaCl, 22 

MgCl2 or CaCl2.  A low concentration was used for each salt solution as well as a higher 23 

concentration that was selected to be near the eutectic composition for each salt.  De-ionized 24 

water was also used as a reference fluid. 25 

 26 

 27 

4.2 Experimental Results from Wetting with Water for Different Conditioning Methods 28 

 29 
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Figure 2 shows the results from water absorption tests performed on the first series of samples 1 

that were conditioned with different environmental conditions as mentioned earlier (ASTM 2 

C1585-04 accelerated conditioning, 80 % RH, 65 % RH, 50 % RH and oven drying).  It should 3 

be remembered that these samples were conditioned for 12 months while the remainder of the 4 

samples discussed in this paper were conditioned at 50 % RH for a much longer time.   Sample 5 

preparation has an enormous impact on the water absorption results as more severe drying 6 

enables a greater volume of water to be absorbed during the test.   7 

 8 

 9 

 10 

Fig. 2. Water absorption on samples subjected to different conditioning procedures. 11 

 12 

 13 

4.3 Experimental Results from Wetting and Drying with Deicing Solutions 14 

 15 

Figure 3 illustrates the results of the fluid absorption test as a function of time (for concrete at 50 % 16 

RH for a longer conditioning time than the samples in Figure 2).  It can be seen that even though 17 

the concrete that is used for all the tests in Figure 3 has the same conditioning and exposure 18 

conditions, the volume of solution absorbed by each material is dependent on the deicing salt 19 

solution and the concentration of the deicing salt solution that was absorbed.  The sample with 20 

the low concentration of NaCl showed a slight increase in the rate of absorption (as compared 21 

with water) as well as the amount of fluid absorbed.  This is consistent with the data reported by 22 
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MacInnis and Nathawad [14].  The absorption of all the other fluids was reduced when compared 1 

with water.  As a result, it can be concluded that in general as the salt concentration increased the 2 

rate of absorption reduced and and the total absorption was reduced. Further work is needed to 3 

examine lower concentrations for NaCl to ascertain why a slight increase is typically reported.   4 

 5 

 6 

 7 

Fig. 3.  Volume of deicing solutions absorbed by concrete as a function of time (typical standard 8 

deviation less than 0.1 mm
3
/mm

2
). 9 

 10 

After the fluid absorption test was performed for 8 days the samples were dried at 50 ± 2 % RH, 11 

23 ± 0.5 °C for seven days.  The samples were kept in the same one-faced exposed condition for 12 

the drying test; however, the exposed surface that was facing down in the absorption testing was 13 

placed facing up to simulate drying from the top. During the drying test the mass of the samples 14 

was recorded at regular intervals. 15 

 16 

Figure 4 shows the volume of water loss during the drying period.  It is important to note that the 17 

drying test will result in only the water portion of the solution being evaporated from the system 18 

leaving the salt to become more concentrated in the solution before it eventually precipitates out.  19 

It can be noticed that as the concentration of deicing solution was increased the mass loss during 20 

drying decreased. This was particularly evident in the high concentration solutions, which 21 

showed nearly no mass loss or even a slight gain during drying. 22 
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 1 

    2 

 3 

Fig. 4.  Drying of concrete prewetted with different salt solutions as a function of time (typical 4 

standard deviation less than 0.03 mm
3
 water/mm

2
). 5 

 6 

 7 

4.4 Experimental Results from Wetting Previously Exposed to Deicing Solutions 8 

 9 

The same set of samples that were previously tested for absorption and drying were oven dried to 10 

be tested for second absorption test using de-ionized water. This was done to investigate the 11 

effects of previously absorbed salts on re-absorption of de-ionized water. However, in the case of 12 

the oven-dried samples, higher water absorption is expected. This can be due to the empty 13 

capillary pores and possibly to microcracking generated during oven drying [29-33].  14 

 15 

To prepare the samples for the de-ionized water re-absorption test, the samples were placed in an 16 

oven at 105 ± 2 °C until they reached to equilibrium. The equilibrium condition was defined as a 17 

difference less than 0.5 % between two successive mass measurements (24 hours apart). It is 18 

important to note that this drying process will evaporate only the water portion of the solution 19 

pre-absorbed, leaving salt in the pores. Since these samples were oven dried, their absorption 20 

rates and absorbed water are not comparable with any previous tests. 21 

 22 
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Figure 5 shows the results for this second absorption test. It can be seen by comparing the results 1 

to the results in Figure 3 that the behavior of the samples was dependent on the deicing solutions 2 

and the concentrations of deicing solutions used in the first wetting test. These results are a clear 3 

indication that the history of the samples affects the results of fluid absorption.  This suggests 4 

when sorption testing is preformed on field concretes, some understanding of the admixtures or 5 

salts that remain in the pore system is needed to fully interpret the results. 6 

 7 

 8 

 9 

Fig 5. Volume of de-ionized water absorbed by concrete as a function of time in the second fluid 10 

absorption test (Fluid from the original test is shown in the caption). 11 

 12 

 13 

4.5 Drying of Mortars Saturated with Different Deicing Salts 14 

 15 

Moisture desorption is an established technique for evaluating the effect of moisture loss at a 16 

given humidity for a material.  A TA Q5000 SA moisture sorption analyzer was used to carefully 17 

control temperature and humidity.  Mortar samples were prepared (w/c = 0.42 and 55 % 18 

aggregate by volume) and cast in a cylindrical mold with a 34 mm diameter and 50 mm height.  19 

At an age of 28 days the specimens were demolded and 34 mm diameter 0.8 ± 0.05 mm thick 20 

slices were taken from the middle of the samples.  The samples were dried under controlled 21 

conditions (at 23 ± 0.1 °C and 50 ± 1 % RH) in a CO2 free chamber until they reach mass 22 
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equilibrium. Then, samples were submerged for a minimum of 5 days in aqueous solutions with 1 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2 by mass.  2 

 3 

For the samples submerged in NaCl, CaCl2, and MgCl2 solutions a 50 mg to 70 mg piece of 4 

sample was placed in a tared quartz pan after a minimum of 5 days of submersion.  The pan 5 

containing the sample was then suspended from the balance (± 0.001 mg accuracy) and placed in 6 

the relative humidity chamber to equilibrate at 23.0 ± 0.1 °C  and 97.5 ± 0.1 % RH for up to 96 h 7 

or until the sample had achieved a stable mass (less than an 0.001 % mass change/15 minutes).  8 

Then, the relative humidity was reduced to reach 95 %. After the sample mass equilibrated, the 9 

relative humidity in the chamber was changed in 10 % RH steps to 55 % RH, allowing the 10 

sample to attempt to equilibrate (12 h or 0.01% change in mass over 15 minutes) at each new 11 

humidity. After equilibrating at 55 % RH the samples were dried to 0 % RH.  For the sample 12 

submerged in de-ionized water the procedure was similar, but the relative humidity was reduced 13 

in 5 % steps from 97.5 % to 2.5 %, and then reduced to 0 % RH. 14 

 15 

Figure 6 shows the plot of mass change as a function of time for the mortar saturated in de-16 

ionized water. The sample soaked in water can be seen to lose mass with the decrease of RH.  17 

For this system, when the environment is below 100 % RH, water will move from the pores to 18 

outside of the sample and classical drying behavior is observed.  The maximum mass of the 19 

sample is 8.5 % higher than the mass of the oven dry sample. 20 

 21 
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Fig. 6. Mass change at decreasing RH for samples containing de-ionized water  1 

 2 

Figure 7 shows a plot of mass change for the mortar samples submerged in aqueous solutions of 3 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2.  It can be observed that initially upon placement in 4 

the testing chamber at 97.5 % relative humidity the mass of the sample increases for the first 96 5 

h until the relative humidity of the chamber is changed.   The samples absorb water during this 6 

time of preconditioning, with values much higher than the 8.5 % increase in mass of the sample 7 

with de-ionized water as compared with the oven dry sample.  8 

 9 

The sample loses weight as the relative humidity is decreased however it should be noted that the 10 

sample mass does not decrease to below the initial mass obtained from soaking the sample in the 11 

deicing solution until relative humidity was decreased below 85 %, 55 % and 55 % for NaCl, 12 

CaCl2 and MgCl2 respectively.  This will be compared with the equilibrium relative humidity of 13 

the salt solution later in the paper. 14 

  15 
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Fig. 7. Mass change for samples submerged in aqueous solutions containing deicing salts: (a) 1 

NaCl 23% (b) CaCl2 32 % and (c) MgCl2 30%. 2 

 3 

 4 

5. Discussion of Results 5 

 6 

5.1 Aqueous Solution Absorption Behavior as a Function of Surface Tension and Viscosity 7 

 8 

Equation 3 showed that the rate of absorption was related to the square root of surface tension 9 

and viscosity.  Figure 8 plots the square root of the ratio of surface tension and viscosity versus 10 

mass concentration of salt.  Pure salt solutions are shown as lines while industrial deicing 11 

solutions are presented as solid points, and the open points represent the measured sorption 12 

response of concrete (i.e., salt sorptivity/water sorptivity) from Figure 3. Figure 8 confirms that 13 

as the solution concentration increases, the rate of fluid absorption (i.e., sorptivity) decreases. 14 

Further, while the properties of pure solutions may not exactly represent the response of 15 

industrially available deicing solutions they do provide a comparable trend.  Reasonable 16 

agreement is seen between the measured sorption and square root of the ratio of surface tension 17 

and viscosity the measured properties.  Additional work is currently being performed to extend 18 

these results to a wide range of temperatures. 19 

 20 

 21 
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Fig 8. Relative sorptivity for deicing solutions. 1 

 2 

 3 

5.2 Drying Time Versus Wetting Time 4 

 5 

Comparing Figures 3 and 4 indicates that wetting happens much faster than drying. When de-6 

ionized water was used as the absorbed fluid, the amount of fluid that was evaporated from the 7 

sample after eight days was 0.8 mm
3
/mm

2
. In contrast, it took just two hours for samples to 8 

absorb the same amount of fluid.  These differences are even larger when salt solutions were 9 

used as the absorbed fluid. When MgCl2 solution was used as the absorbed fluid, the amount of 10 

fluid that was evaporated from the sample after eight days was 0.07 mm
3
/mm

2
, but it took just 11 

ten minutes for the samples to absorb the same amount of fluid. 12 

 13 

This is important as it suggests that field concrete may be more susceptible to increasing its level 14 

of saturation over time rather than drying out.  Further, it shows that laboratory tests that use 15 

equal times for drying and wetting increase the saturation level of the concrete over time.  16 

Researchers [34] observed an increase in sample mass during wetting and drying cycling with 17 

deicers which was attributed to microcracking; however an increase in mass would be consistent 18 

with the wetting and behavior observed in this paper.     19 

 20 

 21 

5.3 Reduced Drying with Salt Solutions – The Role of Solution Equilibrium Humidity  22 

 23 

The relative humidity of different salt solutions presented in Figure 1 (b) help to understand the 24 

results from the drying tests. The equilibrium relative humidity for the 23% NaCl, 32% CaCl2 25 

and 30% MgCl2 solutions are 80 %, 40 % and 50 % respectively.  When the samples are placed 26 

in an environment with a relative humidity that is greater than or equivalent to the approximate 27 

equilibrium relative humidity over the aqueous solution in the pores water will not be lost to then 28 

environment. (Figure 4) and the sample can actually gain mass (Figure 4 and 7), most likely due 29 

to the water absorption on the surface of the sample. This can be seen by the thinner (dashed 30 

lines in Figure 7), which show the initial mass of the sample after it has been submerged in a 31 
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aqueous solution for over 5 days. At relative humidity higher than the equilibrium of the aqueous 1 

salt solution the samples will increase in mass. At relative humidities where the environment is 2 

less than the equilibrium humidity over the salt solution, the samples will be expected to 3 

decrease in mass.  The drying behavior of systems containing concentrated aqueous solutions of 4 

deicing salts is complex and requires additional research. 5 

 6 

 7 

5.4 Effect of Solution on Rewetting 8 

 9 

When samples of concrete that were previously exposed to deicing solutions were rewet with 10 

water they had an absorption and rate of absorption that depended on the history of the 11 

specimens (Figure 5).  The absorption of water can be 30 % to 50 % less in specimens that were 12 

exposed to deicing solutions at some point in their lives.  This is an important, yet subtle, factor 13 

to understand.  This is important since absorption tests of field concrete may be mistakenly 14 

interpreted by relating the reduction in sorption to pore filling or delayed sorption.  Both of these 15 

observations (lower sorptivity and delayed sorption) are consistent with data here for samples 16 

that did not have reduced porosity or differences in sample damage. 17 

 18 

 19 

6. Summary and Conclusions 20 

 21 

This paper has reported experimental results of fluid absorption measurements and drying of 22 

concrete in the presence of deicing solutions.  The following observations can be made.  First, 23 

the absorption of fluid in concrete depends on the drying environment used to condition the 24 

samples.  Samples stored at a lower RH absorbed a greater volume of fluid.  Second, it was 25 

observed that the deicing solutions reduce the rate of fluid absorption.  This reduction can be 26 

related to the square root of the ratio of surface tension and viscosity [10].  Third, the time scale 27 

between drying and wetting is different and concrete is more likely to become preferentially 28 

increasingly wet over time.  Fourth, the drying of concrete containing aqueous solutions with 29 

deicers differs from that of water.  The equilibrium relative humidity of the aqueous solution 30 

plays an important role on limiting drying.   Finally, the presence of deicing salts in field samples 31 
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impacts the absorption when field samples are tested in the lab using water.   This suggests that 1 

care must be taken in analyzing field concrete exposed to deicing salt solutions.  2 

 3 

 4 
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Abstract 
Shrinkage reducing admixtures (SRAs) have been used over the last three decades to reduce 
the volume change (i.e., shrinkage) that occurs in cement paste, mortar, and concrete during 
drying.  The goal of reducing shrinkage is to reduce the risk of shrinkage cracking in concrete 
elements.  SRAs alter the properties of the pore solution, such as surface tension and 
viscosity, which result in a reduction in the magnitude of drying shrinkage, especially at 
humidities below 80-85%.  In addition to altering the magnitude of shrinkage, SRAs appear to 
alter the rate of drying and diffusivity coefficient.  This paper examines the role of SRAs in 
two ways.  First, desorption spectra are measured to obtain the moisture diffusivity of plain 
mortar and mortar containing SRA. Second, the paper measures relative humidity in slabs to 
obtain moisture profiles.  The relative humidity profile predicted from the non-linear diffusion 
coefficient is compared with the measured humidity profile.   
 
 
1. Background 
 
Shrinkage Reducing Admixtures (SRAs) were introduced to the concrete industry in the 
1980’s [1, 2].  Recent reviews have summarized three decades of research on SRA on 
concrete properties [3-6].  SRA’s are generally observed to reduce shrinkage which can 
substantially reduce the propensity for restrained shrinkage cracking. 
 
The majority of shrinkage measurements on concrete containing SRA are performed on 
concrete samples with a relatively large cross section, like those that one may use in standard 
shrinkage tests like ASTM C-157 [7].  While this type of test can provide information on the 
benefits of SRA, it has two primary limitations.  First, it generally only describes the 
shrinkage of the concrete at one relative humidity (50% for example for ASTM C-157 [7]).  
Second, it measures the average length change of the prism and does not explicitly account 
for moisture gradients. 
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To overcome the limitation of measuring shrinkage at one relative humidity, a series of tests 
were performed measuring small paste and mortar samples with and without SRA at different 
relative humidities [8].  This response can be used to describe the shrinkage that may be 
expected over a wide range of relative humidities [9-11]. This does however indicate, not 
surprisingly, that shrinkage is not linearly related to relative humidity [8].  The shrinkage of 
the paste can be extended to mortar or concrete using the Pickett [12] or Hobbs [13] 
approaches.   
 
Previous work has been performed to measure relative humidity profiles in concrete.  This 
includes the work of Monfore [14] and Grasley et al. [15] who used resistance based gages to 
measure humidity in vapor filled cavities in concrete, the work of Molina [16] who measured 
relative humidity using chilled mirror technology, and work of Schieβl et al. [17] using 
electrical resistance measurements of concrete to assess the moisture distribution. 
 
Relative humidity measurements in slabs can be complicated by the size of the probe that is 
used to measure the humidity.  Measurements in small cavities with limited vapor volume can 
make it difficult to use techniques that require a substantial air flow rate like chilled mirrors.  
Previous measures of electrical resistance of concrete require two assumptions.  First, that 
there are no hysteretic effects [18, 19] and second, that the resistance is measured at the depth 
of the electrodes.  It can be noted that the first assumption is required since electrical 
measurements measure water content and not relative humidity directly and hysteretic effects 
due to drying and wetting can complicate the interpretation [19].  The second assumption is 
more nebulous as the shape of the electrical field that develops between the two electrodes is 
not symmetric at the plane of the electrodes since more charge will pass through the side 
containing more liquid [19].  As such it may be beneficial to measure the moisture diffusion 
coefficient directly rather than measuring relative humidity profiles and back calculating the 
diffusion coefficient. 
 
One advantage of using desorption measurements to obtain a non-linear diffusion coefficient 
is the fact that the testing can be performed over a much shorter duration than drying of thick 
concrete slabs.  For example, the non-linear diffusion coefficient measured in this paper took 
approximately 5 days to measure after casting and curing which is substantially shorter than 
allowing a concrete slab to dry and back-fitting the diffusion coefficient (which can take 
many many months).  Second, this approach is not subjected so some of the issues that arise 
in attempting to ascertain the correct depth of the relative humidity measurement or the 
influence of a relatively large size cavity on the measured value. 
 
 
2. Research Objective 
 
This paper describes research that is attempting to measure a non-linear moisture diffusion 
coefficient in a mortar.  Mortar was preferred to cement paste to minimize the potential 
impact of different pore size distributions that may occur between pastes and mortars.  In 
addition the mortar was preferred to minimize potential issues that may occur with 
inconsistent mixing action that can be encountered in paste samples.  This paper has three 
main objectives: 
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• First, the paper describes tests on mortar that is dried in a controlled fashion to 
evaluate the non-linear diffusion coefficient following the approach used by 
Anderberg and Wadso [20] and Garbalinska [21], 

• Second, the paper provides data that illustrates the influence of shrinkage reducing 
admixture on the non-linear diffusion coefficient, and  

• Third, the paper will provide a comparison of the relative humidity profile predicted 
using the non-linear diffusion coefficient with a measured relative humidity  profile in 
a slab. 

 
 

3. Relative Humidity Gradient and Cracking Potential 
 
Previous work [9, 10, 22-24] has suggested that the humidity gradient in a slab can be used to 
predict the free shrinkage, stress development, slab cracking, and curling in a thick concrete 
element.  The background for this type of approach can be found in [10, 25]. Figure 1 
schematically illustrates the approach can be taken to utilize the relative humidity profile to 
compute the stress distribution and gradient. Strong dependence of diffusion coefficient on the 
shape and magnitude of the relative humidity profile can result in higher stress gradient and 
increase in cracking potential. 
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Figure 1: Schematically illustrates the approach can be taken to utilize the relative humidity 
and moisture content (W) profile to compute the stress distribution [10]. 
 
 
4. Materials and Methods 
 
Three mortar mixtures were prepared for this study.   The plain mortar had a water to cement 
ratio (w/c) of 0.50 and consisted of 55% aggregate by volume.  The mortars containing 
shrinkage reducing admixture (SRA) had 1% and 5% of the mix water replaced with a SRA 
(denoted as 1% SRA and 5% SRA respectively).  ASTM C150 [7] Type I ordinary portland 
cement (OPC) was used with a Blaine fineness of 370 m2/kg and an estimated Bogue phase 
composition of 56 % C3S, 16 % C2S, 12 % C3A, 7 % C4AF and a Na2O equivalent of 0.68 % 
by mass.  The normal weight aggregate (NWA) was natural river sand with a fineness 
modulus of 2.71, an apparent specific gravity of 2.58, and an absorption of 1.8 % by mass.  
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The SRA was commercially available Tetragaurd AS20.  All of the NWA was oven-dried and 
air-cooled for 24 hr before mixing. The mixing procedure used for the mortar was in 
accordance with ASTM C192-06 [7].  The samples were all tested in a sealed condition unless 
otherwise noted. 
 
The experiments that were performed consist primarily of two specimen geometries.  The first 
sample geometry was used for the diffusivity tests.  This sample consisted of a 0.8 mm thick 
by 6 mm diameter mortar disk that was taken from a larger cylinder that was sealed from the 
time of casting before being exposed to progressive drying at an age of 7 days for 
determination of the moisture diffusivity. The second sample geometry consisted of slab 
specimens (177.8 mm x 254.0 mm x 508.0 mm) with relative humidity sensors embedded at 
four depths (12.7, 25.4, 38.1 and 92 mm) measured from the drying surface.  The slabs were 
exposed to drying at 50 ± 1% at an age of 7 days.  The slab geometry is shown in Figure 2. 
 

 
Figure 2: Slab geometry with one-sided drying 

 
5. Measurements of a Non-Linear Diffusion Coefficient 
 
The samples used for determining the diffusion coefficient were cut from a small cylinder of 
mortar using a high precision wet saw.  The test started approximately 5 minutes after cutting 
the sample. The samples were kept in water. At the start of the test the sample was removed 
from the water and was placed in a clean towel for a few seconds to remove the surface water. 
The sample was then placed in the desorption analyzer. The diffusivity test was performed in 
an automated absorption/desorption analyzer [26, 27] at 23oC in which samples were 
subjected to isothermal desorption at different relative humidities. The first step in the 
isothermal desorption was isothermal conditioning at 97.5 % relative humidity. The samples 
were allowed to equilibrate to 97.5%. After isothermal conditioning at 97.5% the relative 
humidity was decreased in 5% relative humidity increments. Samples at each step of the 
desorption were considered to be at equilibrium when the mass change was smaller than 0.001 
mg for 15 minutes [26].  
 
For a slab geometry with double-sided drying (where the contribution of mass transfer from 
the edges of the sample is  negligible compared to mass transfer from the surface of the slab 
[20, 21, 28]) the mass change due to drying (Mt), at any time (t), can be related to the 
moisture diffusivity, (D), using Equation 1 [20, 21, 28] 
 

Sealed surfaces 

Drying surface 
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where M∞ is the mass change at equilibrium and L is the thickness of the sample.  
 
The diffusivity over each relative humidity step can be obtained from the linear portion of a 
plot of ( )2/ ∞MM t  against ( )22/16 Lt π .  Generally the mortar samples tested exhibited the 
linear portion of their curve between 20 and 80% of the equilibrium mass.  For materials for 
which the diffusivity is a function of relative humidity, Equation 1 can be used provided that 
the diffusivity can be assumed constant during each isothermal desorption step.  In the present 
work since the samples were subjected to 5% change of relative humidity, the diffusivity can 
be assumed constant during each step of desorption. Better results can be obtained by 
decreasing the size of the steps, however the duration of the testing would increase but a 
sensitivity analysis would need to be determined. 
 
Figure 3 illustrates the calculated diffusivity of the 0.8 mm thick specimens (exposed to 2 
sided drying) of plain mortar, and mortar samples with 1 and 5% SRA.  Note that the 
diffusivity at each step is expressed as diffusivity at average relative humidity of that step 
(e.g., the diffusivity of the samples that is equilibrated at 97.5% relative humidity and exposed 
to 92.5% relative humidity is reported as diffusivity at 95%).  The samples with SRA 
demonstrate a lower diffusivity than the plain system at higher relative humidity. This lower 
relative humidity in the SRA system corresponds with a reduced rate of drying (at high 
relative humidity).  This would suggest that plain mortar has a more non-linear moisture 
diffusivity while samples with SRA are more linear with respect to the diffusivity over a large 
range of moisture contents.  This can have substantial implications on the moisture profile, 
shrinkage profile, reduction in curling, drying rate, and microcracking at the surface of the 
slab [29]. 
 
 
6.  Relative Humidity Measurements in Slabs 
 
The internal relative humidity and temperature of the slab was measured at four depths (12.7, 
25.4, 38.1 and 92 mm) in a series of 250 mm hollow shafts (parallel to the surface)  that 
contain I-button sensors [30] that measure temperature and relative humidity. The depth of the 
hollow shaft reported is measured from the exposed surface of the slab to the center of the 
shaft. Slabs were exposed to drying from the top surface. 
 
The I-button data loggers measure the relative humidity with +1.0% and temperature +0.1oC 
accuracy respectively. The advantage of this type of relative humidity sensor is the fact that it 
measures the relative humidity of the air inside the hollow shaft directly which is in 
equilibrium with surrounding materials.  To ensure accuracy of the measurements all the 
sensors were compared to two salt solutions with 87 and 78% relative humidities. The sensors 
were within +1.0% of the expected relative humidity. In addition to calibration, data were 
corrected for saturation drift [30].  
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Figure 3: Moisture diffusivity of mortar samples with different loadings of shrinkage reducing 
admixture (SRA) 
 
At the time of casting the slabs, cylindrical samples (with 2.54 cm diameter and 5.1 cm 
height) were cast from the same materials used to make the slabs and was kept sealed. These 
samples were used to measure the internal relative humidity at 7, 28 and 63 days (two samples 
at each age). The measurements were performed by crushing the samples and placing them in 
an air-tight container against a temperature and relative humidity sensor [26]. These 
measurements were performed to account for the self-desiccation effect which is needed in 
Equation 2. 
 
Figure 4 illustrates the relative humidity of the slabs that have been exposed to drying at an 
age of 7 days (results are based on the average independent measurement in two slabs). It can 
be noticed that the relative humidity appears to remain higher in the samples containing SRA. 
The depth of the sensors is the distance to the center of the hollow shaft (in which sensor in 
placed in) from the surface of the slab. It is expected that the measured relative humidity with 
sensor may be more representative of the top of the hollow shaft.   
 
 
7.  Comparing Slab Measurements with Predictions Using the Diffusion Coefficient 
 
Equation 2 describes the relative humidity as a function of time and position [31-35] 
 

( )
t

HHgradDdiv
t

H s
H ∂

∂
−=

∂
∂                                                                                               (2) 

 
where H is the relative humidity, DH is the moisture diffusivity as a function of relative 
humidity and Hs is the variation of relative humidity due to self-desiccation.  
 
Equation 2 assumes that the contribution of thermal gradients and aging are negligible [33]. 
The second term on the right-hand-side of Equation 2 is the contribution of self-desiccation 
[33]. The self-desiccation term in the present work is measured independently from crushed 
samples as described above. The boundary conditions at the sealed (bottom) surface of the 
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slab and top (exposed to drying) surface of the slab can be expressed by 0/ =∂∂ xH  and 
50.0=H   respectively. The initial condition of the slab at drying (i.e., humidity at 7 days) is 

obtained by measuring the internal relative humidity of the crushed samples. 
 

 
Figure 4: Change of internal relative humidity of slabs at different depth measured from 
exposed surface of the slab, (a) plain mortar, (b) mortar containing 5% shrinkage reducing 
admixture (SRA) 
 
A non-linear finite difference scheme [33, 36, 37] was used. To effectively capture the non-
linearity caused by the diffusivity, Crank-Nicolson (central difference) scheme was used. 
Crank-Nicolson scheme is stable [33, 36, 37] and effective in capturing non-linearities caused 
by strong dependence of diffusivity on relative humidity. In using this scheme any oscillations 
around the exact solution can be avoided by decreasing the time increments. In each time step 
the first solution was obtained by time lagging the diffusivity one time step and then 
improving the solution by subsequent iterations. In subsequent iterations, a weighted average 
diffusivity of the last two iterations was used. This method of averaging is known as modified 
Picard iterations [38] and requires less number of iterations in each time step.  
 
Figure 5 illustrates the comparison of the experimentally obtained relative humidity at 
different locations and the numerically obtained profiles using the non-linear diffusivity 
coefficients.  
 
 
8. Implications of Differences in Relative Humidity Profiles 
 
Results of the non-linear diffusion coefficient can be used to describe moisture distribution at 
early ages and its potential impact on microcracking, curling and through cracking.  The 
SRA’s, especially at 5% show a reduced rate of drying.  This is confirmed with less mass loss.   
This work may also provide insight on microcracking and damage localization that ultimately 
leads to through cracking in restrained elements.  Acoustic emission has shown that the 
inclusion of SRA substantially reduces the acoustic activity due to microcracking in the 
specimens that contain 5% SRA as compared with the plain mixture. 
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Figure 5:  Comparison of the experimentally measured relative humidity and numerically 
obtained relative humidity profile, (a) illustration of location of the sensors and boundary 
conditions of the slab, (b) plain mortar, (c) mortar with 5% shrinkage reducing admixture  
(SRA) 
 
 
9. Conclusions 
 
This paper examined the role of SRAs on the relative humidity profile that develops in a 
drying mortar.  The paper begins by describing the measurement of desorption spectra to 
obtain the moisture diffusivity of plain mortar and mortar containing SRA.  The paper uses 
these non-linear diffusion coefficients to predict the moisture profiles that would be expected 
to occur in drying slabs.  The results indicate that SRA dries more slowly at high relative 
humidities (liquid diffusion) however this trend may be reduced for lower relative humidities 
when the vapor diffusion prevails.  The relative humidity profiles computed using the non-
linear diffusion coefficient were directly compared with independently measured relative 
humidity in slabs.  A reasonable comparison was observed given the issues associated with 
errors in relative humidity depth location and the shortcomings of using a non-aging 
coefficient.  The implications of this approach could be more rapid indications of relative 
humidity profiles in concrete as well as explanations of shrinkage, stress and cracking 
distributions throughout the sample cross section.  
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