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1 

EXECUTIVE SUMMARY 

Bridges often use pile foundations behind Mechanically Stabilized Earth (MSE) walls to 

help resist lateral loading from seismic and thermal expansion and contraction loads. Overdesign 

of pile spacing and sizes occur owing to a lack of design code guidance for piles behind an MSE 

wall. However, space constraints necessitate the installation of piles near the wall. Full scale lateral 

load tests were conducted on piles behind an MSE wall. This study report involves the testing of 

four HP12X74 H-piles and four HSS12X12X5/16 square piles. The H-piles were tested with 

ribbed strip soil reinforcement at a wall height of 15 feet, and the square piles were tested with 

welded wire soil reinforcement at a wall height of 20 feet. The H-piles were spaced from the back 

face of the MSE wall at nominal distances of 4.5, 3.2, 2.5, and 2.2 pile diameters. The square piles 

were spaced from the wall at nominal distances of 5.7, 4.2, 3.1, and 2.1 pile diameters. Testing 

was based on a displacement control method where load increments were applied every 0.25 inches 

up to three inches of pile deflection. It was concluded that piles placed closer than 3.9 pile 

diameters to the wall have a reduction in their lateral resistance. P-multipliers were back-calculated 

in LPILE from the load-deflection curves obtained from the tests. The p-multipliers were found to 

be 1.0, 0.85, 0.60, and 0.73 for the H-piles spaced at 4.5, 3.2, 2.5, and 2.2 pile diameters, 

respectively. The p-multipliers for the square piles were found to be 1.0, 0.77, 0.63, and 0.57 for 

piles spaced at 5.7, 4.2, 3.1, and 2.1 pile diameters, respectively. An equation was developed to 

estimate p-multipliers versus pile distance behind the wall. These p-multipliers account for reduced 

soil resistance, and decrease linearly with distance for piles placed closer than 3.9 pile diameters. 
 

Measurements were also taken of the force induced in the soil reinforcement. A statistical 

analysis was performed to develop an equation that could predict the maximum induced 

reinforcement load. The main parameters that went into this equation were the lateral pile load, 

transverse distance from the reinforcement to the pile center normalized by the pile diameter, 

spacing from the pile center to the wall normalized by the pile diameter, vertical stress, and 

reinforcement length to height ratio where the height included the equivalent height of the 

surcharge. The multiple regression equations account for 76% of the variation in observed tensile 

force for the ribbed strip reinforcement, and 77% of the variation for the welded wire 

reinforcement. The tensile force was found to increase in the reinforcement as the pile spacing 

decreased, as the transverse spacing from the pile decreased, and as the lateral load increased.  
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1 INTRODUCTION 

Integral bridge abutments are often supported by piles near a Mechanically Stabilized Earth 

wall (MSE wall). These piles are within the zone of soil reinforcement. They support the axial load 

induced from the bridge abutment caps, and also the lateral loading induced from thermal 

expansion and contraction and earthquake loads. Figure 1-1 shows a cross-section of how 

abutment piles would be configured behind an MSE wall. However, the proximity of these piles 

to the MSE wall affects their capacity to resist lateral loads. Little information is available for 

capacity reduction in laterally loaded piles close to the MSE wall. Designers may ignore soil 

resistance entirely which leads to a conservative design and potential increase in pile size or the 

number of piles. Designers may also place the piles far enough from the wall to eliminate 

interactions, and thus install their piles six to eight pile diameters from the wall. This may be too 

conservative due to increased costs from longer bridge spans. Designers may instead still place the 

piles close to the MSE wall but use some reduction factor based on engineering judgment to 

account for reduction which increases the number of piles and/or the pile diameters if the reduction 

factor is conservatively too low. This again may be too conservative due to added foundation costs, 

and the reduction factors are not verified. 

The earliest full-scale lateral load tests relating to this topic was performed by Pierson 

(2009). Cast-in-place shafts with geosynthetic soil reinforcement were tested. Further tests were 

performed by Rollins (2013) which included pipe piles loaded laterally at various distances from 

the MSE wall. Metallic reinforcement of ribbed strips and welded wire were used as well. The 
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main conclusion deduced from these tests was that pile capacity decreases as the pile spacing also 

decreases. Rollins also determined p-multipliers that could be multiplied by the pile resistance to 

reduce it. These p-multipliers seemed to be factors of spacing from the wall normalized by the pile 

diameter and reinforcement length. Rollins tested the piles at a reinforcement length to wall height 

ratio (L/H) ranging from 1.0 to 1.4. This study is a part of another full-scale project in determining 

further conclusions of lateral loaded piles near an MSE wall. Pipe piles, square piles, and H-piles 

with spacing ranging from two to five nominal pile diameters were tested with ribbed strip and 

welded wire soil reinforcement. Half of the piles were tested at an L/H ratio of 0.90 and half of the 

piles were tested at an L/H ratio of 0.72. The lower L/H ratios will help determine further how 

relative this ratio really is in determining a reduction in pile resistance for piles near MSE walls. 

This study deals primarily with the H-piles in ribbed strip reinforcement with an L/H equal to 0.90 

and the square piles in welded wire reinforcement with an L/H equal to 0.72. 

 

 

Figure 1-1. Cross-section of abutment piles behind an MSE wall. 
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1.1 Objectives 

One of the main objectives of this research is to measure lateral pile resistance against pile 

displacement for piles at various distances behind an MSE wall. A second objective is to find p-

multipliers which can accurately account for reduced lateral load resistance depending on the pile 

spacing, and to develop an equation to predict a p-multiplier for a given pile spacing behind an 

MSE wall. A third objective is to measure the tensile force distribution in the soil reinforcement 

induced by the pile loaded laterally. A final objective is to define an equation to accurately predict 

the maximum tensile force induced in the soil reinforcement. The achievement of these objectives 

will help designers properly space and install piles so as to minimize costs and still meet the lateral 

load demands. 

1.2 Scope 

To accomplish the research objectives, a full-scale MSE abutment wall was constructed to 

conduct research on laterally loaded steel piles near MSE wall faces. The wall was constructed in 

two phases using welded wire grid and steel ribbed strip reinforcements so that the performance 

of the two reinforcement systems could be evaluated separately but with comparable backfill 

conditions. Lateral load tests were first conducted at an L/H ratio of 0.90 (15-foot wall height) 

which might be typical for seismic conditions, and then at an L/H ratio of 0.72 (20-foot wall height) 

which is more typical for static conditions. Tests at these different ratios made it possible to 

evaluate the influence of the reinforcement ratio on lateral pile resistance and induced tensile force. 

This systematic examination of the interaction between piles and MSE walls has been the focus of 

four these by Hatch (2014), Han (2014), Besendorfer (2015), and Budd (2016). All of the other 

theses have investigated the behavior of pipe piles behind an MSE wall. Half of these pipe piles 



5 

were located within sand reinforced with ribbed strip soil reinforcement and the other half were 

within welded wire soil reinforcement.  

One unique aspect of this study involved full-scale lateral load testing of H-piles and square 

piles. The purpose for using H-piles and square piles was to compare their behavior with that of 

the pipe piles. These square and H-piles were spaced at distances ranging from approximately two 

to five pile widths behind the wall face to investigate how distance and lateral resistance relate to 

each other. The piles were instrumented to record data on pile deflection, rotation, and bending 

moment. In addition, reinforcements were instrumented to measure the distribution of forces 

induced by pile loading. The tests with square and H-piles also involved two different L/H ratios 

(0.72 and 0.90) and two different reinforcement types (welded wire and ribbed strip) so that these 

factors affecting lateral resistance could be evaluated. This study details the tests that were 

performed, the results that were obtained, and the analyses that were performed to achieve the 

research objectives.  

1.3 Report Organization 

Following this introduction, a review of related literature is given in Chapter 2. In Chapter 

3, an explanation of the test layout is provided which includes the MSE wall, soil reinforcement, 

backfill, surcharge, piles, and loading apparatus. The instrumentation plan is summarized in 

Chapter 4. Instrumentation was done so as to gather data on the pile deflection, pile moment, pile 

rotation, the soil reinforcement load, the horizontal and vertical displacement, and the wall 

displacement. Chapter 5 discusses the results of the tests for both the H-piles and square piles, after 

which an analysis of the lateral pile load tests using LPILE is presented in Chapter 6. This study 

then ends with observations and conclusions based on the results of the study along with 

recommendations for additional research in Chapter 7. 
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2 LITERATURE REVIEW 

The design of Mechanically Stabilized Earth (MSE) walls have been more common in 

recent years because of their cost effectiveness. This literature review begins with an overview of 

MSE wall design as it relates to the pullout resistance of the soil reinforcement. An important 

factor in calculating pullout resistance is the pullout resistance factor. The second section explains 

a two-part study involving the analysis of the pullout resistance factor of ribbed strip and welded 

wire soil reinforcement. Also relating to MSE walls is the lateral load design of piles behind an 

MSE wall. These designs can be modeled in the program LPILE, and a review of LPILE is given 

next. However, little guidance is given on the lateral resistance of piles behind an MSE wall. This 

chapter then reviews the research of drilled shafts with geogrid soil reinforcement, and pipe piles 

with ribbed strip and welded wire reinforcement at several locations. 

2.1 MSE Wall Design (Berg, Christopher, & Samtani, 2009) 

Conventional gravity or cantilever retaining walls have been used for many years; however, 

the cost of these retaining walls significantly increases as wall height increases and poor soil 

conditions are encountered. Thus, Mechanically Stabilized Earth (MSE) walls have been 

implemented in more recent years because of their inherent cost effectiveness for high walls and 

their higher settlement tolerance which in turn reduces the cost of the structure substantially. In 

general, an MSE wall is a retaining wall consisting of thin wall facing panels with reinforced soil  
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backfill. The reinforced soil backfill is generally composed of multiple layers of inclusions. 

Inclusions are man-made elements such as steel ribbed strips, steel welded wire grids, or geotextile 

sheets. The actual wall is usually made up of segmental precast square blocks about 6 inches thick 

with surface areas ranging from about 25 to 60 ft2. Interface friction between the backfill soil and 

the inclusion provides lateral resistance for the vertical wall face while the facing panels prevent 

raveling of the backfill at the wall surface. The reinforced soil zone along with the segmental 

panels give MSE walls greater flexibility and a higher differential settlement tolerance. 

In addition to the cost effectiveness of MSE walls, other advantages include: less site 

preparation required, faster construction procedures, feasible heights of at least 100 feet, and they 

do not need a rigid foundation support because of their high deformation tolerance. 

There are three types of reinforcement geometry: (1) linear unidirectional which includes 

smooth or ribbed steel strips, (2) composite unidirectional which includes welded wire grids or bar 

mats, and (3) planar bi-directional which includes geosynthetics. The reinforcement material is 

either metallic (usually mild, galvanized steel) or nonmetallic which consists of polymeric 

materials. The reinforcement is either inextensible or extensible. Ribbed strips and welded wire 

grids are inextensible because the reinforcement at failure deforms less than the soil while 

geosynthetic sheets are extensible and deform with the soil. The three major parts of an MSE wall 

are the reinforcing elements, the facing system, and the reinforced fill as shown in Figure 2-1. The 

zone of reinforcement is where the reinforcing fill is placed, and the adjacent soil is called the 

retained soil which is the cause of the earth pressures that must be resisted. 
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Figure 2-1. The reinforced soil zone (modified from Berg et al., 2009). 

 

There is no definitive way to predict lateral wall displacements, which are due to 

compaction effects, reinforcement extensibility, facing system, connection details of the 

reinforcement and the panels, and the reinforcement length. However, lateral displacements can 

be estimated as a function of the reinforcement length to wall-height ratio as shown in Figure 2-2. 

For metallic reinforcement, the displacement is about 0.5 inches for every 10 feet of wall height 

for an L/H ratio equal to 0.7. As shown in Figure 2-2, relative settlement increases quite 

significantly for L/H ratios less than 0.7; therefore, there is a minimum 0.7H reinforcement length.  
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Figure 2-2. Relative displacement versus L/H ratio (Berg et al., 2009). 

 

In years past, walls have been designed using the allowable stress design (ASD) method. 

However, the load and resistance factor design (LRFD) method is now used by the FHWA and 

AASHTO. This method accounts for uncertainty in loads with a load factor () and in material 

resistance with a resistance factor (). The four limit states are strength, serviceability, extreme 

event, and fatigue limit states. When sizing MSE walls, both external and internal failure modes 

must be considered. External failure modes include sliding, limiting eccentricity (overturning), and 

bearing failure as shown in Figure 2-3. 
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Figure 2-3. External failure modes of MSE walls (Berg et al., 2009). 

 

 

There are two types of internal stability failures: (1) excessive elongation or breakage of 

reinforcements, and (2) pullout of the reinforcements. Each of these failure modes are due to the 

tensile forces becoming too large, thus whether the soil is inextensible or not will make a difference 

in resistance. For metallic (inextensible) reinforcement, elongation failure is negligible, but tensile 

failure must be considered. To ensure pullout failure does not occur, the factored maximum tensile 

force, TMAX, must be less than the factored reinforcement pullout resistance, Tr. Pullout resistance 

is only considered to act behind a bi-linear failure surface dividing the reinforcement active zone 

with the resistant zone (see Figure 2-4). Calculation of the maximum tensile force is crucial to 

evaluate these failure modes. 
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Figure 2-4. Reinforcement active and resistant zones (Berg et al., 2009). 

 

The maximum factored applied tensile force per unit width, Tmax, for each layer is given by 

the equation:  

 

vHMAX ST =              (2-1) 

 

where =H horizontal earth pressure at the level of reinforcement, and 

 =VS vertical reinforcement spacing. 

 

However, for discrete reinforcements such as ribbed strips and welded wire grids, the maximum 

factored tensile force may be calculated per unit width of reinforcement (UWR) as follows: 
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c

vH

UWRTMAX
R

S
P


=−             (2-2) 

 

where =−UWRTMAXP maximum tensile force per unit width of reinforcement, and 

 =cR coverage ratio. 

 

The coverage ratio is defined in the following equation: 

 

h

c
S

b
R =              (2-3) 

 

where =b width of reinforcement as shown in Figure 2-5 for ribbed strips and welded wire, and 

=hS center-to-center horizontal spacing of the reinforcement as described in Figure 2-5. 

 

 

Figure 2-5. Visual description of reinforcement width and horizontal spacing (Berg et al., 2009). 
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The maximum factored force, Tmax, may also be calculated in just force units as follows: 

 

tribHMAX AT =                    (2-4) 

 

where hvtrib SSA = . 

 

The generic horizontal stress, H, is calculated by the following equation: 

 

HVrH K  +=               (2-5) 

 

where =rK coefficient of lateral earth pressure 

 =V vertical earth pressure at desired depth, and 

= H horizontal stress due to surcharge. 

 

If surcharge is included as a dead load and the maximum load factor was applied (with no 

horizontal surcharge) as shown in Figure 2-6, then the horizontal stress would be calculated as 

shown below: 

 

( )MAXEVeqrrH hZK −+=  )(            (2-6) 

 

where ( ) VMAXEVeqr hZ  =+ −  
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=r moist unit weight of the reinforced backfill 

 =Z height from the top of the wall to the desired depth 

 =eqh equivalent soil height of the surcharge calculated by dividing the surcharge pressure 

          by the equivalent moist unit weight of the reinforced backfill, eq, which is assumed 

          to be equal to r, and 

 =−MAXEV 1.35 for the maximum load factor of vertical earth pressure from the dead load 

of earth fill for a retaining wall. 

 

 

Figure 2-6. MSE soil profile with equivalent surcharge. 
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The coefficient of lateral earth pressure is calculated by multiplying the ratio Kr/Ka taken from 

Figure 2-7 by the active earth pressure coefficient given in the following equation: 

 









−=

2

'
45tan 2 r

aK


           (2-7) 

 

where =aK active earth pressure coefficient, and 

 =r' friction angle of the reinforced backfill. 

 

 

Figure 2-7. Depth versus Kr/Ka ratio (Berg et al., 2009). 
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The capacity of the reinforcement to resist tensile forces is affected by the length of 

embedment in the resisting zone. The following equation is used to calculate the minimum length 

of embedment needed to resist against pullout failure: 

 

CV

MAX
e

CRF

T
L




*
             (2-8) 

 

where = resistance factor, 0.9 for pullout 

=eL embedment length in the resisting zone 

 =MAXT maximum factored tensile force per length from Equation (2-1) 

 =*F pullout resistance factor 

 = scale correction factor (generally 1.0 for metallic reinforcements) 

 =V unfactored vertical stress of the desired reinforcement level including external 

          surcharges 

 =C 2 for metallic strips and welded wire grids, and 

 =cR coverage ratio from Equation (2-3). 

 

However, for a given embedment length, to calculate the actual nominal pullout resistance in units 

of force, Pr, to check against the unfactored maximum tensile force using Equation (2-4), the 

following equation is used: 
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CbLFP evr *=             (2-9) 

 

To obtain the pullout resistance per unit width of reinforcement, the term “b” would need to be 

dropped from Equation (2-9) and be checked against Equation (2-2) unfactored. 

The calculation of the pullout resistance factor, F*, is different for steel ribbed 

reinforcement (metal strips) than it is for welded wire grid reinforcement. F* is interpolated from 

the top of the structure until a depth of 20 feet. The maximum F* at the top of the structure is given 

by Equation (2-10) for steel ribbed reinforcement. The minimum F* at a depth of 20 feet and below 

is calculated in Equation (2-11). 

 

For steel ribbed strip reinforcement: 

 

0.2log2.1* += uCF            (2-10) 

tan* =F             (2-11) 

 

where =uC uniformity coefficient of the backfill, and 

 = friction angle of the reinforced backfill. 

 

For the welded wire reinforcement, the maximum F* at the top of the structure is given by Equation 

(2-12), and the minimum F* at a depth of 20 feet and below is calculated in Equation (2-13). 

 

For welded wire reinforcement: 
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)/(20* tStF =             (2-12)  

)/(10* tStF =            (2-13) 

 

where =t thickness of the transverse bars, and 

 =tS transverse spacing. 

 

From the equations above, it is shown that a larger embedment length, which is the length 

of reinforcement past the active zone measuring away from the wall, means that the soil 

reinforcement can take on greater tensile force before failing in pullout. The total length of 

reinforcement, L, needed when constructing MSE walls is shown in the following equation: 

 

ea LLL +=             (2-14) 

 

Where =L total length of reinforcement 

 =aL length of reinforcement in the active zone, and 

 =eL embedment length of the reinforcement in the resisting zone. 

 

The determination of La is dependent on whether the reinforcement is inextensible or not and the 

depth of the layer of interest in relation to the wall. Equation (2-15) below is for inextensible 

reinforcement for the bottom half of the MSE wall (incorporating the equivalent surcharge height 

in the total height if applicable) and Equation (2-16) is for the upper half: 
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)(6.0 ZHLa −=            (2-15) 

HLa 3.0=             (2-16) 

 

where =H height of the MSE wall plus the equivalent surcharge height, and 

 =Z depth to the reinforcement level from the top of the wall. 

 

After La is determined, the total length of reinforcement per layer can be calculated using Equation 

(2-14).  

2.2 Pullout Resistance Factor Tests 

Recently, additional research was performed on both ribbed strip and welded wire 

inextensible reinforcements to investigate the pullout resistance factor, F*, for various soil types 

and confining pressures. The first phase of the research involved testing the reinforcement 

embedded in sandy backfill (Lawson, Jayawickrama, Wood, & Surles, 2013), and the second phase 

of the research involved testing the reinforcement embedded in gravelly backfill (Jayawickrama, 

Lawson, Wood, & Surles, 2015). For Phase 1, 99 pullout tests were performed with strips, and 195 

pullout tests were performed with welded wire reinforcements. Phase 2 had 73 pullout tests on 

steel strips, and 214 pullout tests on the welded wire reinforcements. The sandy backfill for Phase 

1 had a coefficient of uniformity (Cu) of 4.7 with a maximum dry unit weight of 124.5 pcf. The 

friction angle was not given. Phase 2 tests were performed with crushed limestone gravel with a 

friction angle of 53 degrees and an average dry unit weight of about 116 pcf (the maximum dry 

unit weight nor the coefficient of uniformity were not provided). The strips tested were about 2 

inches wide and 0.157 inches thick. Table 2-1 shows the different welded wire sizes and spacing 
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that were tested when evaluating the transverse and longitudinal effects. There were always three 

longitudinal bars for every welded wire grid pullout test. 

 

Table 2-1. Pullout Resistance Factor Welded Wire Grid Testing Parameters 

 Transverse Longitudinal 

Test Size 
Diameter 

[in] 

Spacing 

[in] 
Size 

Diameter 

[in] 

Spacing 

[in] 

Transverse 

Testing 

W7.5, W11, 

W15 

0.31, 0.37, 

0.44 

6, 12, 18, 

24 
W20 0.5 9 

Longitudinal 

Testing 
W11 0.37 12 

W9.5, 

W20 
0.35, 0.50 

2, 6, 9, 

12 

 

An MSE Test Box was used that was 12 feet wide by 12 feet long by 4 feet deep. A reaction 

frame was used to simulate overburden pressures of up to about 40 feet which was then used to 

determine the depth of fill. The pullout testing was done with a 60-ton hollow core hydraulic jack. 

The systems used to measure the pullout force were the annular load cell and the pressure 

transducer. The reinforcement was pulled to 1.5 inches, however the data measured for the 0.75-

inch displacement was used for calculations. Figure 2-8 shows the default values for the pullout 

resistance factor according to AASHTO as a function of depth. Figure 2-9 and Figure 2-10 show 

the depth of fill versus the pullout resistance factor calculated from the pullout forces measured 

from the testing along with the default AASHTO curve. Figure 2-9 shows the data for ribbed steel 

strips in both the sandy and gravel backfill. Figure 2-10 shows the data for the normalized pullout 

resistance factor for the welded steel grids in both the sandy and gravel backfill. The friction factor 

was normalized by dividing F* by t/St (transverse bar diameter divided by transverse spacing) 

because AASHTO has the resistance factor vary linearly with t/St.  
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Figure 2-8. Default values for pullout friction factor (AASHTO LRFD Bridge Design Specifications, 

2012). 
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Figure 2-9. Depth of fill versus pullout resistance factor for ribbed steel strips (Jayawickrama et al., 

2015). 
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Figure 2-10. Depth of fill versus normalized pullout resistance factor for welded wire grids 

(Jayawickrama et al., 2015). 

 

The AASHTO design line in Figure 2-9 and Figure 2-10 is typically close to the lower 95th 

predictive limits for other pullout tests a part of other research. All of the data yields F* values 

higher than the AASHTO reference line, with the margin being greatest at shallow depths. The 

tests performed in gravel backfill yielded higher values than the tests performed in sandy backfill. 

The statistical analysis performed was a nonlinear regression and an analysis of variance 

(ANOVA). The variables used for the metal strips were depth of fill, embedment length, test layer, 

and overburden stress ratio. The variables used for the welded wire grids were the same with the 
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addition of transverse and longitudinal bar spacing and diameter. The statistical analysis was 

performed after the F* data was transformed into the natural log of F* using the Box-Cox 

transformation to satisfy the uniformity of variance condition. The results in Figure 2-9 and Figure 

2-10 indicate that there is considerable scatter in the measured friction factor for a given material 

type. This scatter is more apparent at lower confining pressures and decreases with depth. It was 

found that in the sandy backfill, compaction strongly influences pullout resistance such that 

slightly lower compaction greatly decreases the pullout resistance. This observation may be 

influenced by the effect of dilation at low confining pressures which becomes less important at 

deeper depths. It was also concluded that the pullout resistance factor increases with transverse bar 

diameter, but decreases with longitudinal bar spacing. The pullout resistance factor was found to 

not be affected by the embedment length. From the Jayawickrama (2015) research, it was 

concluded that the pullout resistance factor increases with increased transverse bar spacing and 

longitudinal diameter size. However, it decreases with increased longitudinal bar spacing and 

inversely decreases with increased transverse diameter size. 

2.3 Laterally Loaded Pile Design (Isenhower & Wang, 2015) 

Abutment piles for bridges are subjected to lateral loads due to earthquakes as well as 

thermal expansion and contraction. Lateral load analysis is routinely performed in engineering 

practice using a p-y curve approach when the surrounding soil extends horizontally or at a slope 

away from the pile. The program LPILE Plus is a widely used computer program which analyzes 

piles under lateral loading. The piles are treated as a beam-column while the nonlinear response of 

the soil is defined by p-y curves within a finite difference model. For a given load, the program  
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computes the pile deflection, bending moment, and shear in the pile as a function of depth. The 

loading is two-dimensional. Soil behavior is modeled with p-y curves (soil resistance p versus pile 

deflection y) along the depth of the entire pile. Figure 2-11 shows how the radial stresses normal 

to the pile (soil resistance p) increases on the side opposite of the loading after there has been 

enough lateral loading to deflect the pile a distance of y. The figure shows how the stresses become 

non-uniform. The p-y method LPILE uses is the Winkler model; a series of discrete springs that 

are nonlinear. The springs being nonlinear means that the soil resistance versus the pile deflection 

is a nonlinear function. Figure 2-12 shows how LIPLE represents the nonlinearity of the p-y 

curves. 

 

 

Figure 2-11. Reaction of stresses after lateral deflection of pile (Isenhower et al., 2015). 
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Figure 2-12. Model showing how LPILE models p-y curves (Isenhower et al., 2015). 

 

LPILE has a number of built-in p-y curves that a user can select for various soil types; 

however, because most backfill soils behind bridge abutments are composed of cohesionless soil, 

this review will focus on the American Petroleum Institute (API) model for sand. This model is 

described in the American Petroleum Institute manual for recommended practice for designing 

fixed offshore platforms (API RP 2A-WSD, 2010). For the API sand model, the initial slope of the 

p-y curve is linear where the initial stiffness is a function of the confining pressure and magnitude 

of shearing strain. Also, there is zero resistance at the ground surface for any value of deflection. 

Since the ultimate resistance for piles in sand is different near the ground surface than deeper into 

the soil, LPILE uses two models to account for that difference. Figure 2-13 shows the assumed 

passive wedge failure near the ground surface. The total lateral force is found by taking the 

difference between the passive force and the active force. The active force is determined by the 

Rankine theory and the passive force is determined by assuming the Mohr-Coulomb failure 

condition for the vertical and sloping wedges. As shown in Figure 2-13, the width of the wedge 
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fans out from the pipe pile width at an angle α which is equal to half of the friction angle. At deeper 

depths, the soil is assumed to flow around the pile. 

 

 

Figure 2-13. Failure wedge of pile in sand near ground surface (Isenhower et al., 2015). 

 

The main parameters that are needed for this method are the angle of internal friction, the 

effective unit weight of soil, and the pile diameter. The next step is to calculate the ultimate soil 

resistance at a desired depth. Equation (2-17) is for the wedge failure at shallow depths, while 

Equation (2-18) is for the flow-around failure at deeper depths. 

 

xbCxCpus ')( 21 +=            (2-17)  

xbCpud '3 =             (2-18) 

 

where =usp ultimate soil resistance for shallow depths (lb./in.) 

=udp ultimate soil resistance for deep depths, (lb./in.) 

 =' effective soil weight, (lb./in.3) 
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=x depth of interest (in.) 

 =b average pile diameter (in.), and 

 =321 ,, CCC coefficients as determined from Figure 2-14, or by using the following 

equations: 

 

where 
















−








++= 


 tan1

cos

1
sintantantan 01 KKC P  

AP KKC −=2 , and 

APP KKKKC −+= )tan( 0

2

3   

 

where 
2


 =  

2
45


 +=   

= angle of internal friction, degrees 

4.00 =K  









−=

2
45tan 2 

AK , and 









+= 

2
45tan 2 

PK . 

 



29 

 

Figure 2-14. Ultimate lateral resistance coefficients versus angle of friction (Isenhower et al., 2015). 

 

The ultimate resistance must be computed for both the deep and shallow conditions. The 

lower value is then used to compute the p-y (load-deflection) curve according to the following 

equation where p is a function of y: 

 

)tanh(
u

y
Ap

kx
App u=           (2-19) 

 

where =p soil resistance (lb.) 
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 =A factor to account for cyclic or static loading 

 

where 9.0=A  for cyclic loading, and 

9.08.00.3 







−=

b

x
A  for static loading. 

  

=up lower of the ultimate resistance values of shallow or deep depths 

 =k initial modulus of subgrade reaction determined from Figure 2-15 (lb./in.3) 

 =x depth of interest (in.), and 

 =y lateral deflection of pile (in.). 

 

 

Figure 2-15. Initial modulus of subgrade reaction versus friction angle and relative density (Isenhower 

et al., 2015). 
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2.4 Previous Related Testing and Research 

This section describes the lateral load testing of shafts and piles. The first subsection 

describes the full-scale lateral load test of drilled shafts behind an MSE wall with extensible 

geogrid soil reinforcement. The following subsections explains multiple full-scale lateral load tests 

of piles behind an MSE wall with inextensible metallic soil reinforcement. The conclusions and 

limitations are also included therein. 

2.4.1 Tests with Drilled Shafts and Geogrid Reinforcement (Pierson, Parsons, Han, 

Brown, & Thompson, 2009) 

The research study by Pierson et al. (2009) was performed to determine how laterally 

loaded drilled shaft foundations for light poles constructed behind an MSE wall behaved under 

lateral loading. The test site was located at an interchange in Kansas with sloping ground over 

shallow limestone bedrock. To perform the tests, an MSE wall 20 feet tall and 140 feet long was 

constructed with modular block facing. Geogrids by Tensar International were used as the soil 

reinforcement. This reinforcement classifies as a non-metallic, extensible geosynthetic. Eight 36-

inch diameter shafts installed at different distances from the wall were laterally loaded and 

analyzed. Five of these shafts were tested independent of the other shafts at distances of one to 

four diameters from the wall measured from the back face of the wall to the center of the shaft. All 

five of these shafts were considered to act as “short” shafts (length/width < 10) because they were 

only typically installed to a depth of 20 feet or less into the ground and were likely to rotate at the 

base during lateral loading. However, one shaft (BS) was shorter than the others by being installed 

only 15 feet into the ground as opposed to 20 feet (installation depth of all the other shafts). Three  
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other shafts (each two diameters from the wall and spaced 15’ apart) were tested as a group (BG) 

to compare lateral resistance of the group to that of the single piles. Table 2-2 shows the distances 

and ultimate load applied to each of the shafts. The center shaft of the group testing (BG2) is shown 

in the table below. The geogrids were 14 feet in length. UX1500 geogrids were used for the bottom 

four layers and the UX1400 geogrids were used for the top six layers. The geogrids were placed 

in the fill spaced at two feet vertically. Lateral pile deflections were measured versus depth with 

an inclinometer. Strain gauges were placed along the geogrids at different distances from the wall 

in the top four layers. At the back of the MSE wall, total pressure cells (TPC) were installed to 

measure induced pressure. Deflections of the wall were also measured using photogrammetry 

techniques.  

Figure 2-16 shows the peak load versus displacement curves for the single shafts. For the 

single full depth shafts, an increase in distance from the wall yielded increased lateral load capacity 

as well. Shaft BS, which was only installed to a depth of 15 feet, displaced more than a similar 

shaft installed to a depth of 20 feet at the same distance behind the wall. 

Figure 2-17 shows a comparison of the peak load versus displacement curves for the single 

full depth shaft, the group shafts, and the short shaft all at a distance of two shaft diameters behind 

the wall. It is interesting to note that the short shaft (BS) has the lowest lateral resistance while the 

full depth shaft has the highest. Loading the shafts as a group decreased the lateral resistance 

relative to that for a single shaft loaded independently. 

 

 

 

 



33 

 

 

Table 2-2. Shaft Distances and Capacity from Pierson (2009) 

Shaft 

Distance 

from Wall 

Facing 

[in] 

Pile 

Diameters 

Ultimate 

Capacity 

[kip] 

A 36 1D 34 

B 72 2D 90 

C 108 3D 116 

D 144 4D 194 

BS 
72 (15' 

length) 
2D 55 

BG2 
72 (15’ 

spacing) 
2D 85 

 

 

 

Figure 2-16. Single shaft peak load versus displacement curves for shafts spaced at 1, 2, 3 and 4 pile 

diameters (D) behind the MSE wall (Pierson, 2009). 
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Figure 2-17. Peak load versus displacement for single, group, and short shafts installed at 2 pile 

diameters behind the MSE wall (Pierson et al., 2009). 

 

Wall deflection was also measured with photogrammetry using targets placed on the wall 

and a digital camera placed on a tripod. Figure 2-18 shows that the wall deflected over six inches 

from the center of Shaft C when it was loaded to a displacement of nine inches. This shows that 

the wall does not help resist lateral loads applied to the shaft. 
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20-foot length 



35 

 

Figure 2-18. Horizontal wall deflection for Shaft C (Pierson et al., 2009). 

 

Since this test was the first of its kind, results were limited due to short drilled shafts being 

used as opposed to longer driven piles with different shapes. Results were also limited owing to 

extensible geogrids and a block wall being used as opposed to other soil reinforcement, particularly 

metallic, inextensible reinforcement which is more typical of bridge abutments. 

2.4.2 Tests with Driven Pipe Piles and Metallic Reinforcements (Rollins, Price, & Nelson, 

2013) 

The tests reported by Pierson et al. (2009) were the first of their kind. However, additional 

research was necessary to evaluate behavior of longer driven piles and inextensible, metallic 

reinforcement. The objective of the research presented by Rollins et al. (2013) was to determine 

how much reduction in lateral resistance would be measured for steel pipe piles with metallic 

reinforcements. Rollins et al. (2013) tested eight pipe piles behind MSE walls in 3 different 

locations in Utah County. These site locations were the US Highway 89 in Pleasant Grove, Pioneer 
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Crossing in Lehi, and Provo Center Street in Provo; all of which had sandy gravel as the backfill 

material. As opposed to Pierson et al. (2009) which used short shafts which did not extend below 

the base of the wall, these piles were typically driven 50 to 60 feet below the bottom of the MSE 

wall. Another contrast is that all eight of these piles had inextensible soil reinforcement for the 

MSE wall. The two types of inextensible reinforcement were welded wire grids with Price (2012) 

and metallic ribbed strips with Nelson (2013). The distance from the back face of the MSE wall to 

the center of the piles ranged from 1.3-7.2 pile diameters.  At the Pioneer Crossing site, three 16-

inch diameter pipe piles were tested each with 10-mil thick high-density polyethylene (HDPE) 

wrapped around each pile to reduce downdrag effects. A sloped soil surcharge load was 

incorporated at this site for one of the piles. However, a tracker hoe, loader, or dozer was also 

placed on top of the soil to help support the lateral loading apparatus This site used welded wire 

soil reinforcement. At the US Highway 89 location, there were two pipe piles 12.75 inches in 

diameter tested, and the soil was reinforced with welded wire grids. A sloped soil surcharge load 

was also in place during testing for these piles. The test site at Provo Center Street had three 12.75-

inch diameter pipe piles. However, the reinforcement type was ribbed metal strips. A dozer was 

also placed on top of the soil for two of the pile testing to help support the lateral loading apparatus. 

Table 2-3 provides a summary of the test pile and reinforcement geometry at all three different test 

site locations. The table includes, among other criteria, the normalized spacing by pile diameter 

from the center of the piles to the back face of the wall (S/D), the reinforcement length to the total 

height of the wall which includes the equivalent height of the surcharge (L/H ratio), the surcharge 

load, and the moist unit weight of the soil. The L/H ratio ranges from about 1.0 to 1.4, and, as 

mentioned above, the normalized spacing ranges from about 1.3D to 7.2D. 
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Table 2-3. Summary Table for Piles Tested by Rollins et al. (2013) 

 US Highway 

89 
Pioneer Crossing Provo Center Street 

Test Pile TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8 

Outside Pile Diameter [in] 12.75 12.75 16 16 16 12.75 
12.7

5 

12.7

5 

Pile Wall Thickness [in] 0.375 0.375 0.375 0.375 0.375 0.375 
0.37

5 

0.37

5 

Wrapped with HDPE? If 

Yes, Thickness [mm] 
No No 

Yes, 

10 

Yes, 

10 

Yes, 

10 
No No No 

Distance from Back Wall 

Face to Center of Pile [ft] 
7.7 4.0 3.8 6.9 2.2 1.3 2.8 6.7 

Normalized Pile Spacing 

[pile diameters] 
7.2D 3.8D 2.9D 5.2D 1.6D 1.3D 2.7D 6.3D 

Wall Height at Time of 

Testing [ft] 
20.5 20.5 29.8 37.7 34.7 23.25 

23.2

5 

23.2

5 

Reinforcement Length [ft] 33 33 50 42 39 28 28 28 

Reinforcement Length-to-

Height of Wall (including 

surcharge) 

1.29 1.42 1.27 0.98 0.97 1.03 1.20 1.03 

Wall Facing Type 

Single Stage: 

Concrete 

Panel 

Single Stage: 

Concrete Panel 

Two Stage: Welded 

Wire Covered with 

Geo Fabric 

Inextensible Reinforcement 

Type 
Welded Wire Welded Wire Ribbed Strips 

Vertical Spacing of 

Reinforcement [ft] 
2.5 2.5 2 

Surcharge Load [psf] 708 383 1363 735 808 657 135 657 

Wall Panel Dimensions [ft] 5x12 5x10 4.8x9.75 

Backfill Material Sandy Gravel Sandy Gravel Sandy Gravel 

Moist Unit Weight of Soil 

[pcf] 
141.8 142.0 134.9 
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The lateral pile load tests were controlled by their displacements as was the case with 

Pierson et al. (2009). In other words, the piles were loaded laterally until the desired displacement 

was obtained, then the actuator was locked off. Figure 2-19, Figure 2-20, and Figure 2-21 show 

the pile head load versus the pile head deflection curves for the peak data points of site locations 

US Highway 89, Pioneer Crossing, and Provo Center Street, respectively. With the exception of 

Figure 2-19, the graphs confirm that the lateral pile resistance decreases the closer a pile is to the 

wall. Possible reasons mentioned by Price (2012) for the exception of TP1 and TP2 was that those 

piles may have been far enough away from the wall such that a reduction in lateral resistance may 

not have applied. Another reason is that the relatively long reinforcements may have been 

sufficient to compensate for pile-wall interaction effects, or it may have been some combination 

of both effects.  

 

 

Figure 2-19. US Highway 89 location showing pile head load versus pile head deflection, peak data 

points for TP1 and TP2 (Price, 2012). 
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Figure 2-20. Pioneer Crossing location showing pile head load versus pile head deflection, peak data 

points for TP3, TP4, and TP5 (Price, 2012). 

 

 

Figure 2-21. Provo Center Street location showing pile head load versus pile head deflection, peak data 

points for TP6, TP7, and TP8 (Nelson, 2013). 
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The computer program LPILE was used to back-calculate p-multipliers for each of the test 

sites. Generally, the pile farthest from the wall at each site was analyzed and the soil properties 

necessary to match the measured load-deflection curve was determined. These soil parameters 

were then held constant for each pile, and a constant p-multiplier was used to produce agreement 

with the measured load-deflection curve. These p-multipliers are factors that are multiplied by the 

normal lateral soil resistance to account for the reduced lateral pile resistance for piles near an 

MSE wall. Table 2-4 shows the back-calculated p-multipliers for each test pile along with their 

respective normalized pile diameter (S/D) and the reinforcement length-to-wall height (L/H) ratio. 

The L/H ratio includes the equivalent height of any surcharge used. In general, the p-multipliers 

decreased as the distance to the MSE wall decreased, thus showing that the piles have a reduction 

in lateral resistance as they get closer to the MSE wall. The Pioneer Crossing site also had the 

larger pile diameters and HDPE plastic wrapping, although it didn’t strongly affect the p-

multipliers. 

 

Table 2-4. P-multipliers of Test Piles from Price (2012) and Nelson (2013) 

Test 

Pile Location S/D 

P-

multiplier L/H 

TP1 US Highway 89 7.2 1 1.3 

TP2 US Highway 89 3.8 1 1.4 

TP3 Pioneer Crossing 2.9 0.80 1.3 

TP4 Pioneer Crossing 5.2 1 1.0 

TP5 Pioneer Crossing 1.6 0.25 1.0 

TP6 Provo Center Street 1.3 0.16 1.0 

TP7 Provo Center Street 2.7 0.51 1.2 

TP8 Provo Center Street 6.3 1 1.0 

 

Soil reinforcement performance was also calculated by obtaining tensile force in the 

reinforcements using strain gauges. These strain gauges were attached to the reinforcements at 
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several distances along the length of the reinforcements to define the variation of tensile force 

along the length of the reinforcement. Strain was measured at distances from the back face of the 

MSE wall ranging from 0.5 to 18 feet. Reinforcing elements were instrumented at various 

transverse distances from the piles and at various depths. The transverse distances ranged from as 

low as about 4 inches to as high as over 5 feet. The depth of instrumented soil reinforcements 

ranged from as shallow as 15 inches to as deep as over 5 feet. From Price (2012), it was found that 

piles closer to the wall experienced higher loads in the reinforcement. On a similar note, Nelson 

(2013) concluded that the greater the lateral load, the greater the induced force was in the 

reinforcement. It was also concluded that as the transverse spacing of the reinforcement increases, 

the induced force decreases exponentially. This can be shown in Figure 2-22 and Figure 2-23 

which shows the normalized induced load versus the normalized distance for welded wire and 

ribbed strip reinforcement, respectively. To accommodate the scatter in the data, both mean and 

upper bound curves were provided in each figure. 

 

 

Figure 2-22. Normalized induced load versus normalized distance for welded wire reinforcement 

(Price, 2012). 
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Figure 2-23. Normalized induced load versus normalized distance for ribbed strip reinforcement 

(Nelson, 2013). 

 

Rollins et al. (2013) concluded that lateral pile resistance reduction was a function of the 

normalized distance behind the MSE wall. It was also concluded that the reinforcement-to-height 

ratio affected the lateral pile resistance. This research was limited to the L/H ratio only being at 

least one, and thus the uncertainty in the effect of the L/H ratio on the lateral pile resistance needed 

to be further investigated.  

2.4.3 Lateral Load Tests on Pipe Piles Behind an MSE Wall with Metallic Reinforcement 

(Hatch, 2014; Han, 2014; Besendorfer, 2015; Budd, 2016) 

Similar to the full-scale pile testing conducted by Nelson (2013) and Price (2012), another 

series of tests was performed on a simulated MSE wall abutment. Tests were performed for wall 

heights of 15 and 20 ft and for both ribbed strip and welded wire reinforcements. This was intended 

to evaluate the effect of reinforcement type and reinforcement length-to-height ratio (L/H) on the 
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results. These tests involved pipe piles with nominal spacing of two to five pile diameters from the 

wall. Hatch (2014) and Budd (2016) investigated the behavior of pipe piles with welded wire 

reinforcement, while Han (2014) and Besendorfer (2015) investigated behavior of pipe piles with 

ribbed strip reinforcement. The MSE wall was constructed of concrete panels nominally 10 ft wide 

by 5 ft tall. The AASHTO soil classification for the backfill of the MSE wall was A-1-a with the 

average moist unit weight ranging from 126.2 pcf to 127.5 pcf. A surcharge of 600 psf was also 

applied, using concrete blocks, to simulate the weight of the abutment on the wall. Pile moment 

and the induced reinforcement load was measured using strain gauges attached along the piles and 

reinforcements, respectively. Hatch (2014), Han (2014), Besendorfer (2015) and Budd (2016) 

completed research on four 12.75” pipe piles each. The computer program LPILE was once again 

used to back-calculate p-multipliers for each test. This p-multiplier was part of the research to 

analyze how much reduction occurred in lateral load capacity for piles behind MSE walls.  

Table 2-5 and Table 2-6 provide a summary of all the different tests for this MSE wall 

project. Figure 2-24 shows all of the p-multipliers versus the normalized distance from the wall 

(in pile diameters) of the data from Rollins et al. (2013), Hatch (2014), Han (2014), Besendorfer 

(2015), and Budd (2016). The legend has been modified from Budd (2016). It was generally found 

that piles placed farther than about 4.0 pile diameters from the MSE wall did not have their lateral 

resistance reduced. The R2 value was found to be 79%, but neglecting two aberrations, the R2 

increases to 89%. 
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The following equation has been developed for piles spaced closer than 3.9 pile diameters 

corresponding to the R2 of 89%: 

23.032.0 −=
D

S
pmult  for 9.3

D

S
       (2-20a) 

0.1=multp    for 9.3
D

S
      (2-20b) 

 

where =multp p-multiplier 

 =S distance from the back face of the MSE wall to the center of the pile, and 

 =D pile diameter. 

 

The results generally show that the p-multipliers were not strongly affected by the L/H 

ratio nor by reinforcement type. It was again found with confidence that pile resistance decreases 

as the pile moves closer to the MSE wall. A limitation of the research performed was that it did 

not analyze the effect of different pile shapes. This report further investigates the effect the L/H 

ratio and reinforcement type, as well as the effect of square piles and H-piles on lateral resistance. 

Table 2-5 represents a summary of the parameters for the ribbed strip reinforcement tests of Han 

(2014) and Besendorfer (2015). Table 2-6 represents a summary of the parameters for the welded 

wire reinforcement tests of Hatch (2014) and Budd (2016).  
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Figure 2-24. P-multipliers versus normalized distance from wall (modified from Budd, 2016). 
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Table 2-5. Summary Table for Piles Tested in Ribbed Metal Strip Reinforcement 

(Han, 2014 & Besendorfer, 2015) 

Researcher Han Besendorfer 

Test Pile Type Pipe Pipe 

Pile Shape Name HSS12.750X0.375 HSS12.750X0.375 

Outside Pile Diameter [in] 12.75 12.75 

Distance from Back Face of Wall 

to Center of Pile [in] 
22.4 35.4 39.4 49.9 21.9 35.4 37.4 49.9 

Nominal Distance from Back Face 

of Wall to Center of Pile 

[diameters] 

2D 3D 4D 5D 2D 3D 4D 5D 

Normalized Spacing Between Back 

Face of Wall to Center of Pile 
1.8D 2.8D 3.1D 3.9D 1.7D 2.8D 2.9D 3.9D 

Nominal C-C Spacing Between 

Piles [ft] 
5 5 

Pile Depth Below Base of Wall [ft] 18 18 

Wall Height at Time of Testing [ft] 15 20 

Reinforcement Length [ft] 18 18 

Length-to-Height Ratio with 

Surcharge 
0.90 0.72 

Wall Facing Type 
Single Stage: 

Concrete Panel 

Single Stage: 

Concrete Panel 

Wall Panel Dimensions [ft] 9.84'X4.92' 9.84'X4.92' 

Inextensible Reinforcement Type Strip Strip 

 Nominal Vertical Spacing of 

Reinforcement [ft] 
2.5 2.5 

 Nominal C-C Spacing Between 

Reinforcement [ft] 
2.5 2.5 

Surcharge Load [psf] 600 600 

Backfill Material A-1-a SM A-1-a SP-SM 

Compacted Backfill Density [pcf] 127.5 126.2 
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Table 2-6. Summary Table for Piles Tested in Welded Wire Reinforcement 

(Hatch, 2014 & Budd, 2016) 

Researcher Hatch Budd 

Test Pile Type Pipe Pipe 

Pile Shape Name HSS12.750X0.375 HSS12.750X0.375 

Outside Pile Diameter [in] 12.75 12.75 

Distance from Back Face of Wall 

to Center of Pile [in] 
24.4 41.4 55.4 67.4 23.1 43.1 55.4 66.4 

Nominal Distance from Back Face 

of Wall to Center of Pile 

[diameters] 

2D 3D 4D 5D 2D 3D 4D 5D 

Normalized Spacing Between Back 

Face of Wall to Center of Pile 
1.9D 3.2D 4.3D 5.3D 1.8D 3.4D 4.3D 5.2D 

Nominal C-C Spacing Between 

Piles [ft] 
5 5 

Pile Depth Below Base of Wall [ft] 18 18 

Wall Height at Time of Testing [ft] 15 20 

Reinforcement Length [ft] 18 18 

Length-to-Height Ratio with 

Surcharge 
0.90 0.72 

Wall Facing Type 
Single Stage: 

Concrete Panel 

Single Stage: 

Concrete Panel 

Wall Panel Dimensions [ft] 9.84'X4.92' 9.84'X4.92' 

Inextensible Reinforcement Type Welded Wire Welded Wire 

 Nominal Vertical Spacing of 

Reinforcement [ft] 
2.5 2.5 

 Nominal C-C Spacing Between 

Reinforcement [ft] 
5 5 

Surcharge Load [psf] 600 600 

Backfill Material A-1-a SM A-1-a SP-SM 

Compacted Backfill Density [pcf] 127.5 126.2 
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3 TEST LAYOUT 

This study is a part and continuation of the previous full-scale lateral load testing performed 

on piles behind an MSE wall with soil reinforcement (Hatch, 2014; Han, 2014; Besendorfer, 2015; 

Budd, 2016). This research took place in Lehi, Utah near a place informally called the Point of the 

Mountain between Salt Lake County and Utah County just east of the Interstate-15 (see Figure 

3-1). The project was located on Geneva Rock property. The test piles that deal with this project 

are the H-piles and square piles behind the MSE wall at nominal distances of two, three, four, and 

five pile diameters.  

 

 

Figure 3-1. Test site location (GOOGLE EARTH, 2013). 
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3.1 MSE Wall and Soil Reinforcement 

The MSE wall is a single stage wall and was constructed with the help of both SSL, LLC 

and Reinforced Earth Company (RECo). (See Appendix K for RECo’s MSE wall plans and 

Appendix L for SSL’s MSE wall plans). The piles behind the MSE wall are discussed 

subsequently. The MSE wall was split into two halves, with the west (left side looking from the 

front) half being designed by RECo using ribbed metal strip soil reinforcement and the east (right 

side looking from the front) half designed by SSL using welded wire soil reinforcement. The MSE 

wall was constructed in two phases. In the first phase, the wall was built up to 15 feet and in the 

second phase the wall was built up an additional 5 feet bringing the wall to a height of 20 feet. In 

accordance with standard practice, the MSE wall was constructed with a leveling pad 1 foot in 

width and 6 inches in thickness at its base. About 2 ft of backfill soil (≈ 0.1H) was added above 

the top of the leveling in front of the MSE wall. The back of the MSE wall had backfill soil up to 

the top of the wall and the backfill extended 25 ft behind the wall.  

Backfill soil properties are explained below, but the design friction angle was 34 degrees 

and the design unit weight was 131 pcf. The length of the wall came to a total of about 180 ft with 

a slip joint dividing the wall in half for the ribbed strip and welded wire sides. The length of the 

ribbed strip side of the MSE wall is a total of 89.56 ft (including the slip joint that divides the two 

halves of the wall). There is 49.90 ft length of full height wall followed by 39.66 ft of a 2:1 (H:V) 

down slope. The welded wire side is similar (90 ft long wall); having a 50 ft length of full height 

wall section followed by 40 ft of a 2:1 (H:V) down slope. Figure 3-2 and Figure 3-3 provide an 

elevation view of the wall. The actual wall was constructed to a total of 20 ft high above the  
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leveling pad (after Phase 2) made up of concrete panels 9.84 ft in length and 4.92 ft in height 

(dimensions include the 0.75-inch panel joints). Starting from the bottom, every other column of 

panels started with panels cut in half horizontally so that per column the panels are staggered by 

half a panel as shown in Figure 3-4. On the welded wire side, a similar approach is taken. However, 

on the top of the wall, instead of installing half of a panel every other column on the top 2.5 ft of 

the wall, the panels were just extended from below, bringing the height of every other panel to 

approximately 7.5 ft as shown in Figure 3-5. 

 

 

Figure 3-2. Elevation view of MSE wall. 

 

 

 

 



51 

 

 

 

F
ig

u
re

 3
-3

. 
P

h
o
to

g
ra

p
h

 o
f 

th
e 

co
m

p
le

te
d

 M
S

E
 w

a
ll

. 



52 

 

Figure 3-4. Panel configuration for the ribbed strip reinforcement side of the MSE wall. 

 

 

Figure 3-5. Panel configuration for the welded wire reinforcement side of the MSE wall. 

 

The RECo side had inextensible ribbed metal strips 50 mm wide and 4 mm thick. The steel 

was Grade 65 (Fy = 65,000 psi) and was galvanized for corrosion protection. A typical panel has 

two rows and four columns of strips, making eight strips per panel. They were spaced at about 2.5 
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ft both horizontally and vertically on average. As described subsequently in Chapter 4, selected 

strips were instrumented along the length and height of the wall to determine the distribution and 

magnitude of tensile forces induced by pile loading. The strips were all 18 ft in length. On the full 

height section of the wall, the top layer started 1.25 ft from the top of the wall. 

SSL installed 18 ft long inextensible welded wire reinforcements with a yield strength of 

65,000 psi. On the full height section of the SSL side, eight layers of welded wire grids were 

installed starting at 1.25 ft from the top of the wall. Both the transverse and longitudinal wires 

were size W11 (0.374 in. diameter) for all layers. The top layer had six longitudinal wires with a 

longitudinal spacing of eight inches (this longitudinal spacing is typical for all of the layers) and 

the transverse wires had a transverse spacing of six inches along the length of the reinforcement. 

The next four layers below had only five longitudinal wires with the transverse wires spaced at 12 

inches. The last three (bottom) layers had six longitudinal wires also with the transverse wires 

spaced at 12 inches. See Table 3-1 for welded wire orientation. The horizontal spacing per section 

of wire mesh was about 5 ft on average. The vertical spacing was 2.5 ft all along the height of the 

wall. 

 

Table 3-1.Welded Wire Orientation Details 

Grid Layer (From 

Top of Wall) 

Depth From 

Top of Wall [ft] 

Longitudinal Wires Transverse Wires 

Number Size Spacing [in] Size Spacing [in] 

1 1.25 6 W11 8 W11 6 

2 3.75 5 W11 8 W11 12 

3 6.25 5 W11 8 W11 12 

4 8.75 5 W11 8 W11 12 

5 11.25 5 W11 8 W11 12 

6 13.75 6 W11 8 W11 12 

7 16.25 6 W11 8 W11 12 

8 18.75 6 W11 8 W11 12 
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3.1.1 Backfill 

Twenty feet of backfill was used for the whole height of the MSE wall. The backfill 

differed slightly between each phase. Phase 1 had 63% sand and only 23% gravel thus classifying 

the soil as sand. The fines content was 14%. The soil classification for Phase 1 was A-1-a material 

according to AASHTO and SM (silty sand with gravel) according to the Unified Soil Classification 

System (USCS). Phase 2 was similar and the soil was still classified as A-1-a material according 

to AASHTO, except that the USCS classification was SP-SM (poorly graded sand with silt and 

gravel) owing to the fact that it had less than 11.5% fines and a coefficient of uniformity (Cc) value 

of 4.5. The coefficient of curvature (Cu) value for Phases 1 and 2 are 60 and 50, respectively. Table 

3-2 shows the sieve size and percent passing of the two phases and Table 3-3 shows selected 

parameters obtained from the grain-size distribution curves. Figure 3-6 is a graph of the percent 

passing vs. grain size for both phases of the project. 

 

Table 3-2. Sieve Size and Percent Passing 

Phase 1 Phase 2 

Sieve Size 

[mm] 

% 

Passing 

Sieve Size 

[mm] 

% 

Passing 

9.5 100 9.5 100 

4.75 77 4.75 79 

2.36 52 2.36 51 

1.18 37 1.18 33 

0.6 30 0.6 25 

0.3 25 0.3 20 

0.15 20 0.15 16 

0.075 14 0.075 11.5 
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Figure 3-6. Soil percent passing versus grain size. 

 

Table 3-3. Phase 1 and Phase 2 

Soil Parameters 

  Phase 1 Phase 2 

D10 0.05 0.06 

D30 0.9 0.6 

D60 3 3 

Cc 5.4 2.0 

Cu 60 50 

 

For the backfill soil in Phase 1, the maximum standard proctor density was measured as 128 

pcf with an optimum moisture content of 7.8%. For Phase 2, neither the maximum standard proctor 

nor optimum moisture content were measured. However, the maximum modified proctor density 

was measured as 131.7 pcf with an optimum moisture content of 8.7%. Behind the piles, a 

vibratory roller was used to compact the soil to a target relative compaction of 95%, while a plate 
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compactor was used to compact the soil around and in front of the piles near the wall face. This 

procedure is typically mandated in engineering practice to prevent the wall panels from displacing 

outward during compaction. The moisture content, dry unit weight, moist unit weight, and relative 

compaction were measured using a nuclear density gauge with tests performed by Brigham Young 

University students. Nuclear density gauge tests were performed between the test piles and the 

MSE wall and also behind the test piles for both phases. The average moist unit weight for all of 

Phase 1 was calculated to be 127.5 pcf, while Phase 2 had an average moist unit weight calculated 

to be 126.2 pcf. Averaging all of the data yielded a moist unit weight of 126.7 pcf. 

Table 3-4 and Table 3-5 show average measurements of the data behind the test piles, 

between the wall and the test piles, and the combination of all the data for Phase 1 and Phase 2, 

respectively. Figure 3-7 and Figure 3-8 show the scatter of the relative compaction versus depth 

for Phase 1 and Phase 2, respectively. The relative compaction behind the tests piles was 

consistently higher than 95%; however, in front of the test piles the relative compaction varied 

between 88% and 94% as a result of the differing compaction procedures. In an effort to improve 

compaction near the wall face, lift thicknesses of six inches were used rather than the typical 12 

inch lifts with the roller compactor. Nevertheless, the relative compaction was still lower near the 

wall even after multiple passes. Figure 3-9 and Figure 3-10 show the scatter of the moisture content 

versus depth for Phase 1 and Phase 2, respectively. Figure 3-11 and Figure 3-12 show the scatter 

of the moist unit weight versus depth for Phase 1 and Phase 2, respectively. (Appendix B shows 

the Geneva Rock laboratory test reports). 
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Table 3-4. Average Soil Measurements for Phase 1 

 Between Test Piles and Wall 

  
Moisture 

Content [%] 

Dry Unit 

Weight [pcf] 

Moist Unit 

Weight [pcf] 

Relative 

Compaction 

[%] 

Average 6.5 114.6 122.1 89.5 

Standard Deviation 1.80 1.52 2.49 1.22 

Coefficient of 

Variation 
0.275 0.013 0.020 0.014 

Behind Test Piles 

Average 6.6 122.5 130.6 95.7 

Standard Deviation 1.66 1.20 2.90 0.93 

Coefficient of 

Variation 
0.252 0.010 0.022 0.010 

Combined 

Average 6.6 122.5 130.6 95.7 

Standard Deviation 1.66 1.20 2.90 0.93 

Coefficient of 

Variation 
0.252 0.010 0.022 0.010 

 

Table 3-5. Average Soil Measurements for Phase 2 

 Between Test Piles and Wall 

  
Moisture 

Content [%] 

Dry Unit 

Weight [pcf] 

Moist Unit 

Weight [pcf] 

Relative 

Compaction 

[%] 

Average 4.6 117.7 123.1 92.9 

Standard Deviation 1.08 3.33 4.23 2.63 

Coefficient of 

Variation 
0.233 0.028 0.034 0.028 

Behind Test Piles 

Average 5.0 123.7 129.9 97.7 

Standard Deviation 1.06 1.94 2.41 1.53 

Coefficient of 

Variation 
0.214 0.016 0.019 0.016 

Combined 

Average 5.0 123.7 129.9 97.7 

Standard Deviation 1.06 1.94 2.41 1.53 

Coefficient of 

Variation 
0.214 0.016 0.019 0.016 

 



58 

 

Figure 3-7. Depth versus relative compaction, Phase 1. 

 

 

Figure 3-8. Depth versus relative compaction, Phase 2. 
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Figure 3-9. Depth versus moisture content, Phase 1. 

 

 

Figure 3-10. Depth versus moisture content, Phase 2. 
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Figure 3-11. Depth versus moist unit weight, Phase 1. 

 

 

Figure 3-12. Depth versus moist unit weight, Phase 2. 
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3.1.2 Surcharge 

To simulate to some extent the weight of an abutment pile cap atop the MSE wall, a 600 

psf surcharge was applied adjacent to both sides of the pile being loaded laterally. Without the 

surcharge, the pullout resistance of the upper reinforcement would be significantly underestimated. 

The surcharge consisted of multiple 2’x2’x6’ pre-cast concrete blocks. Concrete was assumed to 

weigh 150 pcf. The surcharge was 3 blocks (6 ft) wide on either side of the test pile and two blocks 

(4 ft) high. The blocks laid along the length of the soil reinforcement behind the pile. Using an 

average soil moist unit weight of 127.5 pcf for Phase 1, an equivalent height of soil fill was 

calculated to be about 4.75 ft from the 600 psf surcharge (see Figure 3-13 for a plan view). For 

Phase 2, the equivalent height of soil fill was calculated to be about 4.71 ft using the average moist 

unit weight of 126.2 pcf. However, an equivalent soil height of 5 ft was used for the L/H ratios. 

3.2 Piles 

There were sixteen piles near the MSE wall. The piles were driven by Desert Deep 

Foundations using an ICE I-030V2 diesel hammer prior to the construction of the MSE wall. The 

piles were 40 feet in length and were driven 18 feet below the base of the wall. A record of the 

blow counts is shown in Appendix H. The square and pipe piles were driven open-ended and the 

depth of the plug in each pile is indicated in Appendix I. Reaction piles were also driven behind 

the reinforced soil zone so as not to affect the tensile forces on the reinforcement. The reaction 

piles were loaded transverse to the MSE wall face to examine the effect of pile shape on lateral 

resistance (Bustamante, 2014 & Russell, 2016). They were also used to provide lateral resistance 

against the reaction beam as each of the test piles were loaded laterally normal to the MSE wall 

(see Figure 3-13). The ribbed strip side of the wall had four pipe piles and four H-piles while the 

welded wire side had four pipe piles and four square piles. During Phase 1 (15-foot wall height), 
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all eight pipe piles and the H-piles were loaded and analyzed. During Phase 2 (20-foot wall height) 

the same eight pipe piles were tested again along with the four square piles. Tests on the pipe piles 

allowed a direct comparison of the effect of reinforcement type and L/H ratio on pile performance. 

Additional tests on the square and H-piles allowed a comparison of the reduction in load resistance 

between these pile shapes and the pipe piles. As indicated previously, this study report deals with 

the testing and analysis of the H-piles and square piles. 

The pipe piles were HSS12.75X0.375 (A252 Grade 3) with an outside diameter of 12.75 

inches and a wall thickness of 0.375 inches. The square piles were HSS12X12X5/16 with a width 

of 12 inches. The H-piles were HP12X74. They were loaded about the weak axis on the web and 

thus the outside diameter used was the flange width which was 12.2 inches. Table 3-6 and Table 

3-7 show the horizontal spacing of the H-piles and square piles, respectively. See Appendix J for 

the horizontal spacing of the pipe piles. Generally, the piles were spaced about 5 feet on center 

from each other. Figure 3-13 shows a plan view layout of the piles, MSE wall, and reaction piles. 

All of the piles were nominally spaced at two, three, four, and five pile diameters from the back 

face of the MSE wall to the center of the pile. Actual spacing varied owing to complications of 

driving the piles into place. Table 3-8 shows the nominal, normalized, and actual spacing of the 

square and H-piles. 

 

Table 3-6. Adjacent Spacing of H-piles 

  

5D Pipe (strip 

side) to 5D H-

pile (strip side) 

5D to 4D H-

pile 

4D to 3D H-

pile 

3D to 2D H-

pile 

2D H-pile 

(strip side) to 

2D Square 

(wire side) 

Adjacent 

Spacing [in] 
59 62 58 58 123 
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Table 3-7. Adjacent Spacing of Square Piles 

  

2D H-pile 

(strip side) to 

2D Square 

(wire side) 

2D to 3D 

Square 

3D to 4D 

Square 

4D to 5D 

Square 

5D Square 

(wire side) to 

5D Pipe (wire 

side) 

Adjacent 

Spacing [in] 
123 70 64 51 68.5 

 

 

 

 

Figure 3-13. Plan view of MSE wall. 
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Table 3-8. H-pile and Square Pile Diameter Spacing 

Test Pile Type Square H-Piles 

Pile Shape Name HSS12X12X5/16 HP12X74 

Outside Pile 

Diameter [in] 
12 12.2 

Distance from 

Back Face of 

Wall to Center of 

Pile [in] 

25.0 37.5 50.5 68.8 26.4 30.4 38.6 55.1 

Nominal Distance 

from Back Face 

of Wall to Center 

of Pile 

[diameters] 

2D 3D 4D 5D 2D 3D 4D 5D 

Normalized 

Spacing Between 

Back Face of 

Wall to Center of 

Pile 

2.1D 3.1D 4.2D 5.7D 2.2D 2.5D 3.2D 4.5D 

 

3.3 Loading Apparatus 

A hydraulic jack was used to load all of the piles laterally. It was loaded against a W36X150 

reaction beam. This reaction beam was placed against the back reaction piles. A variable length 

strut was placed between the reaction beam and the test pile in the gap between the pre-cast 

concrete blocks as shown in Figure 3-14. To reduce eccentricity, hemispherical load platens were 

used between the reaction beam and the hydraulic jack. A load cell was positioned between the 

pile and the hydraulic jack. Load was applied at a height of 12 inches above the ground surface 

with a pinned-head connection. See Figure 3-15 and Figure 3-16 for how the loading apparatus 

was applied for lateral testing. Figure 3-17 shows an overall configuration of a cross-section 

through the MSE wall. 
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Figure 3-14. Reaction beam with hemispherical end platen and struts. 

 

 

Figure 3-15. Loading apparatus, reaction beam, and surcharge blocks. 



66 

 

Figure 3-16. Loading apparatus. 

 

 

Figure 3-17. Cross-section through the MSE wall. 
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3.3.1 Data Acquisition 

The data was acquired using a displacement control approach. The hydraulic ram loaded 

each pile until it displaced at quarter-inch increments from 0.25 inches up until 3.0 inches, with 

the initial push starting at 0.125 inches. At each quarter-inch increment, the load was held for five 

minutes, in which the load would decrease slightly before applying a greater load again until the 

next quarter-inch increment. Readings were taken every half-second from the hydraulic jack for 

the string potentiometers and strain gauges (see Chapter 4). The values taken immediately after 

each cycle (the peak), the one-minute average, and the five-minute average of the load being held 

at each increment were used to analyze the data. The one minute and five minute averages were 

taken by averaging the data 30 seconds following. Wall displacement recordings and images were 

only taken at the peak and five-minute hold of each quarter-inch load increment. Ground surface 

heaving was measured before and after each test for each pile (see Sec. 4.6). 
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4 INSTRUMENTATION 

An instrumentation plan was implemented to be able to measure the behavior of the piles 

and backfill during lateral load testing. Pile behavior such as deflection and moment were able to 

be determined using the load cell and pressure transducers, string potentiometers, and strain 

gauges. The tensile force in the MSE reinforcements was also measured with the strain gauges. 

The soil behavior such as vertical heaving and horizontal displacement was also measured using  

string potentiometers along with conventional surveying techniques. Lastly, wall displacement 

was also recorded as explained in this chapter. 

4.1 Load Cell and Pressure Transducers 

The pile load was measured in two ways, through the load cell and through the pressure 

transducers attached to the pump for the hydraulic jack. For the H-piles, the load from the hydraulic 

pressure transducer was used. However, for the square piles, the load cell was used because the 

pressure transducer began producing erratic results. 

4.2 String Potentiometers 

String potentiometers were used to acquire the horizontal pile deflection, horizontal ground 

displacement, and pile rotation after the piles were loaded laterally. The string potentiometers were 

attached to an independent reference frame with supports located 7 feet from the loaded piles. This 

provided a reference datum for when ground movement occurred during lateral testing. The 
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tensioned string in the potentiometers was attached to various reference points and deflection was 

measured as the string moved in or out of the potentiometer. To measure the pile deflection, one 

string potentiometer had its line attached horizontally to a magnetic eyebolt attached to the pile 

one foot above the ground. This kept it at the same elevation as the load cell (see Figure 4-1).  

 

 

Figure 4-1. String potentiometers attached to a square pile at the load cell level. 

 

To calculate the pile rotation, another string potentiometer had its line extended and 

attached to an eyebolt located 2 feet directly above the magnetic eyebolt and consequently 3 feet 

above the ground (see Figure 4-2). In this way, the difference between the two linear displacements 
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at each load increment could be taken to calculate the angle of pile rotation using the following 

equation: 

 










 −
= −

in

lpft

36
sin

31


               (4-1) 

 

where = pile head rotation (degrees) 

 =ft3 string potentiometer deflection at three feet above the load point (in.), and 

 =lp string potentiometer deflection at the load point (in.). 

 

 

Figure 4-2. String potentiometer attached three feet above the pile. 
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To record the ground displacements, steel stakes were driven into the ground at about 1 foot 

increments starting from the face of the pile towards the MSE wall. The strings of each of the 

string potentiometers were hooked onto the stakes horizontally as shown in Figure 4-3. Table 4-1 

and Table 4-2 show the locations of all of the string potentiometers used for the H-piles and square 

piles, respectively. 

 

 

Figure 4-3. String potentiometers attached to stakes for horizontal ground displacement readings. 
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Table 4-1. H-pile String Potentiometer Locations 

Test 
Load 

Point 

3ft Above 

Load Point 

Top of 

Wall 

1ft from 

Pile Face 

2ft from 

Pile Face 

3ft from 

Pile Face 

4ft from 

Pile Face 
Other 

2.2D SP36 SP35 

SP34 

(20.25” 

from pile 

face) 

- - - - 
SP 39 

(0.5ft) 

2.5D SP35 SP36 

SP34 

(24.25” 

from pile 

face) 

- - - - 

SP37 

(0.5ft), 

SP 39 

(1.5ft) 

3.2D SP36 SP35 

SP34 

(32.5” 

from pile 

face) 

SP37 SP39 - - - 

4.5D SP36 SP35 

SP34 

(49” from 

pile face) 

SP40 SP37 SP39 - - 

 

Table 4-2. Square Pile String Potentiometer Locations 

Test 
Load 

Point 

3ft Above 

Load Point 

Top of 

Wall 

1ft from 

Pile Face 

2ft from 

Pile Face 

3ft from 

Pile Face 

4ft from 

Pile Face 

2.1D SP36 SP37 

SP32 

(19” from 

pile face) 

SP38 

(12.5” 

from pile 

face) 

- - - 

3.1D SP36 SP37 

SP38 

(31.5” 

from pile 

face) 

SP31 SP32 - - 

4.2D SP36 SP37 

SP34 

(44.5” 

from pile 

face) 

SP31 SP32 SP38 - 

5.7D SP36 SP37 

SP35 

(62.75” 

from pile 

face) 

SP31 SP32 SP38 SP34 

 

4.3 Strain Gauges 

Both the soil reinforcement and the piles were instrumented with strain gauges to measure 

strain to be able to compute the bending moment for the piles, and the induced force in the 

reinforcements. 
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4.3.1 Soil Reinforcement Strain Gauges 

Strain gauges were used to monitor the strain on the soil reinforcement. Strain gauges were 

applied to the top two layers of reinforcement for both the H-piles and square piles. The only 

exception was the 5.7D square pile where four layers were instrumented. This is because the third 

and fourth layers from the top of the 20-foot wall height were already instrumented from when the 

adjacent 5D pipe pile was tested at the 15-foot wall height (Hatch, 2016). Layer 1 started 15 inches 

from the top of the MSE wall. The soil reinforcements were spaced vertically at 30 inches for both 

the ribbed strip (H-piles) and welded wire (square piles) reinforcements, and thus Layer 2 was at 

45 inches, Layer 3 was at 75 inches, and Layer 4 was at 105 inches from the top of the 20-foot 

wall height. (Layer 3 and Layer 4 only apply to the 5.7D square pile). The strain gauges were 

applied on the top and bottom of the reinforcement to account for bending effects. Strain gauge 

pairs were positioned at distances of 0.5, 2, 3, 5, 8, 11, and 14 feet from the back face of the MSE 

wall. The strain gauges were protected with epoxy coating to prevent water damage and the lead 

wires were protected with electrical tape. The wires ran along the reinforcement towards the wall 

and into a PVC pipe which extended to the ground surface against the wall. Generally, two 

reinforcements located at different transverse distances adjacent to each test pile at a given 

reinforcement level were instrumented. Table 4-3 shows which reinforcement ID applied to which 

H-piles as well as the location of the strain gauges on the reinforcement from the center of the test 

pile looking towards the back of the MSE wall. The location gives the direction and the spacing in 

inches. Table 4-4 shows the same, but for the square piles. 
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Table 4-3. H-pile Strain Gauge Locations 

  H-Pile 

2.2D 

H-Pile 

2.5D 

H-Pile 

3.2D 

H-Pile 

4.5D 

Layer 1 

(15 in. depth) 

Strip # 7 7 4 4 

Location 
Left Right Left Right 

49.1" 9.1" 52.6" 8.6" 

Strip # 8 8 3 3 

Location 
Left Right Left Right 

23.6" 34.6" 27.1" 34.1" 

Layer 2 

(45 in. depth) 

Strip # 15 15 11 11 

Location 
Left Right Left Right 

51.1" 8.1" 53.1" 8.1" 

Strip # 14 14 16 16 

Location 
Left Right Left Right 

25.1" 33.6" 28.1" 32.6" 

 

Table 4-4. Square Pile Strain Gauge Locations 

  Square 

2.1D 

Square 

3.1D 

Square 

4.2D 

Square 

5.7D 

Layer 1 

(15 in. 

depth) 

Welded 

Wire # 
1 2 3 4 

Location 
Left Left Left Left 

37.5" 44" 47.5" 38.5" 

Welded 

Wire # 
2 3 4 5 

Location 
Right Right Right Right 

23.5" 15.5" 13" 21.5" 

Layer 2 

(45 in. 

depth) 

Welded 

Wire # 
30 29 28 27 

Location 
Left Left Left Left 

37.5" 37" 39.5" 31" 

Welded 

Wire # 
29 28 27 26 

Location 
Right Right Right Right 

30" 23.5" 21" 28.5" 

Layer 3 

(75 in. 

depth) 

Welded 

Wire # 
      21 

Location 
 -  - -  Right 

      27" 

Layer 4 

(105 in. 

depth) 

Welded 

Wire # 
      17 

Location 
-  -  -  Right 

      34.5" 
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4.3.2 Pile Strain Gauges 

Water-proof electrical resistance type strain gauges also bonded with epoxy were 

instrumented along the length of the piles at various depths. The depths starting from the final 

backfill ground surface at the 20’ level were 2, 4, 6, 9, 12, 15, and 18 feet for the square piles. The 

H-pile strain gauge depths reference the 15’ level (Phase 1), and thus the depths of the strain gauges 

are 1, 4, 7, 10, and 13 feet. This is because no testing was done for the H-piles at the 20’ level. The 

strain gauges were mounted along both the back and front pile faces in the direction of loading and 

were protected by L1-1/2X1-1/2X1/8 angle irons. The angle irons were also filled with expanding 

foam for further protection against possible water damage. 

4.4 Shape Arrays 

Measurand ShapeAccelArray (Shape Arrays) were used to measure the MSE wall 

deformation during lateral load testing. They are an array of rigid segments that measure tilt along 

three axes within those segments with microelectromechanical systems (MEMS) gravity sensors 

(i.e. accelerometers) (“Measurand ShapeAccelArray (SAA) Specifications”). The Shape Arrays 

were inserted vertically along the back face of the MSE wall into PVC pipes which would then 

measure wall displacements during lateral loading along the height of the wall. Table 4-5 shows 

the locations of the Shape Arrays in relation to the center of the pile looking towards the back of 

the wall. 
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Table 4-5. Location of Shape Arrays 

  Array Number 

Test Pile 45134 45104 45115 45112 

H-Piles 

4.5D 53" right 6" right 93.5" right 25" right 

3.2D 11" left 87.5" right 29.5" right 56.5" right 

2.5D 94.5" right 56" right 31" right 0" 

2.2D 0" 25" left 56" left 83" left 

Square 

Piles 

5.7D 4" right 29.5" left 65.5" left 88" left 

4.2D 64" left 94" left 10" left 32.5" left 

3.1D 4" left 34" left 56" left 98" left 

2.1D 63.5" right 33.5" right 11.5" right 30.5" left 

 

4.5 Digital Image Correlation (DIC) 

Digital Image Correlation (DIC) was also used to measure the MSE wall displacement 

throughout load testing. DIC is an image analysis system that uses a 3D optical technique to 

measure displacement and strain over a surface (“Measurement Principles of (DIC)”). Two 

cameras at a fixed distance apart on a metal frame are set up on a tripod and calibrated at a distance 

of about 40 ft from the face of the MSE wall. The system is then focused on the MSE wall before 

lateral loading as shown in Figure 4-4 with a field of view that is about 10 ft high and 20 ft wide. 

The DIC system uses a computer algorithm to track the movement of thousands of points on the 

wall face. To facilitate this tracking procedure, the MSE wall was painted with a black and white 

grid to create more distinct points where the variation in the wall deformations could be obtained 

during the lateral load testing. The cameras would take baseline images immediately prior to 

testing and then at each load increment to determine the change in movement as the test progressed. 

See Sec. 3.3.1 for more information on the data acquisition. 
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Figure 4-4. DIC setup in front of the MSE wall. 

4.6 Surveying 

Measurements of ground surface heave and settlement before and after pile loading were 

performed using conventional surveying techniques. Surveying was performed using an automatic 

level on a tripod and a surveying rod with an accuracy of about 0.01 ft. Measurements of elevation 

were taken generally at the string potentiometer locations between the pile and the MSE wall. 
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5 LATERAL LOAD TESTING 

Lateral load testing for the H-piles (Phase 1) occurred from July 10, 2014 through July 15, 

2014 and testing for the square piles (Phase 2) occurred from August 12, 2014 through August 14, 

2014. Using a displacement control approach, the hydraulic ram loaded each pile until it displaced 

at quarter-inch increments from 0.25 inches up until 3.0 inches. At each quarter-inch increment, 

the fluid flow into the jack was locked-off for five minutes, during which the load was allowed to 

relax and come into equilibrium with the displacement before applying load again to reach the next 

quarter-inch increment. Recordings were taken at one minute and five minutes after the peak load 

was reached at each increment. A recording was also taken at the initial 0.125-inch displacement 

for each test to better define the initial segment of the load-deflection curve. 

5.1 Load Displacement Curves 

5.1.1 H-Piles 

The pile head load is plotted against the pile head deflections for all four H-piles in Figure 

5-1, Figure 5-2, and Figure 5-3. The first figure shows the peak load versus deflection curve. The 

second and third figures show the average pile head load deflection curves for one-minute and 

five-minutes after the peak load. To smooth out noise in the data, load and deflection for the one- 

and five-minute hold plots are averages over a 30 second window. Appendix C shows the load 

versus deflection curves for the peak, one-minute, and five-minute intervals separated for each of 
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the H-piles. Two types of pile head load readings could be used; the load from the hydraulic 

pressure reading in the jack and the in-line load cell reading in the tie-rod. The hydraulic load 

readings were used for the H-piles because of lab tests which indicated some erratic behavior of 

the tie-rod load cells. Research from Russell (2016) and Bustamante (2014) involved reaction piles 

tested as a part of a companion study to this project. The reaction pile curve in the figures 

mentioned above is the average of H-pile reaction piles loaded parallel to the wall tested prior to 

loading transverse to the wall. This curve was added as a reference. The farthest H-pile (4.5D) is 

about 78.9% of this curve. 

The average one-minute data was chosen as the basis for most results in this chapter. At 

this point, the pile head load has generally come into static equilibrium after pushing the pile to 

the desired displacement. The peak load versus displacement curves in Figure 5-1 show how erratic 

the load can be immediately after the push. However, after one-minute the load had stabilized. 

There is a decrease of an average of 21.9% from the peak load to the one-minute load, but only an 

average of 3.2% decrease from the one-minute to five-minute hold. 

In all cases, the load-deflection curve for the “reaction pile” located behind the reinforced 

soil zone was significantly higher than for the four piles near the MSE wall. This difference is 

likely a result of the difference in relative compaction as described previously in Chapter 3. The 

average relative compaction for both Phase 1 and Phase 2 near the reaction piles was 96.6%, while 

the relative compaction between the test piles and the wall averaged at 91.8%. As explained 

previously, the lower relative compaction near the MSE wall face is typical of real construction 

practice where only plate compactors are used near the wall face, while roller compactors are used 

away from the wall. Generally, the results are consistent with previous data; that the closer the pile 

is to the MSE wall, then the lower the load is for a given deflection. The exception here is the 2.2D 
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H-pile which is closer to the wall, but which resists more load than the 2.5D H-pile. One possible 

explanation for this discrepancy is that soil compaction might have been higher for the 2.2D pile. 

As explained previously, variation in relative compaction was much greater near the wall face as 

a result of the compaction procedure. The last three data points for H-pile 2.5D and the last two 

data points for H-pile 2.2D are omitted owing to inaccurate results. To provide a more quantitative 

indication of the decrease in resistance of the H-piles as they are placed closer to the wall, the loads 

at the 2.0 inch displacement were compared for most results. 

The average decrease in lateral resistance from the 4.5D to the 2.5D H-pile is 27.4%. The 

average decrease in lateral resistance from the 4.5D to the closest H-pile to the wall (2.2D) is 

19.4%. Of course, the decrease in lateral soil resistance is actually greater than this percentage 

because part of the lateral pile resistance is provided by the flexural stiffness of the pile which 

remains constant and is not affected by the presence of the wall. 

 

 

Figure 5-1. Pile head load versus deflection curves for H-piles at peak. 
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Figure 5-2. Pile head load versus deflection curves for H-piles at one-minute average. 

 

 

Figure 5-3. Pile head load versus deflection curves for H-piles at five-minute average. 
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The pile head rotation was also calculated as a function of pile head load. Section 4.2 

describes how the string potentiometers were used to measure the displacement of the pile to 

calculate rotation. Pile head rotation () in degrees was computed using the equation: 

 










 −
= −

in

lpft

36
sin

31


               (5-1) 

 

where = pile head rotation, degrees 

 =ft3 string potentiometer deflection at three feet above the load point, in. 

 =lp string potentiometer deflection at the load point, in. 

 

Figure 5-4 shows the pile head load versus the pile head rotation. The reaction H-pile curve is also 

included from Russell (2016). The other H-pile from Bustamante (2014) that was used for the load 

versus deflection curves was not included for an average due to the unavailability of the data. 

Generally, the H-pile rotations increase for a given load as the piles move closer to the wall 

with the exception of the 2.2D H-pile. This is consistent with the behavior observed from the load-

deflection curve. This shows that an H-pile seems to be more resistant to pile rotation as the pile 

is placed farther away from the MSE wall face. 
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Figure 5-4. Pile head load versus pile head rotation for all H-piles and the H-pile reaction pile. 

5.1.2 Square Piles 

The pile head load plotted against the pile head deflections of all four square piles are 
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for one-minute and five-minutes after the peak load. To smooth out noise in the data, load and 

deflection for the one- and five-minute hold plots are averages over a 30 second window. Appendix 

C shows the load versus deflection curves for the peak, one-minute, and five-minute interval 
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from the hydraulic pressure reading in the jack and the in-line load cell reading in the tie-rod. The 

in-line load cell readings were used in this case because of the erratic behavior of the hydraulic 
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(2014). This curve was added as a reference. The farthest square pile (5.7D) is about 73.3% of this 

curve. 

As stated for the H-piles, the average one-minute data was chosen as the basis for the square 

piles for most results in this chapter. Typically, there is a decrease of an average of 5.7% from the 

peak load to the one-minute load, and an average of 1.9% decrease from the one-minute to five-

minute hold. In all cases, the load-deflection curve for the “reaction pile” located behind the 

reinforced soil zone was significantly higher than for the four piles near the MSE wall, as was the 

case for the H-piles. Generally, the results are consistent with previous data; that the closer the pile 

is to the MSE wall, then the lower the load is for a given deflection. The average decrease in lateral 

resistance from the 5.7D to the 2.1D square pile is 33.8%. 

 

 

Figure 5-5. Pile head load versus deflection curves for square piles at peak. 
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Figure 5-6. Pile head load versus deflection curves for square piles at one-minute average. 

 

 

Figure 5-7. Pile head load versus deflection curves for square piles at five-minute average. 
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more rotation there is for a given load. This shows that the closer piles are less capable of resisting 

the load and thus the rotation increases. 

 

 

Figure 5-8. Pile head load versus pile head rotation for all square piles and the square reaction pile. 
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top and bottom strain gauges were damaged, then the whole reinforcement force was deleted for 

that given location. The average strain was actually given in micro-strain and thus needed to be 

multiplied by 10-6 to be obtain pure strain. The induced force in the soil reinforcement was 

calculated by the following equation: 

 

( )610−







 +
=

n
EAT bt 

          (5-2) 

 

where =T induced reinforcement load at a particular location of a given reinforcement strip (kip) 

=E modulus of elasticity (2,900 ksi) 

=A cross-sectional area of reinforcement (0.31 in2 for ribbed strips) 

=n 2 when neither strain reading was omitted, or 1 when one strain reading was omitted 

=t micro strain of the top strain gauge, and 

=b micro strain of the bottom strain gauge. 

  

Due to the strain gauges being installed with the wrong side of the waterproof wafer against 

the pile, all of the soil reinforcement values were multiplied by a factor to obtain the correct value. 

Strain gauges were laboratory tested and it was concluded that the incorrect installation 

underestimated the correct soil reinforcement force by a factor of 1.7.  

The reinforcement force for distances of 0.5 feet to 14 feet from the back face of the MSE 

wall was calculated for every load increment. Table 4-3 shows which ribbed strips were used for 

each of the H-piles for the top two layers and their locations. Figure 5-9 shows the reinforcement 

force versus distance from the back face of the MSE wall for one of the instrumented ribbed strips. 
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Using the FHWA equations (Equation 2-9) (Berg et al., 2009), the ultimate pullout resistance for 

ribbed strips is also plotted as an additional reference. (See Appendix A for the capacity to demand 

ratio against pullout calculations for the ribbed strip reinforcement).  

Figure 5-9 is representative of how the induced reinforcement force developed along the 

length of the reinforcement. It shows curves for selected load increments corresponding to 

approximately the 0.5-, 1-, 2-, and 3-inch pile head deflection. Obviously, the higher deflection 

meant a higher induced load, and thus the induced reinforcement loads increase as the deflections 

increase. For many of the H-piles (see Appendix D for all strain gauge data relating to 

reinforcement load versus distance from back face of the MSE wall for the H-piles) the maximum 

reinforcement load developed near the pile or within approximately 2 feet behind the center of the 

pile. The induced force gradually increased from the back wall face up until the maximum force. 

After the maximum induced force, the load began to taper off to zero by the end of the 

reinforcement length (18 feet from the MSE wall). Also, the figure shows that higher induced 

forces developed for the higher pile head loads. As the applied pile load increased, the force in the 

reinforcements began to approach the line defining the pull-out resistance defined by the FHWA 

equation. The FHWA equation assumes that tensile force remains constant within 0.3H (or about 

5.9 feet for the 15-foot wall height) behind the wall face for a wall without pile load. However, in 

this case, the force is actually decreasing towards the wall face. If the FHWA pull-out resistance 

were extrapolated to the wall face, the maximum tensile force would be about 8.6 kips. 

Theoretically, the induced load on the pile along any part of the soil reinforcement for any of the 

recorded deflection should be below the FHWA line which represents the pullout capacity of the 

soil reinforcement. 
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Figure 5-9. Reinforcement force versus distance from back face of MSE wall (H-pile 3.2D, 15-inch 

depth, strip #4, transverse spacing 52.6 inches). 

 

Figure 5-10 shows a schematic diagram which may help explain the distribution of force 

in the reinforcement. In front of the pile, the soil moves left relative to the reinforcement which 

creates a friction force on the reinforcement that increases the tensile force in the reinforcement. 

Behind the pile, the reinforcement moves to the left relative to the soil as it resists pullout. 

Therefore, the skin friction on the reinforcement develops in the opposite direction (to the right) 

which decreases the tensile force in the reinforcement. From both sides of the pile, the induced 

load increases as the reinforcement approaches the pile. There may be some load at the back face 

of the MSE wall probably due to the earth pressure on the wall. 
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Figure 5-10. Interaction between MSE wall, soil, and reinforcement. 

 

Figure 5-11, Figure 5-12, Figure 5-13, and Figure 5-14 show the relationship for the 

maximum induced reinforcement forces versus the pile head load for each pile. (Appendix G 

shows the relationship for the maximum induced reinforcement forces versus the pile head 

displacement for each H-pile). For each H-pile, the top two layers at depths of 15” and 45” were 

instrumented and measured, and they correspond with Layer 3 and Layer 4, respectively, as 

explained in Chapter 4. For each test pile, reinforcement forces in two different ribbed strips for 

each layer were determined from the strain gauges. Two lines in the figures are dashed to represent 

the farther strain gauge from the center of the pile of interest, and two other lines are solid to 

represent the closer strain gauge from the center of the pile. Black lines represent 15” below the 

ground surface, and gray lines represent 45” below the ground surface. The location from the back 

face of the MSE wall is shown to indicate where along the reinforcement length was the maximum 

induced force.  
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Generally, the maximum reinforcement forces occur within five feet from the wall. For the 

4.5D and 3.2D H-piles, the greater induced forces occurred at the 15” depth, showing that the 

reinforcement force is affected by vertical stress. The shallower the depth of the reinforcement 

develops more induced tensile force. However, this was not the case for the 2.5D and 2.2D H-

piles. For each level of each H-pile tested (with the exception of the 3.2D H-pile at the 15” depth), 

a higher induced force was developed for the “near” reinforcement as opposed to the “far” 

reinforcement of the same level. Thus, the closer in proximity the reinforcement is to the pile, then 

a higher induced force will be present.  

 

 

Figure 5-11. Maximum reinforcement force for each instrumented ribbed strip versus pile head load 

for H-pile 4.5D. 

0

1

2

3

4

5

6

0 10 20 30 40 50

M
ax

. 
R

ei
n
fo

rc
em

en
t 

F
o

rc
e 

[k
ip

]

Pile Head Load [kip]

15" Depth, Transverse Dist.=8.6", Dist. from Wall=11 ft

15" Depth, Transverse Dist.=34.1", Dist. from Wall=5 ft

45" Depth, Transverse Dist.=8.1", Dist. from Wall=5 ft

45" Depth, Transverse Dist.=32.6", Dist. from Wall=0.5 ft

“near”

“far”

“far”

“near” 



92 

 

Figure 5-12. Maximum reinforcement force for each instrumented ribbed strip versus pile head load 

for H-pile 3.2D. 

 

 

Figure 5-13. Maximum reinforcement force for each instrumented ribbed strip versus pile head load 

for H-pile 2.5D. 
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Figure 5-14. Maximum reinforcement force for each instrumented ribbed strip versus pile head load 

for H-pile 2.2D. 
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where =T induced reinforcement load at a particular location of a given reinforcement grid (kip) 
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=E modulus of elasticity (2,900 ksi) 

=A cross-sectional area of one longitudinal welded wire (0.11 in2) 

=n 2 when neither strain reading was omitted, or 1 when one strain reading was omitted 

=t micro strain of the top strain gauge 

=b micro strain of the bottom strain gauge, and 

=B number of longitudinal wires of the grid. 

 

Table 4-4 shows which welded wire reinforcement was used for each of the square piles 

for Layers 1 through 4 and their locations. Layer 1 is referenced at the top of the 20-foot wall 

height. Figure 5-15 shows the reinforcement force versus distance from the back face of the MSE 

wall for one of the instrumented welded wire reinforcements. It is a representative plot and shows 

curves for selected load increments corresponding to approximately the 0.5-, 1-, 2-, and 3-inch pile 

head deflection. Appendix D shows all strain gauge data relating to reinforcement load versus 

distance from the back face of MSE wall for the square piles. The ultimate pullout resistance for 

welded wire reinforcement is also plotted as an addition reference (as it was for the ribbed strips 

for the H-piles). (See Appendix A for the capacity to demand ratio against pullout calculations for 

the welded wire reinforcement). The shape of the curves in Figure 5-15 is similar to the H-piles 

and the idealized schematic diagram of Figure 5-10, except that the maximum reinforcement force 

occurs closer to the pile center. The induced force gradually increased from the back wall face up 

until the maximum force. After the maximum induced force, the load began to taper off to zero by 

the end of the reinforcement length. The FHWA equation assumes that tensile force remains 

constant within 0.3H (or about 7.4 ft for the 20-foot wall height) behind the wall face for a wall 

without pile load. The load decreases towards the wall face, but it does not decrease to 0 kips. If 
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the FHWA pull-out resistance were extrapolated to the wall face, the maximum tensile force would 

be about 110 kips.  

 

 

Figure 5-15. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 45-

inch depth, welded wire #26, transverse spacing 28.5 inches). 

 

Figure 5-16, Figure 5-17, Figure 5-18, and Figure 5-19 show the relationship for the 

maximum induced reinforcement forces versus the pile head load for each pile. (Appendix G 

shows the relationship for the maximum induced reinforcement forces versus the pile head 

displacement for each square pile). For each square, the top two layers at depths of 15” and 45” 

were instrumented and measured, in addition to two more layers at depths of 75” and 105” for the 

5.7D square pile, as explained in Chapter 4. For each test pile, reinforcement forces in two different 

welded wires (second from the right looking towards the front of the wall) for each layer were 

determined from the strain gauges. Generally, two lines in the figures are dashed to represent the 
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farther strain gauge from the center of the pile of interest, and two other lines are solid to represent 

the closer strain gauge from the center of the pile. Black lines represent the 15” below the ground 

surface, and gray lines represent 45” below the ground surface. The location from the back face of 

the MSE wall is shown to indicate where along the reinforcement length was the maximum 

induced force. 

 

 

Figure 5-16. Maximum reinforcement force for each instrumented welded wire versus pile head load 

for square pile 5.7D. 
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Figure 5-17. Maximum reinforcement force for each instrumented welded wire versus pile head load 

for square pile 4.2D. 

 

 

Figure 5-18. Maximum reinforcement force for each instrumented welded wire versus pile head load 

for square pile 3.1D. 
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Figure 5-19. Maximum reinforcement force for each instrumented welded wire versus pile head load 

for square pile 2.1D. 
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5.3 Statistical Analysis of Load in the Reinforcement 

5.3.1 Ribbed Strip Soil Reinforcement 

The load developed in an MSE wall reinforcement during lateral pile loading is a complex 

soil-structure interaction problem. This problem involves soil-pile, soil-reinforcement, pile-

reinforcement, soil-wall, and wall-reinforcement interactions. Owing to this complexity, there are 

no equations in literature to guide engineers in estimating the maximum tensile force that would 

be induced on the reinforcement when a pile is loaded laterally. On some projects, finite element 

analyses are performed to estimate these forces; however, these analyses have not been calibrated 

to field performance and their accuracy is uncertain. To investigate the factors influencing the 

maximum tensile force in MSE reinforcements during lateral pile loading and to develop an 

equation to predict these forces, a statistical analysis was performed with the assistance of Dr. 

Dennis L. Eggett of the Department of Statistics at Brigham Young University (BYU). As shown 

in Section 5.2, strain in the reinforcements was measured and then the maximum tensile force was 

calculated for those reinforcements which were instrumented with strain gauges. The data set used 

in this analysis specifically consisted of forces measured in ribbed strip reinforcements in this 

study (the H-pile tests), along with forces measured by Besendorfer (2015), Han (2014), and 

Nelson (2013) for pipe piles. Because the data appeared to be log-normally distributed, the 

common logarithm of the tensile force was the dependent variable. A numerical value of +1 was 

also applied to all of the tensile force values so that the application of the common logarithm could 

be possible when the force equaled zero. A total of 942 data observations were used for this 

analysis. Initially a wide range of possible independent variables were evaluated to examine their 

statistical significance in predicting the maximum force. Two-way interactions for inclusion in an 
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equation were also checked for significance using the General Linear Model (GLM) procedure in 

the Statistical Analysis System (SAS) software program performed by Dr. Eggett. 

Based on this statistical analysis, the primary independent values having statistical 

significance were the pile load, the transverse distance normalized by the pile diameter, the vertical 

stress, the pile spacing normalized by the pile diameter, and the reinforcement length to the total 

wall height (including the equivalent surcharge height) ratio. Depth and surcharge were not 

included as independent variables because they are both incorporated within the vertical stress. 

The values for pile load and maximum tensile force were based on the measurements for the one-

minute hold for each load increment. The transverse distance was measured from the pile center 

to the strain gauge on the reinforcement of interest. The spacing of the piles was measured from 

the pile center to the back face of the MSE wall. 

Table 5-1 shows the results from the statistical analysis of the main variables along with 

the most significant combination of any two variables. These variables are the terms in the equation 

created to predict the maximum tensile force in the reinforcement. The table also shows the 

coefficient estimates, the standard errors, the t-values, and the p-values. A review of Table 5-1 

indicates that there are a number of parameters where the p-value is less than 0.01 indicating the 

statistical significance of the variable in the regression equation. Table 5-2 shows each term that 

was subsequently eliminated from the original equation obtained from Dr. Eggett. The combined 

term with the highest P-value was removed first, unless one of the main variables was higher and 

had no other combination left in the equation. The table also shows the R2 and adjusted R2 values 

and by how much they decrease with each term that is eliminated. The last term to remain (not 

included in the table) was the pile load, P. To simplify the regression equation, the first three terms 

in Table 5-2 were removed which simplified the resulting equation without significantly lowering 
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the R2 value. The equation could be made simpler by eliminating more terms; however, the R2 

would start decreasing more rapidly. The final R2 value was 76.2% and the adjusted R2 value was 

76.0%. The R2 values are according to the common logarithm being applied to the data. This 

indicates that approximately 76% of the variation in the measured maximum tensile force is 

explained by the variables in the equation. The standard error value was 0.129. Table 5-3 shows 

the Analysis of Variance (ANOVA) output. The confidence interval used was 95% and Table 5-4 

shows those values with their respective parameters. (See Appendix E for the statistical analysis 

on the same data minus the H-piles data. This represents all of the data for the ribbed strip 

reinforcement for pipe piles only). 

 

Table 5-1. Statistical Analysis of Ribbed Strip Reinforcement 

Parameter Coefficients 
Standard 

Error 
t Stat P-value 

Intercept -4.6093988330 0.39008 -11.81659 <0.00001 

Pile Load, P 0.0277300731 0.00104 26.73446 <0.00001 

Normalized Transverse Distance, T/D -0.0090185405 0.00623 -1.44678 0.14830 

Vertical Stress, V 0.0031963922 0.00030 10.63629 <0.00001 

Normalized Spacing, S/D -0.0350237573 0.00364 -9.61879 <0.00001 

Length to Height Ratio, L/H 7.1734028012 0.67238 10.66870 <0.00001 

(L/H)2 -2.7621763827 0.30443 -9.07322 <0.00001 

V*(L/H) -0.0022441570 0.00022 -10.31877 <0.00001 

V
 2 -0.0000005846 <0.00001 -9.09627 <0.00001 

P*(T/D) -0.0020735059 0.00022 -9.48349 <0.00001 

P2 -0.0002019493 0.00002 -12.04534 <0.00001 
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Table 5-2. Term Elimination with the Change of R2 and Adjusted R2 

for Ribbed Strip Reinforcement 

Term 

Removed 

Adjusted 

R2 

Decrease in 

Adjusted R2 
R2 

Decrease in 

R2 

None 77.16% None 77.47% None 

P*(S/D)+ 77.01% 0.15% 77.30% 0.17% 

P*(L/H)+ 76.82% 0.19% 77.09% 0.21% 

(S/D)*(L/H)+ 75.99% 0.83% 76.24% 0.85% 

(L/H)2 73.89% 2.10% 74.14% 2.10% 

V *(L/H) 72.94% 0.95% 73.17% 0.97% 

V
 2 72.21% 0.73% 72.41% 0.75% 

V 71.31% 0.90% 71.49% 0.92% 

L/H 71.08% 0.23% 71.23% 0.26% 

S/D 69.05% 2.03% 69.18% 2.05% 

P*(T/D) 66.91% 2.14% 67.01% 2.17% 

P2 62.41% 4.50% 62.49% 4.52% 

T/D 52.52% 9.89% 52.57% 9.92% 
    +Terms removed for the regression equation. 

 

 

 

Table 5-3. ANOVA for Ribbed Strip Reinforcement 

  
Degrees of 

Freedom 

Sum-of-

Squares 

Mean 

Squares 
F Ratio 

Significance 

F 

Regression 10 49.80086 4.98009 298.75180 <0.00001 

Residual 931 15.51944 0.01667     

Total 941 65.32030       
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Table 5-4. Confidence Interval Values for 

Ribbed Strip Reinforcement 

Parameter 
Lower 

95% 

Upper 

95% 

Intercept -5.37493 -3.84386 

Pile Load, P 0.02569 0.02977 

Normalized Transverse Distance, T/D -0.02125 0.00321 

Vertical Stress, V 0.00261 0.00379 

Normalized Spacing, S/D -0.04217 -0.02788 

Length to Height Ratio, L/H 5.85385 8.49296 

(L/H)2 -3.35963 -2.16472 

V *(L/H) -0.00267 -0.00182 

V
 2 <0.00001 <0.00001 

P*(T/D) -0.00250 -0.00164 

P2 -0.00023 -0.00017 

 

The number of significant figures for the regression equation was reduced to two for every 

coefficient, but the R2 value remained nearly the same at 75.9%. Applying the parameters and the 

coefficients from Table 5-1, the equation for the maximum tensile force was found to be: 
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where =F maximum predicted tensile force (kip) 

 =P pile head load (kip) 

 =T transverse distance from reinforcement to pile center (in.) 

 =D pile diameter (in.) 

 =V vertical stress (psf) 
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 =S spacing from pile center to back face of MSE wall (in.) 

 =L length of reinforcement (ft.), and 

 =H total wall height including the equivalent height of surcharge (ft.). 

 

MSE walls with an L/H ratio of 1.0 can be typical for seismic conditions. Equation (5-5) 

is similar to Equation (5-4), except that the L/H ratio is equal to 1.0, as shown below: 
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MSE walls with an L/H ratio of 0.7 is more typical for static conditions. Equation (5-6) is 

similar to Equation (5-4), except that the L/H ratio is equal to 0.7, as shown below: 
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Applying Equation (5-4), the predicted tensile force was calculated for every data 

observation. Figure 5-20 shows the measured tensile force versus the predicted tensile force in log-

log form. Figure 5-21 shows the same relationship after transforming the data from the logarithm 

state (taking the measured data to the power of 10, subtracting 1, and applying Equation (5-4) for 

the predicted data). The red line shows that any point on this line would mean that the measured 

force equals the predicted force. Also included in the figure are mean plus and minus one and two 

standard deviation () lines. Although there is significant scatter about the best-fit line, the 
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statistical parameters allow one to use the range of the standard deviations to account for variation 

if desired. 

 

  

Figure 5-20. Log measured maximum tensile force versus log predicted maximum tensile force, ribbed 

strip reinforcement.  
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Figure 5-21. Measured maximum tensile force versus predicted maximum tensile force, ribbed strip 

reinforcement. 

 

Figure 5-22, Figure 5-23, Figure 5-24, Figure 5-25, and Figure 5-26 show the common 

logarithm residual (called “log residual”) versus the main parameters. Figure 5-27 shows the 

logarithm residual versus the logarithm form of the predicted maximum tensile force. The residual, 

R, for each parameter was calculated using the equation:  
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where =R residual 

=measuredF maximum tensile force measured (kip), and 

=predictedF maximum tensile force predicted (kip). 

 

Equation (5-7) provides a measure of the deviation from the best-fit line. Any point on the 

best-fit line means that there is no difference between the measured tensile force and the predicted 

tensile force. Most of the residuals fall between -0.2 and 0.2, but there are some in the -0.4 to 0.4 

range. The values of the residuals appear to be uniformly divided with respect to zero indicating 

that Equation (5-4) is providing an appropriate fit to the data relative to each parameter of interest. 

 

 

Figure 5-22. Log residual versus pile load, ribbed strip reinforcement. 
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Figure 5-23. Log residual versus normalized transverse distance, ribbed strip reinforcement. 

 

 

 

 

Figure 5-24. Log residual versus vertical stress, ribbed strip reinforcement. 
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Figure 5-25. Log residual versus normalized spacing, ribbed strip reinforcement. 

 

 

 

 

Figure 5-26. Log residual versus L/H ratio, ribbed strip reinforcement. 
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Figure 5-27. Log residual versus log predicted maximum tensile force, ribbed strip reinforcement. 

 

Table 5-5 shows the minimum and maximum ranges of the main variables used in this 

statistical analysis. This is given to show that values out of this range may not be as accurate when 

using the predicted tensile force equation. The highest measured tensile force used to develop the 

predicted tensile force equation was 10.4 kips. Pile shape, panel size, wall facing type, and location 

of the pile behind a panel joint or center was not found to be significant compared to the other 

parameters. Pile diameter was taken into account at least partially and implicitly through the 

normalization of the pile and reinforcement spacing. However, the diameter range was too small 

to determine if this normalization is appropriate for a wide range of piles. At this stage, the 

equations should probably not be used for piles larger than about 18 inches in diameter. Future 

testing and analysis could better determine the significance of these parameters in predicting the 

maximum tensile force. 
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Table 5-5. Numerical Range of Parameters for Ribbed Strip 

 Reinforcement Statistical Analysis 

Parameter Range 

Measured Maximum Tensile Force, Fmeasured 0 kip – 10.4 kip 

Pile Load, P 0 kip – 56.9 kip 

Normalized Transverse Distance, T/D 0.7 – 5.8 

Vertical Stress, V 304 psf – 1704 psf 

Normalized Spacing, S/D 1.3 – 6.3 

Reinforcement Length to Total Height Ratio, L/H 0.7 – 1.2 

Pile Diameter, D 12.1* in. – 12.75 in. 
       *Includes the smallest dimension of the pile. 

5.3.2 Welded Wire Soil Reinforcement 

The same procedure with the same main variables from the ribbed strip reinforcement 

statistical analysis was carried out for the statistical analysis of the welded wire reinforcement. The 

data sets used in this analysis consisted of forces measured in the square piles of this study, Budd 

(2016), Hatch (2014), and Price (2012). A total of 1,058 data observations were used for this 

analysis. The same main variables were used as above; namely, the pile load, the transverse 

distance normalized by the pile diameter, the vertical stress, the pile spacing normalized by the 

pile diameter, and the reinforcement length to the total wall height (including the equivalent 

surcharge height) ratio. Table 5-6 shows the results from the statistical analysis of the main 

variables along with the most significant combination of any two variables. Table 5-7 shows each 

term that was subsequently eliminated from the original equation obtained from Dr. Eggett. The 

table also shows the R2 and adjusted R2 values and by how much they decrease with each term that 

is eliminated. The last term to remain (not included in the table) was the pile load, P. The first three 

terms in Table 5-7 were removed for the regression equation, resulting in an R2 value of 77.4% 

and an adjusted R2 value of 77.3%. The R2 values are according to the common logarithm being 
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applied to the data. The standard error value was 0.123. Table 5-8 shows the Analysis of Variance 

(ANOVA) output. The confidence interval used was 95% and Table 5-9 shows those values with 

their respective parameters. (See Budd (2016) for the statistical analysis on the same data minus 

the square piles data. This represents all of the data for the welded wire reinforcement for pipe 

piles only). 

 

Table 5-6. Statistical Analysis of Welded Wire Reinforcement 

Parameter Coefficients 
Standard 

Error 
t Stat P-value 

Intercept -0.0448529546 0.05529 -0.81119 0.41744 

Pile Load, P 0.0254355826 0.00096 26.54347 <0.00001 

Normalized Transverse Distance, T/D -0.0773701160 0.00399 -19.37864 <0.00001 

Vertical Stress, V 0.0004578021 0.00004 11.02603 <0.00001 

Normalized Spacing, S/D -0.0446780109 0.00317 -14.11065 <0.00001 

Length to Height Ratio, L/H 0.6215432267 0.05813 10.69186 <0.00001 

V*(L/H) -0.0006453190 0.00004 -14.98365 <0.00001 

P2 -0.0002179049 0.00002 -11.95195 <0.00001 

 

Table 5-7. Term Elimination with the Change of R2 and Adjusted R2 

for Welded Wire Reinforcement 

Term 

Removed 

Adjusted 

R2 

Decrease in 

Adjusted R2 
R2 

Decrease in 

R2 

None 78.13% - 78.34% - 

V*(T/D)+ 77.96% 0.17% 78.15% 0.19% 

V
2+ 77.72% 0.24% 77.89% 0.26% 

P*(T/D)+ 77.27% 0.45% 77.42% 0.47% 

P2 74.20% 3.07% 74.35% 3.07% 

V*(L/H) 68.80% 5.40% 68.95% 5.40% 

L/H 66.56% 2.24% 66.69% 2.26% 

S/D 63.07% 3.49% 63.17% 3.52% 

V 58.15% 4.91% 58.23% 4.94% 

T/D 50.38% 7.77% 50.43% 7.80% 
    + Terms removed for the regression equation. 
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Table 5-8. ANOVA for Welded Wire Reinforcement 

  
Degrees of 

Freedom 

Sum-of-

Squares 

Mean 

Squares 
F Ratio 

Significance 

F 

Regression 7 60.45558 8.63651 514.32087 0 

Residual 1050 17.63167 0.01679     

Total 1057 78.08725       

 

Table 5-9. Confidence Interval Values for 

Welded Wire Reinforcement 

Parameter 
Lower 

95% 

Upper 

95% 

Intercept -0.15335 0.06364 

Pile Load, P 0.02356 0.02732 

Normalized Transverse Distance, T/D -0.08520 -0.06954 

Vertical Stress, V -0.00025 -0.00018 

Normalized Spacing, S/D 0.00038 0.00054 

Length to Height Ratio, L/H -0.05089 -0.03847 

V*(L/H) 0.50747 0.73561 

P2 -0.00073 -0.00056 

 

The number of significant figures in the regression equation was reduced to two for every 

coefficient, but the R2 value remained nearly the same at 77.4%. Applying the parameters and the 

coefficients from Table 5-6, an equation was created to predict the maximum tensile force as 

shown below: 
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Where =F maximum predicted tensile force (kip) 

 =P pile head load (kip) 
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 =T transverse distance from reinforcement to pile center (in.) 

 =D pile diameter (in.) 

 =V vertical stress (psf) 

 =S spacing from pile center to back face of MSE wall (in.) 

 =L length of reinforcement (ft.), and 

 =H total wall height including the equivalent height of surcharge (ft.). 

 

MSE walls with an L/H ratio of 1.0 can be typical for seismic conditions. Equation (5-9) 

is similar to Equation (5-8), except that the L/H ratio is equal to 1.0, as shown below: 
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MSE walls with an L/H ratio of 0.7 is more typical for static conditions. Equation (5-10) 

is similar to Equation (5-8), except that the L/H ratio is equal to 0.7, as shown below: 
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Applying Equation (5-8), predicted tensile force was able to be calculated for every data 

observation. Figure 5-28 shows the measured tensile force versus the predicted tensile force in log-

log form. Figure 5-29 shows the same relationship after transforming the data from the logarithm 

state (taking the measured data to the power of 10, subtracting 1, and applying Equation (5-8) for 
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the predicted data). The red line shows that any point on this line would mean that the measured 

force equals the predicted force. Also included in the figure are mean plus and minus one and two 

standard deviation () lines. 

 

 

Figure 5-28. Log measured maximum tensile force versus log predicted maximum tensile force, welded 

wire reinforcement. 
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Figure 5-29. Measured maximum tensile force versus predicted maximum tensile force, welded wire 

reinforcement.  
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logarithm residual (called “log residual”) versus the main parameters. Figure 5-35 shows the 

logarithm residual versus the logarithm form of the predicted maximum tensile force. The residual, 

R, for each parameter was calculated using Equation (5-7). This equation provides a measure of 

the deviation from the best-fit line. Any point on the best-fit line means that there is no difference 

between the measured tensile force and the predicted tensile force. Most of the residuals fall 
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to be uniformly divided with respect to zero indicating that Equation (5-8) is providing an 

appropriate fit to the data relative to each parameter of interest. 

 

 

Figure 5-30. Log residual versus pile load, welded wire reinforcement. 

 

 

Figure 5-31. Log residual versus normalized transverse distance, welded wire reinforcement. 
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Figure 5-32. Log residual versus vertical stress, welded wire reinforcement. 

 

 

Figure 5-33. Log residual versus normalized spacing, welded wire reinforcement. 
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Figure 5-34. Log residual versus L/H ratio, welded wire reinforcement. 

 

 

Figure 5-35. Log residual versus log predicted maximum tensile force, welded wire reinforcement. 
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predicted tensile force equation was 11.7 kips. Pile shape, panel size, and location of the pile 

behind a panel joint or center was not found to be significant compared to the other parameters. 

Pile diameter was taken into account at least partially and implicitly through the normalization of 

the pile and reinforcement spacing, because it was found to be somewhat significant. At this stage, 

the equations should probably not be used for piles larger than about 18 inches in diameter. Future 

testing and analysis could better determine the significance of pile diameter and other parameters 

in predicting the maximum tensile force. 

 

Table 5-10. Numerical Range of Parameters for Welded Wire 

Reinforcement Statistical Analysis 

Parameter Range 

Measured Maximum Tensile Force, Fmeasured 0 kip – 11.7 kip 

Pile Load, P 0 kip – 54.7 kip 

Normalized Transverse Distance, T/D 0.2 – 6.8 

Vertical Stress, V 607 psf – 2121 psf 

Normalized Spacing, S/D 1.6 – 7.2 

Reinforcement Length to Total Height Ratio, L/H 0.7 – 1.4 

Pile Diameter, D 12 in. – 16 in. 

 

5.4 Ground Displacement 

5.4.1 H-Piles 

Ground displacement was also analyzed using string potentiometers for horizontal 

displacement and surveying for vertical displacement (see Section 4.2 and Section 4.6, 

respectively). Figure 5-36, Figure 5-37, Figure 5-38, and Figure 5-39 show the relationship of the 

horizontal ground displacement versus the distance from the back face of the MSE wall for each 

of the H-piles (4.5D, 3.2D, 2.5D, 2.2D, respectively). The string potentiometer reading at the pile 
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center was extrapolated to the ground surface. The stakes closest to the pile face (usually one foot 

away) generally rotated backwards owing to the ground surface movement. Thus, these points 

were omitted. However, in Figure 5-40, this data point is not omitted to show how the back rotation 

of the stake measured lower horizontal displacement for that string potentiometer than for the 

string potentiometers farther from the pile. The lines shown are only for the load increments 

corresponding to approximately 0.5, one, two, and three inches of pile head displacement. 

Generally, the results show that the horizontal displacement decreases rapidly with distance from 

the pile, as expected. Even for pile head deflections of 2.5 to 3.0 inches, the deflection at the top 

of the wall was typically less than about 0.3 inches for the H-pile lateral load tests. This result 

stands in stark contrast to results for tests with extensible geosynthetic reinforcements reported by 

Pierson (2009) (see Figure 2-18). In that case, wall displacements were almost two inches with a 

pile head load of three inches.   

 

 

Figure 5-36. Horizontal ground displacement versus distance from the back face of the MSE wall, 4.5D 

H-pile. 
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Figure 5-37. Horizontal ground displacement versus distance from the back face of the MSE wall, 3.2D 

H-pile. 

 

 

 

Figure 5-38. Horizontal ground displacement versus distance from the back face of the MSE wall, 2.5D 

H-pile. 
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Figure 5-39. Horizontal ground displacement versus distance from the back face of the MSE wall, 2.2D 

H-pile. 

 

 

 

Figure 5-40. Horizontal ground displacement versus distance from the back face of the MSE wall 

without omitting the data point closest to the pile, 2.5D H-pile. 
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Figure 5-41 shows the normalized horizontal ground displacement (horizontal ground 

displacement divided by the displacement at the pile face extrapolated to the ground surface) 

versus the distance from the pile face divided by the pile diameter (i.e. normalized distance) for 

the 2” pile load increment. It can be seen that piles spaced farther from the wall develop more 

horizontal ground displacement. Figure 5-42 shows the best fit line for all of the H-pile data points. 

This graph shows that the horizontal displacement decreases dramatically from the pile face to a 

distance of about 2D from the center of the pile, and then gradually decreases beyond this distance. 

Ground displacement is typically less than 20% and 10% of that at the pile face beyond distances 

of 1.5 and 4 pile diameters, respectively, within the reinforced soil zone. An equation, shown 

below, with an R2 value of 98.1% was developed using the data from the 0.25-, 0.5-, 1-, 2-, and 3-

inch pile load deflection load increment for horizontal ground displacement for H-piles behind an 

MSE wall: 

 









−=

D

L

p

69.0tanh97.01



           (5-11) 

 

where = horizontal ground displacement 

=p horizontal ground displacement at the pile face at the ground surface 

=L distance from point of interest in front of pile to pile face, and 

=D pile diameter. 
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Figure 5-41. Horizontal ground displacement normalized by the displacement at the pile face 

extrapolated to the ground surface versus normalized distance from pile face for all H-piles for the 2” 

load increment. 

 

 

 

Figure 5-42. Horizontal ground displacement normalized by the displacement at the pile face 

extrapolated to the ground surface versus normalized distance from pile face for all H-piles for the 

0.25”, 0.5”, 1”, 2”, and 3” load increments with the best fit line. 
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Figure 5-43 shows the vertical ground displacement versus the distance from the back face 

of the MSE wall (Appendix F has each of the H-piles separated into individual graphs of vertical 

displacement versus distance from the wall). The locations of the piles are also included. For the 

2.5D and 2.2D H-piles, the maximum ground heaving occurs about half of an inch from the pile 

face and then decreases at the pile face. This may be because space was created when the piles 

were displaced. For the 4.5D and 3.2D H-piles, the soil heave continues to increase gradually up 

until the face of the pile. The 4.5D pile has a maximum heave of about two inches, while the other 

piles almost reach three inches. 

 

 

Figure 5-43. Vertical ground displacement versus distance from the back face of the MSE wall for all 

H-piles. 
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5.4.2 Square Piles 

The same procedure used for the H-piles was used for the square piles to analyze ground 

displacement. Figure 5-44, Figure 5-45, Figure 5-46, and Figure 5-47 show the relationship of the 

horizontal ground displacement versus the distance from the back face of the MSE wall for each 

of the square piles (5.7D, 4.2D, 3.1D, 2.1D, respectively). The string potentiometer reading at the 

pile center was extrapolated to the ground surface. The stakes closest to the pile face (usually one 

foot away) generally rotated backwards owing to the ground surface movement. Thus, these points 

were omitted. However, in Figure 5-48, this data point is not omitted to show how the back rotation 

of the stake measured lower horizontal displacement for that string potentiometer than for the 

string potentiometers farther from the pile. The lines shown are only for the load increments 

corresponding to approximately 0.5, one, two, and three inches of pile head displacement. 

Generally, the results show that the horizontal displacement decreases rapidly with distance from 

the pile, as expected. Deflections at the top of the wall ranged from approximately 0.25 to 0.4 

inches, with the exception of the 2.1D square pile which showed the string potentiometer at the 

top of the wall was about 0.7 inches. 

 

 

Figure 5-44. Horizontal ground displacement versus distance from the back face of the MSE wall, 5.7D 

square pile. 
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Figure 5-45. Horizontal ground displacement versus distance from the back face of the MSE wall, 4.2D 

square pile. 

 

 

 

Figure 5-46. Horizontal ground displacement versus distance from the back face of the MSE wall, 3.1D 

square pile. 

0

1

2

3

0 1 2 3 4 5 6 7

H
o

ri
zo

n
ta

l 
G

ro
u
n
d

D
is

p
la

ce
m

en
t 

[i
n
]

Distance from Back Face of MSE Wall [ft]

15.7 kips (0.5" deflection) 24.3 kips (1" deflection)

37.0 kips (2" deflection) 46.4 kips (3" deflection)

4.2D Square Pile

0

1

2

3

0 1 2 3 4 5 6 7

H
o

ri
zo

n
ta

l 
G

ro
u
n
d

D
is

p
la

ce
m

en
t 

[i
n
]

Distance from Back Face of MSE Wall [ft]

13.5 kips (0.5" deflection) 22.6 kips (1" deflection)

33.7 kips (2" deflection) 42.6 kips (3" deflection)

3.1D Square Pile



129 

 

Figure 5-47. Horizontal ground displacement versus distance from the back face of the MSE wall, 2.1D 

square pile. 

 

 

 

Figure 5-48. Horizontal ground displacement versus distance from the back face of the MSE wall 

without omitting data the point closest to the pile, 3.1D square pile. 
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Figure 5-49 shows the normalized horizontal ground displacement (horizontal ground 

displacement divided by the displacement at the pile face extrapolated to the ground surface) 

versus the distance from the pile face divided by the pile diameter (i.e. normalized distance) for 

the 3” pile load increment. It can be seen that piles spaced farther from the wall develop more 

horizontal ground displacement. Figure 5-50 shows the best fit line for all of the square pile data 

points. This graph shows that the horizontal displacement decreases dramatically from the pile 

face to a distance of about 2D from the center of the pile, and then gradually decreases beyond this 

distance. Ground displacement is typically less than 20% at about 2.0 pile diameters from the pile 

face. 

An equation, shown below, with an R2 value of 98.1% was developed using the data from 

the 0.25-, 0.5-, 1-, 2-, and 3-inch pile load deflection load increments for horizontal ground 

displacement for square piles behind an MSE wall: 

 









−=

D

L

p

63.0tanh93.01



           (5-12) 

 

where = horizontal ground displacement 

=p horizontal ground displacement at the pile face at the ground surface 

=L distance from point of interest in front of pile to pile face, and 

=D pile diameter. 
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Figure 5-49. Horizontal ground displacement normalized by the displacement at the pile face 

extrapolated to the ground surface versus normalized distance from pile face for all square piles for 

the 3” load increment. 

 

 

 

Figure 5-50. Horizontal ground displacement normalized by the displacement at the pile face 

extrapolated to the ground surface versus normalized distance from pile face for all square piles for 

the 0.25”, 0.5”, 1”, 2”, and 3” load increments with the best fit line. 
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Figure 5-51 shows a comparison for the best fit curves from Figure 5-42 and Figure 5-50 

of the H-piles and square piles, respectively. The square piles have slightly higher horizontal 

ground displacement at a given distance than do the H-piles. 

 

 

Figure 5-51. Square and H-pile comparison of the best fit lines of the horizontal ground displacement 

normalized by the displacement at the pile face extrapolated to the ground surface versus normalized 

distance from pile. 
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outward. The maximum vertical ground displacement for the three closest piles to the wall do not 

surpass two inches, while the 5.7D square pile does. 

 

 

Figure 5-52. Vertical ground displacement versus distance from the back face of the MSE wall for all 

square piles. 
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used in Table 5-11 instead of the one-minute hold values to compare with DIC, which only took 

measurements at the peak and five-minute hold of the load increments. Table 5-12 shows the 

distance from the panel joint to the center of the pile. Four shape arrays were placed for each pile 

test to record wall displacement. Table 5-13 shows the transverse distance of the shape arrays from 

the pile center for their respective piles. The direction of left or right of the pile is taken from 

looking at the front side of the MSE wall (North).  

Figure 5-53 and Figure 5-54 show color fringe contours of longitudinal displacement 

overlain across a graphic image of the MSE wall obtained from DIC for the 3” pile displacement 

for the 4.5D H-pile and the 3.2D H-pile, respectively. Figure 5-55 shows the 2.25” pile 

displacement for the 2.5D H-pile, and Figure 5-56 shows the 2” displacement for the 2.2D H-pile. 

The DIC images show the peak wall displacements at the specified pile head displacements. 

Knowing that the nominal wall panel size is 5 ft high x 10 ft wide, the field of view for the DIC 

images is typically about 10 to 12 feet in each dimension. The scales range from -0.1 to 0.3 inches, 

except that for the 2.2D H-pile, the scale ranges from -0.3 to 0.3 inches. 

 

Table 5-11. H-Pile String Potentiometers for Wall Displacement at Peak Loads 

H-Pile 
String 

Potentiometer 

Wall Displacement 

[in] 

Pile Head Deflection 

[in] 

4.5D SP 34 0.18 2.84 

3.2D SP 34 0.11 2.95 

2.5D SP 34 0.27 2.19 

2.2D SP 34 0.08 1.98 
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Table 5-12. Transverse Distance from Nearest Panel Joint to Center of H-Pile 

H-pile 

Pile Behind 

Joint or Panel 

Center? 

Transverse Distance from Nearest Panel 

Joint to Pile Center (looking at front of wall) 

4.5D Joint 5" Right 

3.2D Panel Center 52" Left 

2.5D Joint 5" Right 

2.2D Panel Center 52" Left 

 

 

Table 5-13. H-Pile Shape Array Transverse Distances 

  Shape Array # 
Transverse 

Distance [in] 
Direction 

4.5D H-pile 

45104 6 Right 

45112 25 Right 

45134 53 Right 

45115 93.5 Right 

3.2D H-pile 

45134 11 Left 

45115 29.5 Right 

45112 67.5 Right 

45104 98.5 Left 

2.5D H-pile 

45112 0 Center 

45104 31 Right 

45134 56 Right 

45115 94.5 Right 

2.2D H-pile 

45134 0 Center 

45104 25 Left 

45112 56 Left 

45115 83 Left 
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Figure 5-53. DIC wall displacement for the 4.5D H-pile at the 44.1 kip and 3” load increment. 

 

 

Figure 5-54. DIC wall displacement for the 3.2D H-pile at the 43.8 kip and 3” load increment. 
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Figure 5-55. DIC wall displacement for the 2.5D H-pile at the 30.4 kip and 2.25” load increment. 

 

 

Figure 5-56. DIC wall displacement for the 2.2D H-pile at the 37.8 kip and 2” load increment. 
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 The DIC images show the total z displacement (movement normal in a direction parallel 

to the ground). To ensure accurate readings, two data points were measured at the bottom left and 

bottom right of the DIC images where assumptions are made that wall displacements are zero. 

This is because of the minimal effect of the pile loading the farther the point of interest is from the 

top of the wall where the pile is located. The points were not zero, but the average of these points 

was taken and subtracted from all of the other points as a way to zero out the displacements. 

The wall displacement is generally greatest along the length of the pile. The 4.5D H-pile 

and 2.5D H-pile are located roughly along vertical joints of the wall panels. The other H-piles are 

in the middle of their respective wall panels, however the top wall panel for the 3.2D H-pile test 

only has one level of reinforcements (two strips total on this panel) because the soil only extended 

to the mid-height of the wall panel and the panel extend about 2.5 feet above the top of the backfill 

soil. This is because the H-piles were tested during Phase 1 of the project when the soil only 

extended to a height of 15 ft.  

Lower wall displacements are shown for the tests on the 4.5D and 2.2D H-piles; the wall 

deflected about 0.10-0.15 inches. However, the 2.2D H-pile is showing the 2” pile displacement. 

The higher wall displacements occur in the 3.2D and 2.5D H-piles; where the wall deflects about 

0.30 inches. For the 2.5 H-pile, the high wall displacement occurs along the length of the pile, but 

only in the upper panel and on one side of the joint. Displacement does not always transfer 

smoothly across the joint, particularly if a pile is slightly offset from the joint. Nonetheless, wall 

displacements are still within acceptable ranges. Generally, the wall displacements are higher on 

the upper panels until there is a break from the panel joints.  

Displacement patterns for the test on 3.2D H-pile are interesting in that the maximum wall 

deflection occurs along the horizontal joint at the base of the top wall panel. This is likely a result 
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of the fact that the top wall panel is only restrained by one level of reinforcements and the wall 

begins to rotate outward at the base. In this case, better performance would have been achieved if 

wall panels had been cast to a height of 7.5 feet so that three levels of reinforcement were present 

near the top of the wall preventing wall rotation. In general, the DIC images show that the closer 

the pile is to the wall, the more wall deflection will occur. Also, the maximum wall deflections 

occur along the joints of the concrete wall panels that were in front of the pile being loaded 

laterally. 

 Using the DIC data, wall deflections were obtained throughout the duration of the pile 

loading at the ribbed strip locations identified in Table 4-3. These reinforcements were the same 

reinforcements instrumented for the analysis described in Section 5.2, and the explanation of the 

layers and the transverse distance location in relation to the center of the pile is explained in Section 

4.3.1. Figure 5-57, Figure 5-58, Figure 5-59, and Figure 5-60 show the wall deflections at the 

reinforcement locations versus the one-minute pile head load for H-piles 4.5D, 3.2D, 2.5D, and 

2.2D respectively. Also shown in the figures is the displacement at the top of the wall obtained 

from the string potentiometers nearest the edge of the wall. Generally, the highest wall 

displacement occurred at the top of the wall and decreased as the depth increased.  

Generally, wall displacement is more affected by transverse distance from the center of the 

pile as opposed to proximity to the top of the wall (at least for approximately the first 4-5 feet). 

The 3.2D H-pile shows the highest reinforcement displacement and the 2.2D H-pile shows the 

lowest. Again, the lower values of the 2.2D H-pile may be explained by the data not being analyzed 

beyond two inches of pile displacement.  
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Figure 5-57. Wall deflection at reinforcement locations and top of wall versus pile head load, 4.5D H-

pile. 

 

 

Figure 5-58. Wall deflection at reinforcement locations and top of wall versus pile head load , 3.2D H-

pile. 
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Figure 5-59. Wall deflection at reinforcement locations and top of wall versus pile head load , 2.5D H-

pile. 

 

 

Figure 5-60. Wall deflection at reinforcement locations and top of wall versus pile head load, 2.2D H-

pile. 
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 The string potentiometer measurements from Table 5-11 were plotted against the shape 

array (SAA) wall deflections instrumented closest to the pile along the depth of the wall. The shape 

array identifications are in Table 5-13. When the shape array closest to the pile was not in front of 

the pile, DIC wall displacements were obtained both directly in front of the pile and directly in 

front of the shape array for comparison. These comparisons are shown in Figure 5-61, Figure 5-62, 

Figure 5-63, and Figure 5-64. The DIC data does not always go to a depth of 0 feet owing to the 

difficulty of obtaining data near the boundary of the DIC images. Typically, the shape arrays 

yielded the higher displacements, and the highest shape array wall displacement occurred for the 

H-pile located closest to the wall. Although the DIC and shape array readings at similar spacing 

were not aligned, the DIC reading directly in front of the pile near the top of the wall lines up close 

to the string potentiometer readings, with the exception of the 3.2D H-pile. This may be because 

the panel rotated backwards for that pile, and thus gave low and even negative values for the DIC 

data. There seems to be agreement with what was stated previously, in that below the first panel 

joint the wall displacements decrease. 

 

 

Figure 5-61. Depth from the 15-foot ground surface versus peak wall displacement at the 3” load 

increment for 4.5D H-pile. 
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Figure 5-62. Depth from the 15-foot ground surface versus peak wall displacement at the 3” load 

increment for 3.2D H-pile. 

 

 

Figure 5-63. Depth from the 15-foot ground surface versus peak wall displacement at the 2.25” load 

increment for 2.5D H-pile. 
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Figure 5-64. Depth from the 15-foot ground surface versus peak wall displacement at the 2” load 

increment for 2.2D H-pile. 
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Figure 5-65. Depth from the 15-foot ground surface versus wall deflection from shape array for 3” load 

increment, 4.5D H-pile. 

 

 

 

Figure 5-66. Depth from the 15-foot ground surface versus wall deflection from shape array for 3” load 

increment, 3.2D H-pile. 
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Figure 5-67. Depth from the 15-foot ground surface versus wall deflection from shape array for 2.25” 

load increment, 2.5D H-pile. 

 

 

 

Figure 5-68. Depth from the 15-foot ground surface versus wall deflection from shape array for 2” load 

increment, 2.2D H-pile.  
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5.5.2 Square Piles 

Wall displacement was also recorded by the use of DIC, shape arrays, and the string 

potentiometers located nearest the top of the wall for the square piles similar to that of the H-piles. 

Table 5-14 shows which string potentiometers were used with their respective piles during lateral 

loading, along with the associated peak pile head displacement and wall displacement. Table 5-15 

shows the distance from the panel joint to the center of the pile. Table 5-16 shows the transverse 

distance of the shape arrays from the pile center for their respective piles. However, much of the 

shape array data for the peak displacement was not able to be obtained and the table makes mention 

of which shape arrays that pertained to. The direction of left or right of the pile is taken from 

looking at the front side of the MSE wall (North).  

Figure 5-69, Figure 5-70, Figure 5-71, and Figure 5-72 show color fringe contours of 

longitudinal displacement overlain across a graphic image of the MSE wall obtained from DIC for 

the 3” pile displacement for all of the square piles. The scales range from -0.1 to 0.6 inches, except 

that for the 2.1D square pile, it ranges from -0.2 to 0.8 inches. 

 

Table 5-14. Square Pile String Potentiometers for Wall Displacement at Peak Loads 

Square Pile 
String 

Potentiometer 

Wall 

Displacement 

[in] 

Pile Head 

Deflection [in] 

5.7D SP 35 0.36 3.00 

4.2D SP 34 0.24 2.98 

3.1D SP 38 0.38 3.02 

2.1D SP 32 0.73 2.98 
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Table 5-15. Transverse Distance from Nearest Panel Joint to Center of Square Pile 

Square pile 

Pile Behind 

Joint or Panel 

Center? 

Transverse Distance from Nearest Panel 

Joint to Pile Center (looking at front of wall) 

5.7D Joint 3" Left 

4.2D Panel Center 53" Left 

3.1D Joint 3" Right 

2.1D Panel Center 57" Right 

 

 

Table 5-16. Square Pile Shape Array Transverse Distances 

  
Shape Array 

# 

Transverse 

Distance [in] 
Direction 

Valid Data 

Obtained for 

Peak? 

5.7D Square 

45134 4 Right Yes 

45104 29.5 Left No 

45115 65.5 Left No 

45112 88 Left Yes 

4.2D Square 

45115 10 Left No 

45112 32.5 Left Yes 

45134 64 Left Yes 

45104 94 Left No 

3.1D Square 

45134 4 Left No 

45104 34 Left No 

45115 56 Left No 

45112 98 Left No 

2. 1D Square 

45115 13.5 Right Yes 

45112 28.5 Left Yes 

45104 35.5 Right No 

45134 65.5 Right Yes 
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Figure 5-69. DIC wall displacement for the 5.7D square pile at the 51.9 kip and 3” load increment. 

 

 

Figure 5-70. DIC wall displacement for the 4.2D square pile at the 46.4 kip and 3” load increment. 
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Figure 5-71. DIC wall displacement for the 3.1D square pile at the 42.6 kip and 3” load increment. 

 

 

Figure 5-72. DIC wall displacement for the 2.1D square pile at the 40.1 kip and 3” load increment. 
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The DIC images show the total z displacement (movement normal in a direction parallel to 

the ground). To ensure accurate readings, two data points were measured at the bottom left and 

bottom right of the DIC images where assumptions are made that wall displacements are zero. 

This is because of the minimal effect of the pile loading the farther the point of interest is from the 

top of the wall where the pile is located. The points were not zero, but the average of these points 

was taken and subtracted from all of the other points as a way to zero out the displacements. 

As expected, the highest wall displacements occur closer to the top of the wall and also 

along the length of the pile. The 5.7D square pile lateral load test displaces the wall over 0.5 inches 

while the 4.2D square pile lateral load test displaces the wall about 0.4 inches. The 3.1D square 

pile test displaces the wall the most at 0.6 inches. This is expected, owing to this pile being closer 

to the wall than the other two piles. It is interesting to note that for the 4.2D square pile test, the 

displacement spreads out thinner than the other load tests. This might be because the concrete wall 

panel is actually about 7.5 feet in height and thus there are no panel joints to keep the wall 

displacement from being more concentrated. The high displacement spot in the 5.7D square pile 

test seems to be erroneous. 

Using the DIC data, wall deflections were obtained during the duration of the pile loading 

at the welded wire reinforcement locations using Table 4-4. These reinforcements were the same 

reinforcements instrumented for the analysis described in Section 5.2, and the explanation of the 

layers and the transverse distance location in relation to the center of the pile is explained in Section 

4.3.1. Figure 5-73, Figure 5-74, Figure 5-75, and Figure 5-76 show the wall deflection at the 

reinforcement locations versus the one-minute pile head load for square piles 5.7D, 4.2D, 3.1D, 

and 2.1D respectively. The figures also include the wall deflection at the top of the wall obtained 

from the string potentiometers nearest the edge of the wall during the lateral load test. This is 
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included in the other square pile load tests as well. Generally, the highest wall displacement 

happened at the top of the wall and decreases as the depth increases. The displacements are also 

generally higher for the reinforcements closer to the pile as well as for when the pile is closer to 

the wall. The 5.7D square pile has extra reinforcement data in the third and fourth layers. The 

reinforcement in the third layer has the lowest wall displacement as expected, but the fourth layer 

displacement is an exception and has relatively higher displacement. This may be due to the fact 

that there is an erroneous high displacement spot around that reinforcement location. 

 

 

Figure 5-73. Wall deflection at reinforcement locations and top of wall versus pile head load, 5.7D 

square pile. 
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Figure 5-74. Wall deflection at reinforcement locations and top of wall versus pile head load, 4.2D 

square pile. 

 

 

Figure 5-75. Wall deflection at reinforcement locations and top of wall versus pile head load, 3.1D 

square pile. 
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Figure 5-76. Wall deflection at top of wall versus pile head load, 2.1D square pile. 

 

The string potentiometer measurements from Table 5-14 were plotted against the shape array 

(SAA) wall deflections instrumented closest to the pile along the depth of the wall. The shape array 

identifications are in Table 5-16. DIC peak wall displacements were obtained for both directly in 

front of the pile and directly in front of the shape array for comparison, since the shape array was 

not directly in front of the pile. Figure 5-77 shows the data for the 5.7D square pile. The shape 

array data was invalid for square pile 4.2D, and thus no shape array data is used for comparison, 

which is shown in Figure 5-78. For square pile 3.1D in Figure 5-79, the shape array data for the 

five-minute load hold was used because the peak shape array data was unavailable. Figure 5-80 

shows the data for the 2.1D square pile.  

It can be seen that the DIC data increases in wall deflection towards the top of the wall. The 

DIC data does not always go to a depth of 0 feet owing to the difficulty of obtaining data near the 

boundary of the DIC images. However, the curves generally line up with the string potentiometer 

-0.05

0.05

0.15

0.25

0.35

0.45

0.55

0.65

0.75

0 10 20 30 40 50

W
al

l 
D

ef
le

ct
io

n
 a

t

R
ei

n
fo

rc
em

en
t 

L
o

ca
ti

o
n
s 

[i
n
]

Pile Head Load [kip]

Top of Wall

15" Depth, Transverse Dist.=23.5"

15" Depth, Transverse Dist.=37.5"

45" Depth, Transverse Dist.=37.5"

45" Depth, Transverse Dist.=30"



155 

reading at the top of the wall. The shape array curve for the 3.1D square pile is unusually high. 

The string potentiometer reading for the 2.1D square pile is very high comparatively (around 0.7 

inches). The string potentiometer at this pile is also not agreeable with the shape array curve, 

however the DIC curve does line up with the string potentiometer. DIC curves did not line up with 

the shape array curves. Shape array data did not always yield consistent results, and thus there 

could have been a problem in instrumentation or in their operation. 

 

 

Figure 5-77. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 5.7D square pile. 
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Figure 5-78. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 4.2D square pile. 

 

 

Figure 5-79. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 3.1D square pile 
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Figure 5-80. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 2.1D square pile. 
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Figure 5-81. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 5.7D square pile. 

 

 

 

Figure 5-82. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 4.2 square pile. 
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Figure 5-83. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment at 5-minute hold, 3.1D square pile. 

 

 

 

Figure 5-84. Depth from the 20-foot ground surface versus wall deflection from shape array for 3” load 

increment, 2.1D square pile. 
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5.6 Bending Moment versus Depth Curves 

5.6.1 H-Piles 

Plots of bending moment versus depth along the length of the piles were obtained by 

calculating the bending moment at several depths along the pile; namely 2, 4, 6, 9, 12, 15, and 18 

feet relative to the top of the 20-foot backfill (as explained in Section 4.3.2). Thus, relative to the 

15-foot ground surface during the testing of the H-piles, these depths correspond to 1, 4, 7, 10, and 

13 feet. As also explained previously, the strain gauges were applied to two sides of the pile; one 

side was where the pile was being loaded, and the other side was directly opposite of the loading. 

Occasionally some of the strain gauges were damaged and thus the data needed to be omitted from 

the calculations. The bending moment, M, in kip-inches at any depth was computed using the 

equation: 

 

610*
2

)( −−
==

y

EI
EIM ct 
          (5-13) 

 

where =M pile bending moment at the depth of interest (kip-in.) 

 =E modulus of elasticity (29,000 ksi) 

 =I moment of inertia of the pile and the angle irons combined (187 in4 for H-piles about 

       weak axis, 335 in4 for square piles) 

 = curvature 

 =t  micro strain reading of the strain gauge on the tension side 
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 =c  micro strain reading of the strain gauge on the compression side, and 

 =y distance from the neutral axis to the strain gauge (in.). 

 

As shown in Equation (5-13), the small angle approximation method was used. Whenever 

data from a damaged or malfunctioning strain gauge on the tension side needed to be omitted, the 

compression side was multiplied by -1 and then that value was subtracted by the actual 

compression side value. If the compression side needed to be omitted, the tension side value was 

subtracted by the tension side value multiplied by -1. Owing to the strain gauges being installed 

with the wrong side of the waterproof wafer against the pile, all of the bending moment values 

were multiplied by a factor of 3 to obtain the correct value. Strain gauges were laboratory tested 

(ten tests were conducted) and it was concluded that the incorrect installation underestimated the 

correct bending moment by a factor of 3. On some of the other piles tested, rotation occurred when 

the piles were installed. However, for the H-piles, the rotation of the piles was negligible and thus 

no rotation correction was needed when calculating the moment and the distance between the 

neutral axis and the strain gauges. 

Figure 5-85, Figure 5-86, Figure 5-87, and Figure 5-88 show curves of the bending moment 

versus depth below the 20-foot ground surface. Although data was taken for all of the load 

increments, these figures only show the data corresponding to pile deflections of approximately 

0.5, one, two, and three inches (three inches only applied to H-piles 4.5D and 3.2D). The maximum 

moment occurs for the 3.2D H-pile at over 2,600 kip-inches. The maximum measured moment 

occurs between four feet and seven feet from the ground surface for curves corresponding with the 

two- to three-inch deflections. Figure 5-89 displays the maximum moment for the 0.5-, 1-, 2-, and 

3- inch pile load increments normalized by the respective pile head loads versus the spacing from 
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the MSE wall normalized by the pile diameter for each of the H-piles. This figure seems to show 

that piles spaced closer to the wall develop slightly greater bending moment. This is because the 

closer proximity to the wall weakens the soil resistance for the pile, and thus there is greater 

induced pile bending moment to some extent.  

 

 

Figure 5-85. Bending moment versus depth curves for four load levels during test of 4.5D H-pile. 

 

 

Figure 5-86. Bending moment versus depth curves for four load levels during test of 3.2D H-pile. 
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Figure 5-87. Bending moment versus depth curves for three load levels during test of 2.5D H-pile. 

 

 

Figure 5-88. Bending moment versus depth curves for three load levels during test of 2.2D H-pile. 
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Figure 5-89. Maximum moment corresponding to the 0.5-, 1-, 2-, and 3-inch pile displacement 

normalized by pile head load versus distance from MSE wall normalized by pile diameter for H-piles. 

5.6.2 Square Piles 

The performance of the square piles was measured by calculating the bending moment at 

several depths along the pile; namely 2, 4, 6, 9, 12, 15, and 18 feet from the top of the soil (as 

explained in section 4.3.2). The strain gauges were instrumented the same as the H-piles, and thus 

Equation (5-13) also applies to the square piles for calculating bending moment.  

Owing to the strain gauges being installed with the wrong side of the waterproof wafer 

against the pile, all of the bending moment values were multiplied by a factor of 3 to obtain the 

correct value. Strain gauges were laboratory tested (ten tests were conducted) and it was concluded 

that the incorrect installation underestimated the correct bending moment by a factor of 3. During 

installation, the square piles horizontally rotated a few degrees and thus correction was addressed 

to account for the shortened distance of the neutral axis y by multiplying it by the cosine of the 
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2.1D square piles, respectively. Thus, the increase in moment was almost negligible. Figure 5-90 

below illustrates a rotated square pile. 

 

 

Figure 5-90. Square pile rotation needing correction for calculating pile bending moments. 

 

Figure 5-91, Figure 5-92, Figure 5-93, and Figure 5-94 show the depth below the ground 

surface versus the pile bending moment deflection. Although data was taken for all the load cycles, 

the following figures only show the data corresponding to pile deflections of approximately 0.5, 

one, two, and three inches. The maximum moment occurs for the 3.1D square pile at over 3,400 

kip-inches. The maximum measured moment occurs between four feet and six feet from the ground 

surface for curves corresponding with all of the shown pile deflection curves for all of the square 

piles except for the 5.7D square pile. This pile’s maximum moment occurs at around nine feet 

below the ground surface. Figure 5-95 displays the maximum moment for the 0.5-, 1-, 2-, and 3- 

inch pile load increments normalized by the respective pile head loads versus the spacing from the 

MSE wall normalized by the pile diameter for each of the square piles. With the exception of the 
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2.1D square pile spacing, this figure shows that piles spaced closer to the wall develop slightly 

greater bending moment. This is because the closer proximity to the wall weakens the soil 

resistance for the pile, and thus there is greater induced pile bending moment. 

 

 

Figure 5-91. Bending moment versus depth curves for four load levels during test of 5.7D square pile. 

 

 

Figure 5-92. Bending moment versus depth curves for four load levels during test of 4.2D square pile. 
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Figure 5-93. Bending moment versus depth curves for four load levels during test of 3.1D square pile. 

 

 

 

Figure 5-94. Bending moment versus depth curves for four load levels during test of 2.1D square pile. 
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Figure 5-95. Maximum moment corresponding to the 0.5-, 1-, 2-, and 3-inch pile displacement 

normalized by pile head load versus distance from MSE wall normalized by pile diameter for square 

piles. 
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6 LATERAL PILE LOAD ANALYSIS 

LPILE, a computer program used to analyze piles loaded laterally, was used to compare 

computed response with actual results. The soil resistance p per length versus the pile deflection y 

is nonlinear, and thus the model in LPILE replaces the soil with nonlinear springs (Isenhower et 

al., 2015). The conventional analysis mode was used with the option to use modification factors 

for p-y curves. Static loading was the loading type, with 100 pile increments, 500 maximum 

iterations, and with the convergence tolerance on deflection being 10-5 inches.  

LPILE requires certain input parameters for the soil and the pile to perform an analysis. 

Some of these parameters include the pile material properties, the effective soil unit weight (), the 

soil friction angle (), the initial soil modulus of subgrade reaction (k), the depths of the layers, 

and the actual pile lateral loads obtained from the field for each specific pile. The pile load for 

each increment was the average load between 1 and 1.5 minutes after each load increment was 

applied. A discussion of soil and pile properties used in the analysis is provided subsequently. 

 Based on the LPILE analysis, curves for pile head load versus pile deflection, pile moment 

versus depth, and pile load versus pile rotation were produced for comparison with the actual 

results. P-multipliers were also back-calculated to define the reduction in soil resistance as piles 

were located closer to the MSE wall face. The use of LPILE in this study is consistent with the 

similar research reported by Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer 

(2015), and Budd (2016). 
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6.1 Material Properties 

The following section describes the material properties and parameters used for the 

modeling of LPILE. 

6.1.1 H-Piles 

The section type used for the H-piles was elastic section (non-yielding). Table 6-1 shows 

the pile properties used for the H-piles. The pile moment of inertia and cross-sectional area for an 

HP12X74 pile reported in the Steel Construction Manual are 21.8 in2 and 186 in4, respectively. 

However, owing to the angle irons attached to the pile (running along the length of the pile in the 

middle of the pile web), the area and moment of inertia slightly increased. AutoCAD was used to 

model the HP12X74 pile shape with angle irons, and an appropriate cross-sectional area and 

moment of inertia were calculated. Table 6-1 shows material properties for the HP12x74 pile 

accounting for the angle irons. 

 

Table 6-1. LPILE Pile Materials for H-Piles 
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In LPILE the load was applied at the top of the pile model one foot above the ground 

surface to match field loading conditions. Since the H-piles were tested at Phase 1, the top layer 

representing the reinforced fill is 15’ thick while the underlying 20-foot thick layer is the native 
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silty sand extending below the base of the pile at 18 feet of embedment. Assumptions were made 

for the effective unit weight and the friction angle for the native soil; however, subsequent 

parametric studies indicate that these values had negligible effect on the response of the pile under 

lateral loads.  

The type of sand modeled in LPILE was American Petroleum Institute (API) sand (2010) 

with modifications adopted from O’Neill and Murchison (1983). For the reinforced fill, the 

effective unit weight was the average moist unit weight measured for Phase 1. The friction angle 

was back-calculated as explained subsequently in section 6.2.1. The initial modulus of subgrade 

reaction was then obtained as a function of the friction angle using the correlation shown in Figure 

2-15. Table 6-2 shows the soil profile modeled in LPILE without a surcharge (q=0 psf). 

Since a partial surcharge of 600 psf was applied immediately behind the test pile in the 

field, an effort was made to investigate the effect of a surcharge on the computed pile behavior. 

Unfortunately, a surcharge can only be modeled in LPILE by applying a thin uniform soil layer 

producing the same additional pressure both in front and behind the pile. 

 

Table 6-2. LPILE Soil Profile for H-Piles with no Surcharge 

Depth 

Below 

Load 

Point 

[ft] 

Description 

Soil 

Type 

(p-y) 

Model 

Effective 

Unit 

Weight, 

 [pcf] 

Friction 

Angle, 

 [deg] 

Modulus of 

Subgrade, 

k [pci] 

1-16 
Reinforced 

Fill 

API 

Sand 

(O'Neill) 

127.5 39.5 245 

16-36 
Underlying 

Native Soil 

API 

Sand 

(O'Neill) 

125 34 115 
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In LPILE the dead load surcharge of 600 psf was modeled by converting the surcharge into 

a layer with a unit weight of 2400 pcf with a 3-inch thickness. To eliminate any contribution of 

lateral resistance in the “surcharge” layer, a gap of 10 inches was specified between the pile and 

soil in this layer before lateral resistance would develop. This effectively reduced the  and k in 

this layer to zero. Table 6-3 shows the soil profile in LPILE with a surcharge. 

 

Table 6-3. LPILE Soil Profile for H-Piles with Surcharge 

Depth 

Below 

Load 

Point 

[ft] 

Description 

Soil 

Type 

(p-y) 

Model 

Effective 

Unit 

Weight, 

 [pcf] 

Friction 

angle,  

[deg] 

Modulus 

of 

Subgrade, 

k [pci] 

0.75-1 Surcharge 
User 

Input 
2400 - - 

1-16 
Reinforced 

Fill 

API 

Sand 

(O'Neill) 

127.5 30.5 60 

16-36 
Underlying 

Native Soil 

API 

Sand 

(O'Neill) 

125 34 115 

 

6.1.2 Square Piles 

The section type used for the square piles was also an elastic section (non-yielding). Table 

6-4 shows the pile properties used for the square piles. The pile moment of inertia and cross-

sectional area for the HSSX12X12X5/16 steel shape are 13.4 in2 and 304 in4, respectively, in the 

Steel Construction Manual. However, owing to the angle irons attached to the pile and running 

along the length of the pile, the area and moment of inertia slightly increased. AutoCAD was used 

to model the square piles first without angle irons to check against the actual values in the Steel 

Construction Manual. Once the values were found to be in agreement, AutoCAD was used to add 
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the angle irons and then calculate the increased cross-sectional area and moment of inertia. Table 

6-4 shows these values. 

 

Table 6-4. LPILE Pile Materials for Square Piles 

Structural 

Shape 

Total 

Length 

[ft] 

Pile 

Section 

Width 

[in] 

Pile 

Section 

Depth 

[in] 

Cross-

sectional 

Area 

[in2] 

Moment 

of 

Inertia 

[in4] 

Modulus 

of 

Elasticity 

[psi] 

Rectangular 40 12 12 14.1 335 29,000,000 

 

In LPILE the load was applied at the top of the pile model one foot above the ground surface 

to match field loading conditions. Since the square piles were tested in Phase 2, the top layer is 5 

ft thick, and then the next layer is 15 ft for the reinforced fill while the rest of the underlying soil 

is the native silty sand which was modeled as a 20-foot thick layer extending below the pile tip as 

described previously. Material properties in this layer had relatively little effect on pile 

performance. Once again, all soil layers were modeled in LPILE using the API Sand (O’Neill et 

al., 1983) p-y curve model. For the reinforced fill, the effective unit weight was the average moist 

unit weight measured for Phase 2 for the top layer, and the average moist unit weight measured 

for Phase 1 for the next layer. The friction angle was back-calculated as explained subsequently in 

section 6.2.2, and the modulus k was based on the correlation with the friction angle shown in 

Figure 2-15. 

Table 6-5 summarizes the soil profile modeled in LPILE without a surcharge (q=0 psf). 

Surcharge was modeled using the same procedure as described previously for the H-piles and 

Table 6-6 shows the soil profile in LPILE with a surcharge. Table 6-7 shows the different friction 
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angles for the different studies involved in this project (Hatch, 2014; Han, 2014; Besendorfer, 

2015; and Budd, 2016). 

 

Table 6-5. LPILE Soil Profile for Square Piles 

Depth 

[ft] 
Description 

Soil Type 

(p-y) 

Model 

Eff. Unit 

Weight, 

 [pcf] 

Friction 

angle,  

[deg] 

Modulus of 

Subgrade, k 

[pci] 

1-6 
Reinforced 

Fill 

API Sand 

(O'Neill) 
126.2 38 205 

6-21 
Reinforced 

Fill 

API Sand 

(O'Neill) 
127.5 38 205 

21-41 
Underlying 

Native Soil 

API Sand 

(O'Neill) 
125 34 115 

 

Table 6-6. LPILE Soil Profile for Square Piles with Surcharge 

Depth 

[ft] 
Description 

Soil Type 

(p-y) 

Model 

Eff. Unit 

Weight,  

[pcf] 

Friction 

angle,  

[deg] 

Modulus of 

Subgrade, k 

[pci] 

0.75-1 Surcharge User Input 2400 - - 

1-6 
Reinforced 

Fill 

API Sand 

(O'Neill) 
126.2 30.5 60 

6-21 
Reinforced 

Fill 

API Sand 

(O'Neill) 
127.5 30.5 60 

16-36 
Underlying 

Native Soil 

API Sand 

(O'Neill) 
125 34 115 

 

Table 6-7. Comparison of Friction Angles from LPILE of Different Studies 

Study 
Friction Angle in LPILE 

Modeled without a Surcharge 

Friction Angle in LPILE 

Modeled with a Surcharge 

Hatch (2014) 39 - 

Han (2014) 39 - 

Besendorfer (2015) 39 30 

Budd (2016) 38 30 

This Study, H-piles 38 30.5 

This Study, Square Piles 39.5 30.5 
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6.2 Results of LPILE Analysis 

As mentioned previously, LPILE was used to back-calculate appropriate p-multipliers for 

each pile load test. Initially, the square and H-piles farthest from the wall were analyzed, and the 

soil properties necessary to match the measured load-deflection curves were determined. Based on 

the assumption that the pile farthest from the MSE wall (4.5 to 5.7 pile diameters away) would be 

relatively unaffected by the presence of the wall, a p-multiplier of 1.0 was assumed for this case, 

indicating no wall interaction. For piles located closer to the wall, these back-calculated soil 

parameters were then held constant for each pile and a constant p-multiplier was back-calculated 

to produce agreement with the measured load-deflection curve for that pile. As explained 

previously, p-multipliers are factors that are multiplied by the normal lateral soil resistance to 

account for the reduced lateral soil resistance for piles near an MSE wall. Separate analyses were 

performed in LPILE using both the no-surcharge and surcharge models.  

Once the appropriate soil parameters and p-multipliers had been determined, computed pile 

load versus pile rotation and pile bending moment versus depth curves were also compared with 

measured curves. 

6.2.1 H-Piles 

The H-pile farthest from the wall was located 4.5 pile widths behind the wall. In calibrating 

the soil model, both  and k affect the computed load-deflection curve; however, k has more effect 

on the curve at small deflection levels while  has a greater effect at larger deflections as the soil 

layers begin to reach failure. Neglecting any surcharge pressure for the H-piles, the best agreement 

with the measured curve was produced with a friction angle of 39.5º and a k of 245 pci (see Table 

6-2 above) with a p-multiplier of 1.0. For the LPILE model with a surcharge, best agreement was 
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produced with a friction angle of 30.5º and a k of 60 pci (see Table 6-3). The surcharge has the 

effect of increasing the confining pressure and reducing the friction angle necessary to produce 

agreement as would be expected. In reality, the friction angle is likely somewhere between these 

two cases. A comparison of the measured load-deflection curve with curves computed by LPILE 

with and without surcharge is provided in Figure 6-1. The curve computed with no surcharge 

provides better agreement with the measured curve than the curve with surcharge; particularly at 

deflections less than about one inch. This result suggests that the model without surcharge is more 

realistic which is likely due to the fact that no surcharge was placed between the pile and the wall 

where most of the lateral resistance was developed. For subsequent LPILE analyses of piles located 

closer to the wall,  and k were kept constant for the respective model types (surcharge or no 

surcharge) and the p-multiplier was changed until the load-deflection curve computed by LPILE 

matched the measured curve. 

Table 6-8 shows the back-calculated p-multipliers for the H-piles for with and without 

surcharge included in the model. The LPILE model with a surcharge increased the back-calculated 

p-multipliers for the H-piles. The closer the normalized spacing for the pile was, the more the p-

multiplier increased. The 3.2D pile only increased by 0.02, 2.5D increased by 0.07, and 2.2D 

increased by 0.11. 

 Figure 6-2, Figure 6-3, and Figure 6-4 show the pile head load versus the pile head 

deflection for each of the H-piles located 3.2D, 2.5D, and 2.2D from the wall, respectively. The 

figures show both models of LPILE (with and without surcharge) and the measured data. The 

comparison between each pile separately shows little difference between the LPILE models and 

the measured data at large deflections; however, the model without surcharge generally provides 

much better agreement at deflections less than one inch and is the preferred model. When the 
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surcharge q equals 600 psf; it signifies the LPILE modeled with a surcharge. When q equals 0, it 

means there was no surcharge modeled in LPILE. 

 

Table 6-8. P-multipliers for H-Piles 

from LPILE 

 P-multiplier 

Pile 
No 

Surcharge 
Surcharge 

4.5D 1.00 1.00 

3.2D 0.85 0.87 

2.5D 0.60 0.67 

2.2D 0.73 0.84 

 

 

Figure 6-1. Comparison of measured pile head load versus deflection curve for the 4.5D H-pile with 

curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-2. Comparison of measured pile head load versus deflection curve for the 3.2D H-pile with 

curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

Figure 6-3. Comparison of measured pile head load versus deflection curve for the 2.5D H-pile with 

curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-4. Comparison of measured pile head load versus deflection curve for the 2.2D H-pile with 

curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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respectively. For a given nominal spacing, the actual spacing differed between the different pile 

tests by at least as large as a whole pile diameter for some of the comparisons, thus Figure 6-9 

shows the comparison of the most comparable spacing for the 3.2D H-pile. Data for the mentioned 

pipe piles are found in Hatch (2014), Han (2014), Besendorfer (2015), and Budd (2016). Generally, 

the H-pile develops significantly lower lateral resistance in comparison with all of the comparable 

pipe piles except for the case with the H-pile closest to the wall. Lower lateral resistance would be 

expected for the H-pile relative to the pipe pile because the moment of inertia for the H-pile loaded 

about its weak axis is only 71% of the moment of inertia for the pipe pile (without considering the 

angle irons). However, the 2.2D H-pile is higher than the respective pipe piles most likely because 

of a greater compaction effort in the soil adjacent to this pile. 

 

 

Figure 6-5. Comparison of load-deflection curve for 4.5D H-pile with curves for pipe piles at the 

similar spacing of the nominal 5D distance. 
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Figure 6-6. Comparison of load-deflection curve for 3.2D H-pile with curves for pipe piles at the 

similar spacing of the nominal 4D distance. 

 

 

Figure 6-7. Comparison of load-deflection curve for 2.5D H-pile with curves for pipe piles at the 

similar spacing of the nominal 3D distance. 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3 3.5

P
il

e 
H

ea
d

 L
o

ad
 [

k
ip

]

Pile Head Deflection [in]

Pipe, Strip, 2.9D, 20ft, Besendorfer Pipe, Strip, 3.1D, 15ft, Han

Pipe, Welded Wire, 4.3D, 20ft, Budd Pipe, Welded Wire, 4.3D, 15ft, Hatch

H-pile, Strip, 3.2D, 15ft, This Test

0

10

20

30

40

50

60

70

0 0.5 1 1.5 2 2.5 3 3.5

P
il

e 
H

ea
d

 L
o

ad
 [

k
ip

]

Pile Head Deflection [in]

Pipe, Strip, 2.8D, 20ft, Besendorfer Pipe, Strip, 2.8D, 15ft, Han

Pipe, Welded Wire, 3.2D, 15ft, Hatch Pipe, Welded Wire, 3.4D, 20ft, Budd

H-pile, Strip, 2.5D, 15ft, This Test



182 

 

Figure 6-8. Comparison of load-deflection curve for 2.2D H-pile with curves for pipe piles at the 

similar spacing of the nominal 2D distance. 

 

 

Figure 6-9. Comparison of the most comparable spacing for 3.2D H-pile and curves for pipe piles. 
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6.2.2 Square Piles 

Similar LPILE analyses and comparisons were performed for the square piles as for the 

H-piles. The square pile farthest from the wall was located 5.7 pile widths behind the wall. 

Neglecting any surcharge pressure for the square piles, the best agreement with the measured 

curve was produced with a friction angle of 38º and a k of 205 pci (see Table 6-5 above) for a p-

multiplier of 1.0. For the LPILE model with a surcharge, best agreement was produced with a 

friction angle of 30.5º and a k of 60 pci (see Table 6-6). 

A comparison of the measured load-deflection curve with curves computed by LPILE with 

and without surcharge is provided in Figure 6-10. As was the case with the H-piles, the overall 

agreement is better assuming no surcharge than with a surcharge. Table 6-9 shows the back-

calculated p-multipliers for the square piles with and without surcharge included in the model. The 

p-multipliers for the LPILE model with a surcharge stayed the same for all of the cases, except for 

the 3.1D square pile, which only decreased by 0.02. 

Figure 6-11, Figure 6-12, and Figure 6-13 show the pile head load versus the pile head 

deflection for each of the square piles spaced at 4.2D, 3.1D, and 2.1D, respectively. The figures 

show both models of LPILE (with and without surcharge) and the measured data. The comparison 

between each pile separately shows little difference between the measured and computed curves 

at deflections greater than 0.75 inches. However, at small deflections the curve computed without 

surcharge generally produces better overall agreement. This observation suggests that pile 

behavior is better modeled without a surcharge. In addition, the non-surcharge model has a more 

accurate soil friction angle. 
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Table 6-9. P-multipliers for Square 

Piles from LPILE 

 P-multiplier 

Pile 
No 

Surcharge 
Surcharge 

5.7D 1.00 1.00 

4.2D 0.77 0.75 

3.1D 0.63 0.63 

2.1D 0.57 0.57 

 

 

 

 

Figure 6-10. Comparison of measured pile head load versus deflection curve for the 5.7D square pile 

with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

 

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3 3.5

P
il

e 
H

ea
d

 L
o

ad
 [

k
ip

]

Pile Head Deflection [in]

LPILE, 5.7D, q=600 psf LPILE, 5.7D, q=0 psf 5.7D



185 

 

Figure 6-11. Comparison of measured pile head load versus deflection curve for the 4.2D square pile 

with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

Figure 6-12. Comparison of measured pile head load versus deflection curve for the 3.1D square pile 

with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-13. Comparison of measured pile head load versus deflection curve for the 2.1D square pile 

with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-14. Comparison of load-deflection curve for 5.7D square pile with curves for pipe piles at the 

similar spacing of the nominal 5D distance. 

 

 

Figure 6-15. Comparison of load-deflection curve for 4.2D square pile with curves for pipe piles at the 

similar spacing of the nominal 4D distance. 
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Figure 6-16. Comparison of load-deflection curve for 3.1D square pile with curves for pipe piles at the 

similar spacing of the nominal 3D distance. 

 

 

Figure 6-17. Comparison of load-deflection curve for 2.1D square pile with curves for pipe piles at the 

similar spacing of the nominal 2D distance. 
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6.2.3 P-Multipliers versus Pile Spacing Curves 

Figure 6-18 provides a plot of the back-calculated p-multipliers versus the normalized 

distance from the wall. Data points include p-multipliers for this study and all of the other tests for 

this MSE wall project (Hatch, 2014; Han, 2014; Besendorfer, 2015; and Budd, 2016) and other p-

multipliers from similar projects (Price, 2012; and Nelson, 2013) as shown in Table 6-10. As 

indicated previously, the normalized distance is defined to be the spacing from the center of the 

pile to the back face of the MSE wall divided by the outside diameter or width of the pile. The p-

multipliers used are from the LPILE model using no surcharge. P-multipliers are plotted assuming 

no surcharge to be consistent with previous studies (as those mentioned above) that did not include 

the surcharge in their LPILE model. Generally, the analyses without surcharge produced somewhat 

better agreement than the surcharge model, although the differences are relatively small. 

There were ten observations that were at least four pile diameters from the wall. Though 

three observations did not have a p-multiplier of 1.0, the average p-multiplier for these piles was 

about 0.94. One of these observations had a p-multiplier of 0.95. Price (2012) had two piles tested 

from the same wall with p-multipliers of 1.0 for piles spaced at 7.2D and 3.8D. Thus, a conclusion 

is drawn that piles with a normalized distance of 4D or greater have a p-multiplier approximately 

equal to 1.0.  Observations that did not have a p-multiplier of 1.0 are considered aberrations from 

the general trend. 

A linear regression analysis was then performed using all data points referenced previously 

for all piles spaced closer than four pile diameters from the wall. There were 22 observations that 

were included in the linear regression analysis as shown in Equation (6-1a). The equation below, 

also known as the best fit line, calculates a p-multiplier as follows: 
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If 8.3
D

S
 , then 0.116.031.0 −=

D

S
Pmult          (6-1a) 

 

If 8.3
D

S
, then 0.1=multP            (6-1b) 

   

where =multp p-multiplier 

 =S distance from the center of the pile to the back face of the MSE wall, and 

 =D outside diameter of the pile. 

 

This equation shows that any normalized distance greater than about 3.8D will have a p-

multiplier of 1.0. The coefficient of determination is about 0.736, or 73.6%. 

 

 
Figure 6-18. Comparison of p-multiplier versus normalized distance from MSE wall from data from 

Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study 

with the best fit line with data points used for Equation (6-1a) and within the bounds of Equation (6-

1b). 
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There are three aberrations from the observations used for Equation (6-1a). Two of these 

points are the 2.9D and 2.8D pipe piles from Besendorfer (2015). These piles have a p-multiplier 

of 1.0, whereas other piles spaced at similar distances from the wall have lower p-multipliers. The 

third aberration was from the H-piles of this study. H-pile 2.2D was higher than the H-pile 2.5D. 

These aberrations are likely owing to differences in compaction that are inherent in the lower 

compactive effort used near an MSE wall. If these observations are removed, a linear regression 

analysis (with 19 observations) yields a coefficient of determination of 0.862, or 86.2% (using two 

significant figures). This shows that there is fairly good correlation between the data. Using this 

analysis without the three aberrations explained above, the equation below calculates a p-multiplier 

as follows: 

 

If 9.3
D

S
, then 0.120.031.0 −=

D

S
Pmult           (6-2a) 

 

If 9.3
D

S
, then 0.1=multP            (6-2b) 

 

This equation shows that any normalized distance greater than about 3.9D will have a p-

multiplier of 1.0. The best fit line of Equation (6-1a) has the same slope as that of Equation (6-2a). 

The drop in the coefficient of determination when including the three aberrations is only because 

there are more data points where variability is unexplained. Figure 6-19 provides a plot of the p-

multipliers versus the normalized distance from the wall with the best fit line from Equation (6-

2a) and Equation (6-2b) excluding the three aberrations explained above. 
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Figure 6-19. Comparison of p-multiplier versus normalized distance from MSE wall from data from 

Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study 

without the aberrations with the best fit line with data points used for Equation (6-2a) and within the 

bounds of Equation (6-2b). 
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6-25 compares the effect of pile locations behind the panel center or joint on p-multipliers. These 

figures show that the reinforcement type, wall system, pile shape, pile diameter, and pile location 

behind the panel center or joint do not seem to strongly effect the p-multiplier versus normalized 

distance from the wall curve. The pile diameter range was small, with 12 inches being the smallest 

diameter and 16 inches being the largest diameter. Thus, piles larger than about 18 inches should 

probably not be used with the equations given above. 

 

 

Figure 6-20. P-multiplier versus normalized distance from wall comparing L/H ratios from data from Price 

(2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study. 
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Figure 6-21. P-multiplier versus normalized distance from wall comparing reinforcement types from data 

from Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study. 
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Figure 6-23. P-multiplier versus normalized distance from wall comparing pile shapes from data from Price 

(2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study. 

 

 

Figure 6-24. P-multiplier versus normalized distance from wall comparing pile diameters from data from 

Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), Budd (2016), and this study. 
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Figure 6-25. P-multiplier versus normalized distance from wall comparing pile locations behind the panel 

center or joint from data from Price (2012), Nelson (2013), Hatch (2014), Han (2014), Besendorfer (2015), 

Budd (2016), and this study. 
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Table 6-10. Summary of P-multipliers 

Study Pile Shape 

Normalize

d Distance 

from Wall 

P-

multiplier 
L/H Ratio 

Reinforcemen

t Type 

Price 

Pipe 7.2 1 1.29 

Welded Wire 

Pipe (16" dia. with 

HDPE wrapping) 
5.2 1 0.98 

Pipe 3.8 1 1.42 

Pipe (16" dia. with 

HDPE wrapping) 
2.9 0.8 1.27 

Pipe (16" dia. with 

HDPE wrapping) 
1.6 0.25 0.97 

Nelson* Pipe 

6.3 1 1.03 

Ribbed Strip 2.7 0.51 1.2 

1.3 0.16 1.03 

Hatch Pipe 

5.3 1 

0.90 Welded Wire 
4.3 0.70 

3.2 0.70 

1.9 0.25 

Han Pipe 

3.9 1 

0.90 Ribbed Strip 
3.1 0.95 

2.8 0.70 

1.8 0.33 

Besendorfer Pipe 

3.9 1 

0.72 Ribbed Strip 
2.9+ 1 

2.8+ 1 

1.7 0.45 

Budd Pipe 

5.2 1 

0.72 Welded Wire 
4.3 0.95 

3.4 0.68 

1.8 0.30 

This Study H-Pile 

4.5 1 

0.90 Ribbed Strip 
3.2 0.85 

2.5 0.60 

2.2+ 0.73 

This Study Square 

5.7 1 

0.72 Welded Wire 
4.2 0.77 

3.1 0.63 

2.1 0.57 
+Piles not included in the linear regression analysis for the p-multiplier Equation 6-2a. 

*Two-stage MSE wall facing type. 
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6.2.4 Pile Head Load versus Rotation Curves 

Rotation curves were computed for both the H-piles in Figure 5-4 and for the square piles 

in Figure 5-8. For each pile, rotation curves are compared with the curves from the LPILE models 

with and without a surcharge. 

6.2.4.1 H-Piles 

Measured pile head load versus pile head rotation curves were compared to the computed 

curves using the LPILE models with and without surcharge included. Figure 6-26, Figure 6-27, 

Figure 6-28, and Figure 6-29 show the rotation curves for H-piles at 4.5D, 3.2D, 2.5D, and 2.2D 

behind the wall, respectively. 

The data all yielded very similar results. Generally, the computed load-rotation curves are 

in reasonably good agreement with the measured curve. However, the computed rotations begin 

to exceed the measured rotation for pile rotations greater than about one degree. In addition, the 

error in the computed rotation tends to increase as the piles are located closer to the MSE wall, 

presumably owing to the reduced lateral resistance.  

 It is interesting to note that the LPILE model with a surcharge computes somewhat smaller 

rotations than the LPILE model without a surcharge for every H-pile. This suggests that surcharge 

provides more rotational resistance for a given lateral load, which makes sense, because the 

surcharge induces greater vertical stress near the surface. 
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Figure 6-26. Comparison of measured pile head load versus pile head rotation curve for the 4.5D H-

pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

Figure 6-27. Comparison of measured pile head load versus pile head rotation curve for the 3.2D H-

pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

0

10

20

30

40

50

0 0.5 1 1.5 2 2.5

P
il

e 
H

ea
d

 L
o

ad
 [

k
ip

]

Pile Head Rotation [degrees]

4.5D LPILE, 4.5D, q=600 psf LPILE, 4.5D, q=0 psf

0

10

20

30

40

50

0 0.5 1 1.5 2 2.5

P
il

e 
H

ea
d

 L
o

ad
 [

k
ip

]

Pile Head Rotation [degrees]

3.2D LPILE, 3.2D, q=600 psf LPILE, 3.2D, q=0 psf



200 

 

Figure 6-28. Comparison of measured pile head load versus pile head rotation curve for the 2.5D H-

pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

Figure 6-29. Comparison of measured pile head load versus pile head rotation curve for the 2.2D H-

pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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6.2.4.2 Square Piles 

Pile head load versus pile rotation of the test data was also compared to the LPILE models 

of both the surcharge included and not included. Using the same parameters as shown above, 

Figure 6-30, Figure 6-31, Figure 6-32, and Figure 6-33 show the rotation curves for square piles 

5.7D, 4.2D, 3.1D, and 2.1D respectively. The data all yielded very similar results. The 5.7D LPILE 

surcharge model had somewhat higher resistance to rotation. The rotation angle peaks at about 2 

degrees for all of the piles. As mentioned above, these square piles were displaced to three inches 

during lateral loading. 

 

 

Figure 6-30. Comparison of measured pile head load versus pile head rotation curve for the 5.7D 

square pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-31. Comparison of measured pile head load versus pile head rotation curve for the 4.2D 

square pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 

 

 

 

Figure 6-32. Comparison of measured pile head load versus pile head rotation curve for the 3.1D 

square pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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Figure 6-33. Comparison of measured pile head load versus pile head rotation curve for the 2.1D 

square pile with curves computed using LPILE assuming no surcharge and 600 psf surcharge. 
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0.5-inch and three-inch deflections. This shows that LPILE underestimates the bending stress of 

an H-pile loaded about the weak axis. For the two to three-inch deflection curves, the LPILE curve 

modeled without a surcharge yields a higher maximum moment than the LIPLE curve modeled 

with a surcharge, with the exception of the 4.5D H-pile. As explained, this suggests that a surcharge 

provides more resistance for a given lateral load. LPILE underestimates the actual bending 

moment of the piles by at least a couple of hundred kip-inches. For the 0.5-inch deflection curves, 

there is little difference between both LPILE models. The maximum measured moment occurs 

between 4 and 7 feet from the ground surface for curves corresponding with the two- to three-inch 

deflections. This is also true for both LPILE model curves.  

 

 

Figure 6-34. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 4.5D H-pile. 
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Figure 6-35. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 3.2D H-pile. 

 

 

Figure 6-36. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 2.5D H-pile. 
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Figure 6-37. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 2.2D H-pile. 
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moment than the LPILE model with a surcharge. This is likely because the surcharge increases the 

vertical stress and therefore the lateral resistance, producing more restraint on bending. The depth 

of the measured and computed LPILE maximum moments occurs 4 to 7 feet below the ground 

surface for most of the curves corresponding to the three-inch deflection. In all cases except for 

the 5.7D pile, the LPILE models have the maximum moment occur a few feet deeper than the 

measured moment curves. 

 

 

Figure 6-38. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 5.7D square 

pile. 
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Figure 6-39. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 4.2D square 

pile. 

 

 

 

Figure 6-40. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 3.1D square 

pile. 
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Figure 6-41. Comparison of depth from the ground surface versus pile bending moment curve and 

LPILE curves of both with the surcharge model and without the surcharge model for the 2.1D square 

pile. 
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7 CONCLUSION 

Full scale lateral load tests were conducted on four H-piles spaced at 4.5, 3.2, 2.5, and 2.2 

pile diameters behind an MSE wall, as well as four square piles spaced at 5.7, 4.2, 3.1, and 2.1 pile 

diameters from the wall. Ribbed strip soil reinforcement was used on the side of the MSE wall 

with the H-piles, and welded wire soil reinforcement was used on the side of the MSE wall with 

the square piles. The following sections are conclusions that were obtained relative to the lateral 

pile resistance, and relative to the force induced in the reinforcements. Recommendations for 

further research is then given. 

7.1 Conclusions Relative to Lateral Pile Resistance 

1. Piles placed closer to an MSE wall experience a reduction in lateral resistance. The 2.2D 

and 2.5D H-piles experienced about 81% and 73% of the lateral resistance of the 4.5D H-

pile, respectively. The 2.1D square pile experienced about 66% of the lateral resistance of 

the 5.7D square pile. However, it was generally found that piles placed more than 3.9 pile 

diameters from the wall did not experience any significant decrease in lateral load 

resistance. 

2. P-multipliers were obtained by back-analysis with LPILE for each test. The simple p-

multiplier approach was generally successful in matching the measured load-deflection 

curve. For the model in LPILE without a surcharge, the p-multipliers for the H-piles 

spaced at 4.5D, 3.2D, 2.5D, and 2.2D were 1.0, 0.85, 0.60, and 0.73, respectively. The p-
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multiplier for the 2.2D H-pile was higher than expected, which may be a result of greater 

compaction between the wall and pile. For the square piles spaced at 5.7D, 4.2D, 3.1D, 

and 2.1D, the p-multipliers were 1.0, 0.77, 0.63, and 0.57, respectively. When the 

surcharge behind the pile was approximated by a uniform surcharge over the entire 

surface, the p-multipliers for the H-piles tended to decrease slightly. There was almost no 

change for the p-multipliers for the square piles. 

3. Based on all of the tests reported in this and previous related theses, the p-multiplier was 

1.0 for normalized distances of 3.9D and decreased linearly for piles placed closer than 

3.9 pile diameters. The best-fit equation (Equation 6-1a) for predicting the p-multipliers 

based on the spacing of the pile behind the wall had an R2 value of about 74% for all data 

involving piles spaced closer than four pile widths, but increased to 86% with the 

exclusion of a few aberrations (Equation 6-2a). 

4. For the pile loads and widths involved in this study, the p-multiplier versus distance curve 

was not significantly affected by the reinforcement length to wall height (L/H) ratio or the 

reinforcement type. It is conceivable that the pile shape or type of wall system may 

influence the p-multipliers. 

5. Despite the relatively large pile head loads and displacements, the maximum wall 

deflections in front of the H-piles generally ranged from about 0.3 to 0.4 inches, and there 

was little distress to the wall. The maximum wall deflections in front of the square piles 

generally ranged from about 0.4 inches to 0.75 inches. Larger deflections occurred along 

the joints of the concrete panels in front of the piles loaded laterally. Wall displacements 

were generally largest a few feet below the top of the wall. 
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7.2 Conclusions Relative to Force Induced in the Soil Reinforcements 

1. Tensile force in the reinforcements generally increases from the wall to the pile, and 

then decreases along the rest of the reinforcement length. The maximum force typically 

occurs near the pile. 

2. The maximum reinforcement force increases with an increase in applied lateral loading 

and when the pile spacing behind the wall decreases. The maximum reinforcement 

force also decreases as the transverse distance from the pile center to the reinforcement 

increases. Generally, within the top two layers, the reinforcement with higher vertical 

stress did not always produce higher induced force. 

3. Statistical regression equations were produced to predict the maximum reinforcement 

force. The main effects used in the equations were the lateral pile load, transverse 

distance from the reinforcement to the pile center normalized by the pile diameter, 

spacing from the pile center to the wall normalized by the pile diameter, vertical stress, 

and reinforcement length to height ratio where the height includes the equivalent height 

of the surcharge. Equation (5-4) was obtained for ribbed strip reinforcement, and 

accounts for 76.2% variation. Equation (5-8) was obtained for welded wire 

reinforcement, and accounts for 77.4% variation.  

7.3 Recommendations for Further Research 

Compaction of the soil between the piles and MSE wall was a governing factor in the 

results of the lateral load testing. Further research could involve the lateral testing of piles with 

different levels of compaction for the soil between the piles and wall, and the soil properties could 

be correlated with relative compaction. In this case, it would be recommended that the piles be 

kept at the same distance from the wall, possibly far enough behind the wall where the p-multiplier 
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would not be a variable. In addition, wall displacements seemed to be affected most when the piles 

were behind a panel joint configuration. This suggests that further reductions might need to be 

made to laterally loaded piles depending on their location behind an MSE wall panel joint or center, 

and thus further research could be performed based on panel configurations. 

The displacement control method was used to load the piles laterally in increments. This 

type of loading was most representative of static loading. However, like all structures, piles are 

susceptible to seismic loading. Thus, it is recommended that further research be performed for 

piles loaded cyclically to be most representative of this and other type of cyclic loading. Also, the 

pile loading was modeled as a pinned-head connection, but pile caps would be better represented 

as a fixed-end connection. Thus, future research could also include laterally loaded piles modeled 

with a fixed-end connection. Finally, all tests in this study have involved piles with a diameter of 

about 12 inches, and normalization by pile diameter had been assumed to be appropriate. 

Additional tests with larger pile diameters could be useful to determine if this is actually the case. 
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APPENDIX A. CAPACITY TO DEMAND RATIO AGAINST PULLOUT 

CALCULATIONS 
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Ribbed Strip Reinforcement 
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Welded Wire Reinforcement 
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APPENDIX B. GENEVA ROCK LABORATORY TEST REPORTS 

Phase 1 
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Phase 2 
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APPENDIX C. LOAD DISPLACEMENT CURVES 
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H-Piles 

 

Figure C-1. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 4.5D H-pile. 

 

 

Figure C-2. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 3.2D H-pile. 
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Figure C-3. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 2.5D H-pile. 

 

 

Figure C-4. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 2.2D H-pile. 
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Square Piles 

 

Figure C-5. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 5.7D square pile. 

 

 

Figure C-6. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 4.2D square pile. 
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Figure C-7. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 3.1D square pile. 

 

 

Figure C-8. Pile head load versus pile head deflection comparing peak, 1-minute hold, and 5-minute 

hold for 2.1D square pile. 
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APPENDIX D. INDUCED FORCE IN THE REINFORCEMENT CURVES 
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H-Piles 

4.5D Soil Reinforcement Curves 

 

Figure D-1. Reinforcement force versus distance from back face of MSE wall (H-pile 4.5D, 15-inch 

depth, strip #3, transverse spacing 34.1 inches). 

 

 

Figure D-2. Reinforcement force versus distance from back face of MSE wall (H-pile 4.5D, 15-inch 

depth, strip #4, transverse spacing 8.6 inches). 
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Figure D-3. Reinforcement force versus distance from back face of MSE wall (H-pile 4.5D, 45-inch 

depth, strip #16, transverse spacing 32.6 inches). 

 

 

Figure D-4. Reinforcement force versus distance from back face of MSE wall (H-pile 4.5D, 45-inch 

depth, strip #11, transverse spacing 8.1 inches). 
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3.2D Soil Reinforcement Curves 

 

Figure D-5. Reinforcement force versus distance from back face of MSE wall (H-pile 3.2D, 15-inch 

depth, strip #3, transverse spacing 27.1 inches). 

 

 

Figure D-6. Reinforcement force versus distance from back face of MSE wall (H-pile 3.2D, 15-inch 

depth, strip #4, transverse spacing 52.6 inches). 
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Figure D-7. Reinforcement force versus distance from back face of MSE wall (H-pile 3.2D, 45-inch 

depth, strip #16, transverse spacing 28.1 inches). 

 

 

Figure D-8. Reinforcement force versus distance from back face of MSE wall (H-pile 3.2D, 45-inch 

depth, strip #11, transverse spacing 53.1 inches). 
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2.5D Soil Reinforcement Curves 

 

Figure D-9. Reinforcement force versus distance from back face of MSE wall (H-pile 2.5D, 15-inch 

depth, strip #8, transverse spacing 34.6 inches). 

 

 

Figure D-10. Reinforcement force versus distance from back face of MSE wall (H-pile 2.5D, 15-inch 

depth, strip #7, transverse spacing 9.1 inches). 
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Figure D-11. Reinforcement force versus distance from back face of MSE wall (H-pile 2.5D, 45-inch 

depth, strip #14, transverse spacing 33.6 inches). 

 

 

Figure D-12. Reinforcement force versus distance from back face of MSE wall (H-pile 2.5D, 45-inch 

depth, strip #15, transverse spacing 8.1 inches). 
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2.2D Soil Reinforcement Curves 

 

Figure D-13. Reinforcement force versus distance from back face of MSE wall (H-pile 2.2D, 15-inch 

depth, strip #8, transverse spacing 23.6 inches). 

 

 

Figure D-14. Reinforcement force versus distance from back face of MSE wall (H-pile 2.2D, 15-inch 

depth, strip #7, transverse spacing 49.1 inches). 
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Figure D-15. Reinforcement force versus distance from back face of MSE wall (H-pile 2.2D, 45-inch 

depth, strip #14, transverse spacing 25.1 inches). 

 

 

Figure D-16. Reinforcement force versus distance from back face of MSE wall (H-pile 2.2D, 45-inch 

depth, strip #15, transverse spacing 51.1 inches). 
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Square Piles 

5.7D Soil Reinforcement Curves 

 

Figure D-17. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 15-

inch depth, welded wire #5, transverse spacing 21.5 inches). 

 

 

Figure D-18. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 15-

inch depth, welded wire #4, transverse spacing 38.5 inches). 
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Figure D-19. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 45-

inch depth, welded wire #26, transverse spacing 28.5 inches). 

 

 

Figure D-20. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 45-

inch depth, welded wire #27, transverse spacing 31 inches). 
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Figure D-21. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 75-

inch depth, welded wire #21, transverse spacing 27 inches). 

 

 

Figure D-22. Reinforcement force versus distance from back face of MSE wall (square pile 5.7D, 105-

inch depth, welded wire #17, transverse spacing 34.5 inches). 
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4.2D Soil Reinforcement Curves 

 

Figure D-23. Reinforcement force versus distance from back face of MSE wall (square pile 4.2D, 15-

inch depth, welded wire #4, transverse spacing 13 inches). 

 

 

Figure D-24. Reinforcement force versus distance from back face of MSE wall (square pile 4.2D, 15-

inch depth, welded wire #3, transverse spacing 47.5 inches). 
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Figure D-25. Reinforcement force versus distance from back face of MSE wall (square pile 4.2D, 45-

inch depth, welded wire #27, transverse spacing 21 inches). 

 

 

Figure D-26. Reinforcement force versus distance from back face of MSE wall (square pile 4.2D, 45-

inch depth, welded wire #28, transverse spacing 39.5 inches). 

0

2

4

6

8

10

0 2 4 6 8 10 12 14 16 18

R
ei

n
fo

rc
em

en
t 

F
o

rc
e 

[k
ip

s]

Distance from MSE Wall [ft]

15.7 kips (0.5" deflection) 24.3 kips (1" deflection)

37.0 kips (2" deflection) 46.4 kips (3" deflection)

FHWA 4.2D Square Pile

0

2

4

6

8

10

0 2 4 6 8 10 12 14 16 18

R
ei

n
fo

rc
em

en
t 

F
o

rc
e 

[k
ip

]

Distance from MSE Wall [ft]

15.7 kips (0.5" deflection) 24.3 kips (1" deflection)

37.0 kips (2" deflection) 46.4 kips (3" deflection)

FHWA 4.2D Square Pile



241 

3.1D Soil Reinforcement Curves 

 

Figure D-27. Reinforcement force versus distance from back face of MSE wall (square pile 3.1D, 15-

inch depth, welded wire #3, transverse spacing 15.5 inches). 

 

 

Figure D-28. Reinforcement force versus distance from back face of MSE wall (square pile 3.1D, 15-

inch depth, welded wire #2, transverse spacing 44 inches. 
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Figure D-29. Reinforcement force versus distance from back face of MSE wall (square pile 3.1D, 45-

inch depth, welded wire #28, transverse spacing 23.5 inches. 

 

 

Figure D-30. Reinforcement force versus distance from back face of MSE wall (square pile 3.1D, 45-

inch depth, welded wire #29, transverse spacing 37 inches. 
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2.1D Soil Reinforcement Curves 

 

Figure D-31. Reinforcement force versus distance from back face of MSE wall (square pile 2.1D, 15-

inch depth, welded wire #2, transverse spacing 23.5 inches. 

 

 

Figure D-32. Reinforcement force versus distance from back face of MSE wall (square pile 2.1D, 15-

inch depth, welded wire #1, transverse spacing 37.5 inches. 
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Figure D-33. Reinforcement force versus distance from back face of MSE wall (square pile 2.1D, 45-

inch depth, welded wire #29, transverse spacing 30 inches. 

 

 

Figure D-34. Reinforcement force versus distance from back face of MSE wall (square pile 2.1D, 45-

inch depth, welded wire #30, transverse spacing 37.5 inches. 
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APPENDIX E. STATISTICAL ANALYSIS DATA OF PIPE PILES WITHIN 

RIBBED STRIP REINFORCEMENT 

Table E-1. Statistical Analysis Data of Ribbed Strip Reinforcement of Pipe Piles 

Parameter Coefficients Standard Error t Stat P-value 

Intercept -1.8959204180 0.20553 -9.22469 <0.00001 

Pile Load, P 0.0284582504 0.00115 24.68453 <0.00001 

Normalized Transverse Distance, T/D -0.0232492106 0.00707 -3.28707 0.00106 

Vertical Stress, V 0.0025190053 0.00028 8.93580 <0.00001 

Normalized Spacing, S/D -0.0343075454 0.00396 -8.66478 <0.00001 

Length to Height Ratio, L/H 1.4642771789 0.16072 9.11065 <0.00001 

V*(L/H) -0.0012644575 0.00018 -7.04195 <0.00001 

V
 2 -0.0000006085 <0.00001 -9.32383 <0.00001 

P*(T/D) -0.0020748413 0.00024 -8.78667 <0.00001 

P2 -0.0002084736 0.00002 -11.44068 <0.00001 

 

Table E-2. Term Elimination with the Change of R2 and Adjusted R2of Pipe Piles Data 

Term Removed Adjusted R2 Decrease in Adjusted R2 R2 Decrease in R2 

None 80.67% None 81.03% None 

(T/D)*(S/D)+ 80.42% 0.25% 80.76% 0.27% 

V*(T/D)+ 80.13% 0.29% 80.45% 0.31% 

(L/H)2+ 79.62% 0.51% 79.92% 0.53% 

P*(S/D)+ 78.71% 0.91% 78.99% 0.93% 

P*(L/H)+ 77.35% 1.36% 77.62% 1.37% 

V*(L/H) 75.86% 1.49% 76.12% 1.51% 

V
 2 74.59% 1.27% 74.83% 1.29% 

L/H 73.18% 1.41% 73.39% 1.43% 

V 72.61% 0.57% 72.79% 0.60% 

S/D 70.96% 1.65% 71.11% 1.68% 

P*(T/D) 68.53% 2.43% 68.65% 2.46% 

P2 64.78% 3.74% 64.88% 3.77% 

T/D 51.45% 13.33% 51.52% 13.36% 

     +Terms removed for the prediction equation. 
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Table E-3. ANOVA for Ribbed Strip Reinforcement Data of Pipe Piles 

  
Degrees of 

Freedom 

Sum-of-

Squares 

Mean 

Squares 
F Ratio 

Significance 

F 

Regression 9 43.03714 4.78190 283.69859 <0.00001 

Residual 736 12.40571 0.01686    

Total 745 55.44285     

 

Table E-4. Confidence Interval Values for Ribbed Strip 

Reinforcement Data of Pipe Piles 

Parameter 
Lower 

95% 

Upper 

95% 

Intercept -2.29941 -1.49243 

Pile Load, P 0.02619 0.03072 

Normalized Transverse Distance, 

T/D 
-0.03713 -0.00936 

Vertical Stress, V 0.00197 0.00307 

Normalized Spacing, S/D -0.04208 -0.02653 

Length to Height Ratio, L/H 1.14875 1.77980 

V*(L/H) -0.00162 -0.00091 

V
2 <0.00001 <0.00001 

P*(T/D) -0.00254 -0.00161 

P2 -0.00024 -0.00017 

 

The R2 value is 77.6%, the adjusted R2 value is 77.4%, and the R2 value of the equation 

below is 77.1%. That standard error value was 0.130. There were a total of 726 observations. The 

highest measured tensile force used to develop the predicted tensile force equation was 10.4 kips. 
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Figure E-1. Log measured maximum tensile force versus log predicted maximum tensile force, ribbed 

strip reinforcement of pipe piles. 
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Figure E-2. Measured maximum tensile force versus predicted maximum tensile force, ribbed strip 

reinforcement of pipe piles. 
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Figure E-3. Log residual versus pile load, ribbed strip reinforcement of pipe piles. 

 

Figure E-4. Log residual versus normalized transverse distance, ribbed strip reinforcement of pipe 

piles. 
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Figure E-5. Log residual versus vertical stress, ribbed strip reinforcement of pipe piles. 

 

Figure E-6. Log residual versus normalized spacing, ribbed strip reinforcement of pipe piles. 
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Figure E-7. Log residual versus L/H ratio, ribbed strip reinforcement of pipe piles. 

 

 

 

 

Figure E-8. Log residual versus log predicted maximum tensile force, ribbed strip reinforcement of 

pipe piles. 
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Table E-5. Numerical Range of Parameters for Ribbed Strip Reinforcement 

Statistical Analysis for Pipe Piles 

Parameter Range 

Measured Maximum Tensile Force, Fmeasured 0 kip – 10.4 kip 

Pile Load, P 0 kip - 56.9 kip 

Normalized Transverse Distance, T/D 0.7 - 5.8 

Vertical Stress, V 304 psf - 1704 psf 

Normalized Spacing, S/D 1.3 - 6.3 

Reinforcement Length to Total Height Ratio, L/H 0.7 - 1.2 

Pile Diameter, D 12.75 
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APPENDIX F. VERTICAL GROUND DISPLACEMENT CURVES 
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H-Piles 

 

Figure F-1. Vertical ground displacement versus distance from back face of MSE wall, H-pile 4.5D. 

 

 

Figure F-2. Vertical ground displacement versus distance from back face of MSE wall, H-pile 3.2D. 
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Figure F-3. Vertical ground displacement versus distance from back face of MSE wall, H-pile 2.5D. 

 

 

Figure F-4. Vertical ground displacement versus distance from back face of MSE wall, H-pile 2.2D. 
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Square Piles 

 

Figure F-5. Vertical ground displacement versus distance from back face of MSE wall, square pile 

5.7D. 

 

 

Figure F-6. Vertical ground displacement versus distance from back face of MSE wall, square pile 

4.2D. 
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Figure F-7. Vertical ground displacement versus distance from back face of MSE wall, square pile 

3.1D. 

 

 

Figure F-8. Vertical ground displacement versus distance from back face of MSE wall, square pile 

2.1D. 
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APPENDIX G. MAXIMUM REINFORCEMENT FORCE AGAINST H-PILE AND 

SQUARE PILE HEAD DISPLACEMENT CURVES 
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H-Piles 

 

Figure G-1. Maximum reinforcement force for each instrumented ribbed strip versus pile head 

displacement for H-pile 4.5D. 

 

 

Figure G-2. Maximum reinforcement force for each instrumented ribbed strip versus pile head 

displacement for H-pile 3.2D. 
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Figure G-3. Maximum reinforcement force for each instrumented ribbed strip versus pile head 

displacement for H-pile 2.5D. 

 

 

Figure G-4. Maximum reinforcement force for each instrumented ribbed strip versus pile head 

displacement for H-pile 2.2D. 
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Square Piles 

 

Figure G-5. Maximum reinforcement force for each instrumented welded wire versus pile head 

displacement for square pile 5.7D. 

 

 

Figure G-6. Maximum reinforcement force for each instrumented welded wire versus pile head 

displacement for square pile 4.2D. 
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Figure G-7. Maximum reinforcement force for each instrumented welded wire versus pile head 

displacement for square pile 3.1D. 

 

 

Figure G-8. Maximum reinforcement force for each instrumented welded wire versus pile head 

displacement for square pile 2.1D. 
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APPENDIX H. PILE DRIVING BLOWCOUNTS 

Table H-1. Pile Driving Blow Counts for the H-piles 

 H-Piles 

Depth 

(ft) 

N (Blow Counts) 

2.2D 2.5D 3.2D 4.5D 

1         

2       

3       

4       

4.5   2    

5 2  3   

5.5     3 

6       

7       

8   2    

9 3 1 3 2 

10 1 1 1 1 

11 2 1 2 2 

12 2 1 1 1 

13 5 7 5 6 

14 5 5 5 5 

15 4 4 4 4 

16 3 4 4 4 

17 3 3 4 4 

18 3 4 3 4 

Total 33 35 35 36 
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Table H-2. Pile Driving Blow Counts for 

the Square Piles 

 Square Piles 

Depth 

(ft) 

N (Blow Counts) 

2.1D 3.1D 4.2D 5.7D 

1         

2       

3 1   1 

4 1 2 2 1 

5 1 1 1 1 

6 1 1 1 1 

7 1 1 1 1 

8 1 1 1 1 

9 2 1 2 2 

10 2 3 5 5 

11 5 5 6 6 

12 8 7 7 7 

13 6 6 6 6 

14 5 4 4 4 

15 3 4 3 3 

16 2 2 2 2 

17 3 2 3 3 

18 3 3 5 5 

Total 45 43 49 49 
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APPENDIX I. PLUG DEPTHS 

Table I-1. Plug Depths for Pipe and Square Piles 

Study 
Pile 

Type 

Nominal 

Normalized 

Spacing 

Plug Depth 

Measured from 

Bottom of Pile [ft] 

Hatch & Budd Pipe 

5D 10.4 

4D 10.5 

3D 10.9 

2D 10.3 

Han & 

Besendorfer 
Pipe 

5D 11.3 

4D 10.4 

3D 10.6 

2D 12.1 

This Study Square 

5D 8.9 

4D 9.8 

3D 9.0 

2D 9.7 
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APPENDIX J. HORIZONTAL SPACING OF PIPE PILES 

Table J-1. Adjacent Spacing of Pipe Piles on the Ribbed Strip Side 

  

2D to 3D 

Pipe (strip 

side) 

3D to 4D 

Pipe (strip 

side) 

4D to 5D 

Pipe (strip 

side) 

5D Pipe to 

5D H-pile 

(strip side) 

Adjacent 

Spacing [in] 
60 59 62 59 

 

 

Table J-2. Adjacent Spacing of Pipe Piles on the Welded Wire Side 

  

5D Square 

to 5D Pipe 

(wire side) 

5D to 4D 

Pipe (wire 

side) 

4D to 3D 

Pipe (wire 

side) 

3D to 2D 

Pipe (wire 

side) 

Adjacent 

Spacing [in] 
68.5 55 55 65 
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APPENDIX K. RECO MSE WALL PLANS 
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APPENDIX L. SSL MSE WALL PLANS 
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