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Project Description:

	At present, about 40% of the 600,000 bridges in the FHWA database are constructed at a skew angle (Silas Nichols, Personal Communication). There is considerable uncertainty about the passive force on skewed abutments where the passive force develops at an angle relative to the longitudinal axis of the bridge structure.  Although current design codes (AASHTO 2011) consider that the ultimate passive force will be the same for a skewed abutment as for a non-skewed abutment, numerical analyses performed by Shamsabadi et al. (2006) indicate that the passive force will decrease substantially as the skew angle increases.  Reduced passive force on skewed abutments would be particularly important for bridges subject to seismic forces or integral abutments subject to thermal expansion.  Unfortunately, there have not been any physical test results for skewed abutments reported in the literature which could guide engineers in making appropriate adjustments for skewed conditions.  Nevertheless, some field evidence has clearly shown poorer performance of skewed abutments during seismic events and distress to skewed abutments due to thermal expansion (Shamsabadi et al. 2006, Steinberg and Sargand 2010).

	This study builds on previous pooled fund testing conducted by Rollins and his students at BYU to evaluate passive force-deflection relationships for non-skewed abutments (TPF-5(122), Dynamic Passive Pressure on Abutments and Pile Caps, Rollins et al, 2010).  The test facilities can readily be modified to allow for the test program with relatively small additional costs because of the test fixtures (reaction shafts, reaction walls, and pile supported cap) which are already constructed at the site.  Results from this study can be compared with previous testing to assess overall performance.

Four objectives are outlined for this new study: 
1. Determine static passive force-displacement curves for skewed abutments with and without wingwalls from large scale tests.
2. Provide comparisons of behavior of skewed abutments with that of normal abutments.
3. Evaluate the effect of wingwalls on skewed abutment response.
4. Develop design procedures for calculating passive force-displacement curves for skewed abutments.

The scope of work consists of twelve specific tasks, including new tasks 7 through 12: 
1. Literature Review and Collection of Existing Test Data
2. Perform Laboratory Passive Force-Deflection Tests on 2 ft High Wall with Skew Angles of 0º, 15º, 30º, and 45º
3. Perform Field Passive Force-Deflection Tests on 5.5 ft High Wall with Skew Angles of 0º, 15º, and 30º and Transverse Wingwalls
4. Perform Field Passive Force-Deflection Tests on 5.5 ft High Abutment with Skew angles of 0º, 15º, 30º and MSE Wingwalls
5. Calibrate Computer Model and Conduct Parametric Studies
6. Preparation of Final Report
7. Perform Additional Field Passive Force-Deflection Tests on 5.5 ft High Abutment with a Skew Angle of 45º with and without MSE Wingwalls
8. Perform Field Passive Force-Deflection Tests on 3.0 ft High Unconfined Backfill with Skew Angles of 0º and 30º
9. Perform Field Passive Force-Deflection Tests on 5.5 ft High Pile Cap with Concrete Wingwalls and Skew Angles of 0º and 45º
10. Perform Field Passive Force-Deflection Tests on 3.5 ft High Unconfined Gravel Backfill with Skew Angles of 0º and 30º
11. Perform Field Passive Force-Deflection Tests on 3.5 ft High GRS Gravel Backfill with Skew Angles of 0º and 30º
12. Present the Results of the Study at TRB and AASHTO Meetings

Dr. Kyle Rollins of BYU is the Principal Investigator for this research project.  Individual task reports will be prepared for Tasks 1 through 5 and 7 through 11 when these are completed.  Up to two in-person meetings with the multi-state technical advisory committee (TAC) are planned to be held in Salt Lake City, Utah during the project.  Other TAC meetings will be tele-conference or web meetings.





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

Task 1 – 100% complete.  
Task 2 – 100% complete.  
Task 3 – 100% complete.  
Task 4 – 100% complete.  
Task 5 – 60% complete.  BYU continued data analysis and worked on task report.
Task 6 – 10% complete.  Combining portions of other task reports for the Final Report.
Task 7 – 80% complete.  BYU continued data analysis and worked on task reports.
Task 8 – 80% complete.  BYU continued data analysis and worked on task reports.
Task 9 – 80% complete.  BYU continued data analysis and worked on task reports.  They submitted a preliminary task report, which was shared with the TAC.
Task 10 – 60% complete.  BYU continued data analysis and worked on task reports.
Task 11 – 60% complete.  BYU continued data analysis and worked on task reports.
Task 12 – 30% complete.  Dr. Rollins presented more findings from the study at the June AASHTO SCOBS Meeting, T-3 Committee, in Columbus, OH.
TAC Meetings – None.
Contract – BYU, UDOT, and Wisconsin DOT discussed possible and preferred uses of the Wisconsin funding recently committed and transferred to the project.


	
Anticipated work next quarter:

Task 1 – None.
Task 2 – None.
Task 3 – None.
Task 4 – None.
Task 5 – BYU will work with Anoosh Shamsabadi of Caltrans to adjust their numerical models and help interpret the results.  Complete the task report.
Task 6 – Combining portions of other task reports for the Final Report.
Task 7 – Complete the full task report (the revised Tasks 3 and 4 reports).
Task 8 – Complete the full task report.
Task 9 – Complete the full task report.
Task 10 – Complete the preliminary and full task reports.
Task 11 – Complete the preliminary and full task reports.
Task 12 – Dr. Rollins will prepare and submit a paper highlighting results for the 2015 TRB Annual Meeting.  He’ll also share his presentation slides with the TAC from the June 2014 AASHTO SCOBS Meeting.
TAC Meetings – Likely hold a TAC web conference to discuss completed task reports near the end of September.
Contract – UDOT and BYU will amend the contract with the new available funding from Wisconsin to add to Task 5, additional numerical modeling to help quantify issues observed in the Task 9 (wingwall) field test results.  The contract schedule and remaining deliverable dates will also be extended.




	

Significant Results:

  During the past quarter work has focused on the analysis of the tests involving the reinforced concrete wingwalls (Task 9). Soil pressure distributions along the wingwalls on both non-skewed and 45° skewed abutments are illustrated in Figure 1 and Figure 2. Soil pressures were approximated using the moments calculated with the strain gauge data and, therefore, follow a similar trend. Significantly higher pressures were observed on the 45° skewed abutment east (obtuse side) wingwall compared to pressures computed on the west wingwall and both wingwalls on the non-skewed abutment. Maximum pressure experienced by the east (obtuse side) wingwall on the 45° skewed abutment, approximately 2400 psf (115 kPa), was six times as large as the maximum pressure experienced by non-skewed wingwalls, approximately 400 psf (19.2 kPa).
 
  Soil pressures were multiplied by tributary areas to compute the total normal force acting on the wingwalls. For the non-skewed test, both east and west wingwalls experienced approximately 3 kips (13.4 kN) of normal force, based on results shown in Figure 1. Wingwall normal forces for the 45° skewed test were computed from results shown in Figure 2. For the 45° skewed abutment, the east wingwall experienced 19 kips (85 kN) compared to 2 kips (9.0 kN) experienced by the west wingwall. 


 

[image: ]


Figure 1 Horizontal pressure distribution along wingwall height at test completion for non-skewed abutment.




[image: ]
 
Figure 2. Horizontal pressure distribution along wingwall height at test completion for 45° skewed abutment. 


  An analysis was performed for the east wingwall (45° skew) to determine the reliability of estimating the passive force development on the wingwall using the abutment backwall passive force-deflection curves. Passive force-deflection curves for non-skewed and 45° skewed abutments were both used for comparison.
 
  For this analysis, the wingwall was divided into three 2-ft (0.61-m) wide segments, shown in Figure 3.. Average deflections in the westward direction (into the backfill) were computed for each segment as the difference between the total abutment movement in the westward direction [0.4 inches (1.0 cm) at the north end] and the deflection at each segment in the eastward direction as measured in the test.  Wingwall deflection was computed in this fashion to more accurately represent the actual pressure distribution along the length of the wingwall where higher pressures were measured near the pile cap with lower pressures near the tapered end. The net deflections into the backfill (∆) for each wingwall segment are shown in Figure 3. An average height (Hav) was calculated for each segment and was used to compute the ratio of deflection to wall height ∆⁄Hav, also shown in Figure 3. 

  Values of ∆⁄Hav were plotted with the normalized passive force-deflection curves in Figure 4 to estimate the percentage of passive force that developed on the wingwall. The normalized passive force-deflection curves in Figure 4 are based on the hyperbolic approximations of passive force development. The peak passive force per unit width for both non-skewed and 45° skewed tests are shown near their respective curves.





[image: ]


Figure 3. Contact area between soil and wingwall divided into three segments.


 
Figure 4. Normalized passive force versus deflection-height ratio (Δ/H).


  The passive force distribution from this analysis is illustrated in Figure 5, which provided passive forces based on both non-skewed and 45° skewed passive force-deflection curves. The total passive force acting on the wingwall was computed as the sum of the forces from the three segments.



 [image: ]

Figure 5. Passive force distribution along wingwall segments. 

  Using the 45° skew passive force-deflection curve, the total estimated passive force on the east wingwall (45° skew) was 19 kips (85 kN), which is within 1% of the computed passive force from the strain gauge measurements [19 kips (85 kN)]. Using the non-skewed passive force-deflection curve, a total passive force of 22 kips (99 kN) was estimated, which overestimates the passive force from strain gauge measurements by 16%. Total passive forces from this analysis underestimate the passive forces obtained from the Geokon® pressure cells [35 kips (157 kN)] by 46% when using the 45° skew passive force-deflection curve, and by 37% when using the non-skewed passive force-deflection curve. This analysis largely confirms measurements from strain gauges and suggests that the passive force acting normal to the wingwall may be reasonably estimated from the design passive force-deflection curve for the abutment backwall and the anticipated transverse wingwall deflection.

[bookmark: _Toc390335817][bookmark: _Toc390336042]Comparison of Passive Force per Width for Unconfined, MSE and RC Wingwall Tests

  Comparisons using total passive force are inadequate for evaluating soil strength because the effective width of the soil failure surface differs with abutment geometry. Effective widths for all the three geometries at both skew angles were estimated based on the location of surface cracks and heave measurements between 0.5 and 0.75 inch (1.3 to 1.9 cm). Effective widths for the non-skewed and 45° skewed geometries are illustrated using a dashed line in Figure 6 and Figure 7, respectively. For 45° skewed unconfined and RC wingwall geometries, projected widths and widths parallel to the skewed backwall are shown for comparison purposes. Projected widths are used as the effective widths.
The unconfined backfills produced the widest effective widths (21 ft [6.4 m] for non-skewed and 17.8 ft [5.5 m] for 45° skewed abutments) compared to MSE and RC wingwall geometries. The passive failure surfaces for the MSE wingwall tests were constrained by the wingwalls, resulting in an effective width of 11.5 ft (3.5 m) (the distance between the walls) for both tests. The surface cracks and heave contours suggest that the RC wingwall passive failure surfaces exhibit characteristics of both the unconfined and MSE wingwall geometries. Effective widths were estimated to be 13.5 ft (4.1 m) for both skew angles. Although shear failure surfaces extend beyond the abutment width (including the wingwalls), the effective widths are only 4% larger than the width of the abutment. The soil at the sloped embankment portion of the backfill could not be compacted as densely as the level backfill within the abutment width because of the presence of the slope, and this may contribute to the narrower failure surface. Because the effective widths for the RC wingwall geometry are essentially equal to the abutment width, the passive failure surface may be better approximated with a 2D geometry rather than a 3D geometry.
	


	[bookmark: _Toc391390826]Figure 6. Comparison of effective widths for non-skewed test geometries.

	
	[bookmark: _Toc391390827]Figure 7. Comparison of effective widths for 45° skewed test geometries.


[bookmark: _Ref389071700]	





Passive force per width was calculated for all deflection increments using Equation (1).

	
	
	[bookmark: _Ref390178542](1)




The measured effective widths in Figure 6 and Figure 7 were used in Equation 1.  Passive force/width-deflection curves for non-skewed and 45° skewed abutments are shown in Figure 8 and Figure 9, respectively. 


[bookmark: _Toc391390828]
Figure 8. Passive force/width-deflection curves for non-skewed abutments.


For the non-skewed case, the MSE wingwall geometry provides an additional 60% passive resistance per width compared to RC wingwall and unconfined geometries. The increased passive resistance is attributed to the smaller effective width from MSE wingwall confinement, the added resistance from grid reinforcements, and the higher plane-strain friction angle  of the soil appropriate for this condition. Kulhawy and Mayne (1990) observed that   is on average 12% higher than the triaxial friction angle  for densely compacted material.

At a 45° skew angle, a maximum passive force per width of approximately 8 to 9 kip/ft (117 to 132 kN/m) is achieved regardless of abutment geometry. MSE wingwalls appear to have little effect on passive resistance per width at a 45° skew.  This may be due to the fact that the alignment of the skew caused significant pull-out of the MSE wingwalls adjacent to the face of the pile cap.  At both 0° and 45° skew angles, abutments with RC wingwall geometry provided similar passive resistance per width as the unconfined backfill geometry.



[bookmark: _Toc391390829]
Figure 9. Passive force/width-deflection curves for 45° skewed abutments.


[bookmark: _Ref390250333][bookmark: _Toc390335818][bookmark: _Toc390336043]PYCAP Analysis

Passive force-deflection curves were computed in PYCAP (Duncan and Mokwa, 2001) for unconfined, MSE and RC wingwall geometries at zero and 45° skew angles. Two sets of parameters were used to generate passive force-deflection curves. First, parameters were selected that are consistent with previous large-scale testing and also accurately represent the effective widths measured in this study. Two separate values of skew reduction factors  for 45° skew were evaluated to compare with the recommendation by Rollins and Jesse (2012). In addition, reasonable alternative values for friction angle  and the 3D factor were selected in combination with the reduction factor proposed by Rollins and Jessee  for the 45° skew RC wingwall case. This analysis was done to investigate the effects of increased friction along the east wingwall and increased 3D effects relative to the non-skewed RC wingwall abutment, which led to a higher reduction factor .

Parameter symbols are explained below.
	
	
	

	
	







	




Poisson’s ratio  of the soil was approximated using Equation (62) recommended by Duncan and Mokwa (2001).
	
	
	[bookmark: _Ref389212214](62)



   Identical values for , ,  / and  were entered for all three abutment geometries for both sets of parameters to maintain consistency and isolate other parameters that are more affected by abutment geometry. Average field values for   were 116.6, 117.3, and 116.0 for unconfined, MSE wingwall, and RC wingwall abutment geometries, respectively. The same parameters used for calibrating non-skewed passive force-deflection curves were evaluated on the 45° skewed abutment case.
[bookmark: _Toc390335820][bookmark: _Toc390336045]
Analysis of Unconfined Backfill Test

Parameters used in generating the hyperbolic curve included an initial soil modulus, (, a cohesion value of  and a friction angle of  = 40 .  The Brinch-Hansen 3D correction factor was employed for the unconfined abutment and was computed as  based on the abutment geometryhe peak passive force was approximated at a deflection 4% of the backwall height (0.04H). Both passive force-deflection curves in Figure 10 generated in PYCAP for non-skewed and 45° skewed abutments show great agreement with the actual test data, and are therefore considered to be best-fit curves as well. PYCAP curves estimate the peak passive force within 2% and 0.05% of the zero and 45° skew tests, respectively.

[image: ]
[bookmark: _Toc391390830]Figure 10.  PYCAP hyperbolic approximations for unconfined geometry.

	
[bookmark: _Toc390335821][bookmark: _Toc390336046]Analysis of MSE Wingwall Test

For developing the hyperbolic curve for the MSE wall geometry, the plane-strain friction angle  was used to account for the plane-strain (2D) conditions provided by the MSE wingwall confinement. A plane-strain friction angle of  was used and is approximately 12% higher than the ultimate friction angle , which is consistent with results by Kulhawy and Mayne (1990). Wall friction was still set as . Because MSE wingwalls were spaced 11.5 ft (3.5 m) apart, was used as the effective abutment width. Initial soil stiffness was lower compared with the unconfined geometry. To reflect the decrease in initial soil stiffness, the initial soil modulus was decreased to . Because the MSE wingwall confinement limited the passive failure wedge from extending beyond the abutment width, the 3D correction factor was set to  to represent no 3D effects. PYCAP hyperbolic curves for MSE wingwall geometry are shown in Figure 11 and Figure 12. Reduction factor values of  and  were used to generate the 45° skew curves in Figures 11 and 12, respectively. 

Although intermediate values of passive resistance are slightly overestimated by PYCAP, the values for peak passive force are within 1% and 0.5% for the zero and 45° skew case, respectively. When the reduction factor recommended by Rollins and Jessee (2012) is used , the peak passive force for the 45° skew is overestimated by 30% but the general shape of the curve is still reasonably well interpreted.  These variations in passive resistance are likely associated with scatter about the best-fit curve proposed by Rollins and Jessee.
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[bookmark: _Toc391390831]Figure 11. PYCAP hyperbolic approximations for MSE wingwall geometry ( for 45° skew)
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[bookmark: _Toc391390832]Figure 12. PYCAP hyperbolic approximations for MSE wingwall geometry ( for 45° skew)

Analysis of RC Wingwall Test

For the RC wingwall case, hyperbolic curves were generated using a 2D failure geometry to represent little to no 3D effects observed in the backfill; however, the plane-strain friction angle was not used as the soil was not constricted beyond the end of the wingwalls. A friction angle of  was used, as was the case for the unconfined abutment geometry. The abutment width of  includes the 1-ft (0.305-m) wide wingwalls on either side of the abutment. PYCAP hyperbolic approximations are shown in Figure 13 and Figure 14.  The 45° skew approximation in Figure 13 uses , while Figure 14 uses the recommendation from Rollins and Jessee (2012) .

   In Figure 13, peak passive forces predicted by PYCAP are within 10% of the measured values from the zero and 45° skew tests. When the reduction factor of  is used, proposed by Rollins and Jessee (2102) for the 45° skew case, and all other parameters are kept the same, the peak passive force is underestimated by 32%.  These results suggest that the proposed reduction factor may be somewhat conservative for this case.  Factors that contribute to the higher reduction factor  for the 45° skew include increased passive resistance from increased friction along the east wingwall and somewhat greater 3D effects for the skewed case relative to the non-skewed case. In addition, it has been noted that the pocket formed by the wingwall and the backwall of the abutment may change the effective skew angle for this case to something like 35º, where the reduction factor computed with the Rollins and Jessee curve would be much closer to the back-calculated value.
[bookmark: _GoBack]
   Overall, the consistency of the computed and measured results suggest that the approach to accounting for the skew effects can be reasonably explained for design purposes if appropriate consideration is given to 3D end effects and the influence of the MSE and RC wingwalls.
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[bookmark: _Toc391390833]Figure 13. PYCAP hyperbolic approximations for RC wingwall geometry ( for 45° skew).   
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[bookmark: _Toc391390834]Figure 14. PYCAP hyperbolic approximations for RC wingwall geometry ( for 45° skew).



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

Some of the analysis in the newer tasks has taken longer than originally planned.  When the newer field testing tasks were added to the contract, the contract end date was not extended.  During this next quarter the contract will be amended to reflect a revised schedule to complete all tasks and deliverables by early 2015.  It is anticipated the modified scope of work can be completed within the original contract schedule plus approximately 10 months.




	
Potential Implementation:  

UDOT is considering early adoption of the skew reduction factor for passive force based on the laboratory and field test results, but no final decision has been made at this point.  In June 2013 and June 2014, Dr. Rollins presented the results of the research to date to technical committees at the AASHTO Subcommittee on Bridges and Structures Annual Meeting in Oregon and Ohio on behalf of the project TAC.  This interaction is intended by the TAC and Dr. Rollins to prepare the way for design code revisions once the research is completed.  Caltrans is also promoting use of the research results in their design methods.




0.66	0.66	625	700	1.32	1.32	625	700	1.98	1.98	625	700	2.64	2.64	625	700	3.3000000000000003	3.3000000000000003	625	700	Normalized Passive Force-Deflection	0	1.5151515151515152E-4	4.5454545454545455E-4	7.5757575757575758E-4	1.5151515151515152E-3	2.2727272727272731E-3	3.0303030303030303E-3	3.787878787878788E-3	4.5454545454545452E-3	5.3030303030303025E-3	6.0606060606060597E-3	6.8181818181818179E-3	7.5757575757575751E-3	8.3333333333333315E-3	9.0909090909090905E-3	9.8484848484848495E-3	1.0606060606060607E-2	1.1363636363636366E-2	1.2121212121212123E-2	1.2878787878787882E-2	1.3636363636363641E-2	1.4393939393939398E-2	1.5151515151515155E-2	1.5909090909090914E-2	1.666666666666667E-2	1.7424242424242429E-2	1.8181818181818188E-2	1.8939393939393947E-2	1.9696969696969706E-2	2.0454545454545461E-2	2.121212121212122E-2	2.1969696969696979E-2	2.2727272727272738E-2	2.3484848484848497E-2	2.4242424242424253E-2	2.5000000000000012E-2	2.5757575757575771E-2	2.651515151515153E-2	2.7272727272727285E-2	2.8030303030303044E-2	2.8787878787878803E-2	2.9545454545454562E-2	3.0303030303030318E-2	3.106060606060607E-2	3.1818181818181829E-2	3.2575757575757584E-2	3.3333333333333333E-2	3.4090909090909088E-2	3.4848484848484844E-2	3.5606060606060599E-2	3.6363636363636355E-2	3.712121212121211E-2	3.7878787878787866E-2	3.8636363636363621E-2	3.9393939393939377E-2	4.0151515151515133E-2	4.0909090909090888E-2	4.1666666666666637E-2	4.2424242424242392E-2	4.3181818181818148E-2	4.3939393939393903E-2	4.4696969696969659E-2	4.5454545454545414E-2	4.621212121212117E-2	4.6969696969696925E-2	4.7727272727272681E-2	4.8484848484848436E-2	4.9242424242424192E-2	4.999999999999994E-2	5.0757575757575696E-2	5.1515151515151451E-2	5.2272727272727207E-2	5.3030303030302962E-2	5.3787878787878718E-2	5.4545454545454473E-2	5.5303030303030229E-2	5.6060606060605984E-2	5.681818181818174E-2	5.7575757575757495E-2	5.8333333333333244E-2	5.9090909090909E-2	5.9848484848484755E-2	6.0606060606060511E-2	6.1363636363636266E-2	6.2121212121212022E-2	6.287878787878777E-2	0	1.1153253182796953E-2	3.2923265716955433E-2	5.4006174451506489E-2	0.10391273951839076	0.15016942770099942	0.19316251043066759	0.23322561026524605	0.27064837537071124	0.30568349365525377	0.33855240586081459	0.36944999071915002	0.39854843166820036	0.42600042720984815	0.45194187131598379	0.47649410321249391	0.49976580514851582	0.52185461077591011	0.54284847434662986	0.56282684122126037	0.58186165253219135	0.60001821078339634	0.61735592833743069	0.6339289768677997	0.64978685273435421	0.66497487071204753	0.67953459644653313	0.69350422632836095	0.70691892209643836	0.71981110634239187	0.73221072414428456	0.74414547527407293	0.75564102076896378	0.76672116710899307	0.7774080307828084	0.78772218563555463	0.79768279506452044	0.80730773084976115	0.81661368016998648	0.82561624215183083	0.83433001512764737	0.84276867562855418	0.85094505001181808	0.8588711795115872	0.86655837940684644	0.87401729291805419	0.88125794037233007	0.88828976411480798	0.89512166958942652	0.90176206296499029	0.90821888564076281	0.91449964592940092	0.92061144818299157	0.92656101959973602	0.93235473492393528	0.9379986392299352	0.94349846896122369	0.94885967137860783	0.95408742255607792	0.95918664404933052	0.96416201834978188	0.96901800322607634	0.97375884504541255	0.97838859115836752	0.98291110142313221	0.98733005893813108	0.99164898004574531	0.99587122366424841	0.99999999999999967	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	4.7000000000000002E-3	4.7000000000000002E-3	0	0.28000000000000003	1.8E-3	1.8E-3	0	0.12	1.1000000000000001E-3	1.1000000000000001E-3	0	0.06	Secondary Axis	0	0.52020546200000328	0.71279258000000001	1.1151708233750011	1.7036850133750008	2.3167051233750011	2.8549114383750012	3.468784353375002	4.1368164183749991	4.7442390033750019	5.3727308883750009	6.0154099433750012	6.6391742533750007	7.2547737333749991	7.8918628833749995	8.5689309983750004	0	123.41703023775531	167.02482143421099	194.02062551439667	236.52187110638792	253.00863626289296	262.9407536089019	247.32405804302496	208.27679789597266	180.32317525129673	138.30878139798691	117.17785287372899	113.27416152387255	128.54171413946196	161.94716313899266	196.34305023074484	0.66	0.66	625	700	1.32	1.32	625	700	1.98	1.98	625	700	2.64	2.64	625	700	3.3000000000000003	3.3000000000000003	625	700	Normalized Passive Force-Deflection	0	2.4022000558144799E-2	6.9662132047903919E-2	0.11235575849011994	0.20793156413833649	0.29022526493386286	0.36182568496072387	0.4246899067460661	0.48032489318527277	0.52990985808793167	0.57438077389698095	0.6144900140376004	0.65084926659708187	0.68396094899055793	0.71424156471423661	0.74203931467223472	0.76764754698196069	0.79131514904022637	0.81325466326203921	0.83364868772337142	0.852654970179897	0.87041049641157753	0.88703479714749955	0.90263264243965202	0.91729625189665309	0.93110711931817314	0.94413752799645601	0.956451816185663	0.9681074395094913	0.9791558673315659	0.98964334259384534	0.99961152878445381	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	4.7000000000000002E-3	4.7000000000000002E-3	0	0.48	1.8E-3	1.8E-3	0	0.23	1.1000000000000001E-3	1.1000000000000001E-3	0	0.14000000000000001	Secondary Axis	0	0.52020546200000328	0.71279258000000001	1.1151708233750011	1.7036850133750008	2.3167051233750011	2.8549114383750012	3.468784353375002	4.1368164183749991	4.7442390033750019	5.3727308883750009	6.0154099433750012	6.6391742533750007	7.2547737333749991	7.8918628833749995	8.5689309983750004	0	123.41703023775531	167.02482143421099	194.02062551439667	236.52187110638792	253.00863626289296	262.9407536089019	247.32405804302496	208.27679789597266	180.32317525129673	138.30878139798691	117.17785287372899	113.27416152387255	128.54171413946196	161.94716313899266	196.34305023074484	0	1.5151515151515152E-4	4.5454545454545455E-4	7.5757575757575758E-4	1.5151515151515152E-3	2.2727272727272731E-3	3.0303030303030303E-3	3.787878787878788E-3	4.5454545454545452E-3	5.3030303030303025E-3	6.0606060606060597E-3	6.8181818181818179E-3	7.5757575757575751E-3	8.3333333333333315E-3	9.0909090909090905E-3	9.8484848484848495E-3	1.0606060606060607E-2	1.1363636363636366E-2	1.2121212121212123E-2	1.2878787878787882E-2	1.3636363636363641E-2	1.4393939393939398E-2	1.5151515151515155E-2	1.5909090909090914E-2	1.666666666666667E-2	1.7424242424242429E-2	1.8181818181818188E-2	1.8939393939393947E-2	1.9696969696969706E-2	2.0454545454545461E-2	2.121212121212122E-2	2.1969696969696979E-2	2.2727272727272738E-2	2.3484848484848497E-2	2.4242424242424253E-2	2.5000000000000012E-2	2.5757575757575771E-2	2.651515151515153E-2	2.7272727272727285E-2	2.8030303030303044E-2	2.8787878787878803E-2	2.9545454545454562E-2	3.0303030303030318E-2	3.106060606060607E-2	3.1818181818181829E-2	3.2575757575757584E-2	3.3333333333333333E-2	3.4090909090909088E-2	3.4848484848484844E-2	3.5606060606060599E-2	3.6363636363636355E-2	3.712121212121211E-2	3.7878787878787866E-2	3.8636363636363621E-2	3.9393939393939377E-2	4.0151515151515133E-2	4.0909090909090888E-2	4.1666666666666637E-2	4.2424242424242392E-2	4.3181818181818148E-2	4.3939393939393903E-2	4.4696969696969659E-2	4.5454545454545414E-2	4.621212121212117E-2	4.6969696969696925E-2	4.7727272727272681E-2	4.8484848484848436E-2	4.9242424242424192E-2	4.999999999999994E-2	5.0757575757575696E-2	5.1515151515151451E-2	5.2272727272727207E-2	5.3030303030302962E-2	5.3787878787878718E-2	5.4545454545454473E-2	5.5303030303030229E-2	5.6060606060605984E-2	5.681818181818174E-2	5.7575757575757495E-2	5.8333333333333244E-2	5.9090909090909E-2	5.9848484848484755E-2	6.0606060606060511E-2	6.1363636363636266E-2	6.2121212121212022E-2	6.287878787878777E-2	0	2.4022000558144799E-2	6.9662132047903919E-2	0.11235575849011994	0.20793156413833649	0.29022526493386286	0.36182568496072387	0.4246899067460661	0.48032489318527277	0.52990985808793167	0.57438077389698095	0.6144900140376004	0.65084926659708187	0.68396094899055793	0.71424156471423661	0.74203931467223472	0.76764754698196069	0.79131514904022637	0.81325466326203921	0.83364868772337142	0.852654970179897	0.87041049641157753	0.88703479714749955	0.90263264243965202	0.91729625189665309	0.93110711931817314	0.94413752799645601	0.956451816185663	0.9681074395094913	0.9791558673315659	0.98964334259384534	0.99961152878445381	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	Deflection (Δ/H)
Normalized passive force 

0.66	0.66	50	60	1.32	1.32	50	60	1.98	1.98	50	60	2.64	2.64	50	60	3.3000000000000003	3.3000000000000003	50	60	MSE	0	6.5268342394015022E-2	0.14890889239401517	0.24304686739401449	0.56541119239401461	0.83291919239401491	1.0716439423940147	1.2693976923940147	1.4776534423940149	1.717401942394015	1.968323442394015	2.2185639423940149	2.4633854423940149	2.727171442394015	2.9821526923940147	3.1826161923940148	0	3.1655375716372354	6.1073460283408636	8.8797389913518252	15.596891187098921	19.475607050920157	22.373137583239892	24.51961855445575	26.559034567911162	28.63503094490255	30.550964051388441	32.336172316562454	34.135410311657687	36.250977879010811	38.299799941603347	39.449559760990063	Unconfined	0	4.7798706914893074E-2	9.9269731914892745E-2	0.15582048191489273	0.47311608191489274	0.8090225819148924	1.1191960819148923	1.2228150819148929	1.3887393319148931	1.6965488319148925	1.9938638319148931	2.2444453319148931	2.4862225819148924	2.7219065819148929	2.9741843319148926	3.2115598319148928	0	2.4557409346099393	3.9590330159812432	5.4077597349056346	10.868571870732719	14.294053538251221	16.864540111048413	17.666540916598581	18.877793919942505	20.765694493471685	21.981387175219975	22.524566055612997	22.749741219649216	22.868341619740818	22.882714141393453	22.584940262133493	RC Wingwall	0	0.20719574250000017	0.48883786750000002	0.80922011749999978	1.0796748675000001	1.3071431174999999	1.5078688675	1.7415956175000002	1.9985076175000001	2.2505123675000003	2.5018416175000002	2.7497881175000001	2.9948606174999997	3.2485596175000002	0	6.6885241155509858	10.205908227918224	12.975171249798711	15.109266613462875	16.55091487173674	17.635510383627597	18.918539910275033	20.089093090417055	21.087537016390886	22.130636611728484	23.02544534450216	24.415221326457523	25.867414689748816	3.96	3.96	50	60	Secondary Axis	0	0.52020546200000328	0.71279258000000001	1.1151708233750011	1.7036850133750008	2.3167051233750011	2.8549114383750012	3.468784353375002	4.1368164183749991	4.7442390033750019	5.3727308883750009	6.0154099433750012	6.6391742533750007	7.2547737333749991	7.8918628833749995	8.5689309983750004	0	123.41703023775531	167.02482143421099	194.02062551439667	236.52187110638792	253.00863626289296	262.9407536089019	247.32405804302496	208.27679789597266	180.32317525129673	138.30878139798691	117.17785287372899	113.27416152387255	128.54171413946196	161.94716313899266	196.34305023074484	Deflection (in)
Passive Force per Width (kip/ft)
Passive Force per Width (kN/m)
Deflection (cm)

0.66	0.66	25	30	1.32	1.32	25	30	1.98	1.98	25	30	2.64	2.64	25	30	3.3000000000000003	3.3000000000000003	25	30	45° MSE	0	0.29487486500000104	0.58970561500000152	0.85203836500000074	1.0483573650000011	1.2654943650000012	1.4772196150000014	1.7207621150000012	1.9812311150000013	2.2400048650000013	2.5045333650000012	2.7133838650000017	0	5.2081941114578463	6.4488007443789002	7.1713983265376218	7.4321378051156639	7.7853816706126509	7.9306885077278757	8.1253027270727429	8.2166649541027432	8.4616865617842123	8.9429038605795874	9.2842724122021405	45° Unconfined	0	0.19708987874999906	0.49631945374999953	0.79182795374999904	1.059071703749999	1.2577667037499989	1.5057077037499993	1.7396002037499994	1.9882209537499986	2.2349779537499992	2.485969703749999	2.7198749537499993	2.9553064537499991	0	3.0087635015280694	4.7997667753034037	5.8749706021234216	6.3693417776176116	6.7092757112366908	7.2048610731003828	7.4887962185633752	7.8334581433717894	8.0629374475382232	8.2396607395282118	8.39504987566567	8.7255838141400659	45° RC Wingwall	0	0.27519177499999969	0.48352895000000018	0.72216470000000044	1.0075129500000006	1.2744154500000011	1.5106839500000007	1.7166551999999999	1.9933692000000001	2.2314957	2.4797784500000013	2.7333102000000018	2.9250644500000007	0	2.9872551777249146	4.7688280594354717	5.8331383331419486	6.6297272290358009	7.1193435555852087	7.3892898540202845	7.3660071112470415	7.4422368496944351	7.5494741244659194	7.7657086018162733	8.0689091542953477	8.1840060819918374	3.96	3.96	25	30	Secondary Axis	0	0.52020546200000328	0.71279258000000001	1.1151708233750011	1.7036850133750008	2.3167051233750011	2.8549114383750012	3.468784353375002	4.1368164183749991	4.7442390033750019	5.3727308883750009	6.0154099433750012	6.6391742533750007	7.2547737333749991	7.8918628833749995	8.5689309983750004	0	123.41703023775531	167.02482143421099	194.02062551439667	236.52187110638792	253.00863626289296	262.9407536089019	247.32405804302496	208.27679789597266	180.32317525129673	138.30878139798691	117.17785287372899	113.27416152387255	128.54171413946196	161.94716313899266	196.34305023074484	Deflection (in)
Passive Force per Width (kip/ft)
Passive Force per Width (kN/m)
Deflection (cm)

TPF Program Standard Quarterly Reporting Format – 7/2011
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