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ABSTRACT: The passive force-deflection relationship for abutment walls is important for 5 

bridges subjected to thermal expansion and seismic forces, but no test results have been available 6 

for skewed abutments. To determine the influence of skew angle on the development of passive 7 

force, lab tests were performed on a wall with skew angles of 0º, 15º, 30º, and 45º.  The wall was 8 

1.26 m wide and 0.61 m high and the backfill consisted of dense compacted sand. As the skew 9 

angle increased, the passive force decreased substantially with a reduction of 50% at a skew of 10 

30º.  An adjustment factor was developed to account for the reduced capacity as a function of 11 

skew angle. The shape of the passive force-deflection curve leading to the peak force 12 

transitioned from a hyperbolic shape to a more bilinear shape as the skew angle increased.  13 

However, the horizontal displacement necessary to develop the peak passive force was still 14 

between 2 to 4% of the wall height.  In all cases, the passive force decreased after the peak value, 15 

which would be expected for dense sand; however, at higher skew angles the drop in resistance 16 

was more abrupt.  The residual passive force was typically 40% lower than the peak force.  For 17 

nearly all skew angles, the transverse shear resistance exceeded the applied shear force on the 18 

wall so that transverse movement was minimal.  Computer models using the plane strain friction 19 

angle were able to match the measured force for the no skew case as well as for skewed cases 20 

when the proposed adjustment factor was used.   21 
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 25 

INTRODUCTION 26 

 27 
Over the past 20 years a number of large scale tests have been performed to define the 28 

passive force-deflection curve which might be expected for dense compacted fill behind bridge 29 

abutments (Maroney 1995, Mokwa and Duncan 2001, Rollins and Cole 2006, Rollins and Sparks 30 

2002, Lemnitzer et al 2009).  These tests have generally shown that the ultimate passive force is 31 

best approximated using the log spiral approach and that the maximum force requires a 32 

deflection equal to 3 to 5% of the wall height (Rollins and Cole 2006).  The complete passive 33 

force-deflection curve can best be estimated by a hyperbolic curve using techniques described by 34 

Shamsabadi et al. (2007) or by Duncan and Mokwa (2001); however, for simplicity design 35 

guidelines often recommend a bilinear relationship (Caltrans  2001, AASHTO 2011).   36 

Although these findings are clearly useful in bridge engineering design, there is 37 

considerable uncertainty about their applicability for skewed abutments where the passive force 38 

develops at an angle relative to the longitudinal axis of the bridge structure as shown in Fig. 1.   39 

This becomes particularly important in light of the fact that about 41% of 605,000 bridges in the 40 

US bridge database are skewed (Nichols, personal communication, 2012).  While current design 41 

codes (AASHTO 2011) consider that the ultimate passive force will be the same for a skewed 42 

abutment as for a non-skewed abutment, numerical analyses performed by Shamsabadi et al. 43 

(2006) indicate that the passive force will decrease substantially as the skew angle increases.  44 

Reduced passive force on skewed abutments would be particularly important for bridges subject 45 

to seismic forces or integral abutments subject to thermal expansion.  In fact, some field 46 

evidence indicates poorer performance of skewed abutments during seismic events (Shamsabadi 47 

et al 2006, Unjohn 2012, Apirakvorapinit et al 2012, Elnashai et al, 2010) and distress to skewed 48 

abutments due to thermal expansion (Steinberg and Sargand 2010). Unfortunately, there have not 49 



been any physical passive force test results for skewed abutments reported in the literature which 50 

could guide engineers in making appropriate adjustments for skewed conditions.             51 

To understand better the influence of skew angle on the development of passive force, a 52 

series of large size laboratory tests were performed on a wall that was 1.26 m (4.1 ft) wide and 53 

0.61 m (2 ft) high.  A dense sand was compacted behind the wall to simulate a bridge approach 54 

fill.  Passive force-deflection curves were measured for skew angles of 0º, 15º, 30º, and 45º. This 55 

paper describes the test program, the test results, and the implications for design practice based 56 

on analysis of the test results. 57 

 58 

BACKGROUND 59 

 60 

 The distribution of forces at the interface between a skewed bridge and the adjacent 61 

backfill soil is illustrated in Fig. 1 as originally outlined by Burke (1994).  The longitudinal force 62 

(PL) can be induced by thermal expansion or seismic forces.  For static or simplified pseudo-63 

static analyses, the components of the longitudinal force normal and transverse to the abutment 64 

must be resisted by the passive force (Pp) normal to the abutment backwall and the shear 65 

resistance (PR) on the backwall.  Summing forces normal to the abutment produces the equation 66 

     Pp = PLcos                 (1) 67 

where  is the skew angle of the backwall. 68 

 The transverse applied shear force (PT) can be computed using the equation 69 

     PT = PLsin              (2) 70 

 71 

While the transverse shear resistance (PR) can be given by the equation 72 

 73 

     PR = cA + Pp tan             (3) 74 

   75 

 Summing forces transverse to the backwall produces the equation 76 

 77 



(cA + Pp tan )/Fs ≥ PLsin             (4) 78 

where c is the soil cohesion, A is the area of the backwall,  is the angle of wall friction between 79 

the backfill soil and the concrete abutment backwall, and Fs is a factor of safety.  If the applied 80 

transverse shear resistance exceeds the ultimate shear resistance, the abutment could slide against 81 

the soil leading to an unstable condition.   82 

In addition, the offset in passive force on the abutments produce a force couple which 83 

must be resisted by the force couple produced by the shear resistances on each abutment.  84 

Summing moments about a vertical axis leads to the equation 85 

     (cA + Pp tan ) L cos /Fs ≥ Pp L sin                         (5) 86 

Again, if the shear resistance is insufficient, the bridge will tend to rotate, which would likely 87 

change the distribution of passive force on the abutments.  Based on Eq 5, Burke (1994) 88 

suggested that rotation would be expected for skew angles greater than 15º with smooth 89 

abutment-soil interfaces and no cohesion as the factor of safety dropped from 1.5 to 1.0.  If 90 

cohesion is ignored, the potential for rotation is independent of both Pp and the length of the 91 

bridge, L. 92 

   93 

TEST LAYOUT 94 

To understand better the influence of skew angle on the development of passive force, a 95 

series of laboratory tests were performed.  A plan view of the test layout is provided in Fig. 2.  A 96 

concrete wall 1.26 m (4.13 ft) wide and 0.61 m (2 ft) high was used to model the backwall of an 97 

abutment.  Passive force-deflection tests were performed with skew angles ( ) of 0º, 15º, 30º, 98 

and 45º. Two tests were performed for each skew angle to evaluate repeatability. A dense sand 99 

was compacted behind the wall to simulate the backfill in a typical approach fill.  The sand 100 



backfill was 0.9 m (3 ft) thick and extended 0.3 m (1 ft) below the base of the wall to allow a 101 

potential failure surface to develop below the wall as might be expected for a log-spiral failure 102 

geometry.  The backfill was 3 to 4 m (10 to 13 ft) long to completely contain the failure surface 103 

and was slightly wider than the wall 1.28 m (4.21 ft) to allow the backwall to move into the sand 104 

backfill without any friction on the concrete sidewall.  To support the sand backfill during 105 

compaction, two 1. 5 m concrete blocks were bolted to the structural floor of the laboratory on 106 

either side of the fill near the wall.  Beyond the concrete blocks, plywood walls were braced into 107 

a vertical position. Two plastic sheets were placed along the sidewalls of the backfill to create a 108 

low friction surface and produce a 2D or approximately plane strain geometry.  A base was 109 

constructed below the concrete backwall and rollers were placed at the interface between the 110 

backwall and the base to provide a normal force but minimize base friction.     111 

Tests were performed by pushing the backwall longitudinally into the backfill sand using 112 

a 490 kN (110 kip) hydraulic actuator which was bolted to the backwall.  Load was applied at a 113 

rate of 0.25 mm/min (0.1 inch/min).  Vertical and horizontal load cells were mounted between 114 

the reaction frame and the actuator so that the loads necessary to hold the wall in place could be 115 

measured. Nevertheless, because of the flexibility of the actuator piston, there was still a small 116 

amount of movement of the backwall at the soil-wall interface.    117 

Instrumentation 118 

 Load was measured by pressure transducers in the actuator. To measure the movement of 119 

the backwall, four longitudinal string potentiometers were positioned at the corners of the wall 120 

and two transverse string pots were positioned at the top and bottom of one side.  In addition, a 121 

final string pot was used to monitor the vertical movement.  Longitudinal string pots were also 122 

attached to steel rods driven into the backfill surface at distances of approximately 0.6, 1.2 and 123 



1.8 m (2, 4 and 6 ft) behind the backwall to determine average compressive strain within the 124 

backfill soil.  All string potentiometers were connected to an independent reference frame. 125 

 To help identify the position of the failure surface on the ground, 0.3 m (1 ft) square grids 126 

were marked on the surface of the backfill.  The change in elevation of the centerline of the 127 

backfill was also measured at each grid point with a survey level.  To locate the failure surface 128 

within the backfill, a hand auger was used to drill 50 mm (2 inch) diameter vertical holes through 129 

the backfill at a series of locations behind the backwall.  These holes were then backfilled and 130 

compacted with red sand.  At the conclusion of each test, a longitudinal trench was excavated 131 

and the offset in the red sand column provided the location of the failure surface with distance 132 

from the wall face.           133 

Geotechnical Properties of the Backfill 134 

 The sand backfill is clean poorly-graded sand classifying as SP according to the Unified 135 

Soil Classification System and A-1-b according to the AASHTO system.  The particle size 136 

distribution curve falls within the gradation limits for washed concrete sand (ASTM C33) as 137 

shown in Fig. 3 with Cu of 3.7 and Cc of 0.7.   138 

Unit weight and Moisture Content 139 

 A modified Proctor test was performed on the sand and indicated a maximum dry unit 140 

weight of 17.8 kN/m
3
 (113.5 lbs/ft

3
).  Although the optimum moisture content was 13% the 141 

curve was not highly sensitive to moisture content.  The sand was compacted into the box with a 142 

jumping jack compactor in 150 mm (6 inch) lifts to achieve an average relative compaction 143 

greater than 95% as specified by many design standards.  A typical histogram of relative 144 

compaction based on nuclear density test results is provided in Fig. 4 and a summary of the mean 145 

relative compaction and water content at the time of each test is provided in Table 1.  Typically, 146 



the average relative compaction was about 98% with a moisture content of 8%.   Based on a 147 

correlation developed by Lee and Singh (1971), the relative density (Dr) for this level of 148 

compaction would be about 90%.   149 

 Load testing was generally performed two days after compaction and moisture content 150 

measurements were made immediately after testing.  The moisture content as a function of depth 151 

for the various tests is shown in Fig. 5.  The moisture content curves for the various tests 152 

generally fall within one or two percent of one another indicating good consistency between 153 

tests.   154 

Shear strength 155 

 Based on a direct shear test on the sand compacted at the density and moisture content in 156 

the sand box, the drained friction angle (ϕ’) was found to be 46º with a cohesion of 7 kPa (140 157 

psf).  Shear stress versus horizontal displacement curves typically showed a 35 to 40% reduction 158 

in shear strength from the peak to the residual value with a residual friction angle of 33º.  159 

Interface friction tests were also performed between the sand and the concrete and a wall friction 160 

angle ( ) of 33º was measured.  Therefore, the /ϕ is 0.72 which is in good agreement with 161 

results from other researchers (Potyondy, 1961, Cole and Rollins, 2006).   162 

 Because the compacted sand in a partially saturated state could be excavated with a 163 

vertical face and remained stable for long periods, the potential for apparent cohesion owing to 164 

matric suction was also investigated.  Suction measurements indicated that the sand at the 165 

moisture content during testing had a matric suction (ψ) (negative pressure relative to 166 

atmospheric pressure) of approximately 4 to 5 kPa (80 to 100 psf).  At this water content the 167 

degree of saturation (S) was between 40 and 50%.  Based on the recommendations of Likos et al 168 

(2010), the apparent cohesion (ca) for the partially saturated sand can be given by the equation, 169 



      ca= Se ψ tanϕ '                        (6) 170 

where the effective saturation (Se) as a fraction is given by the equation 171 

     Se = (S - Sr)/(1 - Sr)                              (7)  172 

 and Sr is the residual or lower bound saturation at high matric suctions. Sr is obtained from a 173 

water retention curve which defines the relationship between saturation and matric suction.  A 174 

water retention curve for the sand was determined using a porous pressure plate apparatus and 175 

indicated that Sr is 14%.  For the conditions during the passive force testing, the apparent 176 

cohesion determined from Eq. 6 would be approximately 4 to 5 kPa (80 to 100 psf). 177 

 178 

TEST RESULTS 179 

Passive Force-Deflection Curves 180 

 The passive force versus longitudinal deflection curves for the tests at each of the skew 181 

angles are plotted in Fig. 6.  The passive force was computed from the applied actuator force 182 

using Eq. 1 while the wall deflection was the average of the four longitudinal strain 183 

potentiometers.  Generally, the results from the pair of tests at each skew angle were reasonably 184 

consistent; however, some variations are apparent for post-peak response. Although the initial 185 

stiffness for each curve is remarkably similar, the peak passive force clearly decreases as the 186 

skew angle increases.   187 

 While the passive force-deflection curve appears to exhibit a typical hyperbolic curve 188 

shape for the no skew case, it transitions to a different shape as the skew angle increases.  As the 189 

skew angle increases, the passive force exhibits a longer plateau where the force remains 190 

relatively constant or increases gradually with deflection before reaching a peak and abruptly 191 

decreasing to a residual value. The peak passive force typically developed at a normalized 192 

deflection of 2.5% to 3.5% of the wall height (H), and did not change consistently with skew 193 



angle.  The tests typically showed a reduction in the passive force to a residual value at a 194 

normalized displacement of 0.04H to 0.06H.  This post-peak reduction in passive force to a 195 

residual value is consistent with the stress-strain behavior expected from dense compacted sand 196 

and the results of the direct shear tests.  Dense sands dilate during shearing and the resulting 197 

lower density leads to a reduced strength.  The post-peak residual strength ranged from 53 to 198 

72% of the peak value with an average of 60% and may be important for large displacement 199 

applications.  The post-peak drop in passive force appeared to become somewhat more abrupt as 200 

the skew angle increased.  The decrease in passive force is likely to be less significant for higher 201 

abutment walls as increased confinement reduces the potential for dilation during shearing.  202 

    The peak passive force for each test at a given skew angle has been divided by the peak 203 

passive force at zero skew and the results are shown as a function of skew angle in Fig. 7.  As the 204 

skew angle increases, the normalized passive force decreases significantly.  For example, at a 205 

skew angle of 30º the passive force is only about 50% of that with no skew.  Normalized data 206 

from numerical analyses of skew abutments reported by Shamsabadi et al (2006) are also shown 207 

in Fig. 7 and the results follow the same trend line. Shamsabadi et al performed their analyses on 208 

a seat type abutment with a backwall height of the 1.68 m (5.5 ft), a width of 22.8 m (75 ft), and 209 

skew angles of 0°, 30°, 45° and 60°.  The backfill consisted of silty sand with a unit weight of 210 

18.8 kN/m
3
 (120 lbs/ft

3
), a cohesion of 25 kPa (500 lbs/ft

2
), a soil friction angle of 34°, and a 211 

wall friction of 23° which was confined by parallel wingwalls on either side of the backwall. 212 

Analyses were performed with the Plaxis 3D finite element computer program with the 213 

Hardening Soil (HS) constitutive model (Brinkgeve 2006).  The curve has been extrapolated to 214 

zero at a skew angle of 90º.  As illustrated in Fig. 8, at a skew angle of 90º there would be no 215 

passive force but only transverse shear force equal to the side shear resistance on the wall.  There 216 



must be a transition (Fig. 8b) from pure passive force and zero side shear for 0° skew (Fig. 8a) 217 

towards pure side shear and zero passive force at 90° skew (Fig. 8c).  The side shear resistance at 218 

90° skew would be much less than the passive force at 0° skew.   219 

 Considering the variation in backfill geometries and soil properties, the agreement in 220 

reduction factors from the numerical and physical test results is quite remarkable and suggests 221 

the potential for a simple adjustment factor to account for skew effects. However, because the 222 

correction factor produces a significant decrease in passive resistance, these large scale lab 223 

results should be verified with large scale field tests with variations in abutment geometry and 224 

possibly backfill type.  Plans for additional large scale field testing are currently being developed 225 

by the authors, but in the interim, the reduction factors should be considered provisional. 226 

 As indicated previously, vertical and lateral displacement of the wall was measured 227 

during each test and the maximum values are summarized in Table 2. The displacements were 228 

typically averages of two displacements. The data in Table 2 shows that displacement was less 229 

than 4.4 mm for vertical movement and less than 2.3 mm for transverse movement for the skew 230 

angles tested.   231 

 232 

Variation of Forces on Abutment with Skew Angle 233 

 The peak longitudinal force (PL), peak passive force (PP), peak transverse shear force (PT) 234 

(computed using Eq. 2), and the peak transverse shear resistance (PR) (computed using Eq. 3) are 235 

shown as a function of skew angle in Fig. 9.  In computing PR the wall friction was taken as 33° 236 

with cohesion of 4.5 kPa (90 psf) based on the lab test results.  Although the passive force 237 

continues to decrease with skew angle, as explained previously, the longitudinal force appears to 238 



stabilize at a skew angle of 30°.  Apparently, the decrease in passive resistance is partially 239 

compensated by the increased longitudinal component of the shear resistance.  240 

   Although the applied shear force increases with skew angle, the shear resistance 241 

decreases because the normal force provided by the passive force decreases.  Nevertheless, as 242 

shown in Fig. 9, the applied transverse shear resistance is greater than the transverse shear force 243 

in all cases except for the 45° skew, which may explain the lack of significant transverse 244 

displacement for measured transverse force for these cases.  For the 45° skew case, the 245 

transverse shear resistance is lower than the transverse shear force and transverse force was 246 

measured by the load cell.  Of course, if the interface friction angle were to decrease, sliding 247 

would occur at lower skew angles.             248 

Failure Surface Geometry 249 

 The failure surface for the no skew case was approximately the same length across the 250 

width of the sand box; however, when a skew angle was involved, the failure surface also 251 

exhibited a skew across the width of the sand box as illustrated by the photos in Fig. 10.  Some 252 

edge effects appear to be present due to interface friction and geometrical variations in the 253 

plywood walls. Interface shear tests indicate that the friction angle is 15º for the plastic sheeting 254 

which could lead to errors of 3% to 6% in the measured longitudinal force assuming an average 255 

earth pressure coefficient of 4 on the sidewall.  The failure surface did not manifest itself at the 256 

ground surface until after the peak force had been reached and the passive resistance had begun 257 

decreasing to the residual value. 258 

 The failure surface within the sand was clearly identifiable from the offset in the red sand 259 

columns as shown by the photo in Fig. 11.  For columns closer to the wall, there was typically a 260 

lower shear offset in the column with a bent section above it and then another shear offset above 261 



the bent section.  In contrast, for columns further away from the wall and closer to the ground 262 

surface there was simply one shear offset in the column.  Such failure patterns suggest that the 263 

soil near the wall may be compressing more than soil away from the wall in addition to shearing 264 

along the failure surface.  265 

 The failure surface geometry is shown as a function of distance behind the middle of the 266 

wall for the various skew angles in Fig. 12.  In addition, the ground surface heave is also plotted 267 

for each test.  The average length of the failure surface behind the middle of the wall was 2.1 m 268 

(7.0 ft) with a standard deviation of 0.3 m (1.0 ft).  The length of the failure surface ranged from 269 

1.8 to 2.6 m (5.9 to 8.6 ft).  The failure surface typically extended 75 mm to 300 mm. 270 

horizontally from the bottom of the wall then exhibited a relatively linear trend line upward to 271 

the surface.  The angle of inclination of the trend line was between 19º and 21.5º with an average 272 

of 20°.  Assuming that the angle of inclination ( ) of the straight line segment of the log-spiral 273 

failure wedge is given by the equation 274 

      = 45 - ϕ '/2                        (8) 275 

as suggested by Terzaghi and Peck (1948), then the interpreted drained friction angle would be 276 

between 47º and 52º with an average of 50º.  The inferred friction angle value is higher than the 277 

measured friction angle from the direct shear test, but is close the value that would be expected 278 

for the plane strain friction angle.  The conditions and geometry of the sand box simulated a 279 

plane strain condition as well.  Based on a number of studies, Kulhawy and Mayne (1990) 280 

determined that the plane strain friction angle for dense sand was 11% higher than the triaxial 281 

value on average.  Thus, the plane strain friction angle for the sand used in the tests would be 282 

about 51°, which is approximately the same value as that of the inferred friction angle from the 283 

inclination of the failure wedge.   284 



 The heave of the failure wedge was typically about 25 mm (1.0 in) which represents a 4% 285 

heave relative to the maximum thickness of the failure wedge (0.62 m).  The heave was 286 

relatively uniform along the length of the failure wedge although somewhat higher near the wall. 287 

   288 

Displacement and Strain within the Failure Wedge  289 

The normalized longitudinal ground surface displacements as a function of distance 290 

behind the wall are shown in Fig. 13 at the peak passive force for the tests at the four skew 291 

angles; displacement is normalized by the maximum displacement of the wall.  No trends were 292 

observed with skew angle.  Based on this data, the average compressive strain was computed as a 293 

function of distance behind the wall and is shown for an average wall displacement of 16 mm 294 

(0.62 inch) or 0.025H in Fig. 14. These results indicate that the failure “wedge” does not simply 295 

move as a block but undergoes significant compression as well.  As discussed previously, 296 

compressive strain is highest in the sand directly behind the wall but decreases with distance.  297 

Compressive strains are as high as 7.5% near the wall but decrease to around 3.5% at 1 m (3.3 ft) 298 

behind the wall.  This strain information is likely to be useful for calibrating numerical models in 299 

the future. 300 

             301 

 ANALYSIS OF TEST RESULTS 302 

 303 

  The passive force-deflection curves were computed using the computer programs 304 

PYCAP developed by Duncan and Mokwa (2001) and ABUT developed by Shamsabadi et al 305 

(2007).  Both programs compute the ultimate passive force using the log-spiral method and use a 306 

hyperbolic curve which is asymptotic to the ultimate passive force to define the force-deflection 307 

curve.  In defining the hyperbolic curve, Duncan and Mokwa make use of the initial elastic 308 



modulus (E) and normalized wall movement at failure, while Shamsabadi et al use the strain at 309 

50% of the ultimate force (ε50).   310 

Because of the plane strain geometry involved in the tests, the friction angle measured in 311 

the direct shear test for triaxial conditions (ϕ '=46º) was increased to the plane strain (ϕ 'PS=50º) 312 

value based on the failure plane geometry and recommendations by Kulhawy and Mayne (1990).  313 

The apparent soil cohesion was taken as 4 kPa (80 psf) based on in-situ matric suction 314 

measurements in the fill with dielectric sensors and the wall friction angle was taken as 33º based 315 

on interface tests.  The average moist unit weight was taken as 18.85 kN/m
3 

(120.0 lb/ft
3
) based 316 

on the nuclear dry density results and the post-testing moisture contents. 317 

 For the PYCAP analysis initial estimates of the soil elastic modulus (E) were made based 318 

on a range recommended by Duncan and Mokwa (2001) for dense compacted sand (E=28.8 to 319 

57.5 MPa [600 to 1200 ksf]), but were adjusted by trial and error to a value of 48 MPa (1000 ksf) 320 

to obtain improved agreement with the measured curve shape.  The back-calculated value is 321 

above the middle of the range.  The normalized displacement at failure was taken as 0.03H based 322 

on the test results which is within the range recommended by Cole and Rollins (2006) and 323 

Caltrans (2001) (0.03H to 0.05H). 324 

 For the ABUT analysis initial estimates of the ε50 were made based on the range of 325 

recommended values (0.002 to 0.003) provided by Shamsabadi et al (2007); however, this value 326 

had to be adjusted by trial and error to a value of 0.004 to improve agreement with the measured 327 

curve shape. The cohesion was also increased slightly to 6.2 kPa (130 psf) to improve agreement. 328 

All other parameters were the same as those indicated previously.   329 

 The measured and computed passive force-deflection curves for the no skew case are 330 

shown in Fig. 15.  The agreement between the measured curves and the two computed curves is 331 



very good up to the peak; however, neither method accounts for the post-peak decrease in 332 

passive.  Using the measured residual friction angle in the analysis also failed to match the 333 

residual passive force in this case. 334 

 It should be noted that the computed passive force is very sensitive to variations in the 335 

soil friction angle and wall friction. Variations of ± 1° in soil friction angle produced a ± 10% 336 

change in passive force, while variations of ± 5° in the wall friction resulted in a ± 15% change 337 

in passive force.  It should also be noted that for the relatively shallow depth of soil involved in 338 

the tests conducted and for many bridge abutments, the apparent cohesion used in the analysis is 339 

a particularly important parameter.  For example, the apparent cohesion in this case accounts for 340 

approximately 26% of the computed passive force.  For higher abutment walls, the contribution 341 

of cohesion to the overall resistance would tend to decrease somewhat as the frictional 342 

component increased due to higher confining pressure.  For example, for a 2.43 m (8 ft) high 343 

backwall with the same backfill properties, apparent cohesion would only account for 9% of the 344 

total resistance.  In design applications, the contribution from apparent cohesion is often 345 

neglected which would lead to an underestimate of the actual passive force. An accurate 346 

assessment of apparent cohesion could be particularly important for determining the passive 347 

force on a bridge abutment under field conditions.  Matric suction measurements can be 348 

particularly helpful in this regard.   349 

 The passive force for a given skew angle (Pp-skew) can be obtained using the equation 350 

Pp-skew = Pp Rskew                       (8)  351 

where Rskew is a reduction factor based on the test results shown in Fig. 7 and Pp is the passive 352 

force for the no skew case.  In all cases, the width of the backwall is taken equal to the width of 353 



the backwall based on the projected area (zero skew case) rather than the actual area along the 354 

skew.    Based on the limited data presently available, Rskew can be computed using the equation 355 

Rskew = 7.79x10
-5 2

 - 0.018  + 1.0                      (9) 356 

where  is the abutment skew angle in degrees.  It may be that the reduction factor will be 357 

dependent on geometric factors such as the width and height of the abutment wall or on 358 

differences in soil properties of the backfill.  Therefore, large scale field tests are currently being 359 

performed in connection with calibrated numerical modeling to provide additional guidance to 360 

bridge design engineers.  361 

 362 

CONCLUSIONS 363 

1. Large scale laboratory tests and numerical analyses indicate that the peak passive force 364 

for a skewed abutment decreases significantly as the skew angle increases.  Based on 365 

available results, the reduction in passive force can be accounted for by using a simple 366 

reduction factor.  However, the reduction may be dependent on abutment geometry and 367 

other unknown factors. Therefore, additional large scale tests and calibrated numerical 368 

analyses would be desirable to validate the proposed reduction values and to provide 369 

additional guidance to designers. 370 

2. For the dense compacted sand typical of approach fills for bridges, the peak passive force 371 

for both skewed and non skewed tests typically developed at longitudinal deflections 372 

between 0.025 and 0.035 times the wall height, H.  However, the shape of the passive 373 

force-deflection curve up to the peak value transitioned from a typical hyperbolic shape 374 

for the no skew case to a more bi-linear shape with a relatively flat slope leading to the 375 

peak for tests involving skews  376 



3. At wall displacements beyond the peak (0.04 to 0.06H) the passive force decreased 377 

substantially and the residual force was typically about 40% below the peak force, which 378 

is in agreement with the behavior in the direct shear tests.  As the skew angle increased, 379 

the reduction in passive force appeared to be more abrupt than for the no skew cases.   380 

4. The transverse shear resistance on the backwall of the “abutment” exceeded the applied 381 

transverse force for skew angles less than about 33°. For greater skew angles, the 382 

transverse force exceeded the shear resistance, and greater transverse load was measured 383 

by the load cell. However, transverse displacement overall was relatively minor (< 2.3 384 

mm). 385 

5. Using measured soil properties such as moist unit weight, plane strain soil friction angle, 386 

apparent soil cohesion, and wall friction, two computer models based on the log-spiral 387 

approach were used successfully in computing a peak passive force that was comparable 388 

to the measured force for the no skew case.  However, for skewed abutments it was 389 

necessary to use a reduction factor to compute a passive force comparable to the 390 

measured value. 391 

6. An accurate assessment of the measured passive force for the partially saturated backfill 392 

required the determination of the apparent cohesion provided by the suction in the sand.  393 

This apparent cohesion accounted for a significant percentage (26%) of the computed 394 

passive force for the 0.6 m wall, but this contribution would decrease to 9% for a 2.4 m 395 

wall.  396 

7. The failure “wedge” did not simply move as a rigid block. Significant compressive 397 

strains (7.5%) occurred within the failure mass near the wall which decreased with 398 

distance from the wall. 399 
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Figure Captions 

 

Fig. 1: Typical distribution of forces on a bridge with a skewed abutment. 

 

Fig. 2: Schematic plan and elevation view drawings of the test layout for the skewed passive 

force deflection tests. 

 

Fig. 3: Gradation for backfill sand relative to concrete sand gradation. 

 

Fig. 4: Typical histogram of dry unit weight for backfill behind the test wall during the 30º skew 

test.   

 

Fig. 5: Plot of moisture content versus depth for the various skew tests based on samples 

obtained immediately after tests. 

 

Fig. 6: Passive force versus longitudinal deflection curves for the all the tests at various skew 

angles. 

 

Fig. 7: Reduction Factor, Rskew, (passive force for a given skew angle normalized by passive 

force with no skew) plotted versus skew angle based on physical test results and numerical 

analyses.   

 

Fig. 8: Illustration of transition of resistance on back wall from pure passive resistance at 0° 

skew to much lower side shear at 90° skew.  

 

Fig. 9: Plot of longitudinal force (PL), passive force (Pp), transverse shear resistance (PR) and 

applied shear force (PT) as a function of skew angle ( ). 

 

Fig. 10: Photos of failure surface geometry at the ground surface for (a) no skew and (b) 30 

degree skew tests. 

 

Fig. 11: Photograph showing failure surface geometry determination within sand based on offset 

in red sand columns for 30 degree skew test.   

 

Fig 12:  Failure surface geometry and ground surface heave as a function of distance behind the 

wall for tests at various skew angles.   

 

Fig. 13:  Plots of longitudinal ground surface displacement as a function of distance behind the 

wall for various skew angles. 

 

Fig. 14: Average compressive strain as a function of distance behind the wall based on ground 

surface displacement measurements for all tests.  

 

Fig. 15: Comparison of measured and computed passive force versus longitudinal deflection 

curves for the no skew case.  

 



 

 

 

 
 

 

 

 

Fig. 1: Typical distribution of forces on a bridge with a skewed abutment.  



 
 

 
 

Fig. 2: Schematic plan and elevation view drawings of the test layout for the skewed passive 

force deflection tests.  

  



 
 

Fig. 3: Gradation for backfill sand relative to concrete sand gradation.  
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Fig. 4: Typical histogram of dry unit weight for backfill behind the test wall during the 30º 

skew test.   
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Fig. 5: Plot of moisture content versus depth for the various skew tests based on 

samples obtained immediately after tests. 



 

  

 

 
Fig. 6: Passive force versus longitudinal deflection curves for all the tests at various skew angles. 



 
 

Fig. 7: Provisional reduction Factor, Rskew, (passive force for a given skew angle normalized 

by passive force with no skew) plotted versus skew angle based on physical test results and 

numerical analyses.   
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Fig. 8: Illustration of transition of resistance on back wall from pure passive resistance at 

0° skew to much lower side shear at 90° skew.   
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Fig. 9: Plot of longitudinal force (PL), passive force (Pp), transverse shear resistance (PR) 

and applied shear force (PT) as a function of skew angle ( ). 
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Fig. 10: Photos of failure surface geometry at the ground surface for (a) no skew 

and (b) 30 degree skew tests. 



 

 

 

 
 

 

 

 

Fig. 11: Photograph showing failure surface geometry determination 

within sand based on offset in red sand columns for 30 degree skew test.   



 

 

 

 

 

 

 

 

 

 

 

  

-0.25

0

0.25

0.5

0.75

1

0 0.5 1 1.5 2 2.5 3

D
e
p

th
 (

m
) 

Distance from Backwall (m) 

No Skew

15 Degree Skew

30 Degree Skew

45 Degree Skew

Fig 12:  Failure surface geometry and ground surface heave as a function of 

distance behind the wall for tests at various skew angles.   
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Fig. 13:  Plots of longitudinal ground surface displacement as a function of distance 

behind the wall for various skew angles. 



 

 
  

0

1

2

3

4

5

6

7

8

0 0.5 1 1.5 2

A
v

g
. 

C
o

m
p

re
s

s
iv

e
 S

tr
a

in
, 
ε

c
(%

)

Distance From Backwall (m)

Fig. 14: Average compressive strain as a function of distance behind the wall based 

on ground surface displacement measurements for all tests.  



 

 
 

 

Fig. 15: Comparison of measured and computed passive force versus longitudinal 

deflection curves for the no skew case.  
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Table 1.  Summary of relative compaction and average water content at time of test. 

                 

Skew 
Angle, θ 

(°) 

Relative 
Compaction 

(%) 
Mean 

Water 
Content         

(%) 
Mean  

0 98.2 7.5  

15 97.8 8.2  

30 97.9 8.2  

45 97.2 8.0  

Overall 97.9 8.0  

 

  

  



Table 2. Summary of the maximum vertical and transverse displacement of the wall for 

each test. 

Backwall Movement (mm) 

Test 
Vertical 
Disp. 

Transverse 
Disp. 

No Skew 1.5 - 

No Skew 2.0 - 

15° 3.4 1.3 

15° 4.4 1.4 

30° 0.02 2.1 

30° 2.0 2.3 

45° 1.4 1.8 

45° 1.3 1.8 

max: 4.4 2.3 

 

 

 

 




