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the passive earth pressure stiffness has been studied in experiments where  

external loads are applied by hydraulic jacks to push the abutment against the soil. the  

passive earth pressure stiffness has also been studied through analyzing strong motion 

records from bridges exposed to earthquakes. seismic instruments have been installed in 

many bridge structures through out the world to improve our understanding of the global  

behavior and potential damage of the bridge structures during a seismic event. the  

information provided by monitoring structural responses led to better scientific under-

standing of nonlinear behavior of various components of the bridge system. Post-earth-

quake studies of various components of the bridge structures using system identification 

techniques has indicated that stiffness of the bridge abutment-backfill depends on the 

level of shaking and it varies significantly during the shaking. all the results indicate 

that significant nonlinearity and stiffness degradation occur within the bridge abutment-

backfill system due to hysteretic soil behavior. therefore, reliable soil models are needed 

to predict the nonlinear force-deformation of the mobilized passive soil wedge as a  

function of bridge superstructure displacement in order to capture the global seismic 

behavior of the bridge structure model. 

direct three-dimensional continuum finite element modeling of the surrounding soil and 

the bridge structure is by no means simple and computationally very expensive. as an 

alternative to the three-dimensional fem, some simplifications are needed to enable 

the bridge engineer to simulate the global seismic response of the bridge structure. 

Beam elements are typically used to model columns and the superstructure. simple and  

practical soil springs connected to the beam elements are widely used to represent the 

pile foundations. therefore, the nonlinear abutment-backfill behavior should be modeled 

as nonlinear discrete soil springs as well.

a nonlinear-continuum finite-element model can be used to develop the abutment-back-

fill nonlinear discrete soil springs in terms of backbone curves. in the global analysis of 

the bridge system the nonlinear hysteretic damping of the soil is then included using a 

masing rule based on the nonlinear curves obtained from the soil continuum model. 

figure 1 shows how the nonlinear discrete abutment springs are attached to a typical 
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Introduction
during a seismic event, the bridge deck moves laterally and collides with the abutment 

backwall. the passive resistance provided by the abutment reduces the displacement 

demands on the bridge columns. the basic idea of the displacement-performance-based 

design is to prevent total collapse by allowing selected components of the bridge system 

to yield with predictable large plastic deformations. easily reparable components are 

preferably selected to yield. this concept allows the bridge engineers to limit the super-

structure forces and displacements to acceptable levels. often the abutment-backwall 

is designed to break off during a major seismic event in order to protect the abutment 

pile-foundation from plastic action. this implies that the passive earth pressure of a soil 

wedge in between the wingwalls is of special importance. 

figure 1.  two-span box-girder bridge used in global bridge analysis
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nonskewed two-span single-column highway overcrossing bridge. figure � shows a  

typical seat type bridge abutment, indicating how the bridge may move in the longitudinal 

direction and collide with the abutment backwall during a seismic event. the back wall is 

designed to shear off and allows the mobilized passive soil pressure to be developed as a 

result of backwall horizontal displacement.

the effect of an actual earthquake is shown in figure 3. this is an example of the  

passive wedge formed when a bridge superstructure is pushed into the abutment-backfill 

due to longitudinal seismic excitation. the surface cracks were developed in the roadway  

pavement behind the northern (�3.5-m wide, near-normal 5o skew) abutment of the  

shiwei Bridge in taiwan during the chi-chi earthquake (kosa et al, �001).

a typical highway bridge is wide and has a moderate back wall height, often 1 

to � meters. the earth pressure problem is then a plane strain problem and �d fem  

simulations may be sufficient to simulate the soil response. However, for the skewed 

bridges the superstructure undergoes significant rotations about the vertical axis  

during seismic events that result in permanently lateral offset of the deck at seat-type  

abutments. due to deck rotation the obtuse corners of the deck collides with the  

abutment wall and the acute corners of the deck move away from the abutment back-

wall. as a result asymmetric soil reactions are developed between the acute and obtuse  

corner of the abutment wall (shamsabadi et. al, �006), therefore, 3d analysis is needed 

to capture the nonlinear response of the backfill in between the wing walls for bridges 

with skewed abutments. 

Plaxis simulations of experimental data
Passive resistance behind walls has been studied in centrifuge tests (such as by Gadre 

and dobry, 1998), laboratory tests (such as by fang et al, 199�), and large-scale or full-

scale tests (such as by romstad et al., 1995 and documented by  martin et al., 1997).  

recent full-scale tests at Bingham young University (ByU) are reported by rollins and 

cole (�006). large-scale tests are currently being performed at University of california 

san diego and at University of california los angeles to capture the nonlinear force-

deformation characteristics of the abutment-backfill for the seismic design of bridge 

structures. 

figure �.  seat-type abutment and foundation system

a series of full-scale static load tests was performed by rollins and cole (�006) on a 5.18 

m by 3.05 m pile cap with a height of 1.1� m embedded in five types of soil backfills. 

the backfill was placed in layers and compacted to approximately 95% modified Proctor 

density. the pile cap rested on a 3 by � group of 3��-mm diameter steel pipe piles driven 

in saturated low-plasticity silts and clays. the resistance of the piles was subtracted 

from the measured total horizontal resistance of the pile cap to determine the mobilized 

passive resistance of the backfill. depending on the backfill properties, the measured 

earth pressure force on the back wall varied from 750 kn to �000 kn at a horizontal wall 

displacement of about 6 cm. 

figure � shows the schematics of a typical ByU pile cap field experiment with the three-

dimensional passive wedge bounded by a logarithmic-spiral type failure surface, based 

on field measurements of observed cracking patterns and wedge deformations by rollins 

and cole (�006).

Mobilized limit-equilibrium methods
the results of the experimental nonlinear force-deformation response from a number of 

full-scale tests, centrifuge model tests and small-scale laboratory tests for walls, bridge 

abutments and pile caps in a variety of structure backfills have been studied using a 

model by shamsabadi et al. (�006). this two-dimensional plane-strain model is based 

on limit-equilibrium using a logarithmic-spiral failure surface coupled with a modified 

Hyperbolic stress-strain relationship (“lsH”). Good agreement was found between the 

“lsH” model and the experimental data. the computed results from the “lsH” model 

were multiplied by an adjustment factor a varying between 1.� and 1.� to account for the 

three-dimensional shape of the mobilized passive wedge in the backfill (see figure �). 

the force-deformation relationships calculated using 3d Plaxis were compared against 

experimental data without any adjustment factor.  

figure 3.  Passive wedges caused by an earthquake, shiwei Bridge

Heaved roadway
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Computation of stiffness parameters
in the Hardening soil model, the applied stiffness for sand follows expressions of this 

type:

 

E50 = E50
ref   σ3’ + a     (1)

                 p’ref + a      

     

Where a = c / tan φ, σ3’ is the minor principal stress, and the reference pressure  

is p’ref = 100 kPa. the applied stiffness in the Hardening soil model  

in Plaxis is hence not only a function of the input stiffness parameter, E50
ref, but also a 

function of the stress level and the cohesion, c.

the reference input stiffness parameters E50
ref for sand and gravel are normally in the 

range 15 mPa to 50 mPa. Here significantly higher values are used, actually 100 mPa, 

except for the silty sand. the backfill material is well compacted, which justifies high 

stiffness. However, the main reason for selecting higher stiffness values is related to the 

low initial stresses behind the wall. When the term σ3’+ a in equation 1 is low then  the 

applied stiffness, E50, will be low. conventional experience on using reference stiffness 

in the range 15 to 50 mPa is primarily obtained from natural sands and valid primarily 

at higher stress levels, (σ3’- values). the present experimental results indicate that for 

problems with low σ3’- stresses, higher input stiffness parameters than normal may be 

relevant.

some further comments are given in the following paragraphs regarding the selection of 

stiffness parameters. observation of the ByU nonlinear experimental force-deformation 

relationship indicates an average stiffness (k50) of about 100 kn/mm for the sand and 

gravel backfill.  assume that the deformation behind a wall with the height H is equal to 

dh due to an average horizontal strain within an influence zone L. let L be in the order of 

2H.  an average stiffness (E) may then be introduced by the following equation:

dh = 
σh  L = 

σh 2H = 
Pp 2H  =   

Pp 2H = 
2Pp = 

2k50 σh (�)
        E        E          AE         WHE       WE       WE

Input parameters to finite element studies
the pilecap experiments conducted at (ByU) demonstrated significant 3d effects as 

shown in figure 5 . Both the Plaxis 3d tunnel and Plaxis 3d foundation were used to 

simulate the pile cap experiments. table 1 shows the backfill strength values and the 

stiffness parameters used in the Hardening soil model available in Plaxis. selection of 

the stiffness parameters used in Plaxis is a compromise between simplicity and a reason-

able match with experimental data. Perfect match could have been obtained if strength 

and stiffness variation were utilized for every separate test. But keeping the strength the 

same as proposed by the experimentalists and using the stiffness parameters shown in  

table 1, the results obtained using 3d Plaxis are in good agreement with experimen-

tal data. the stiffness parameters listed in table 1 provide realistic force-deformation  

relationships of the bridge abutment-backfill and appears reasonable for practical  

design. for the parameters not listed in table 1 the default values recommended in the 

Plaxis user manuals are used. the plate element with linear elastic and high stiffness is 

used to model the rigid back wall.

table 1.  input parameters for �d and 3d Plaxis analyses

	 BYU	Soil	 γ	 ϕ	 c	 ψ		 Rinter	 Rf	 	 E50
ref	 Eur

ref

	 	 [kN/m3]	 Friction	 [kPa]	 Dilatancy	 Wall		 	 	 [MPa]	 [MPa]

	 	 	 	 		 	 	 interface

 clean sand 18.� 390 �  90  0.70 0.97  100  �00

 fine Gravel �0.8 3�0 �  �0  0.70 0.97  100  �00

 coarse Gravel �3.� �00 1� 100 0.70 0.97  100  �00

 silty sand 19.� �70 31 00  0.70 0.97  50  100
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figure �.  full-scale static ByU load test on silty-sand Backfill
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Computed results
Both the 3d tunnel and the 3d foundation programs were used in this study. the simula-

tions were done using a half-wall-width model due to symmetry of the problem. figure 6 

shows the half-model of the geometry used with a medium coarse mesh as applied in the 3d  

foundation program. the use of a finer mesh did not change the results significantly, but 

made convergence at large deformations considerably more difficult.

Sequence of the events
all the analysis was performed in steps to simulate sequence of the real events during the 

field experiments. the computations were simulated using the following steps:

1-  starting with a level ground the initial stresses were calculated. 

�-  excavation was performed by deactivating clusters of elements in the front of the pile  

 cap.

3-  in 3d tunnel, displacements were applied while in 3d foundations distributed normal  

 stresses were applied to push the pile cap up to backfill failure. 

Before the field experiment, the backfill was placed and compacted behind the wall. 

the backfill was extended to the sides behind the pilecap, but no backfill was placed 

along the sides of the pile cap. this is why the simulations were performed as shown in  

figure 5. the “free” vertical soil face in the model is supported by a ko pressure and 

increased linearly below ground surface. this pressure is kept constant throughout the 

test. the wall was pushed then horizontally without any vertical movement. in Plaxis 3d 

foundations, horizontal translation was obtained by adding an extended “handle” normal 

to the wall plate (see figure 5) and specifying the appropriate horizontal line fixity on the 

“handle’s” lower edge. 

the simulated load deformation curves are shown in figure 6 to figure 9. figure 6 shows 

the sandy gravel experiment, giving an ultimate load for the 5.18 x 1.1� m� wall of about 

1000 kn. the initial stiffness is in the order of 1500 kn/cm which corresponds to about 

�50 kPa/cm. figure 7 shows results for coarse Grained Gravel and figure 8 shows results 

for fine Grained Gravel where the ultimate capacity is about �000 kn and 780 kn, respec-

tively. the initial stiffness is however about the same as for sandy Gravel. figure 9 shows 

the result of the simulation for the silty sand backfill. there is a good agreement between 

the Plaxis simulations and the experimental curves. 

some of the load-deformation curves simulated by both Plaxis 3d foundation and  

tunnel are not smooth and show some minor irregularities. some of this is related to the 

development of alternative plastic failure mechanisms as illustrated by figure 10 and 

figure 11. figure 10 shows two failure “competing” mechanisms.  figure 11 shows that 

one mechanism becomes more dominant as deformation increases. figure 7 shows the 

change in the inclination of the simulated nonlinear load-deformation curve at about  

3 cm. this is a reflection of the fluctuating failure mechanism. such behavior was seen 

in several simulations and is believed to be attributed to the inherent minor instability 

of non-associative plasticity. the authors believe that such feature may also be seen in 

real soil behavior.

where Pp is 50% of the ultimate passive earth pressure force acting over a total back wall 

area of A = W·H, and σh’ = Pp /A. the fraction 50% is chosen to give a “half way to 

failure” average stiffness. the wall width W is 5,180 mm in the ByU test (figure �).

turning equation � around we obtain:

E = 
2k50  = 2.100kN / mm= 40MPa   (3)

        W          5180mm   

We note that �0mPa is a stiffness considerably lower than the input values used, but 

the average stiffness of �0mPa is not a reference stiffness. applying rough, average  

parameters (a=5 kPa, p’ref=100 kPa, σ3=15 kPa), the input stiffness parameter e50
ref can 

be estimated to:

E50
ref = E50

   p’ref + a  = 40MPa  
100kPa + 5kPa

= 90MPa (�)
                       σh + a            15kPa + 5kPa

    

Please keep in mind that this is a crude estimate. it may still indicate why we apply the 

input reference stiffness (100 mPa ) for the high-quality gravel and sand backfill.

the parameters used in the Hardening soil model are identical to the parameters used in 

the “lsH” model proposed by shamsabadi et al (�006). following the recommendation 

by shamsabadi et al. (�006), the Hyperbola cut off parameter, rf, was set equal to 0.97. 

this gives a better match with the measured nonlinear force-deformation than the default 

value of 0.90 proposed in the Plaxis user manual. a pre-consolidation effect due to com-

paction of the backfill was originally used, but resulted in a rather sharp drop in stiffness 

as the applied load was increased beyond the pre-consolidation pressure. such a drop is 

not observed in the experimental data. therefore, the ocr was set equal to one and the 

effect of the backfill compaction was taken into account using the stiffness parameters 

listed in table 1. 
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figure 5.  a half model of the ByU field test, medium coarse mesh, 3d foundations
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figure 7.  load deflection curves for coarse Grained Gravel

figure 8.  load deflection curves for fine Grained Gravel

figure 9.  load deflection curves for silty sand

figure 10.  coarse Grained Gravel, incremental shear strain contours at 3 cm 

deformation

figure 1� show examples of the logarithmic spiral failure surface mechanism using 

the Plaxis 3d tunnel. there is a good match between simulated deformed shapes of the  

passive wedges from the 3d Plaxis and the ByU pile cap experiments mapped in the 

field. 
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figure 6.  load deflection curves for clean sand
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figure 11.  coarse Grained Gravel, incremental shear strain contours at 6 cm deformation 

Simulation time
the computer simulations were fast using the Plaxis default coarse mesh. the coarse 

mesh was found to be too rough and mesh refinement with several mesh densities have 

been tried. the time required for each computer simulation depends primarily on the mesh 

density but also on the selection of parameters for the iterative procedure to obtain proper 

convergence. convergence was more slow for certain combinations of stiffness, friction, 

cohesion and dilatancy parameters. still coarse meshes were analyzed in a few minutes 

while the ones shown above take from half an hour to more than an hour on a Personal 

computer. it is confirmed that simulating an indentation problem to large deformations 

are numerically challenging and hence manual iteration control was used. the over- 

relaxation factor was often set to 1.0 while low values were selected for the desired  

number of iterations. some of the results are obtained by using a tolerated error of 3%. 

it was observed that using high tolerated errors even up to 10% did not change the 

computed results significantly compared to a 1% tolerated error analysis. a proposed 

explanation for this may be that divergence tendencies, when they occur, appears to be 

related to zones with tension and stress concentrations in corners, not so much to the 

volume of soil mainly providing the passive resistance. still, high tolerated errors should 

never be used uncritically.

Mesh size
3d simulations accentuate mesh dependency since normally a rather low number of  

elements is used to avoid excessive computation times. at the same time 3d  

simulations require lower order elements. in order to get a feeling for the effect of 

mesh refinement and compare �d simulations to 3d simulations, a true �d problem  

was analyzed using both Plaxis �d and Plaxis 3d foundations, figure 13 and figure 1�.  

three different mesh densities were used in 3d with a mohr coulomb soil with  

γ = �� kn/m3,  e = 30 mPa, ν = 0.3, c = �0 kPa, ϕ = 38,70 and ψ = 100.  

drained conditions and no groundwater are assumed. the same soil parameters and a 

very fine mesh were used for Plaxis �d.

Plaxis Practice Plaxis Practice

(a) typical deformed mesh with total displacement contours

(b) typical shaded plot of total displacement contours

(d) cross section of plastic points in the incremental shear strain zone

figure 1�.  results from a half wall width simulation with 3d tunnel.

(c) cross section of incremental shear strain
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(a) coarse mesh

(b) medium mesh

{c) fine mesh 

figure 13.   effect of mesh sensitivity using Plaxis 3d foundations

Conclusions
a full 3d Plaxis stiffness degradation model for the bridge abutment-backfill has been 

presented. the model simulates stiffness degradation behavior of the abutment-back-

fill to replicate the stiffness the degradation which has been observed during a major  

seismic event. the authors found that there is a very good agreement between the  

nonlinear experimental force-deformation behavior of the mobilized passive wedge and 

the 3d Plaxis simulations using the Hardening soil model. 

for simulation of wide bridge abutments where plane-strain conditions can be  

assumed, it is the authors recommendation that the Plaxis �d should be used without any  

adjustment factors for the 3d effects. in other cases such as skewed abutment due 

to bridge rotation, a 3d simulation is more relevant. Based on the full-scaled experi-

ments of the more narrow abutments studied in this article, the 3d effect can result in  

increase of �0 to �0% in passive soil resistance compared to a plane-strain case. the 

analyses indicate that 3d simulations give realistic results. a medium mesh size is found 

to give reasonable results for geotechnical applications. the Plaxis results are in good  

agreement with the experimental results and the simulations provide valuable information 

on the soil parameters and the failure mechanism. Plaxis can be a valuable analysis tool 

for the researchers and practicing bridge engineers to evaluate realistic nonlinear soil- 

abutment-structure interaction behavior.
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all the load deflection curves given in figure 1� are identical up until about 50% of 

the capacity where after they deviate. the deviation is considerable for the coarse 3d 

mesh. this might be expected since it is very coarse with only two elements over the wall 

height. some uncertainty is related to the irregularity of the curves. the medium 3d mesh  

appears to perform satisfactorily, and the overshoot for rather crude meshes is less than 

�0%. some overshoot can be expected unless very fine meshes are used. if the expected 

percentage of overshoot is roughly known, a reasonably good simulation can be achieved 

using a medium dense mesh. for geotechnical applications, a medium dense mesh  

appears to be an decent trade-off between accuracy and computing time.

figure 1�.  load deflection curves illustrating mesh dependency 
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