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ABSTRACT 
 
This paper presents numerical simulation results for a half-scale geosynthetic reinforced soil 
(GRS) bridge abutment test specimen under static loading using the finite difference program 
FLAC3D. The backfill soil was characterized using a nonlinear elasto-plastic constitutive model 
that incorporates a hyperbolic stress-strain relationship and the Mohr-Coulomb failure criterion. 
Geogrid reinforcement was characterized using linearly elastic elements with orthotropic 
behavior. Various interfaces were included to simulate the interaction between different 
components. The 3D numerical model was validated using deformation measurements from 
different instrumented sections in the longitudinal and transverse directions. Simulation results, 
including facing displacements and bridge seat settlements are in reasonable agreement with 
measured data at the end of construction. Results of this study confirm the capability of this 3D 
numerical model for static analysis of the multi-directional deformation response of GRS bridge 
abutments. 
 
INTRODUCTION 
 
Geosynthetic reinforced soil (GRS) bridge abutments are becoming widely used in transportation 
infrastructure and provide many advantages over traditional pile-supported designs, including 
lower cost, faster and easier construction, and smoother transition between the bridge and 
approach roadway. Abu-Hejleh et al. (2002) measured the field response of the 
Founders/Meadows GRS bridge abutment in Castle Rock, Colorado, and reported good 
performance during construction and under service conditions. Similarly, Saghebfar et al. (2017) 
reported small facing displacements and bridge seat settlements for a GRS-IBS abutment in 
Louisiana during construction and service.  Although these investigations have indicated good 
field performance of GRS bridge abutments, further studies are needed to understand the 
behavior of these types of structures under service load conditions and to provide data for 
validation of numerical models.  

Two-dimensional (2D) numerical studies have been conducted for GRS bridge abutments 
under service load conditions and generally indicate small facing displacements and bridge seat 
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settlements (e.g., Helwany et al. 2003, 2007; Ambauen et al. 2015; Zheng and Fox 2016, 2017; 
Ardah et al. 2017; Zheng et al. 2018a). Corresponding parametric studies also indicate that the 
relative compaction of backfill soil, reinforcement vertical spacing, reinforcement stiffness, and 
bridge load have the most significant effects on the performance of GRS bridge abutments under 
static loading (Helwany et al. 2007; Zheng and Fox 2016, 2017). Helwany et al. (2003) found 
that facing displacements, bridge seat settlements, and differential settlements between the 
bridge and approach roadway were acceptable for sand and medium-to-stiff clay foundation soils. 
Although these 2D numerical studies provided important insights on the performance of GRS 
bridge abutments and the effects of various parameters, GRS bridge abutments are three-
dimensional (3D) structures and thus 3D numerical modeling is needed to better understand the 
deformation response. Rong et al. (2017) conducted 3D numerical simulation for a GRS bridge 
abutment and found that the application of bridge surcharge stress produced multi-directional 
deformation, including outward displacements of the front wall facing and smaller outward 
displacements of the side wall facings. Abu-Farsakh et al. (2018) conducted both 2D and 3D 
numerical simulations for a GRS-IBS abutment and indicated good agreement between the 2D 
and 3D numerical results and field measurements. Zheng et al. (2018b) validated a 3D numerical 
model for GRS mini-piers under service load conditions using measurements reported from 
large-scale loading tests.  

This paper presents preliminary results from a numerical study of the deformation 
response of a half-scale GRS bridge abutment test specimen. A 3D finite difference model was 
developed considering nonlinear behavior for backfill soil and various interfaces between 
different components. The 3D numerical model was validated using deformation measurements 
from different instrumented sections in the longitudinal and transverse directions.  
 
NUMERICAL MODEL 
 
The finite difference program FLAC3D Version 5.0 (Itasca Consulting Group 2015) was used 
for the current investigation to simulate the deformation response of a half-scale GRS bridge 
abutment from physical model test under static loading, as reported by Zheng et al. (2018c). 
Results from the 3D numerical simulations are compared with experimental results, including 
facing displacements and bridge seat settlements.  
 
Model configuration and geometry. The FLAC3D model configuration for the half-scale GRS 
bridge abutment is shown in Figure 1. A concrete bridge beam (with dead weights) rests on the 
GRS bridge abutment with a concrete bridge seat at one end and on a concrete support wall at the 
other end. The abutment was constructed on a shaking table. The abutment has modular block 
facing on three sides, including a front wall facing perpendicular to the length of the bridge beam 
and two side wall facings parallel to the length of the bridge beam. The back of the abutment was 
supported by a reaction wall.  
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Figure 1. FLAC3D model configuration. 

 
Top view and cross-sectional view diagrams in the longitudinal and transverse directions 

for the GRS bridge abutment are shown in Figure 2. The GRS bridge abutment has a total height 
of 2.7 m, consisting of a 2.1 m-high lower GRS fill and a 0.6 m-high upper GRS fill, resting on a 
0.15 m-thick foundation soil layer. The lower GRS fill consists of fourteen 0.15 m-thick soil 
lifts, with each lift including uniaxial geogrid layers in both the longitudinal and transverse 
directions. The longitudinal reinforcement layers extend 1.47 m from the front wall facing into 
the backfill soil. The transverse reinforcement layers extend 0.8 m from each side wall facing to 
meet (without connection) at the center. The transverse reinforcement layers and side wall facing 
blocks for each lift are offset by 25 mm vertically from the longitudinal reinforcement layers and 
front wall facing blocks. The retained soil zone has a thickness of 0.63 m and reinforcement 
layers only in the transverse direction. The upper GRS fill consists of four 0.15 m-thick soil lifts 
with reinforcement layers only in the transverse direction. The bridge seat has a bottom surface 
with plan dimensions of 0.65 m × 1.30 m and a setback distance of 0.15 m from each of the three 
wall facings. The average applied vertical stress on the backfill soil of the lower GRS fill from 
the bridge seat, bridge beam, and dead weights is 66 kPa.  
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(a) 

 
(b)       (c) 

Figure 2. Model geometry: (a) top view; (b) cross-sectional view in the longitudinal 
direction (y = 0.8 m); (c) cross-sectional view in the transverse direction (x = 0.48 m). 

 
Material models and properties. The backfill soil is a well-graded angular sand with no gravel 
and a low fines content, which satisfies the AASHTO and FHWA backfill material requirements 
for GRS bridge abutments (AASHTO 2012; Adams et al. 2011). The backfill soil was modeled 
as a nonlinear elasto-plastic material with a hyperbolic stress-strain relationship and the Mohr-
Coulomb failure criterion. The tangent elastic modulus Et, unloading-reloading modulus Eur, 
bulk modulus B, and tangent Poisson’s ratio νt are expressed as (Duncan et al. 1980):  
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where σ’1 and σ’3 = major and minor principal effective stresses; φ’ = friction angle; c’ = 
apparent cohesion; Rf = failure ratio; K = elastic modulus number; n = elastic modulus exponent; 
pa = atmospheric pressure; Kur = unloading-reloading modulus number; Kb = bulk modulus 
number; m = bulk modulus exponent; and νt has a range of 0 to 0.49. The soil model accounts for 
nonlinear behavior and has been used to simulate the static response of GRS bridge abutments 
under service load conditions (Zheng and Fox 2016, 2017). Backfill soil parameters were 
calibrated using measured data from consolidated-drained triaxial compression tests. A summary 
of calibrated model parameters for the backfill soil is presented in Table 1. 
 

Table 1. Backfill soil parameters. 

Parameter 
γ  

(kN/m3) K  urK  n  fR  bK  m  ap  
(kPa) 

c′  
(kPa) 

φ′   
(°) 

ψ   
(°) 

Value 17.7 260 312 0.5 0.65 150 0 101.3 2.0 51.3 13.0 
 

Geogrid reinforcement was modeled using linearly elastic structural elements with no 
bending stiffness and different tensile stiffness in the machine direction (MD) and cross-machine 
direction (CMD). The elastic modulus Er is calculated using the measured tensile stiffness at 5% 
axial strain J5% according to ASTM D6637 as:  
      5% /r rE J t=     (5) 
where tr is the geogrid thickness. The geogrid has tr = 1 mm, and Er =380 MPa and 80 MPa in 
the MD and CMD, respectively. The facing blocks and concrete footing were modeled as elastic 
materials with modulus E = 20 GPa and Poisson’s ratio ν = 0.2. The interfaces between different 
components were simulated using interface elements. Soil interface strengths were characterized 
using a reduction factor RF defined as: 
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The interface parameters are provided in Table 2.  
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Table 2. Interface parameters. 

Property Soil-geogrid a Soil-block 
Soil-bridge seat b 

Geogrid-
block c 

Bridge beam-
bridge seat d 

Friction angle 46.7° 39.1° 37.0° 21.8° 
Adhesion 1.7kN/m/m 1.3 kPa 0 0 

a Average of data ( RF = 0.85) from Vieira et al. (2013) 
b Data ( RF = 0.65) from Ling et al. (2010) 
c Nicks et al. (2013) 
d Caltrans (1994) 
 
Modeling procedures. The numerical model for GRS bridge abutment was constructed in stages. 
The setup structures were resolved in equilibrium under gravitational forces first. The foundation 
soil layer was constructed on the shaking table, and then the lower GRS wall was constructed in 
fourteen layers, with each layer consisting of one lift of soil, one course of facing blocks, geogrid 
layers in the longitudinal and transverse directions, and necessary interfaces. Following Hatami 
and Bathurst (2006), and Zheng and Fox (2017, 2018), a temporary uniform vertical surcharge 
stress of 8 kPa was applied to the top surface of each soil lift, and then removed prior to 
placement of the next lift to simulate the effects of backfill soil compaction. Once the lower GRS 
wall was completed, the bridge seat was placed on top of the fill, and the upper GRS fill was 
similarly constructed in layers behind the bridge seat. The bridge beam then was placed on the 
bridge seat and support wall with an average unit weight of 37.8 kN/m3 from the bridge beam 
and dead weights. 
 
RESULTS 
 
Results are presented for two sections (L1 and T1 indicated in Figure 2a) of the GRS bridge 
abutment in the longitudinal and transverse directions to evaluate the multi-directional 
deformation response, including facing displacements and bridge seat settlements. The 
instrumentation layouts for potentiometers in the longitudinal and transverse sections are shown 
in Figure 2. Horizontal coordinate x is measured toward the south from the back of the front wall 
facing in the longitudinal section (Figure 2b), horizontal coordinate y is measured toward the east 
from the back of the west side wall facing in the transverse section (Figure 2c), and vertical 
coordinate z is measured upward from the top of the foundation soil. Outward displacements for 
the front wall and side wall facings and downward displacements (i.e., settlements) for the bridge 
seat are defined as positive. The data are evaluated at the end of construction of the GRS bridge 
abutment.  
 
Facing displacements. Profiles of facing displacement for the two sections at the end of 
construction are shown in Figure 3, and the maximum value from each profile is presented in 
Figure 4. For longitudinal section L1, the simulated maximum facing displacement of 2.8 mm 
occurred at elevation z = 1.2 m. Facing displacement profiles for transverse section T1 show 
similar trends, with a maximum value of 2.0 mm at the mid-height of the wall. The magnitudes 
of simulated facing displacement for T1 are smaller than for L1. In general, simulated facing 
displacements for sections L1 and T1 indicate similar trends with the measurements, with the 
simulated maximum values slightly smaller.  
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Figure 3. Profiles of facing displacement for sections L1 and T1. 
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Figure 4. Maximum facing displacement for sections L1 and T1. 

 
Bridge seat settlements. Settlements at the four top corners of bridge seat due to placement of 
bridge beam (i.e., from Stage 2 to Stage 3) are shown in Figure 5. The simulated settlements of 
3.8 mm on the north side (NW and NE) is slightly larger than 3.4 mm on the south side (SW and 
SE), which indicates tilting of the bridge seat towards the south. The simulated settlements at the 
NW and SW corners are in good agreement the measured values. The measured settlement of 0.7 
mm at the NE corner was small due to tilting of the bridge seat toward the west due to placement 
of bridge beam, and the string potentiometer on the SE corner malfunctioned, as reported by 
Zheng et al. (2018c, d). The simulated average bridge seat settlement of the four corners is 3.6 
mm, which corresponds to a vertical strain of 0.17% for the 2.1 m-high lower GRS fill.  
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Figure 5. Settlement at the four top corners of the bridge seat. 

 
CONCLUSION 
 
This paper presents a numerical investigation of the deformation response of a half-scale GRS 
bridge abutment test specimen under static loading using the finite difference program FLAC3D. 
The backfill soil was characterized using a nonlinear elasto-plastic constitutive model that 
incorporates a hyperbolic stress-strain relationship and the Mohr-Coulomb failure criterion. 
Geogrid reinforcement was characterized using linearly elastic elements with orthotropic 
behavior. The 3D numerical model was validated using measured data from different 
instrumented sections in the longitudinal and transverse directions. The simulated maximum 
facing displacements were 2.8 mm and 2.0 mm for the longitudinal and transverse sections, 
respectively, both at the mid-height of the wall. The simulated average bridge seat settlement 
was 3.6 mm, which corresponds to a vertical strain of 0.17% for the 2.1 m-high lower GRS fill. 
Simulation results were in reasonable agreement with deformation measurements at the end of 
construction. Results of this study confirm the capability of this 3D numerical model for static 
analysis of the multi-directional deformation response of GRS bridge abutments.  
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