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ABSTRACT 

 
Geosynthetic stiffness is a critical parameter in the numerical modeling of geosynthetic reinforced soil (GRS) 

structures. Most previous numerical studies employed geosynthetic stiffness derived from constant rate-of-strain 

(CRS) tensile tests. However, certain geosynthetic reinforcement products exhibit significant rate-dependent 

behavior, rendering the use of single-value stiffness potentially inaccurate for simulating the service performance of 

GRS structures. This study evaluates the influence of geosynthetic reinforcement stiffness on the deformation 

response of GRS abutments by considering various types of geosynthetic reinforcement, including HDPE geogrid, 

PP woven geotextile, and PET woven geotextile. Two modeling approaches for geosynthetic reinforcement were 

employed: constant stiffness, which neglects the creep behavior, and nonlinear stiffness, which accounts for the creep 

behavior. The simulation results indicate that geosynthetic reinforcement type significantly influence bridge seat 

settlements and facing displacements, with the impact becoming more pronounced as the applied vertical stress 

increases. Neglecting the creep behavior of geosynthetic reinforcement results in a substantial overestimation of 

tensile stiffness for all types of geosynthetic, leading to underestimations of abutment deformations. The influence of 

creep behavior is particularly notable for HDPE geogrids compared to the other geosynthetic products. These 

findings provide valuable insights into the selection of appropriate geosynthetic reinforcement stiffness for numerical 

modeling of GRS abutments. 
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1 INTRODUCTION 

Over the recent years, geosynthetic reinforced soil 

(GRS) bridge abutments have gained popularity due to 

their high tolerance for differential settlement, 

effectively mitigating the "bridge bump" issue at the 

bridge-roadway transitions. These structures can bear 

larger surcharge loads compared to conventional GRS 

walls, prompting significant interests in their static 

loading performance. Numerical studies have 

investigated the static response of GRS abutments 

under service loads (Zheng and Fox, 2016; Ardah et al., 

2021; Gebremariam et al., 2021). However, most of 

these studies model geosynthetic reinforcements as 

linear elastic or elastic-plastic materials with a 

single-value tensile stiffness, typically derived from 

constant rate-of-strain (CRS) tensile tests conducted at 

a prescribed strain rate of 10% per minute (ASTM 

D6637M-15). In CRS tests, reinforcements are loaded 

to failure over a very short duration, with strain rates far 

exceeding those encountered during construction and 

operation. Consequently, using stiffness values derived 

from CRS tests tends to overestimate the reinforcement 

tensile stiffness for filed conditions. 

To better understand the long-term tensile behavior 

of geosynthetic reinforcements, constant-load creep 

(CLC) tests have been conducted (Leshchinsky et al., 

1997; Allen and Bathurst, 2014), revealing significant 

creep behavior in certain geosynthetics. These tests 

show that isochronous secant stiffness decreases with 

increasing strain. Bathurst and Naftchali (2021) 

synthesized tensile test data and established an 

approximate relationship between the stiffness values 

obtained from CRS and CLC tests for seven types of 

geosynthetic. Their findings indicate that secant 

stiffness measured in CRS tests at a strain rate of 10% 

per minute is more than twice that measured at the 

same strain in 1,000-hour CLC tests. This significant 

difference underscores the importance of incorporating 

geosynthetic creep behavior on performance evaluation 

of GRS abutments. 

This study investigates the influence of geosynthetic 

reinforcement properties on the performance of GRS 

abutments under service load conditions. The 

geosynthetic reinforcement modeling is based on the 

relationship proposed by Bathurst and Naftchali (2021). 

Both linear elastic model and nonlinear model with 

varying tensile stiffness values were employed, with the 



 

former neglecting the creep behavior and the latter 

accounting for it. The study assesses the influences of 

geosynthetic reinforcement type on the service 

performance of GRS abutments, offering valuable 

insights for enhancing the accuracy of numerical 

modeling. 

2 NUMERICAL MODELS 

The finite difference program FLAC3D Version 9.0 

(Itasca Consulting Group, 2023) was employed to 

simulate the static response of GRS abutments. Zheng 

et al. (2022) previously developed a numerical model 

for a half-scale GRS abutment, which was validated 

against measured data from physical model tests. This 

study adopted a similar modeling approach to establish 

a full-scale GRS abutment model for the investigation. 

This model assumes the plane strain conditions, 

representing a simplification for the three-dimensional 

structure. 

2.1 Model geometry 

Figure 1 depicts the mesh layout and boundary 

conditions used in the finite difference model of the 

GRS abutment. The model represents a single-span 

bridge system with a total span of 22.8 m, featuring 

symmetrical structures at both ends. To enhance 

computational efficiency and leverage symmetry, only 

half of the bridge system is simulated. The numerical 

model includes the foundation soil layer, existing 

embankment, lower GRS wall, bridge seat, bridge beam, 

upper GRS wall, and approach roadway. Geosynthetic 

reinforcements are applied in both the lower and upper 

GRS walls with a uniform length of Lr = 3.5 m and a 

vertical spacing of Sv = 0.2 m. The bottom of the model 

is constrained in both horizontal and vertical directions, 

while the left and right boundaries are fixed 

horizontally but free vertically. 
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Fig. 1. Model geometry of the simulation model. 

 

2.2 Soil 
 
Table 1. Model parameters for backfill soil. 

Model parameter Value 

Internal friction angle, φ () 45.1 

Cohesion, c (kPa) 1 

Dilation angle, ψ (kPa) 9 

Unit weight, γ (kN/m3) 15.6 

Secant stiffness, ref

50E  (MPa) 25 

Unloading-reloading stiffness, ref

urE  (MPa) 100 

Power for stress-level dependency of stiffness, m 0.12 

Failure ratio, Rf 0.87 

Poisson’s ratio, υ 0.2 

 

The foundation and embankment soils are modeled 

using the Mohr-Coulomb model. Both the foundation 

soil and embankment soil were assigned with Young’s 

modulus of 80 MPa, Poisson’s ratio of 0.3, effective 

internal friction angle of 42°, and cohesion of 1 kPa. 

The backfill material for the GRS abutment is 

modeled as No. 57 open-graded aggregate, one of the 

backfill materials recommended by AASHTO (2020). 

The triaxial test simulations were validated against 

experimental data from Nicks et al. (2015). The backfill 

is modeled using the Plastic Hardening model. Table 1 

summarizes the calibrated model parameters for the 

backfill soil. 

 

2.3 Geosynthetic reinforcement 

In this study, the geosynthetic reinforcement is 

modeled as an isotropic geogrid structural element with 

both linear and nonlinear stiffness relationships, 



 

respectively. Bathurst and Naftchali (2021) established 

a linear correlation between the secant stiffness values 

obtained from the CRS and 1,000-hour CLC tests, both 

of which are directly related to the ultimate tensile 

strength (Tult) of geosynthetic reinforcement. This 

correlation enables the estimation of secant stiffness 

values based on the ultimate tensile strength. The 

relationships between secant stiffness from CRS and 

1,000-hour CLC tests, along with Tult for three different 

types of geosynthetic products, are summarized in 

Table 2. By selecting a specific type of geosynthetic 

reinforcement product with a given Tult and applying 

the approximation relationship in Table 2, the 

corresponding stiffness values from CRS and CLC tests 

can be determined. The elastic modulus, used as an 

input parameter for the geogrid element in numerical 

modeling, is calculated by dividing the stiffness by the 

geogrid thickness, which is assumed to be 1 mm. 

A hyperbolic model proposed by Bathurst and 

Naftchali (2021) was adopted in this study to account 

for the stiffness reduction and nonlinear behavior of 

geosynthetic reinforcement under creep conditions. In 

this model, the tensile load is expressed as a function of 

both strain and time. For the current study, the time 

parameter in the hyperbolic model was fixed at a 

typical construction duration of 1,000 hours, reducing 

the secant stiffness dependency to strain alone. The 

mathematical formulation for the tensile load as a 

function of strain is presented in Eq. (1), while the 

secant stiffness, defined as the tensile load divided by 

strain, is described in Eq. (2). 
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where Js is the secant stiffness, J0 is the initial stiffness 

at zero strain, χ is an empirical fitting parameter, and ε 
is the strain. Using the relationships provided in Table 2, 

secant stiffness values derived from the 1,000-hour 

CLC test at 2% and 5% strain were first obtained. 

These stiffness values represent two points on the curve 

illustrating the variation of secant stiffness with strain. 

By substituting these two points into Eq. (2), J0 and χ 

were back-calculated. In this study, the baseline case is 

assumed to be an HDPE geogrid with Tult of 100 kN/m. 

To evaluate the influence of geosynthetic reinforcement 

type, PP woven geotextile and PET woven geotextile, 

both with Tult of 100 kN/m, were considered. The 

variations of secant stiffness with strain for these 

calculated conditions are illustrated in Fig. 3. The 

parameters for the various calculated conditions in this 

study are summarized in Table 3. 
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Fig. 3. Variation of geosynthetic reinforcement secant stiffness 

with tensile strain 

 

Since FLAC3D employs an incremental 

computational framework, the tangent stiffness of the 

reinforcement, Jt, must be updated at each calculation 

step to implement the hyperbolic reinforcement model 

effectively. The tangent stiffness is defined as: 
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Table 2. Relationship between Tult and J from CRS/CLC tests for three geosynthetic reinforcements. 

 HDPE geogrid PP woven geotextile PET woven geotextile 

 J (CRS)/Tult J (CRP)/Tult J (CRS)/Tult J (CRP)/Tult J (CRS)/Tult J (CRP)/Tult 

Strain 2% 5% 2% 5% 2% 5% 2% 5% 2% 5% 2% 5% 

Ratio 13.7 12.8 6.3 4.6 3.2 3.6 2.5 2.4 7.1 8.6 5.1 5.0 

 
Table 3. Geosynthetic reinforcement properties. 

Model Property 
Geosynthetic type 

HDPE PP PET 

Nonlinear 
Initial tangent stiffness, J0 (kN/m) 836 257.1 516.9 

Fitting parameter, χ (kN/m) 51.1 180 765 

CRS2% Secant stiffness, Js (kN/m) 1369.6 324.7 708.3 

 

2.4 Interfaces 

Interfaces were established to simulate interactions 

between the various components of the GRS abutment. 

The properties of these interfaces—soil-geosynthetic, 

block-geosynthetic, soil-block, block-block, and bridge 



 

beam-bridge seat—are consistent with the values 

reported by Zheng et al. (2022). 

2.5 Structure components 

The concrete components, including the modular 

blocks, bridge seat, and bridge beam, were modeled 

using an elastic model with a Poisson's ratio of 0.2. The 

bridge beam was given a higher Young’s modulus of 40 

GPa, while the Young’s modulus for the modular 

blocks and bridge seat was set at 20 GPa. Both the 

modular blocks and the bridge seat were assigned a unit 

weight of 24 kN/m³, whereas the unit weight of the 

bridge beam was incrementally increased to simulate 

varying vertical stresses applied to the GRS abutment. 

2.6 Modeling procedures 

The construction process of the GRS abutment was 

simulated by sequentially activating the backfill soil, 

geosynthetic reinforcement layers, and modular blocks 

from the bottom up. After completing the lower GRS 

wall, the bridge seat was placed on top, followed by the 

construction of the upper GRS wall behind the bridge 

seat. The bridge beam was then placed on the bridge 

seat, and its unit weight was progressively increased to 

generate average contact pressures of qv = 50, 100, 150, 

200, 300, and 400 kPa. 

3 RESULTS AND ANALYSIS 

In this study, the simulated results of the 

deformations of GRS abutments, encompassing bridge 

seat settlements and facing displacements are compared 

and discussed. These results represent cumulative 

values since the construction of GRS abutments. 
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Fig. 4. Influence of geosynthetic reinforcement type on bridge 

seat settlement under different applied vertical stresses. 

 

Figure 5 illustrates the influence of geosynthetic 

reinforcement type on the bridge settlement of GRS 

abutments. Among the three geosynthetic 

reinforcement types considered, the abutment with 

HDPE geogrids exhibits the smallest settlements, while 

the abutment with PP geotextiles shows the largest 

settlements. The impact of geosynthetic reinforcement 

type on settlements is minor at the end of construction. 

However, as the applied vertical stress increases, the 

differences among the different geosynthetic 

reinforcement types become more pronounced. Using 

the GRS abutment with nonlinear reinforcement 

stiffness as an example, the difference in bridge seat 

settlement between the abutments with HDPE geogrid 

and PP geotextile at the end of construction is 3.2 mm. 

This difference increases to 15.8 mm under a vertical 

stress qv of 200 kPa and further grows to 29.9 mm 

under qv of 400 kPa. Additionally, for all geosynthetic 

reinforcement types, using a CRS stiffness significantly 

underestimates abutment settlements, with the extent of 

underestimation increasing under higher vertical 

stresses. However, the extent of underestimation varies 

among the different geosynthetic reinforcement types. 

For example, under qv = 200 kPa, the settlement of the 

abutment with PP geotextile modeled using the CRS 

stiffness is 10.0% higher than the case using nonlinear 

stiffness accounting for creep behavior. For HDPE 

geogrid, this difference reaches 20.8%. 
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(b) 

Fig. 5. Influence of geosynthetic reinforcement type on facing 

displacements: (a) displacement profiles under qv = 200 kPa; (b) 

maximum displacements under different applied vertical stresses. 

 

Figure 5(a) presents the facing displacement profile 

under qv = 200 kPa, showing a consistent trend across 

all abutments: the facing displacement initially 

increases with elevation and then decreases, with the 

maximum displacement occurring at an elevation of 3 

m. The influence of geosynthetic reinforcement type is 

minimal at the bottom and top of the abutment but 



 

becomes more pronounced between the elevations of 

2–4 m. Figure 5(b) illustrates the influence of 

geosynthetic reinforcement type on the maximum 

facing displacements under varying applied vertical 

stresses. The observed trend aligns with that of bridge 

seat settlement: the abutment reinforced with HDPE 

geogrids exhibits the smallest maximum facing 

displacements, while the abutment reinforced with PP 

geotextiles shows the largest displacements. The 

influence of geosynthetic reinforcement type becomes 

increasingly significant as the applied vertical stress 

rises.  

4 CONCLUSIONS 

In this study, a numerical model was developed to 

evaluate the influence of geosynthetic reinforcement 

properties on the deformation response of geosynthetic 

reinforced soil (GRS) abutments by considering 

different types of geosynthetics. The geosynthetic 

reinforcements were modeled using two approaches: 

constant stiffness values, which neglect creep behavior, 

and nonlinear stiffness values, which account for creep 

behavior. The main conclusions drawn from the 

conditions investigated are as follows: 

(a) Geosynthetic reinforcement type significantly 

affects abutment deformations. For geosynthetic 

reinforcements with the same ultimate tensile strength, 

abutments reinforced with PP geotextiles exhibited 

significantly larger settlements and facing 

displacements, while the abutment with HDPE geogrids 

experienced the smallest deformations. Moreover, the 

influence of geosynthetic reinforcement type becomes 

more pronounced as the applied vertical stress 

increases. 

(b) Neglecting the creep behavior of results in 

significant overestimation of tensile stiffness. This 

leads to an underestimation of both settlements and 

facing displacements of GRS abutments. The extent of 

this effect varies among different types of geosynthetics, 

with the HDPE geogrids being the most affected by 

creep behavior among the three types studied. 
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