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Abstract: The purpose of this study is to assess effects of two different simulation methods
(i.e., interfaces with a single spring-slider system and interfaces with double spring-slider sys-
tems) for interactions between reinforcement and the surrounding medium on the performances of
geosynthetic-reinforced soil (GRS) structures when conducting numerical analyses. The fundamental
difference between these two methods is the number of the spring-slider systems used to connect
the nodes of structural elements simulating the geosynthetic reinforcement and the points of solid
grids simulating the surrounding medium. Numerical simulation results of pull-out tests show that
both methods reasonably predicted the pullout failure mode of the reinforcement embedded in the
surrounding medium. However, the method using the interfaces with a single spring-slider system
could not correctly predict the interface shear failure mode between the geosynthetics and surround-
ing medium. Further research shows that these two methods resulted in different predictions of the
performance of GRS piers as compared with results of a laboratory load test. Numerical analyses
show that a combination of interfaces with double spring-slider systems for reinforcement between
facing blocks and interfaces with a single spring-slider system for reinforcement in soil resulted in
the best performance prediction of the GRS structures as compared with the test results. This study
also proposes and verifies an equivalent method for determining/converting the interface stiffness
and strength parameters for these two methods.

Keywords: geosynthetics; interface; numerical software; reinforcement–medium interaction;
structural element

1. Introduction

Geosynthetic-reinforced soil (GRS) has been increasingly used as earth structures, such
as retaining walls, slopes, and embankments to support surface loads over the last couple
of decades due to its advantages of low cost and simple construction. The performance of a
GRS structure consisting of multiple components (e.g., soil, geosynthetic, and facing blocks)
is significantly affected by interactions between different components [1,2]; therefore, it is
difficult to properly analyze its internal/external stability under failure conditions and its
deformations under serviceability conditions using conventional analytical solutions. More
recently, numerical software has been increasingly used to evaluate the performance of GRS
structures for field applications or theoretical research [3,4]. In the process of establishing
numerical models, different methods are used to simulate interactions between different
components in GRS structures. Since these simulated interactions may affect the predicted
performance of the GRS structures, it is important to select proper interaction simulation
methods in a numerical analysis.

Buildings 2024, 14, 422. https://doi.org/10.3390/buildings14020422 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14020422
https://doi.org/10.3390/buildings14020422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-0110-3541
https://orcid.org/0000-0001-9748-1004
https://doi.org/10.3390/buildings14020422
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14020422?type=check_update&version=1


Buildings 2024, 14, 422 2 of 24

There are two common methods in the commercial numerical software to simulate
the interaction between the geosynthetic reinforcement and the surrounding medium
(e.g., soil and facing blocks) in GRS structures. Figure 1 illustrates the basics of these two in-
teraction simulation methods. Method I simulates the interaction between the geosynthetic
reinforcement (i.e., structural elements) and the surrounding medium (i.e., solid grids)
using interfaces with a single spring-slider system located at each node of the structural
element. This single spring-and-slider system allows relative displacements between the
reinforcement and the surrounding medium but does not allow relative displacements
between the surrounding medium on the opposing sides of the reinforcement–medium
interface as shown in Figure 1a. In other words, in Method I, the displacement on side A of
the solid grids is equal to that on side B, but the displacement on either side of the solid
grids is not equal to that at the node of the structural element. Examples of using Method I
to simulate the interaction between the structural element and the surrounding solid grids
are: (1) the “GROUTED” “CABLE” structural elements embedded in the finite difference-
based software FLAC2D and (2) the “GEOGRID” or “PLATE” structural elements with
“INTERFACE” elements embedded in the finite element-based software PLAXIS2D. Many
numerical studies in the literature utilized Method I to simulate the interaction between
the geosynthetic reinforcement and the backfill soil in interaction tests [5–7], retaining
walls [8,9], slopes [10,11], abutments [12,13], and embankments [14,15].
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I: single spring-slider system and (b) Method II: double spring-slider systems.

On the other hand, Method II simulates the interaction between the structural ele-
ment and the surrounding solid grids using double spring-slider systems located at each
node of the structural element. These double spring-slider systems allow not only rel-
ative displacements between the reinforcement and the surrounding medium but also
relative displacements between the surrounding medium on two opposing sides of the
reinforcement–medium interface. In other words, in Method II, the displacements on side
A and side B of the surrounding solid grids and at the node of the structural element can
be different. The “BEAM” structural element with “INTERFACE” elements on both sides
embedded in FLAC2D is one of the examples using Method II to simulate the interaction
between the geosynthetic reinforcement and the surrounding medium. In recent studies,
Method II was used to simulate the interaction of the geosynthetic reinforcement embedded
between two facing blocks [16–19], the interaction between the geocell and the backfill soil
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in a geocell-reinforced slope [20], and the interaction of the geotextile-reinforced gravel
layer over a void [21].

When establishing a numerical model, choosing different structural elements and
interface options is essentially using different methods to simulate the interaction between
different components such as the interaction between the geosynthetic and the surrounding
medium (i.e., reinforcement–medium interaction). The applying condition of each interac-
tion simulating method is different due to its unique capabilities as discussed previously.
However, little research has been conducted in the past to investigate the applicability of
each simulating method or the principle of choosing the appropriate simulating method
under different conditions. Yu and Bathurst [21] and Yu et al. [22] pointed out that the
selection of structure elements and interfaces could have a significant influence on numeri-
cal results; therefore, appropriate modeling of the reinforcement–medium interaction is
the key to accurately predict the performance of GRS structures. Clearly, it is necessary
and important to assess different interaction simulation methods and their effects on the
predicted performance of GRS structures using numerical software. Also, another issue that
needs to be addressed is the conversion formula between the interface parameters of the
two simulation methods. Due to that, the interface parameters determined by direct shear
or pullout tests usually correspond to Method II. When Method I is applied in numerical
simulation, it inevitably involves a parameter conversion issue. Hence, the conversion
formula is of great significance for determining the interface parameters used in numerical
simulations based on test results.

In this work, the interface parameter conversion formulas for the above two interface
simulation methods were derived based on the interface constitutive model in the FLAC
2D software manual. And two-dimensional numerical analyses were carried out in FLAC
2D to verify the derived relationship and assess the applicability of different interaction
simulation methods in predicting the performances of GRS structures. Three interaction
tests published in the literature were first chosen for this purpose. Numerical simulations
were also conducted to assess the effects of these two interaction simulation methods
on the predicted performances of a GRS mini-pier test as compared with the measured
results. Finally, recommendations were made for properly applying each interaction
simulation method to reasonably simulate the geosynthetic–medium interaction behavior
in GRS structures.

2. Numerical Modeling of Geosynthetic Pullout Tests
2.1. Geometry of Numerical Model

Pullout tests with passive reinforcement layers conducted by Zornberg et al. [23] were
chosen for numerical simulations in this study considering the pullout test as one of the
standard test methods to evaluate reinforcement–soil interaction. Figure 2 shows the geom-
etry of the physical pullout box used by Zornberg et al. [23] as well as the corresponding
numerical model established in this study. A woven polypropylene geotextile layer was
placed as an active reinforcement, and two passive reinforcement layers with the same ma-
terial were placed above and below the middle reinforcement layer, respectively. All three
reinforcement layers had the same width as the pullout box in the out-of-plane direction
(i.e., 0.3 m) and a thickness of 1 mm. Pullout tests were conducted at a displacement rate of
1.0 mm/min. The backfill soil used in the pullout tests was the American Association of
State Highway and Transportation Officials (AASHTO) No. 8 aggregate.
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numerical model established in this study.

Finite difference-based software FLAC2D developed by Itasca [24] was used in this
study to simulate the pullout tests. Two numerical models using Methods I and II, respec-
tively, were established to calibrate/assess the relationship between the parameters for
these methods: (1) Method I (i.e., single spring-slider system) using “CABLE” structural
elements with embedded “GROUT ANNULUS” properties and (2) Method II (i.e., double
spring-slider systems) using “BEAM” structural elements combined with “INTERFACE”
elements on both sides.

2.2. Constitutive Models and Properties

In both numerical models, the AASHTO No. 8 backfill soil was modeled with a
linearly elastic perfectly plastic Mohr–Coulomb (MC) constitutive model. According to
Morsy et al. [25], the AASHTO No. 8 backfill soil was compacted at the relative density
of 70% (i.e., a dry density of 1667 kg/m3). A friction angle ϕ of 37◦and a cohesion c of
15 kPa were adopted in the numerical models based on triaxial test results. According to
the numerical model in PLAXIS reported by Zornberg et al. [23], the elastic modulus of
18 MPa and a Poisson’s ratio of 0.3 were used in the numerical models; also, the dilation
angle ψ of 7◦ was recommended in this report based on the empirical relationship of ψ = ϕ
− 30◦ recommended by Bolton [26].

The reinforcement layers in these two numerical models were modeled using different
structural elements available in FLAC2D (i.e., “CABLE” and “BEAM” elements for Methods I
and II, respectively). Both the “CABLE” and the “BEAM” structural elements are linearly
elastic. Since the reinforcement layers used in the pullout tests were planar, both “CABLE”
and “BEAM” elements were assumed to be continuous and have a width of 1 m in the
out-of-plane direction. According to the physical test, the geotextile had a tensile stiffness
of 1095 kN/m at a tensile strain of 2% and an ultimate tensile strength of 70 kN/m. Table 1
shows the material properties of the structural elements used in the numerical modeling.
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Table 1. Input parameters for structural elements used to simulate geotextile layers in the numerical
modeling of pullout tests.

Parameters for both “CABLE” and “BEAM” structural elements

Property Unit Value
Elastic modulus MPa 1095
Cross-sectional area a m2 0.001
Tensile yield strength a kN 70

Parameter for “CABLE” structural element only

Property Unit Value
Exposed perimeter a M 2.002

Notes: a calculated with an out-of-plane width of 1 m and a thickness w of 1 mm.

2.3. Interfaces

For Method I using “CABLE” elements to simulate the geotextile, the interaction
between the geotextile and the surrounding AASHTO No. 8 backfill soil was simulated by
the embedded “GROUT ANNULUS” around the “CABLE” elements. For Method II using
the “BEAM” element, on the other hand, the interaction between the geotextile and the
surrounding AASHTO No. 8 backfill soil was simulated by Coulomb sliding “INTERFACE”
elements assigned to both upper and lower sides of each “BEAM” element. It should
be noted that two “INTERFACES” were assigned to each “BEAM” element while one
“GROUT ANNULUS” was embedded around each “CABLE” element. As a result, the
input interface parameters for Methods I and II were different. To fairly compare their
numerical results using different interaction simulation methods, it is necessary to develop
an equivalent method for converting the interface parameters for one Method into those
for another.

The benefits of the reinforcement in the improved performance of GRS structures,
such as the increased confining stresses [27] or the increased apparent cohesion [28], de-
pend on the reinforcement–soil interaction. In numerical modeling, reinforcement–soil
interaction generates shear forces at their interfaces, which contribute to axial forces in the
reinforcement. Therefore, equivalency of interface parameters should be based on the same
interface shear forces computed by different interaction simulation methods. Specifically,
the equivalency of the interface parameters between two methods should produce the
same mobilized interface shear force and the same ultimate interface shear strength under
ultimate and serviceability limits.

According to the manual of FLAC2D, the total mobilized shear force in the “GROUT
ANNULUS” per length around the “CABLE” element Fc (N/m) can be expressed as:

Fc = Kgrout · ∆uc (1)

where Kgrout (N/m/m) is the shear stiffness of the “GROUT ANNULUS” and ∆uc (m)
is the relative shear displacement between the “CABLE” element and the surrounding
solid grids.

The mobilized shear force at each “INTERFACE” per length around the “BEAM”
element Fb (N/m) can be expressed as:

Fb = ks · ∆ub · w (2)

where ks (Pa/m) is the shear stiffness of the “INTERFACE”; ∆ub (m) is the relative shear
displacement between the “BEAM” element and the surrounding solid grids; w (m) is the
width of the “INTERFACE” in the out-of-plane direction (w = 1 m in this study).

As mentioned previously, when the “BEAM” element was used to model the geotextile
reinforcement, two “INTERFACES” needed to be assigned to both the upper and the lower
sides of the “BEAM” element to simulate the reinforcement–soil interaction. As a result,
shear forces developed in both the upper and the lower “INTERFACES”. Due to the
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symmetry of the geometry and the load applied to the active geotextile layer, the relative
shear displacement between the upper side of the “BEAM” element and the surrounding
solid grids was the same as that between the lower side of the “BEAM” element and
the surrounding solid grids (i.e., ∆ub,u = ∆ub,l = ∆ub). Consequently, the shear force in
the upper “INTERFACE” equaled that in the lower “INTERFACE” (i.e., Fb,u = Fb,l = Fb).
Therefore, the total mobilized shear force per length on the “BEAM” element was twice the
shear force in each “INTERFACE”.

Based on the principle of the same mobilized interface shear force under the service-
ability condition, Equation (3) should be satisfied:

Fc = Fb,u + Fb,l = 2Fb (3)

Substituting Equations (1) and (2) into Equation (3) and assuming the same relative
shear displacement at the reinforcement–soil interface (i.e., ∆uc = ∆ub) led to the following
relationship between Kg,bond and ks from different interaction simulation methods:

Kg,bond = 2ks · w (4)

It should be noted that Equation (4) was derived based on the assumption that the
same interface relative shear displacements occurred at the upper and lower sides of the
“BEAM” element (∆ub,u = ∆ub,l) under the symmetry condition of the pullout test. However,
under an asymmetrical condition, Method II (i.e., “BEAM” structural elements combined
with two “INTERFACES”) allows different ∆ub,u and ∆ub,l, therefore, Equation (4) may not
be accurate and requires further investigation.

In FLAC2D, the ultimate interface shear strength between a reinforcement and soil
is controlled by the Mohr–Coulomb failure criterion. The maximum shear force Fmax,c in
the “GROUT ANNULUS” per length of the “CABLE” element can be determined by the
following equation:

Fmax,c = Sbond + P · σn · tan δi,c (5)

where Sbond (N/m) is the cohesion of the “GROUT ANNULUS”; P (m) is the exposed
perimeter of the “CABLE” element; σn (Pa) is the normal stress acting on the structural
element; and δi,c (◦) is the friction angle of the “GROUT ANNULUS”.

The maximum shear force Fmax,b in each “INTERFACE” per unit length around the
“BEAM” element can be expressed as follows:

Fmax,b = (ci,b + σn · tan δi,b) · w (6)

where ci,b (Pa) and δi,b (◦) are the cohesion and the friction angle of the “INTERFACE”
between the “BEAM” element and the surrounding solid grids, respectively; other symbols
have been defined previously.

Similar to the above discussion, the total shear strength per unit length of the “BEAM”
element was twice the shear strength in each “INTERFACE”. Based on the principle of the
same ultimate interface shear strength, Equation (7) should be satisfied:

Fmax,c = 2Fmax,b (7)

Substituting Equations (5) and (6) into Equation (7) leads to the following equation:

Sbond + P · σn · tan δi,c = 2(ci,b + σn · tan δi,b) · w (8)

Since the thickness of the geotextile reinforcement was negligible as compared to its
out-of-plane width, it was neglected when the exposed perimeter of the reinforcement was
calculated as shown in Equation (9). It should be noted that Equation (9) was also used in
Table 1 to determine the parameter for the “CABLE” element.

P = 2w (9)
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Substituting Equation (9) into Equation (8) leads to the relationship between the
interface shear strength parameters for these two interaction simulation methods as follows:

Sbond = 2w · ci,b = 2w · cint (10)

P = 2wδi,b = δi,c = δint (11)

where cint (Pa) and δint (◦) are the cohesion and the friction angle of the reinforcement–soil
interface, respectively.

In the numerical simulations of the geosynthetic pullout tests, the shear strength
parameters for the geotextile–AASHTO No. 8 interface (i.e., reinforcement–soil interface)
were determined based on the pullout test results from Zornberg et al. [23]. The cohesion
and the friction angle of the geotextile–AASHTO No. 8 interface were cint = 0 kPa and
δint = 29.3◦, respectively. These interface strength parameters were directly used as the
input parameters in Method II (i.e., ci,b and δi,b) due to the same principle of determining
the interface strength parameters from pullout test results as that used in Method II. On
the other hand, the interface strength parameters used in Method I were converted from
those in Method II using Equations (10) and (11). The normal and shear stiffness of the
“INTERFACE” used in Method II were calibrated from the pullout test results and the shear
stiffness of the “GROUT ANNULUS” used in Method I were calculated using Equation (4).
Table 2 shows the input interface parameters for these two interaction simulation methods
used in the numerical modeling of the pullout tests.

Table 2. Input interface parameters for different interaction simulation methods used in the numerical
modeling of the pullout tests.

Method I (“CABLE” structural elements with “GROUT ANNULUS”)

Parameter Unit Value
Shear stiffness of the “GROUT
ANNULUS” Kgrout

a N/m/m 4.0 × 107

Cohesion of the “GROUT
ANNULUS” Sbond

b N/m 0

Friction angle of the “GROUT
ANNULUS” δi,c

c
◦ 29.3

Method II (“BEAM” structural elements with “INTERFACE” elements)

Parameter Unit Value
Normal stiffness of the
“INTERFACE” element kn

d Pa/m 4.0 × 108

Shear stiffness of the
“INTERFACE” element ks

d Pa/m 2.0 × 107

Cohesion of the
“INTERFACE” element ci,b

d Pa 0

Friction angle of the
“INTERFACE” element δi,b

d
◦ 29.3

Notes: a calculated using Equation (4) with an out-of-plane width w of 1 m; b calculated using Equation (10) with
an out-of-plane width w of 1 m; c calculated using Equation (11); and d determined or calibrated from pullout
test results.

2.4. Modeling Procedure

In Method I, the numerical model was fixed in both horizontal and vertical directions
at the bottom but in the horizontal direction only on the left and right boundaries as shown
Figure 2. Firstly, the solid grids simulating the AASHTO No. 8 backfill soil in the bottom
layer with a thickness of 0.025 m were activated, and the model was solved to elastic
equilibrium. Then, in order to simulate the actual compaction preparation procedure in
the pullout tests, an 8-kPa uniform vertical stress was applied and removed. The above
steps of activating the solid grids layer, applying loads, and unloading were repeated in
sequence until the entire model was constructed. The bottom and top layers had a thickness
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of 0.025 m, and the other eight layers had a thickness of 0.05 m. When the compaction
of second, fifth, and eighth layers was completed, the “CABLE” structural elements were
activated at the corresponding height. Also, the “GROUT ANNULUS” around the “CABLE”
elements were activated to simulate the reinforcement–soil interaction at the same time. The
sleeve in the pull-out test was simulated by setting constraints at defects where there were
no solid grids in the middle height of the model (Figure 2). The sleeve in the pullout box
had a length of 0.21 m and a height of 0.05 m. The sleeve was fixed to the grid boundaries
above and below and in the horizontal direction at its left end. An additional section of
“CABLE” elements was arranged at the middle height of the sleeve and the node at its
left ends was connected with the rightmost node of the active geotextile embedded in the
model. All nodes of the additional “CABLE” elements within the sleeve were fixed in the
vertical direction to avoid vertical displacement. After that, a normal stress was applied on
the top boundary of the numerical model and then equilibrium was solved. The pullout
load was simulated by assigning a constant horizontal velocity to the free (rightmost)
node of the additional “CABLE” elements in the middle of the sleeve. As designed in the
tests, the constant horizontal velocity of the node was 1 mm/min. Then, the model ran
42,000 cycles, and during this process, the node displacement and the pullout load in the
rightmost additional “CABLE” element were monitored.

The modeling procedure of Method II was similar to Method I. Their difference lies in
the fact that “BEAM” elements instead of “CABLE” elements were used in Method II to
simulate the active and passive geotextile layers embedded in the AASHTO No. 8 backfill
soil. Due to the application of “BEAM” elements, the soil grids on both upper and lower
sides of the geotextile did not directly contact each other, but interacted with adjacent
“BEAM” elements through “INTERFACES”. Similarly, an additional “BEAM” structural
element was placed in the middle height of the sleeve for the application of a pullout load.
And the fix and pullout rate were all the same as that in Method I.

2.5. Numerical Results and Comparison

Figure 3 shows the comparison of the pullout load–front displacement curves from
Zornberg et al. [23] and the numerical results obtained using Methods I and II, respectively.
For the convenience of comparison, error bars with an error rate of 10% were also plotted
for the tests results. Figure 3 shows that the results of both numerical methods were all
within 10% error or slightly exceeding the error range of the test results. It means that
both numerical methods could reasonably predict the pullout responses of the geotextile
layer embedded in the AASHTO No. 8 backfill soil although deviations existed between
the numerical results and the test results. Figure 3 shows that the numerically predicted
pullout loads matched well with the test results under different normal stresses when the
front displacements were small and the interface shear stresses were lower than the shear
strength. When the interface shear stresses got close to the shear strength, Figure 3c shows
that the pullout loads predicted by both Methods I and II were slightly higher than the test
results under the normal stress of 35 kPa, and the errors of numerical model significantly
exceeded 10% of the test results. However, this difference was still within an acceptable
range of errors for numerical investigation.
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Figure 3. Comparison of the pullout load–front displacement curves between the test results and the
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The comparison between the numerical predictions and the test results in Figure 3
proves both interaction simulation methods (i.e., Methods I and II) are suitable for simulat-
ing pullout tests of geosynthetics in soil. In addition, the proposed equivalent method for
the conversion of interface parameters shown in Equations (4) and (11) is appropriate. In
other words, the reinforcement–soil interaction in pullout tests could be reasonably pre-
dicted in FLAC2D using either the “CABLE” structural elements with embedded “GROUT
ANNULUS” properties or the “BEAM” structural elements combined with “INTERFACES”.
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2.6. Numerical Modeling of Geosynthetic-Block Connection Tests

In the above models, the reinforcement–soil interface had no cohesion. However, the
interface between reinforcement and the surrounding medium in GRS structure some-
times has initial cohesion, e.g., reinforcement between facing blocks in a GRS abutment.
Geosynthetic–block connection tests conducted by Awad and Tanyu [29] were chosen in
this study, in order to further evaluate the performance of the two simulation methods
when the interface had cohesion. The geometric characteristics of the test, the material prop-
erties, interface parameters and other information used in the simulation are summarized
in Table 3. Also, two models using Methods I and II, respectively, were considered.

Table 3. Geometry, material properties, and interface parameters of geosynthetic connection tests.

Geometry of geosynthetic connection tests a

Term Unit Value
Thickness of concrete facing blocks m 0.09
Width of geotextile m 0.3
Embedded length of geotextile m 0.3
Free length of geotextile m 0.2
Pullout rate mm/min 13

Parameters for concrete facing
blocks b

Property Unit Value
Elastic modulus GPa 2
Poisson’s ratio N/A 0.15

Parameters for both “CABLE” and “BEAM” structural elements

Property Unit Value
Elastic modulus a MPa 700
Cross-sectional area c m2 0.001
Tensile yield strength a kN 70

Parameter for “CABLE” structural element only

Property Unit Value
Exposed perimeter c m 2.002

Interface parameters for Method I d

Parameter Unit Value
Shear stiffness of the “GROUT
ANNULUS” Kgrout

N/m/m 4.0 × 108

Cohesion of the “GROUT
ANNULUS” Sbond

N/m 13.4 × 103

Friction angle of the “GROUT
ANNULUS” δi,c

deg 21.6

Interface parameters for Method II e

Parameter Unit Value
Normal stiffness of the “INTERFACE”
element kn

Pa/m 2.0 × 1010

Shear stiffness of the “INTERFACE”
element ks

Pa/m 2.0 × 108

Cohesion of the “INTERFACE”
element ci,b

Pa 6.7 × 103

Friction angle of the “INTERFACE”
element δi,b

deg 21.6

Notes: a based on Awad and Tanyu [29]; b based on typical values; c calculated with an out-of-plane width w of
1 m and a thickness of 1 mm; d calculated using Equation (4), (10) or (11) with an out-of-plane width w of 1 m; and
e determined or calibrated from connection test results.

Figure 4 shows the comparison of the pullout load–front displacement curves from
test and by the numerical simulations using Methods I and II, respectively. According to
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the range indicated by the error bar with a 10% error rate, the errors between the simulation
results of both methods and the tests results were less than 10% or slightly exceeding the
error range. It indicates that both numerical models could reasonably predict the pullout
responses of the geotextile layer embedded between two concrete facing blocks. The
comparison in Figure 4 also proves that the proposed equivalent method for the interface
cohesion conversion in Equation (10) is valid.
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In conclusion, both interaction simulation methods are suitable for simulating the
reinforcement–medium (i.e., soil or blocks) interaction with or without interface cohesion
under pullout action. These interaction simulation methods as well as the proposed
equivalent method for the interface parameter convention were further assessed in terms
of the predicted performance of GRS structures.

3. Numerical Modeling of Direct Shear Tests of Geosynthetic-Sand Interface
3.1. Geometry of Numerical Model

In GRS structures, geosynthetic reinforcement is not only in pullout resistance state,
but also in shear resistance state. It is important to assess the interaction simulation
methods for shear properties of geosynthetic–sand interface. For this purpose, direct shear
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tests of geosynthetic–sand interface conducted by Liu et al. [30] were chosen in this study.
Figure 5 shows the geometry of the direct shear test apparatus as well as the corresponding
numerical model. Both upper and lower shear boxes were filled with Ottawa sand. A
geogrid was placed between two shear boxes and fixed to the lower box. A vertical load
was applied onto the top of the upper shear box and a constant shear displacement rate of
1 mm/min load was applied to the vertical boundary of the upper shear box.
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numerical model in this study.

Also, Method I using “CABLE” structural elements with embedded “GROUT ANNU-
LUS” and Method II using “BEAM” structural elements combined with “INTERFACES”
on both sides were established.

3.2. Constitutive Models and Properties

In both numerical models, the Ottawa sand was modeled with a linearly elastic
perfectly plastic Mohr–Coulomb (MC) constitutive model. According to Liu et al. [30],
the Ottawa sand was compacted at the relative density of 80% (i.e., a dry density of
1667 kg/m3). An elastic modulus of 20 MPa and a Poisson’s ratio of 0.3 were used in
the numerical models based on typical values as well as numerical calibration. A friction
angle ϕ of 38.4◦and a cohesion c of 0 kPa were adopted in the numerical models based on
direct shear test of sands according to Liu et al. (2009). A dilation angle ψ of 8◦ was used
based on the empirical relationship of ψ = ϕ − 30◦ recommended by Bolton [26]. Similar
to previously, two numerical models used different structural elements to simulate the
geogrid (i.e., “CABLE” and “BEAM” structural elements for Methods I and II, respectively).
Both the “CABLE” and the “BEAM” elements were linearly elastic and assumed to be
continuous in the out-of-plane direction. Table 4 shows the material properties of the
structural elements used in the numerical simulations in this study.

Table 4. Input parameters for structural elements used to simulate the geogrid in the numerical
modeling of direct shear tests.

Parameters for both “CABLE” and “BEAM” structural elements

Property Unit Value
Elastic modulus a MPa 50
Cross-sectional area b m2 0.001
Tensile yield strength a kN 200

Parameter for “CABLE” structural element only

Property Unit Value
Exposed perimeter b m 2.002

Notes: a based on Liu et al. [30]; b calculated with an out-of-plane width w of 1 m and a thickness of 1 mm.
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3.3. Interfaces

Interface reduction parameter for the geogrid–sand interface was 0.94 based on the
direct shear test results. The cohesion and the friction angle of the geogrid–sand interface
were cint = 0 kPa and δint = 36.7◦, respectively. Similar to what was conducted previously
in Section 2, these interface strength parameters were directly used as the input parameters
in Method II (i.e., ci,b and δi,b) and were converted to the interface strength parameters
used in Method I (i.e., Sbond and δi,c) utilizing Equations (10) and (11). Table 5 shows
the input interface parameters for these two interaction simulation methods used in the
numerical modeling.

Table 5. Input interface parameters for different interaction simulation methods used in the numerical
modeling of direct shear tests.

Method I (“CABLE” structural elements with “GROUT ANNULUS”)

Parameter Unit Value
Shear stiffness of the “GROUT
ANNULUS” Kgrout

a N/m/m 4.0 × 107

Cohesion of the “GROUT
ANNULUS” Sbond

b N/m 0

Friction angle of the “GROUT
ANNULUS” δi,c

c deg 36.7

Method II (“BEAM” structural elements with “INTERFACE” elements)

Parameter Unit Value
Normal stiffness of the
“INTERFACE” element kn

d Pa/m 4.0 × 108

Shear stiffness of the
“INTERFACE” element ks

d Pa/m 2.0 × 107

Cohesion of the
“INTERFACE” element ci,b

d Pa 0

Friction angle of the
“INTERFACE” element δi,b

d deg 36.7

Notes: a calculated using Equation (4) with an out-of-plane width w of 1 m; b calculated using Equation (10) with
an out-of-plane width w of 1 m; c calculated using Equation (11); and d determined or calibrated from direct shear
test results.

3.4. Modeling Procedure

In Method I, the numerical model was fixed in both horizontal and vertical directions
at the bottom and fixed in the horizontal direction at the left and right boundaries as shown
in Figure 5. Solid grids simulating the sand in the lower shear box were activated in three
layers first and the numerical model was then solved to reach equilibrium. The “CABLE”
elements simulating the geogrid and their corresponding “GROUT ANNULUS” simulating
the reinforcement–sand interaction were then activated, followed by the activation of the
three layers of solid grids simulating the sand in the upper shear box. A normal stress was
applied on the top boundary of the upper shear box, and then equilibrium was solved.
A shear force was simulated by assigning a constant horizontal velocity to the vertical
boundary of the top shear box. Method II utilized the same modeling procedure as that
used in Method I except that “BEAM” elements instead of “CABLE” elements were used in
Method II to simulate the geogrid. “INTERFACES” were assigned to both the upper and
the lower sides of the “BEAM” elements to simulate the reinforcement–sand interaction.

3.5. Numerical Results and Comparison

Figure 6 shows the comparison of the shear stress–shear displacement curves obtained
from tests and the numerical simulations using Methods I and II, respectively, and er-
rors bar with a 10% error rate of tests results are also plotted. Figure 6 shows that both
numerical models could reasonably predict the shear properties of the geogrid–sand inter-
face in general. However, at higher vertical stress levels (187 kPa), the shear stress–shear
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displacement curve predicted by Method I has some differences from the test values in
terms of interface shear stiffness and shear strength. It indicates that although the shear
failure of the reinforcement–soil interface can be reflected by both models according to the
proposed equation, the simulation effect of the model using the “CABLE” element is not as
satisfactory as the model using the “BEAM” element.
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In conclusion, both interaction simulation methods are suitable for simulating the
reinforcement–soil interaction in pullout resistance state or shear resistance state. However,
the simulation effect may be different due to failure or deformation forms.

4. Numerical Modeling of Geosynthetic Reinforced Soil (GRS) Mini-Pier Tests
4.1. Geometry of Numerical Model

GRS mini-pier test is a test method developed by the Federal Highway Administration
(FHWA) to investigate the load-deformation behavior of a frictionally connected GRS
mass [31,32]. A GRS mini-pier is composed of multiple components, such as compacted
backfill, closely spaced geosynthetic layers, and hollow Concrete Masonry Unit (CMU)
facing blocks. The performance of a GRS mini-pier is significantly affected by the interaction
between different components of the pier, including the reinforcement–soil interaction and
the reinforcement-facing block interaction. Therefore, the GRS mini-pier test is an excellent
example to assess different interaction simulation methods on the predicted performance
of GRS structures. The mini-pier test TF6 conducted by Nicks et al. [31] was chosen as the
prototype testing of the numerical investigation to assess different interaction simulation
methods. The TF6 mini-pier was 2 m high and composed of ten layers of CMU blocks.
The cross-sectional dimensions of the pier were 1.4 m × 1.4 m and 1.0 m × 1.0 m with
and without the CMU blocks, respectively. The backfill soil used in the TF6 mini-pier test
was Virginia Department of Transportation (VDOT) 21A aggregate. Nine layers of woven
geotextile were used as reinforcement in the pier with vertical reinforcement spacing of
0.2 m. Each geotextile layer covered a 100% cross-sectional area of the pier including the
CMU blocks. Frictional connection was used between geotextile layers and CMU blocks. A
concrete slab with a slightly smaller cross-sectional area (0.9 m × 0.9 m) was placed on top
of the pier to serve as the footing for vertical loading.

A slice of the TF6 mini-pier with a unit width in the out-of-plane direction was simu-
lated in the 2D numerical models established in FLAC2D. Using the validated interaction
simulation methods as well as the proposed equivalent method for determining the inter-
face parameters, three numerical models were analyzed as shown in Figure 7: (1) Method
I simulated all the geotextile layers using “CABLE” structural elements with embedded
“GROUT ANNULUS”; (2) Method II simulated all the geotextile layers using “BEAM”
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structural elements combined with “INTERFACES” on both sides; and (3) Method III used
different structural elements to simulate the geotextile layers at different locations, i.e., the
geotextile layers embedded in the backfill soil modeled using “CABLE” structural elements
with “GROUT ANNULUS” and those embedded between CMU blocks modeled using
“BEAM” structural elements combined with “INTERFACES” on both sides. It should be
noted that, in Method III, the leftmost and rightmost nodes of each “CABLE” element were
subordinated to the nodes of the “BEAM” element at the same location.
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4.2. Constitutive Models and Properties

In all three numerical models, the backfill soil VDOT21A aggregate was modeled with
the linearly elastic perfectly plastic MC constitutive model. A friction angle ϕ of 53◦ and
a cohesion c of 5.5 kPa were adopted in the numerical model based on large-scale direct
shear test results reported by Nicks et al. [31]. A dilation angle ψ of 23◦ was used. The
VDOT21A aggregate had a density of 2500 kg/m3, an elastic modulus of 25 MPa, and a
Poisson’s ratio of 0.25 based on typical values reported by Shen et al. [18].

Both the CMU blocks and the concrete slab were modeled with the linearly elastic
constitutive model. The CMU blocks and the concrete slab had densities of 1230 and
2500 kg/m3, respectively, an elastic modulus of 2 GPa, and a Poisson’s ratio of 0.15 based
on typical values.

Linearly elastic “CABLE” and “BEAM” structural elements were used in different
numerical models as mentioned previously to simulate the geotextile layers in the TF6
mini-pier. The “CABLE” and “BEAM” structural elements used in Methods I and II had the
same length of 1.4 m. In Method III, on the other hand, the “CABLE” elements embedded
in the backfill soil and the “BEAM” elements embedded between the CMU blocks had
lengths of 1.0 m and 0.2 m, respectively. The input parameters for the “CABLE” and “BEAM”
structural elements used in the numerical simulation of the TF6 mini-pier are shown in Table 6.
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Table 6. Input parameters for structural elements used to simulate the geotextile layer in the mini-pier
tests.

Parameters for both “CABLE” and “BEAM” structural elements

Property Unit Value
Elastic modulus a MPa 700
Cross-sectional area b m2 0.001
Tensile yield strength a kN 70

Parameter for “CABLE” structural element only

Property Unit Value
Exposed perimeter b m 2.002

Notes: a based on Nicks et al. [31]; b calculated with an out-of-plane width w of 1 m and a thickness of 1 mm.

4.3. Interfaces

In each model, the interfaces between the reinforcement and adjacent media were
simulated based on the structure unit selection plan introduced in Section 4.1. Tables 7 and 8
summarize the interface type and the input interface parameters for the reinforcement–
soil interaction and the reinforcement–block interaction, respectively, in the numerical
modeling of the TF6 mini-pier. Due to lack of geotextile pullout test results in soil, the
shear strength parameters for the reinforcement–soil interface were determined based on
an interface interaction coefficient Ci. Goodhue et al. [33] indicated that Ci typically ranges
from 0.5 to 0.9 and the cohesion of the soil should be ignored. In this study, interface
interaction coefficients Ci of 0 and 0.6 were assigned to the interface cohesion and the
interface friction angle of the reinforcement–soil interface, respectively. Therefore, the
interface cohesion equaled to cint = Ci · c = 0 × 5.5 = 0 kPa and the interface friction angle
equaled to δint = arctan (Ci·tan ϕ) = arctan (0.6·tan 53◦) = 38.5◦. These two interface shear
strength parameters were directly used as the input parameters in Method II (i.e., ci,b and
δi,b) and used to convert the interface shear strength parameters in Methods I and III using
the proposed equivalent method as discussed previously.

Table 7. Input interface parameters for the reinforcement–soil interaction used in the numerical
modeling of the TF6 mini-pier.

Reinforcement–soil interaction simulated in Methods I and III using “CABLE” structural elements with “GROUT ANNULUS”

Parameter Unit Value
Shear stiffness of the “GROUT ANNULUS” Kgrout

a N/m/m 3.0 × 106

Cohesion of the “GROUT ANNULUS” Sbond
b N/m 0

Friction angle of the “GROUT ANNULUS” δi,c
c deg 38.5

Reinforcement–soil interaction simulated in Method II using “BEAM” structural elements with “INTERFACES” on both sides

Parameter Unit Value
Normal stiffness of the “INTERFACE” element kn

d Pa/m 1.5 × 108

Shear stiffness of the “INTERFACE” element ks
e Pa/m 1.5 × 106

Cohesion of the “INTERFACE” element ci,b
f Pa 0

Friction angle of the “INTERFACE” element δi,b
f deg 38.5

Notes: a calculated using Equation (4) with an out-of-plane width w of 1 m; b calculated using Equation (10) with
an out-of-plane width w of 1 m; c calculated using Equation (11); d determined as 100 times the shear stiffness
to prevent the “INTERFACES” from penetrating into neighboring solid grids recommended by Hatami and
Bathurst [34,35]; e calibrated from TF6 mini-pier test results; f calculated based on Goodhue et al. [33] with interface
interaction coefficients Ci of 0 and 0.6 for the interface cohesion and the interface friction angle, respectively.
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Table 8. Input interface parameters for the reinforcement–block interaction used in the numerical
modeling of the TF6 mini-pier.

Reinforcement-facing interaction simulated in Method II using “CABLE” structural elements with “GROUT ANNULUS”

Parameter Unit Value
Shear stiffness of the “GROUT ANNULUS” Kgrout

a N/m/m 4.0 × 108

Cohesion of the “GROUT ANNULUS” Sbond
b N/m 13.4 × 103

Friction angle of the “GROUT ANNULUS” δi,c
c deg 21.6

Reinforcement-facing interaction simulated in Methods II and III using “BEAM” structural elements with “INTERFACES” on
both sides

Parameter Unit Value
Normal stiffness of the “INTERFACE” kn

d Pa/m 2.0 × 1010

Shear stiffness of the “INTERFACE” ks
d Pa/m 2.0 × 108

Cohesion of the “INTERFACE” ci,b
d Pa 6.7 × 103

Friction angle of the “INTERFACE” δi,b
d deg 21.6

Notes: a calculated using Equation (4) with an out-of-plane width w of 1 m; b calculated using Equation (10) with
an out-of-plane width w of 1 m; c calculated using Equation (11); d based on geosynthetic connection test results
conducted by Awad and Tanyu [29].

In addition to the reinforcement–soil interaction and the reinforcement–block interac-
tion, all three numerical models included interactions between other components, such as
the soil–block interaction and the soil–concrete slab interaction. Coulomb sliding “INTER-
FACES” embedded in FLAC2D were used for the interfaces between these components to
simulate the corresponding interactions. Table 9 shows the input interface parameters for
the soil–block interaction and the soil–concrete slab interaction in the numerical modeling
of the TF6 mini-pier. Different interface interaction coefficients from the literature were also
used to determine the interface shear strength parameters.

Table 9. Input interface parameters for the soil–block interaction and the soil–concrete slab interaction
used in the numerical modeling of the TF6 mini-pier.

Soil-facing interaction simulated using “INTERFACE”

Parameter Unit Value
Normal stiffness of the
“INTERFACE” kn

a Pa/m 3.0 × 108

Shear stiffness of the
“INTERFACE” ks

b Pa/m 3.0 × 106

Cohesion of the
“INTERFACE” ci,b

c Pa 0

Friction angle of the
“INTERFACE” δi,b

d deg 28.0

Soil–concrete slab interaction simulated using “INTERFACE”

Parameter Unit Value
Normal stiffness of the
“INTERFACE” kn

a Pa/m 2.1 × 1010

Shear stiffness of the
“INTERFACE” ks

b Pa/m 2.1 × 108

Cohesion of the
“INTERFACE” ci,b

c Pa 0

Friction angle of the
“INTERFACE” δi,b

e deg 53.0

Notes: a determined as 100 times the shear stiffness recommended by Hatami and Bathurst [34,35]; b calibrated
from TF6 mini-pier test results; c calculated based on Goodhue et al. [33] with a Ci of 0 for the interface cohesion;
d calculated based on Ling et al. [36] with a Ci of 0.4 for the interface friction angle; e calculated based on Shen
et al. [18] with a Ci of 1.0 for the interface friction angle.
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4.4. Modeling Procedure

The numerical model of the TF6 mini-pier was activated, and an 8-kPa uniform ver-
tical stress was applied layer by layer (layer thickness is 0.2 m) in sequence to simulate
compaction. Structural elements simulating the geotextile layers were activated at certain
heights according to the reinforcement layout with the activation of the solid grids sim-
ulating the VDOT21A aggregate backfill soil and the CMU blocks. Different interaction
simulation methods were used to simulate the interactions between different components
as discussed earlier for different models. After the construction of the mini-pier was com-
pleted, solid grids simulating the concrete slab were activated on top of the pier and the
corresponding soil–concrete slab interaction was simulated by activating the “INTERFACE”
on top of the pier. A vertical stress was applied onto the concrete slab step by step according
to the loading plan. During the construction of the pier and the subsequent loading, the
boundary conditions for the numerical model were activated.

4.5. Load-Deformation Behavior of the GRS Mini-Pier under Vertical Loading

Figure 8 shows the comparison of the applied vertical stress–vertical strain curves
from mini-pier tests and the numerical analyses of all three models. The vertical strain is
calculated as the ratio of the average vertical displacement of the concrete slab to the pier
height. For Methods I and III, the numerical predictions agreed well with the test results
until the vertical stress equaled to 1500 kPa. When the vertical stress exceeded this value,
Methods I and III predicted slightly smaller vertical strains as compared to the test results.
For Method II, on the other hand, the numerical simulation produced significantly larger
vertical strains under the same applied vertical stress as compared to the test results.
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Figure 9 shows the comparison of the lateral displacements of CMU blocks in the TF6
mini-pier test results reported by Nicks et al. [31] and Iwamoto [37] and the numerical
predictions from this study. It is obvious that the lateral displacements predicted by Method
II, especially at the mid-height to the top of the pier, were significantly larger than the test
results as well as those predicted by other two models. Figure 9 shows that Methods I and
III predicted slightly larger lateral displacements, especially under relatively high vertical
stresses (ranging from 644 kPa to 1467 kPa) as compared to the test results.
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It should be pointed out that the GRS mini-pier is a three-dimensional structure and
its settlement under vertical loading is compensated by lateral displacements of all four
free sides. The numerical model established in FLAC2D, on the other hand, was under a
plane strain condition (i.e., two-dimensional) and only two (i.e., left and right) free sides
could deform under vertical loading to compensate the settlement. Therefore, under the
same applied vertical stress, the lateral displacements of CMU blocks predicted by the
two-dimensional numerical models were always larger than the test results. However,
the main purpose of this study was to assess different numerical interaction simulation
methods on the predicted performance of GRS structures. Consequently, the deviations of
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the numerical predictions from the test results due to different boundary conditions were
deemed not important and would not affect the main conclusions of this study.

As compared to Method I, Method III produced a better and more reasonable distribu-
tion of lateral displacements of the CMU blocks along the pier height. The TF6 mini-pier
test results show that the maximum lateral displacement occurred in the mid height
(i.e., 1 m to 1.4 m) of the pier under relatively low vertical stresses ranging from 86 kPa to
214 kPa and moved to the upper third (i.e., 1.4 m to 1.8 m) of the pier under high vertical
stresses ranging from 644 kPa to 1467 kPa. The measured locations of the maximum lateral
displacements under different applied stresses were closer to the numerical predictions of
Method III. On the other hand, the lateral displacements of the CMU blocks predicted by
Method I increased approximately linearly with the pier height and the maximum lateral
displacement always appeared at the top of the pier despite the change of the applied
vertical stresses. This numerical result is not consistent with the test result. In addition,
Method III produced a seesaw pattern of the lateral displacements of CMU blocks along the
pier height, reflecting the relative displacements/slippages between two adjacent layers of
CMU blocks. In other words, Method III was able to capture the discontinuity of the CMU
blocks at different layers along the pier height. Method I, on the other hand, produced a
relatively smoother curve of the lateral displacements of the CMU blocks along the pier
height. The CMU blocks at different layers in Method I acted as a rigid full-height coherent
body and rotated around the toe of the pier. In other words, Method I did not have the
ability of allowing relative displacements between different layers of the CMU blocks as
Method III.

Figure 10 shows the comparison of the volumetric strain of the pier under vertical
loading between the numerical predictions and the TF6 mini-pier test results reported by
Iwamoto [37]. The TF6 mini-pier test results showed that the pier was compressed under
low applied vertical stresses and tended to dilate with the increase of the vertical stress.
Among all three numerical models, only Method III was able to capture the volumetric
behavior of the GRS mini-pier under vertical loading. Methods I and II, on the other hand,
could not reasonably predict the volumetric increase of the GRS mini-pier under high
applied vertical stresses.
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and the numerical predictions.

In conclusion, it was not suitable to use Method II (i.e., “BEAM” structural elements
combined with “INTERFACES” on both sides) to predict the load-deformation behavior
of the GRS mini-pier under vertical loading since Method II predicted significantly larger
settlement and lateral displacements of the pier as compared to the test results. Both
Methods I and III could give reasonable predictions of the load–settlement curves of the
GRS mini-pier. As compared to Method I, Method III had the advantages of allowing
relative displacements between different layers of the CMU blocks and hence had better
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and more reasonable predictions of both the lateral displacements along the pier height
and the volumetric change of the pier under vertical loading.

5. Discussion

The “CABLE” structural elements with embedded “GROUT ANNULUS” utilizes
the single spring-slider system and assumes the same displacement at different sides of
the reinforcement–medium interface. This method is appropriate to simulate the pullout
failure mode of reinforcement embedded in the surrounding medium (i.e., interface shear
resistance occurred on both sides of the reinforcement), but not appropriate to simulate the
shear failure mode of the reinforcement–medium interface in which relative displacement
at different sides of the reinforcement–medium interface is allowed. In this case, the
“BEAM” element combined with “INTERFACE” elements on both sides is appropriate
to simulate reinforcement in interface shear failure mode due to the fact that it allows
different deformation to occur at different sides of the reinforcement–medium interface.
And hence, in Section 2, whether “CABLE” elements or “BEAM” elements were used, it
can give reasonable simulation results for the pullout test of geosynthetics. However, the
results of Section 3 show that when interface shear failure mode dominates, the simulation
performance of “BEAM” elements is better than that of “CABLE” elements.

Also, the selection of the interface should also match the actual working and boundary
conditions. In the mini-pier test, the vertical boundary of the backfill soil has no horizontal
constraint, which is different from the horizontally constrained vertical boundary in the
pullout test. In this case, although the reinforcements embedded in backfill soil were in
pullout resistance, the “BEAM” element utilizing the double spring-slider systems cannot
guarantee the same displacement at different sides of the reinforcement–soil interface. And
“CABLE” structural elements with embedded “GROUT ANNULUS” is a better method
to simulate the reinforcements in backfill soil. Hence, in the mini-pier test, the numerical
results show that the “BEAM” element combined with “INTERFACE” elements on both
sides cannot simulate the reinforcement embedded in the backfill soil correctly (Method II).

Therefore, it can be concluded that to accurately simulate the reinforcement and corre-
sponding interface, the type of structural element should be selected according to its failure
mode in structure. Some numerical simulation-related investigations followed this approach
and have achieved ideal simulation results. For example, during the numerical modeling
process of GRS abutment or GRS wall, Method II is often applied to simulate the interaction
between geosynthetic and adjacent-facing blocks. Meanwhile, Method I is used to simulate
the interaction of buried geosynthetic with the backfill [16,17,19,38,39]. The above discussion
of this study also has its limitations and is usually applicable to the simulation of GRS
structures that are subject to small deformations. When the vertical deformation of the
surrounding medium of geosynthetic is significant, resulting in deformation of the geosyn-
thetic in the vertical direction, Method II has been studied as a more suitable method in
most cases by some previous research [20]. In addition, for situations where shear defor-
mation on the interface is limited, such as plate loading tests, the applicability of interface
simulation methods still needs to be studied [40,41].

6. Conclusions

This study adopted two-dimensional numerical simulations to assess different inter-
face interaction simulation methods on the predicted performance of geosynthetic pullout
tests, interface direct shear tests, and geosynthetic-reinforced soil (GRS) mini-pier tests.
Based on the numerical results and the comparisons with test results, the following conclu-
sions could be drawn:

(1) The single spring-slider system simulation method is appropriate to simulate the
pullout failure mode of reinforcement–surrounding medium interface. The double
spring-slider systems simulation method is appropriate to simulate the interface shear
failure mode.
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(2) For the pullout failure mode of reinforcement embedded in surrounding medium,
e.g., pullout in soil, pullout between blocks and reinforcements embedded in backfill
in a GRS pier, the data obtained from the single spring-slider system simulation are in
good agreement with the measured value. Although with poor accuracy, the double
spring-slider systems can also be used when there is a boundary constraint in the
direction where pullout failure develops in. Otherwise, the simulation result obtained
from the double spring-slider systems has a great error.

(3) When interface shear failure mode dominates, e.g., direct shear of geosynthetic–sand
interface and reinforcements between blocks in a GRS pier, the simulation results
obtained by the double spring-slider systems method are in good agreement with the
measured data. However, the single spring-slider system method is not applicable to
simulate the interface shear failure mode.

(4) In a GRS structure, the interface between geosynthetic reinforcement and medium may
be in different failure modes because of the location of reinforcement
(e.g., embedded in backfill soil and between facing blocks). For interfaces with
different failure modes, different simulation methods have significant influence on
the results. Numerical simulation shows that using a single method to simulate
the interface with different failure modes cannot obtain results consistent with the
laboratory results. Simulation methods should be selected carefully in order to obtain
reliable and reasonable predictions.
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