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A damage-softening model for a reinforced soil interface is proposed based on
the trilinear model of a reinforced soil pullout interface, aiming at the softening
phenomenon of the geogrid reinforced soil interface during the pullout process
and considering the damage softening of the reinforced soil interface during the
pullout process. The damage variable factor D is introduced, and it is assumed
that D is a function of the interface displacement. The two-parameter Weibull
distribution function is used to express the damage evolution law of the
reinforced soil interface. Based on the basic control equation of the
reinforced soil interface, the calculation model of the stress state of the
geogrid at different stages under the pullout load is deduced. To verify the
accuracy and applicability of the model, the prediction results of the model are
compared with the test results and the ideal elastic–plastic model, hyperbolic
model, elastic–exponential softening model, and the damage softening model
based on a lognormal distribution function proposed in this paper. The
distribution of interfacial shear stress is studied, and the influence of
parameters at each stage is analyzed. The results show that in the elastic
stage, with the increase of shear stiffness, the maximum shear stress at the
interface increases, and the curvature of the curve also increases, while the
elastic modulus is the opposite. In the softening stage, with the increase of
softening length, the peak value of the curve moves to the free end. In the
residual stage, the shear stress increases from the drawing end to the free end
and tends to the residual stress. The research results are in accordance with the
actual situation and can be applied to reinforced soil engineering.
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1 Introduction

Geogrid is geosynthetic material widely used in embankments (Badanin and Kolosov,
2012), slopes, and retaining walls (Ibrahim, 2021). As a geotechnical structure, the grid itself
and the reinforced soil are topics of research (Aleksandrov et al., 2016; Polyankin, 2020).
Most experimental studies of the interface for reinforced soil find that the geogrid reinforced
soil is destroyed by the reinforced soil interface damage (Gurung, 2000; Zhang et al., 2004; Jin
et al., 2017; Qiu et al., 2018; Morsy et al., 2019). Because of the sensitive and complex
characteristics of the interface, theoretical research still lags behind engineering practice. Liu
et al. (2013) believed that the interface shear stress and shear displacement of the
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reinforcement and soil always maintained a linear relationship,
while Gurung analyzed a hyperbola (Misra et al., 2004) with a
double linear constitutive model. All the above studies believe that
the shear stress in the drawing process of reinforcement has a linear
change trend with the displacement, but existing studies have shown
that the shear stress should have a nonlinear change trend with the
displacement. The aforementioned theoretical methods and
calculation models cannot accurately show the progressive
process of the interface shear stress and strain.

To reflect the interface friction characteristics of the
reinforcement in the drawing process more accurately, Zhu et al.
(2014) obtained analytical solutions of the interface shear stress and
axial force of the reinforcement and soil under the drawing load
through a three-parameter model. Du and Yi (2020) obtained
analytical solutions for the corresponding processes by
considering the interface hardening of the reinforcement and the
interface softening of the reinforcement and soil. Although the
aforementioned model is more accurate, it still assumes that the
shear stress and displacement change linearly at each stage, which
does not align with the non-linear asymptotic characteristics
presented by the test results. Therefore, Huang et al. (2014)
established a double exponential shear slip model for the anchor
end of the bolt based on the actual test of the bolt, which can reflect
the non-linear asymptotic characteristics and softening
characteristics of the whole process. Although the existing
reinforced soil interface can better simulate interface drawing
behavior, it failed to accurately consider the non-linear
characteristics of different stages of the whole process, even
considering that the non-linear model cannot respond to each
stage of the process. Based on this, Lai et al. (2018) proposed a
reinforced soil interface flexibility index of the softening model. The
model combines the exponential function and the advantages of the
three parameters of the model and can better reflect reinforced soil
softening and gradual characteristics. The stages are defined based
on the improved model of axial force, shear stress, and the
displacement analytic solution. The drawing process of load
transfer and the shear stress distribution are based on
comparatively detailed research, but the calculation is more
complicated.

In the process of drawing, the interface of reinforced soil will
appear damaged and softened (Yang et al., 2019; Huo et al., 2020;
Wang and Zhang, 2020; Kou and Xu, 2021; Zhang et al., 2021).
There are few studies on this aspect, especially on the interface
influence coefficient. A review of the literature revealed that many
metal materials and composite materials conform to a Weibull
distribution (Cao et al., 2004; Han and Ga, 2019; Wang T. S.
et al., 2022; Wang Z. J. et al., 2022; Wu, 2022) and a lognormal
distribution (Zeng and Yu, 1991; Wang et al., 2019) in a fatigue
damage stage (Guchinsky and Petinov, 2011; Petinov et al., 2016).
Therefore, damage variable factor D is introduced in this paper and
assumed to be a function related to interface displacement. Based on
the Weibull and lognormal distribution functions, the interface
damage and softening model of reinforced soil is proposed to
deduce the reinforcement in the drawing. The distribution laws
of tension, shear stress, and displacement in different test stages are
analyzed, and the interface influence coefficient is analyzed. It is
hoped that the results will provide theoretical guidance for practical
reinforcement engineering.

2 Unified equation of reinforced soil
interface

As shown in Figure 1, a micro-element body with the width and
length of dx is taken along the axial direction of the bar to conduct the
stress analysis. According to the force balance, there are

T + dT � 2τ dx + εdx( ) + T. (1)
So

dT − 2τ dx + εdx( ) � 0, (2)
dT
dx

− 2τ 1 + ε( ) � 0, (3)

where T is the tension of the bar at the width of x, εdx is the element
deformation length of the micro-element body, and ε is the strain.
According to the definition of strain, the bar strain at x can be
written as

ε � du
dx

, (4)

where u is the relative displacement of the bar at x, and it is assumed
that the strain is linearly related to the tension per unit width.

ε � T

Et
. (5)

It can be obtained from Eqs 3–5.

Et
d2u
dx2

− 2τ 1 + ε( ) � 0. (6)

In general, the actual strain in the drawing process is small and
can be ignored, so Eq. 6 can be approximately expressed as

Et
d2u
dx2

− 2τ � 0. (7)

Equation 7 is the basic equation of the interface between
reinforcement and soil, which is of great significance in studying
the interface characteristics of reinforcement and soil.

3 Interface analysis of strain-softened
reinforcement and soil

3.1 Interface damage and softeningmodel of
reinforced soil

Based on the results of the laboratory pullout test, the
relationship curve between the interface shear stress and
displacement of the interface strain softening of the reinforced
soil can be simplified into a triplicate softening model, t1is the peak
shear stress,t2 is the residual shear stress after softening, u1 and u2

are the corresponding displacements of t1 and t2 respectively. In
this model, the interface of the reinforced soil first exhibits
elasticity, then interface softening appears. Finally, the interface
strength decreases until the stress residual appears, which is
characterized by the upward branch reaching the peak shear
strength, then decreasing to the residual shear strength, and
finally, remaining unchanged. Based on the definition of
damage factor variable D proposed by Rabotnov, the damage
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evolution of the soil-reinforced interface is introduced from the
reduction of effective length or effective area in the process of
geogrid damage, where D adopts the ratio of damage length to
original length.

d x( ) � d1 x( ) + d2 x( ), (8)
D � d2 x( )

d x( ) , (9)
τ x( )d x( ) � τ′ x( )d1 x( ) + τ″ x( )d2 x( ), (10)

where d(x) is the initial original length of the reinforced soil
interface at x, d1(x) is the length of the undamaged part, d2(x)
is the length of the damaged part, τ(x) is the nominal shear stress of
the reinforced soil interface at x, τ′(x) is the shear stress borne by the
undamaged length, and τ″(x) is the shear stress borne by the
damaged length, which can be known from Eqs 8–10.

τ x( ) � τ′ x( ) 1 −D( ) + τ″ x( )D. (11)

According to Eq. 11, the damage factor variable D
represents the damage degree of the reinforced soil interface
in the drawing process. D∈[0, 1]. In the damage model, the
shear stress of the length of the damaged part does not decrease
to zero, and it can still bear part of the shear stress. Therefore,
Eq. 11 becomes:

τ x( ) � τ′ 1 −D( ) + τ2D. (12)
For the geogrid bearing of undamaged length τ′(x), there is a

linear relationship between interface shear stress and displacement;
that is, τ′ � Gu, Eq. 12, becomes

τ x( ) � Gu 1 −D( ) + τ2D. (13)
In order to establish the interface damage softening model of

reinforced soil, according to Lemaitre’s principle of strain
equivalence, the constitutive relation of geogrid in the
damaged state is the same as that in the non-damaged state.
The interface shear stress displacement relation in the damaged
state can be obtained by multiplying the damage factor D in the
non-destructive state. For the 0 ≤ u ≤ u1 segment, the damage
effect is ignored, and for the u1 ≤ u ≤ u2 segment, the damage
factor variable D∈(0,1). For the u ≥ u2 segment, the damage
factor variable D = 1. For the shear stress and displacement
damage softening model of a tripled-line interface of reinforced
soil, the relationship between interface shear stress and
displacement is

Gu 0≤ u≤ u1,
D 2τ1 − Gu x( )[ ] u1 < u< u2,

τ2 u≥ u2.

⎧⎪⎨⎪⎩ (14)

Here, G is the interface shear modulus of reinforcement and
soil u1 � τ1/G, u2 � (2τ1 − τ2)/G. Here, it is a simplified
calculation. It is assumed that the slope of the ascending
section and the descending section in the interface softening
model are the same and are both G. The model parameters G, τ1,
and τ2 are determined by the physical and mechanical properties
of soil, geogrid properties, and interface properties of
reinforced soil.

FIGURE 1
Schematic diagram of reinforcement force. (A) Overall stress of the reinforcement. (B) Stress analysis of reinforcement element.

FIGURE 2
Relationship between shear stress and displacement at the
damage-softening interface.
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3.2 Analysis of the drawing process of the
interface softening model of reinforced soil

Hypothesis. The drawing process of reinforced soil is
divided into five stages: elasticity, elastic–softening,
softening, softening–residual, and residual. Schematic
diagrams correspond to Figures 3A–E, where ls is the length
of the softening interval and lr is the length of the residual
interval.

3.2.1 The elastic stage
When 0 ≤ u ≤ u1, the interface of reinforcement and soil is in

the pure elastic stage, the effective length of reinforcement in the
elastic zone is l, and the interface shear stress and displacement
meet the requirements of τ � Gu, which can be obtained by
combining Eq. 7.

d2u
dx2

− 2
Gu

Et
� 0. (15)

A parameter is introduced here to simplify the calculation. r ������
2G/Et

√
is the interface influence coefficient, which

comprehensively reflects the distribution of tension between the
grid and the soil. Using this parameter, Eq. 15 becomes

d2u
dx2

− r2u � 0 (16)

It can be solved by Eq. 16.

u x( ) � C1e
rx + C2e

−rx. (17)
According to boundary conditions,
T(x � 0) � −Etdudx|x�0 � T and T(x � l) = −Etdudx|x�l � 0. The

integral constant in Eq. 17 can be obtained:

C1 � T

Etr e2rl − 1( ),
C2 � Te2rl

Etr e2rl − 1( ).
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (18)

The displacement of the geogrid at any point is zero:

FIGURE 3
Progressive drawing process of reinforcement. (A) Elastic stage. (B) Elastic–softening stage. (C) Softening stage. (D) Softening–residual stage. (E)
Residual stage.
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ue x( ) � T

Etr

e2rl−rx + erx

e2rl − 1
( ) � T

Etr

erl−rx + e− rl−rx( )

erl − e−rl
( )

� T

Etr

cos h r l − x( )[ ]
sin h rl( ) . (19)

According to τ � Gu and F � Et dudx, the interface shear stress of
reinforced soil can be expressed as

τe x( ) � TG

Etr

cos h r l − x( )[ ]
sin h rl( ) , (20)

Te x( ) � T

r

sin h r l − x( )[ ]
sin h rl( ) . (21)

3.2.2 The elastic–softening stage
When the drawing force continues to increase, the drawing

end first enters the softening stage, that is, the geogrid within
the range of the drawing end 0 ~ ls enters the softening stage,
and the geogrid within the range of ls ~ l is still in the elastic
state.

The elastic stage (ls ≤ x≤ l) can be obtained by analogy with the
pure elastic stage.

Te x( ) � T1

r

sinh r l − x − ls( )[ ]
sinh r l − ls( )[ ] , (22)

τe x( ) � T1G

Etr

cosh r l − x − ls( )[ ]
sinh r l − ls( )[ ] , (23)

ue x( ) � T1

Etr

cosh r l − x − ls( )[ ]
sinh r l − ls( )[ ] , (24)

where

T1 � Etrτ1 sinh r l − ls( )[ ]
G cosh r l − 2ls( )[ ] . (25)

In the softening stage 0≤x≤ ls, the relationship between
interface shear stress and interface displacement conforms to
τ � D[2τ1 − Gu(x)], and the governing equation of this stage is
obtained from Eq. 7.

d2u
dx2

+ φ2u � 4Dτ1
Et

(26)

Here, φ � �������
2GD/Et

√
is the interface influence coefficient, which

comprehensively reflects the influence of the grid and soil on the
tension distribution. It can be solved by Eq. 26

u � C3 cos φx( ) + C4 sin φx( ) + 4Dτ1
Et

. (27)

According to the boundary conditions of softening zone,
Ts(x)|x�0 � T and Ts(x)|x�ls � Te(x)|x�ls can become

C3 � τ1 tanh r l − 2ls( )[ ]
φG sin φls( ) − T

Etφ tan φls( ),
C4 � − T

Etφ
.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (28)

The displacement, drawing force, and interface shear stress of
the geogrid in the softening zone can be obtained.

us x( ) � τ1 tanh r l − 2ls( )[ ]
φG sin φls( ) − T

Etφ tan φls( ){ } cos φx( )
− T

Etφ
sin φx( ) + 4Dτ1

Et
, (29)

Ts x( ) � τ1Et tanh r l − 2ls( )[ ]
G sin φls( ) − T

tan φls( ){ } sin φx( ) + T cos φx( ),
(30)

τs x( ) � TDG

Etφ tan φls( ) − τ1D tanh r l − 2ls( )[ ]
φ sin φls( ){ } cos φx( )

+ 2GDτ1 1 − 2
Et

( ) + GDT

Etφ
sin φx( ). (31)

3.2.3 The softening stage
The softening stage begins from the elastic–softening stage, with

the increase of the softening interval length, and continues until the
interface of the reinforced soil is in the strain-softening stage. The
boundary conditions are Ts(x)|x�0 � T and Ts(x)|x�l � 0, and the
solutions of pulling force, displacement, and interface shear stress of
geogrid in softening stage are

Ts x( ) � T

φ tan φl( ) sin φx( ) + T cos φx( )
Et

, (32)

us x( ) � T cos φx( )
2GD tan φl( ) + 4Dτ1

Et
− T sin φx( )

Etφ
, (33)

τs x( ) � GDT

Etφ
sin φx( ) − cos φx( )

φ tan φl( )[ ] + 2Dτ1 1 − r2( ). (34)

3.2.4 The residual–softening stages
The residual state appears at the drawing end of the geogrid and

then gradually develops along the free end of the geogrid. The
analytical solutions of geogrid pullout force, displacement, and
interface shear stress in the softening zone in the
softening–residual stage can be obtained by replacing x and I
with x − lr and l − lr in Eqs 32–34 and replacing T with F, as follows:

Ts x( ) � F

φ tanφ l − lr( ) sinφ x − lr( ) + F cosφ x − lr( )
Et

, (35)

us x( ) � F cosφ x − lr( )
2GD tanφ l − lr( ) +

4Dτ1
Et

− F sinφ x − lr( )
Etφ

, (36)

τs x( ) � GDF

Etφ
sinφ x − lr( ) − cosφ x − lr( )

φ tanφ l − lr( )[ ] + 2Dτ1 1 − r2( ).
(37)

Because the interfacial shear stress at point M is equal to the
residual shear stress, τs(x � lr) � τ2 can be substituted into Eq. 37.

F � Etφ2 2τ1D 1 − r2( ) − τ2[ ] tanφ l − lr( )
GD

. (38)

In the residual region, the interface shear stress is equal to the
residual shear stress given by dT � 2τdx.

dTr x( ) � 2τ2dx. (39)
According to the boundary conditions Tr(x)|x�0 � T and

Tr(x)|x�lr � Ts(x)|x�lr, we can obtain the following:
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Tr x( ) � 2τ2 x + lr( ) + φ2

G
2τ1 − τ2

D
( ) − 4τ1φ2

Et
[ ] tanφ l − lr( ), (40)

ur x( ) � − 1
Et

∫Tr x( )dx

� − 1
Et

τ2x
2 + φ2

G
2τ1 − τ2

D
( ) − 4τ1φ2

Et
( ) tanφ l − lr( ) + 2τ2lr[ ]x{ } + k1,

(41)

where k1 is the integral constant, which can be obtained by
substituting ur(x)|x�lr � us(x)|x�lr,

k1 � Etφ2 2τ1D − τ2( ) − 4GDτ1φ2

2G2D2
+ 4Dτ1

Et

+ 1
Et

τ2l
2
r +

φ2

G
2τ1 − τ2

D
( ) − 4τ1φ2

Et
( ) tanφ l − lr( ) + 2τ2lr[ ]lr{ }.

(42)

3.2.5 The residual stages
In the residual stage, the geogrid pulling force does

not change. The interfacial shear stress of the whole area
of the grid is τ2. The drawing force of geogrid is linearly
distributed.

Tr x( ) � 2τ2 l − x( ). (43)
Assuming that the displacement of the reinforcement at the

drawing end is Δu, then the displacement distribution of the
geogrid is

ur x( ) � − 1
Et

∫ 2τ2 l − x( )dx + Δu � τ2
Et

l − x( )2 + Δu. (44)

To sum up, the aforementioned equations are based on the
trilinear strain softening model in the elastic, elastic–softening,
softening, softening–residual, and residual stages of geogrid
reinforcement interface pullout force, displacement, and shear
stress analytical solutions.

4 Interface parameter analysis

In the damage softening model, r and φ are the interface
effect coefficients with r � �����

2G/Et
√

and φ � �������
2GD/Et

√
,

respectively, and G is the reinforced soil interface shear stiffness.
Shear stress is the rising and declining phase displacement curve of a
linear slope. E is the elastic modulus of the geogrid, t is the thickness
of the geogrid, D is the damage factor, and the study of D assumes
thatD is the displacement function of the interface. TheWeibull and
lognormal distribution functions, commonly used in engineering,
are used to express the interface damage evolution law of reinforced
soil. At the same time, the two function models are compared and
verified, and a more realistic interface constitutive model of
reinforced soil is obtained.

4.1 Weibull distribution function

Here, the Weibull function is written in logarithmic form.

ln 1 −D( ) � − u

u0
( )m

, (45)

where m is the shape parameter of the Weibull distribution
function and the shape of the inverse function and u0 is the scale
parameter of the Weibull distribution function, which has the
function of magnifying and reducing the horizontal coordinate
scale of the curve. Combining Eqs 14, 45, the damage-softening
interface shear stress can be obtained.

τ � Gue
− u

u0
( )m

+ τ2 1 − e
− u

u0
( )m( ). (46)

The model satisfies the condition.

zτ

zu

∣∣∣∣∣∣∣u�u1 � 0, (47)

τ1 � Gue−
u1
u0
( )m

+ τ2 1 − e−
u1
u0
( )m( ). (48)

Order

ω � − u

u0
( )m

. (49)

From this, we can obtain the following:

zω

zu
� mω

u
(50)

and therefore,

m � Gu1

τ2 − Gu1( ) ln τ1 − τ2
Gu1 − τ2

,

u0 � u1���������
ln
Gu1 − τ2
τ1 − τ2

m

√ .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(51)

4.2 Lognormal distribution function

Assuming that

D � 1���
2π

√
σu

e−
lnu−μ( )2
2σ2 (52)

then

τ � Gu 1 − 1���
2π

√
σu

e−
ln u−μ( )2
2σ2( ) + τ2

1���
2π

√
σu

e−
ln u−μ( )2
2σ2 (53)

where μ � ln u2 and σ � 1��
2π

√
u2
.

5 Model validation

To verify the accuracy of the damage softening model based on
Weibull distribution, this paper introduces the results of the geogrid
drawing test and several classical theoretical models, such as the
ideal elastic–plastic model, the hyperbolic model, and the
elastic–exponential softening model, which have been commonly
used in previous studies, and conducts a comparative analysis at the
same time. The normal stress was selected according to Shi et al.
(2009) for 50 kpa and a soil compaction degree of 0.95 under the
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condition of cohesive soil. Then, a geogrid one-way drawing
between test results validates that the parameters are as shown in
Table 1. Here, to verify the accuracy of the filtered, the following
values were selected: m = 2.954, u0 = 1.063 mm, μ = 3.22, and σ =
0.016. From Figure 4, it can be seen that the error of the ideal
elastic–plastic model and the hyperbolic model is large, does not
accurately describe the drawing characteristics of the reinforced soil
interface, and fails to reflect the softening characteristics of the
reinforced soil interface with the increase of the drawing
displacement. The elastic–exponential softening model and the
trilinear damage softening model under two different distribution
functions are more accurate. In particular, after entering the
softening stage, the coincidence of these three models is high, but
the trilinear damage softening model is more concise.

6 Distribution law of interface shear
stress

The distribution law of interfacial shear stress can reveal the
different stages of the evolution of interfacial shear stress. The
reinforcement length l = 0.2 m, the normal stress σn = 50 kPa, the
initial shear stiffness G = 1.75MPa/m, the thickness T = 2 mm, and the
friction coefficient of soil interface E = 1.69 GPa were selected as 0.35.
τ1 = 17.5 kPa, τ2 = 10.2 kPa, r = 0.901, and φ � 0.92. According to the
aforementioned parameters, it is possible to obtain Te−s = 15.21 kN/m,
Ts = 17.33 kN/m, Tc−s = 14.9 kN/m, Ts−r = 9.45 kN/m, and Ts =
9.16 kN/m. The value of x is changed to simplify the analysis. The
normalized interface shear stress is defined as γ � τ/τ max, the
normalized material position is defined as x/l, the ratio of the
softening section length to the stiffened length is η � ls/l, and the
ratio of the residual length to the stiffened length is λ � lr/l.

Figures 5A–E describe the distribution characteristics of
interfacial shear stress at different stages. The figure shows that
the shear stress of the interface in the elastic, elastic–softening,
softening, and softening–residual stages is unevenly distributed
along the direction of reinforcement length. With the increase of
drawing load, the shear stress gradually transfers from the drawing
to the free end. The distribution characteristics of shear stress with
drawing displacement are shown as follows:

(a) When ≤ 15.21kN/m, the interface is in the elastic stage, and the
maximum shear stress is at the drawing end. The shear stress
decreases in the form of a concave function from the drawn end
to the free end, and the curve gradually becomes gentle. The
interface shear stress increases with the increase of the initial
drawing force. When T � 15.21kN/m, the interface is in a
critical state between the elastic and the softening stage, and
the shear stress at the drawing end reaches its peak. The value of
the peak shear stress is 17 kPa.

(b) When T � 17.33kN/m> 15.21kN/m, the stiff-soil interface
begins to enter the elastic–softening stage. In this stage, the

shear stress at the interface presents a curve that first increases
in a convex shape and then decreases in a concave shape. The
peak point is the inflection point. The peak point is the junction
of the elastic and softening intervals. As the drawing force
increases, the length of the softening interval also increases, and
the peak value of shear stress approaches the free end. The shear
stress decreases with the increase of the drawing load. When the
shear stress peak reaches x/l � 0.5, the drawing force no longer
increases and then decreases with the increase of drawing
displacement. This phenomenon indicates that the geogrids
have entered the sliding stage. When T � 14.9kN/m, the
interface is at the junction of the softening and residual stages.

(c) When 9.45kN/m≤T≤ 14.9kN/m, the reinforced soil
interface enters the stage of complete softening, and
the shear stress increases with the increase of the drawing
force.

(d) When T � 9.45kN/m, the drawing end begins to enter the
residual stage, and the length of the residual interval
continues to increase. The shear stress peak is located at the
free end, and the shear stress gradually decreases with the
increase in the slipping of the bar.

(e) When T � 9.16kN/m, the interface is completely in the residual
stage, where the shear stress remains unchanged, and the
residual stress and drawing force do not change. Based on
the summary of the shear stress division of the reinforced soil
interface under the action of drawing load, it can be concluded
that the geogrid-reinforced soil interface is a non-linear failure.
The distribution characteristics of each stage are consistent with
the hypothesis, which further verifies the accuracy and
reliability of the damage softening model based on Weibull
distribution.

7 Parameter influence analysis

According to the calculations, in the elastic stage, the interface
shear stress is mainly affected by shear stiffness and elastic modulus.

TABLE 1 Simulation parameters of the drawing test.

σ/kPa E/GPa t/mm l/m u1/mm u2/mm tan θ

50 1.69 2 0.2 10 25 0.27

FIGURE 4
Comparison between shear stress and pullout displacement at
the geogrid interface.

Frontiers in Built Environment frontiersin.org07

Guo et al. 10.3389/fbuil.2023.1169567

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1169567


In contrast, in the softening and residual stages, the interface
shear stress is mainly affected by the length of the softening
interval, reinforcement length, damage factor variables, and
residual length.

7.1 The elastic stage

Figure 6 shows the influence of shear stiffness on the interface
shear stress. Before entering the plastic stage, the interface shear

FIGURE 5
Shear stress distribution in the geogrid drawing process. (A) Elastic stage. (B) Elastic–softening stage. (C) Softening stage. (D) Residual–softening
stage. (E) Residual stage.
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stress gradually decreases with the increase of displacement and
presents a non-linear decrease. The maximum shear stress is
located at the drawing end. With the increase of G, the
maximum shear stress also increases, the curvature of the
curve is larger, and the non-linear characteristics are more
obvious.

Figure 7 shows the effect of elastic modulus on interface shear
stress. The interface shear stress decreases nonlinearly with the
increase of displacement. The influence of different elastic moduli
on the interface shear stress shows that the larger the elastic modulus
is, the smaller the maximum shear stress is, the larger the curvature

of the curve is, and the more obvious the non-linear
characteristics are.

7.2 The softening stage

Figure 8 shows the effect of softening length on interfacial shear
stress. The interfacial shear stress increases first and then decreases
from the drawn end to the free end. The extreme value point is
located in the critical point between the elastic and elastic–softening
intervals. With the increase of softening length, the maximum

FIGURE 6
Influence of shear stiffness on interface shear stress at each
position.

FIGURE 7
Influence of elastic modulus on interface shear stress at each
position.

FIGURE 8
Influence of softening length on interface shear stress at different
positions.

FIGURE 9
Influence of residual length on interface shear stress at different
positions.
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shearing stress moves toward the free end. The softening area
interface shear stress and softening are closely related to the
interval length, and the elastic area is negatively correlated.

7.3 The residual stage

Figure 9 shows that as the length of the residual stage increases,
the shear stress gradually becomes stable and presents a horizontal
distribution after entering the complete residual stage, which is
consistent with the hypothesis.

8 Conclusion

Through the introduction of damage factors, the damage
softening model of the reinforced soil interface is established, the
shear stress expressions at each stage of the reinforced soil interface
drawing are derived, the influence of each parameter on the
constitutive model is explored, and the previous constitutive
models of the reinforced soil interface are compared and
analyzed. These topics are discussed herein.

(1) The reinforced soil interface drawing force and displacement
relationship is not always a linear distribution; therefore, the
damage softening model is introduced. The damage factor is
considered as a Weibull distribution function, and although the
basic control equation of the reinforced soil interface was
deduced at various stages of the relation, the formula of
drawing force and displacement can be a very good non-
linear response of reinforced soil interface damage.

(2) The existing hyperbolic model and ideal elastoplastic model
cannot accurately reflect the progressive failure and non-
linear characteristics of the interface. In the softening phase,
the trilinear model overestimated the interface shear stress,
which could result in a design that is not safe. The
elastic–index softening model and damage softening
model can indicate more gradual damage characteristics
of reinforced soil interface better than other models. It has
good applicability and can be used to study the interface
drawing characteristics of a geogrid. The calculation of the
damage softening model is simpler.

(3) In the process of geogrid drawing, with the increase of shear
stiffness, the maximum shear stress also increases. The greater
the elastic modulus, the larger the curvature of the curve, and
the smaller the maximum shear stress. The curvature of the
curve is also smaller. Within the softening interval, with the
increase of the softening length, the shear stress peak point

moves to the free end. Shear stress in the residual stage is
transferred from the drawn end to the free end until the whole
region enters the residual stage.
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Glossary

T Tensile force per unit width of the bar at x

ε The strain of the steel bar at x

τ Interfacial shear stress

u The relative displacement of reinforcement at x

dx The length of the micro-element

l Length of reinforced material

D Damage variable factor

ls The length of the softening zone during reinforcement drawing

lr Length of the residual zone during reinforcement drawing

r Interface influence coefficient in the elastic stage

G Shear modulus of the soil-reinforced interface

E Modulus of elasticity

t The thickness of the geogrid

m Parameters in the Weibull distribution

θ Angle of internal friction

μ Drawing displacement

σ Normal stress

γ Shear stress ratio

φ Interface influence coefficient at the softening stage
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