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Abstract: Modeling of the soil–structure interface has been a critical issue in geotechnical engineering. Numerous studies have simulated
complex soil–structure interface behaviors. These models usually are assessed by direct comparisons between the simulations and experi-
ments. However, little work has been done to compare the specific interface behaviors simulated by different interface models. This paper
evaluated some frequently recognized interface behaviors for six different interface models. These models either were adopted from the
existing literature or modified from the existing soil models, including the exponential model, hyperbolic model, hypoplastic model,
MCC model, SANISAND model, and SIMSAND model. Global comparisons and effects of the soil density, normal stiffness, and shearing
rate were investigated to evaluate the interface models based on Fontainebleau sand–steel interface experiments and kaolin clay–steel inter-
face experiments. The limitations and advantages of different models under different conditions were discussed. DOI: 10.1061/JGGEFK.
GTENG-11486. © 2024 American Society of Civil Engineers.
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Introduction

The characterization of the soil–structure interface (SSI) has been a
critical issue in geotechnical engineering, such as soil anchors, suc-
tion caissons, pile foundations, tunnels, and retaining walls. To in-
vestigate the behaviors of SSI, direct shear tests (Potyondy 1961;
Littleton 1976; DeJong and Westgate 2009), simple shear tests
(Uesugi and Kishida 1986; Kishida and Uesugi 1987; Fakharian
and Evgin 2000), ring torsion shear tests (Yoshimi and Kishida
1981; Yasufuku and Ochiai 2005), annular shear tests (Brumund
and Leonards 1973; Koval et al. 2011), cyclic interface shear test
(CIST) (Qamar and Suleiman 2023), cyclic multiple-degree-of-free
(CYMDOF) devices (Desai et al. 1985; Desai and Rigby 1997),
cyclic three-dimensional simple shear interface (C3DSSI) tests
(Fakharian and Evgin 1997), and large-scale shear tests (CSASSI)
(Zhang and Zhang 2006) have been conducted. Based on these ex-
periments, researchers have determined that a contact zone between
the soil and the structure, the so-called soil–structure interface, is
the key part of the whole system to transfer loads that connects the
soil and the structure, within which the deformation and stress
mainly take place when external forces are applied (Hu and Pu
2004; Pra-Ai 2013). Several key aspects that influence the interface
behaviors have been investigated, such as the surface roughness
(Potyondy 1961; Uesugi and Kishida 1986; DeJong and Westgate

2009), particle size and angularity (Potyondy 1961; Zhou and Yin
2023), relative density (Desai et al. 1985; DeJong and Westgate
2009; Taha and Fall 2013; Gu et al. 2017), confining normal stress
and stiffness (Wernick 1978; Martinez and Frost 2017), rate effects
(Tsubakihara and Kishida 1993; Lemos and Vaughan 2000;
Martinez and Stutz 2019), and so forth. To simulate these soil–
structure interface behaviors, numerous models have been proposed,
such as the exponential model (Yang and Yin 2021), hyperbolic
model (Clough and Duncan 1971), hypoplastic model (Arnold and
Herle 2006; Stutz et al. 2016), and elastoplastic models (Desai and
Ma 1992; Mortara 2001; Hu and Pu 2004; Lashkari 2013). These
models usually are assessed by direct comparisons between the
simulations and experiments, or by some statistical methods such
as sensitivity study or uncertainty analysis (Stutz et al. 2015; Stutz
2016). This method guarantees the models’ abilities to simulate the
interface behaviors in a global sense. However, a model may have
limitations in simulating specific behaviors, such as the density ef-
fects or rate effects. However, little work (Duque et al. 2022; Stutz
et al. 2015) has been done to compare the specific behaviors simu-
lated by different soil–structure interface models. Therefore, this
paper evaluated some of these interface models in terms of some
frequently recognized behaviors, to guide users to select a suitable
model to be used in specific conditions.

This paper does not aim to propose a set of new interface models.
The models used in this study either were adopted from the existing
interface models or directly modified from the soil models follow-
ing the general approach of applying existing soil models to sim-
ulate soil–structure interfaces (Stutz 2016; Staubach et al. 2022b).
Simple nonlinear elastic models and complex elastoplastic models
were selected for the comparison of these two groups of models.
Six models were evaluated in this study: three simple nonlinear
elastic models, and three elastoplastic models. First, the nonlinear
exponential model was adopted from Yang et al. (2021) directly.
Following the framework of the exponential model, the hyperbolic
model is proposed by modifying the exponential function to a
hyperbolic function, which has been used to simulate the interfaces
(Clough and Duncan 1971). Then, the hypoplastic interface model
is proposed by modifying the hypoplastic soil model proposed
by Wang et al. (2018). Existing elastoplastic soil models then were
modified to establish the elastoplastic interface models, including
the MCC model modified from Roscoe and Burland (1968),
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the SANISAND model modified from Taiebat and Dafalias
(2008), and the SIMSAND model modified from Yin et al. (2016).
The proposed models focus on the simulation of the sand–structure
interface. These models can be applied to both sand– and clay–
structure interface experiments. However, simulations of the clay–
structure interface have not been deeply investigated. These models
were evaluated to identify the models’ capabilities in simulating the
interface behaviors, including global comparison, effects of the soil
density, normal stiffness, and rate effect. The effects for different
models were compared to identify the limitations and advantages
for different models under different conditions, which should pro-
vide insights into selecting models under specific conditions.

Modeling Framework for the Soil–Structure Interface

A unified theoretical framework is presented to simplify the devel-
opment of the SSI models so that different models can be consistent
with the basic principle in nature. The interface is a thin layer of
soil on the structure [Fig. 1(a)]. To investigate the SSI behavior,
the direct shear SSI test often is conducted under three different
boundary conditions [Fig. 1(b)].

The thickness of the interface is a key feature that should be
considered to model SSI behaviors (Hu and Pu 2004; Tovar-
Valencia et al. 2018). It has been widely recognized that the inter-
face thickness can be considered to be several times the mean
soil-particle diameter. Usually, the interface thickness is considered
to be in the range of 5–14 times the mean particle diameter for the
sand–structure interface (Uesugi and Kishida 1986; Hu and Pu
2004; Martinez and Frost 2017; Tovar-Valencia et al. 2018). For
the clay–structure interface, the shear band thickness is much larger
than the sand–structure interface reported in the literature (Martinez
and Stutz 2019; Yavari et al. 2016). For example, Martinez and
Stutz (2019) conducted kaolin clay–steel interface experiments
and found out that the shear band thickness is 0.55 mm for rough
surfaces and 0.27 mm for medium-rough surfaces (d50 is unknown;
52% of particle diameters are less than 2 μm, and therefore d50
should be less than 2 μm); Yavari et al. (2016) found the thickness
to be less than 1 mm in kaolin clay–steel interface experiments with
d50 equal to 0.8 μm. If we take the interface thickness divided by
the mean particle diameter as an unknown variable, the interface
thickness for sand can be expressed as

ds ¼ Rd × d50 ðRd ¼ ds=d50 ≈ 5−14Þ ð1Þ

For the clay–structure interface, because the particles have
platy shapes, the deformation mechanism is different from the

sand–structure interface, and the interface thickness usually is
not assumed to be multiple times the d50 value (Yin et al. 2021).
For interface tests under high-stress levels or large deformation, the
shear band may exceed the interface thickness. For example, Ho
et al. (2011) conducted large-deformation interface tests and found
that the interface shear band was as much as 8 m. In this case, the
soil tends to be crushed, and the shearing is concentrated in a thin-
ner interface of the crushed soil. Thus, the interface thickness
assumption is still valid. The relationship between the displacement
and strain can be expressed as ε ¼ u=ds.

The normal behavior of SSI often is represented by an elastic
spring [Fig. 1(b)]. Depending on the stiffness of the interface, the
interface tests can be divided into three different types (Potyondy
1961; Littleton 1976; Wernick 1978; Uesugi et al. 1988; Di Donna
et al. 2016):
• Constant normal load (CNL): The normal load remains constant

during the shearing, dσn ¼ 0, implying K ¼ 0.
• Constant normal stiffness (CNS): The relationship between the

incremental normal stress and incremental normal strain is
idealized by an elastic spring with a stiffness equal to K, which
was introduced by Wernick (1978).

• Constant volume (CV): The volume of the soil remains constant
during the shearing. Di Donna et al. (2016) called this boundary
condition the constant normal height (CNH) condition. That is,
no normal displacement is generated during the shearing,
dεn ¼ 0, implying K ¼ ∞. The normal stress increment is not
zero due to the constraint of the normal boundary. As discussed by
Stutz (2016), it is challenging to satisfy this boundary condition
due to the contractive behavior of loose sand, which leads to a
reduction in volume of the interface by causing the soil to separate
from the structure. Thus, we should be very careful when applying
this boundary condition in the numerical simulation.
All three types of tests can be represented by the interface

stiffness

dσn ¼ −Kdun ¼ −K 0dεn ð2Þ

where dun = incremental normal displacement; and K 0 ¼ Kds =
modified stiffness, which takes the same unit as the stress.

Similar to the classical elastoplastic soil model, in the incremen-
tal form, a SSI model should be able to describe the relationship
between the incremental stress dσ and the incremental strain dε

dσ ¼ Dðdε − dεpÞ ¼ Ddεe ¼ diagð½Kn;G;G�Þdεe ð3Þ

where D is the stiffness matrix; and Kn and G = normal and shear
stiffness, respectively. For nonlinear incremental SSI models, the
plastic strain dεp is ignored, and the stiffness matrix D is assumed
to be nonlinear according to the specific equations adopted. Similar
to soil models, the integration of elastoplastic interface models is
presented in the literature (e.g., Stutz et al. 2017; Staubach et al.
2022b). Generally, a SSI model should be able to describe the nor-
mal and tangential behaviors of the interface. The tangential behav-
ior is represented by the relationship between the shear stress τ and
the shear strain γ, whereas the normal behavior is represented
by the relationship between the normal stress and normal strain.
Combining Eqs. (2) and (3), the normal strain dεn should be con-
strained by the following equation:

dσn ¼ Knðdεn − dεpnÞ
dσn ¼ −K 0dεn

⇒ dεn ¼
Kn

Kn þ K 0 dε
p
n ð4Þ

Considering the consistency condition of the yield surface that
guarantees that the stress state is always on the yield surface during
the loading

(a) (b)

Fig. 1. Soil–structure interface: (a) in situ scale; and (b) laboratory
scale.
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dfðσ; κ�Þ ¼ − ∂f
∂σn

KnK 0

Kn þ K 0 dλ
∂g
∂σn

þ ∂f
∂τ G

�
dγ − dλ

∂g
∂τ

�

þ
X

κ� ∂f
∂κ�

∂κ�
∂εp dλ

∂g
∂σ ¼ 0 ð5Þ

The plastic multiplier dλ can be solved as

dλ ¼
∂f
∂τ Gdγ

KnK 0
KnþK 0

∂f
∂σn

∂g
∂σn

þ ∂f
∂τ G

∂g
∂τ −

P
κ� ∂f

∂κ�
∂κ�
∂εp

∂g
∂σ

¼ 1

Kp

∂f
∂τ Gdγ ð6Þ

Fig. 2 shows the calculation procedure of the SSI models. Cell
“Model type is Elastoplastic?” directs the calculation to nonlinear
incremental models if the answer is No. For all models, the explicit
algorithm is used.

Development of SSI Models

In this section, six SSI models in total are introduced based on the
previous framework. The SSI models are divided into two catego-
ries: three nonlinear incremental models (exponential, hyperbolic,
and hypoplastic), and elastoplastic models (MCC, SANISAND,
and SIMSAND). The exponential model was adopted from the
existing soil–structure interface model; the hyperbolic model is
proposed by changing the basic equation to a hyperbolic function
in the exponential model (Clough and Duncan 1971); the hypoplas-
tic, MCC, SANISAND, and SIMSAND models were converted
directly from existing soil models.

Herein, variables in vectors are written in bold whereas normal
symbols represent scalar variables or the norm of the vector. For
example, τ represents a vector of the shear stress with two elements
representing the shear stress in two directions, whereas τ represents
the norm of τ, i.e., τ ¼ kτk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2s þ τ2t

p
.

Considerations of Some Important Features

Nonlinear Shear Modulus
To introduce the dependency of the stiffness on the soil densities
and the stress levels, the equation of the nonlinear shear modulus G
suggested by Richart et al. (1970) has been adopted

G ¼ G0

ð2.97 − eÞ2
1þ e

�
σn

Pat

�
ng ð7Þ

where ng is an exponent that usually takes the value of 0.6; andG is
used to calculate the current elastic shear modulus in the elastoplastic
SSI models.

Critical State Concept
In this study, the following equation of the critical state line (CSL)
proposed by Yin et al. (2018) is used except in the MCC-based
model:

ec ¼ eref exp

�
−λ

�
σn

pat

�
ξ
�

ð8Þ

where λ and ξ are two constants controlling the shape of the critical
state line; pat = standard atmospheric pressure; and eref = reference
critical void ratio corresponding to the critical void ratio when the
normal stress is zero. According to Yin et al. (2016), the density
state effect on the stress–displacement strength behavior was imple-
mented into the model using the following equations:

tanϕp ¼
�
ec
e

�
np
tanϕc; tanϕpt ¼

�
e
ec

�
nd
tanϕc ð9Þ

where np and nd are constants that control the degree of density
effect in mobilized strength and stress dilatancy; and ϕc = critical

Fig. 2. Calculation procedure of the SSI models.
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friction angle. The void ratio e is updated using the following
equation:

de ¼ −dεnð1þ e0Þ ð10Þ

Particle Breakage Effect
To consider the effect of particle breakage, the modified energy-
based formulation by moving downward in the e − ln σn space
is adopted (Jin et al. 2018)

eref ¼ erefu þ ðeref0 − erefuÞ exp
�
−ρ wnw

bþ wnw

�
;

w ¼
Z

ðhσndεni þ τdγÞ ð11Þ

where eref0 and erefu = initial and ultimate reference critical void
ratio, respectively; ρ is a constant that controls the decreasing rate
of the critical state line; h·i is Macaulay brackets; and b, and nw are
model parameters that control the effect of the energy on particle
breakage.

Exponential Model

The exponential model was adopted directly from Yang and Yin
(2021). It uses the exponential shear stress–strain relation

τ ¼ tanϕpσn½1 − expð−aγÞ� ð12Þ

The normal strain is controlled by stress–dilatancy behavior. In
this model, a stress–dilatancy relation of Roscoe and Burland
(1968) by modified Yin and Chang (2013) was adopted

dεinn
dγ

¼ Adðtanϕpt − ηÞ ð13Þ

where dεinn = induced normal strain that is similar to the induced
elastoplastic normal strain. The normal stress–strain relation can be
given by the following equation, similar to the elastoplastic models:

dσn ¼ Knðdεn − dεinn Þ ð14Þ

Differentiating Eq. (12) and combining it with Eqs. (2), (13),
and (14) obtains

dτ
dγ

¼ Gð1 − η= tanϕpÞ þ
KnK 0

Kn þ K 0 Adðtanϕpt − ηÞ

× ½η − aγðtanϕp − ηÞ� ð15Þ

dεn
dγ

¼ Kn

Kn þ K 0 Adðtanϕpt − ηÞ ð16Þ

Detailed descriptions of the model and the corresponding
parameters were presented by Yang and Yin (2021).

Hyperbolic Model

The hyperbolic model is proposed by changing the basic equation
in the exponential model to a hyperbolic function (Clough and
Duncan 1971):

τ ¼ tanϕpσn½γ=ðaþ γÞ� ð17Þ

Similar to the exponential model, the incremental shear stress
can be derived by differentiating Eq. (17)

dτ
dγ

¼ Gð1 − η= tanϕpÞ½a=ðaþ γÞ� þ KnK 0

Kn þ K 0 Adðtanϕpt − ηÞ

× ½η − aη=ðaþ γÞ� ð18Þ

Other equations are exactly the same as in the exponential
model.

Hypoplastic Model

Arnold and Herle (2006) and Stutz et al. (2017) proposed several
hypoplastic interface models by introducing additional coefficients
in the basic hypoplastic equation. Similar to the hypoplastic model,
and to be consistent with the previously introduced dynamic peak
friction angle and dynamic phase-transformation friction angle, a
simple hypoplastic interface model is proposed. The following co-
efficients are introduced in the basic hypoplastic equation (Wang
et al. 2018):

dσ ¼ Ise

�
c1σndεþ c2dεnσ þ c3

PðσdεÞ
σn

σ þ c4ðσ þ sÞkdεkIe
�

ð19Þ

where s ¼ ½0; τ s; τ t�T is the shear stress vector; Ise ¼ ðec=eÞnp
(similar to tanϕp) and Ie ¼ ðe=ecÞnd (similar to tanϕpt) are the
critical state function and stiffness function, respectively; and c1,
c2, c3, and c4 are constants that can be determined by simple
CNL and CV experiments

CV:dτ sjγs¼0 ¼ Gdγs; dτ sjγs→∞ ¼ 0

CNL:dσnjγs¼0 ¼ 0; dσnjγs→∞ ¼ 0

⇒

8><
>:

c1 ¼
G

σn0Ise0
; c2 ¼ c1

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ν2i

p
Ie0

μνi
−
�
1þ 1

μ2

��

c3 ¼ c1=μ2; c4 ¼ −c1=μ
ð20Þ

where μ ¼ tanϕc ¼ τ s=σnjγs→∞; and νi ¼ dεn=dγsjγs¼0. The
incremental normal strain can be solved by combining Eq. (2)
and the first component of Eq. (19)

dεn ¼ −d1d2 þ d3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d21 þ d4d22 − d4d23

p
d22 − d23

;

d1 ¼ c3ðτ sdγs þ τ tdγtÞIse;d2 ¼ −K 0 þ σnðc1 þ c2 þ c3ÞIse
d3 ¼ c4σnIeIse;d4 ¼ ðdγsÞ2 þ ðdγtÞ2

ð21Þ

Assuming that the normal strain dεn in kdεk can be ignored, the
Eq. (21) can be simplified as

dεn ¼
K 0

n

K 0
n þ K 0 A

0
dðtanϕpt − ηÞdγ ð22Þ

where K 0
n ¼ ðc1 þ c2 þ c3ÞσnIse; and A 0

d ¼ νi=ðμ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ν2i

p
Ie0IseÞ

which is very similar to the normal stiffness of soilKn and dilatancy
parameter Ad. For the shear stress, Eq. (19) can be rewritten

dτ
dγ

¼ Ise

�
c1σn þ c2τνþ c3νðσn þ ητÞ

þ 2c4τν
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1=ν2s þ 1=ν2t

q
Ie

�
ð23Þ

where ν ¼ dεn=dγ.
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Extended MCC Model

The extended MCC model is proposed to simulate both sand and
clay interfaces with the introduction of a general yield surface com-
bined with the MCC yield surface (Roscoe and Burland 1968) and
the yield surface for crushing surface of sand (Hardin 1985) with a
nonassociated flow rule

f ¼ 1

n

�
η

Mc −mη

�
nþ1

σn þ σn − σcið1þ ξÞ;

g ¼ 1

n

�
η
Mc

�
nþ1

σn þ σn − σcið1þ ξÞ ð24Þ

where m and n are constants; Mc ¼ tanϕc; σci = size of bounding
yield surface; and ξ = bounding ratio. The hardening rules of ξ and
σci are

dχ ¼ −ξcχ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dεpi dε

p
i

q
; dσci ¼ σci

1þ e0
λ − κ

dεpn ð25Þ

By introducing the bounding surface concept, the plastic moduli
become the plastic moduli of the bounding surface (Kp), and the
plastic moduli of the current yield surface can be calculated as

Kp ¼ f1þ hp½ðλ − κÞ lnðOCRÞ�2OCRjM−ηjgKp

OCR ¼ σcið1þ χÞ
σcd

; σcd ¼
1

n

�
η

Mc −mη

�
nþ1

σn þ σn ð26Þ

where OCR = overconsolidation ratio. The critical state line of the
extended MCC model is represented by

ec ¼ eref − λ log σn ð27Þ
where λ is a model parameter.

SANISAND Model

The SANISAND interface model directly adopts the SANISAND
soil model (Taiebat and Dafalias 2008) with no significant changes,
which is similar to the SANISAND interface model proposed by
Staubach et al. (2022a). It uses a wedge-like shape of yield surface

f ¼ ðτ − σnαÞ2 −m2σ2
n

�
1 −

�
σn

p0

�
n
�

ð28Þ

wherem and n are constants; α = rotation index; p0 = yield stress in
compression; and the term ½1 − ðσn=p0Þn� is ignored in this study to
be consistent with other models. The flow rule is represented by

dσn ¼ dλðDref þ e−Vref Þ; dτ ¼ dλðsref þ Xηe−Vref Þ ð29Þ

where X and V are model parameters; ref ¼ jη − αj; D ¼
sAdðαd − αÞ; s ¼ ðτ − σnαÞ=jτ − σnαj; and α and αd = rotation
index and the rotation index associated with the dilatancy surface,
respectively. Parameter V usually is a very large positive parameter,
and the term e−Vref is regarded as a transition mechanism caused by
the change of the stress ratio. The hardening rule of α is

dα ¼ dλhðη − αÞðαb − αÞ ð30Þ
where αb = rotation index associated with the bounding surface;
and

h ¼ b0
ðbref − sðαb − αÞÞ2 ; b0 ¼ G0h0ð1 − cheÞ

�
pat

σn

�
1=2

ð31Þ

where h0 and ch are model parameters; bref ¼ αb
c þ αb

e ; and sub-
scripts c and e represent compression and extension respectively.
When s ¼ 1, αb ¼ αb

c and bref − sðαb − αÞ ¼ ðαb
e þ αÞ, whereas

for s ¼ −1, αb ¼ −αb
e and bref − sðαb − αÞ ¼ ðαb

c − αÞ. Detailed
information was presented by Taiebat and Dafalias (2008).

SIMSAND Model

The SIMSAND interface model directly adopted the SIMSAND
soil model (Yin et al. 2016), with no significant changes. It uses
a nonlinear form of the Mohr–Coulomb model’s yield surface

f ¼ η − tanϕpγp

kp þ γp
ð32Þ

where kp is a constant; and γp = total plastic shear strain. The flow
rule of the SIMSAND SSI model is represented by

dσn ¼ Adðtanϕpt − ηÞdλ; dτ ¼ ηdλ;
dγp

dεp
¼

�
0;
γps
γp

;
γpt
γp

�

ð33Þ

For all six SSI models, the nonlinear shear modulus, critical
state concept, and particle breakage effect are all considered, except
that the linear critical state line in e − log σn space represented by
Eq. (27) is adopted and the breakage effect is not adopted in the
MCC SSI model.

Summary of Model Parameters

Table 1 presents the required parameters for the SSI models.
The surface roughness of the soil–structure interface is not con-

sidered explicitly in these models. Research has shown that surface
roughness plays a significant role in interface behaviors (Potyondy
1961; Uesugi and Kishida 1986; Stutz 2016). In this study, the
effect of the roughness is considered using the frictional property
ϕc of the interface. The degradation of the surface roughness and
other surface characteristics such as the surface morphology are not
considered in this study.

Evaluation of the Interface Models

This section uses different evaluation criteria to evaluate the per-
formance of different models. To evaluate these models under
various different conditions, a sand–steel interface with a large
range of stress levels (initial normal stress of 60, 100, 120, and
310 kPa), different boundary conditions (CNL and CNS with
stiffness of 1,000, 2,000, and 5,000 kN=mm), and different soil
densities (dense and loose) were collected from Pra-Ai (2013).
Table 2 presents the details of the experiments used in this study.
The tests were conducted using a direct shear test apparatus in the
3SR laboratory (Sols, Solides, Structures - Risques, France) with
different initial normal stress (60, 100, 120, and 310 kPa),
different boundary conditions (CNL and CNS with the normal
stiffness of 1,000, 2,000, and 5,000 kN=mm), and different soil
densities (dense sand and loose sand) on Fontainebleau sand–steel
interface.

To investigate the behaviors of the clay–structure interface ex-
periments, a series of CNL tests on the kaolin clay–steel interface
conducted by Martinez and Stutz (2019) also were collected for
evaluation. The tests were conducted using the direct shear testing
device with shearing rates of 0.02, 0.06, 0.2, 0.5, 1, 2, and
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4 mm=min on the kaolin clay–steel interface. Table 3 presents
detailed information for the experiments.

Optimization-Based Identification of Model
Parameters

Model calibration is a common method to obtain the best fit of the
parameters according to the experiment data. To eliminate manual
errors, optimization-based inverse analysis was adopted herein for
all models. Assuming that Yobs

τ jσnjun represents the observed exper-
imental data, Ypre

τ jσnjunðXÞ represents the predicted data by the ana-
lytical model, where X is the model parameters. Model calibration

is the process to minimize the difference between the observed data
and the predicted data

X ¼ arg min
X

fdist½Yobs
τ jσnjun ;Y

pre
τ jσn junðXÞ�g ð34Þ

where distð·Þ is a function that describes the distance between
Yobs

τ jσnjun and Ypre
τ jσnjunðXÞ, and usually is defined as the RMS error

(RMSE) of the relative difference

dist½Yobs
τ jσnjun ;Y

pre
τ jσnjunðXÞ� ¼

X
i

li

����Y
pre
i ðXÞ − Yobs

i

TðYobs
i Þ

����;
i ∈ fτ ;σn; ung ð35Þ

where k · k represents the norm operator; TðYobs
τ jσnjunÞ represents the

range of observations; and li = corresponding weights. To solve
Eq. (34), an optimization method is required to minimize Eq. (35).
The covariance matrix adaption evolution strategy (CMA-ES)
algorithm (Hansen 2023) with the default optimization parameters
described by Hansen (2016) and Hansen et al. (2019) was used in
the calibration.

Based on the optimization-based parameter identification, model
parameters for Fontainebleau sand–steel interface experiments and
the kaolin clay–steel interface experiments are listed in Tables 4
and 5, respectively. The particle breakage effect was not considered
in modeling the kaolin clay–steel interface experiments because it is

Table 1. Required parameters of SSI models

Category Symbol Description Models

Thickness d50 Mean particle size All models
Rd Ratio of thickness of sand layer to median grain size d50 All models

Void ratio e0 Initial void ratio All models

Elastic stiffness G0 Reference shear modulus All models
ng Exponent in equation of nonlinear shear modulus; usually 0.6 All models
R Ratio of elastic normal modulus to elastic shear modulus Except hypoplastic

CSL ϕc Critical friction angle All models
eref0 Initial reference critical void ratio All except MCC
λ Slope of critical state line in e − ln σn space All models
κ Slope of swelling line MCC
ξ Constant that controls shape of critical state line All except MCC

np, nd Constants that control effect of density of soil on hardening and softening
behaviors of interface

All except MCC

Dilatancy Ad Constant that controls effect of dilatancy All except hypoplastic
νi Initial dilatancy slope Hypoplastic

Breakage erefu Ultimate reference critical void ratio due to particle breakage All except MCC
ρ Constant that controls decreasing rate of critical state line due to particle breakage All except MCC

nw b, Constants that control effect of energy on breakage index All except MCC

Yield surface m, n Constants that control shape of yield surface MCC and SANISAND
kp Constant that controls shape of yield surface SIMSAND
σc0 Initial size of yield surface MCC

Hardening χ0, ξc Initial bounding ratio and hardening parameter for bounding ratio MCC
hp Hardening parameter to control effect of overconsolidation MCC

h0, ch Stress-ratio-related hardening parameters SANISAND

Table 2. Properties of Fontainebleau sand–steel interface experiments

BC D50 (mm) emax emin e Dr (%) K (kN=mm) σn0 (kPa)

CNL 0.23 0.866 0.545 0.76, 0.57 30, 90 0 60, 120, 310
CNS 0.23 0.866 0.545 0.76, 0.57 30, 90 1,000, 2,000, 5,000 100, 310

Table 3. Properties of kaolin clay–steel interface experiments

Shear displacement
rate (mm/min)

Normal
stress
(kPa) OCR Initial void ratio

0.02, 0.06, 0.2, 0.5, 1, 4 75 1 1.38, 1.37, 1.37,
1.37, 1.36, 1.39

0.02, 0.2, 0.5, 2 75 5 1.23, 1.23, 1.21, 1.24

Note: kaolin clay properties: aspect ratio = 28∶1; LL ¼ 59.8%; Cc ¼ 0.31;
Cs ¼ 0.14; 52% of particles by mass are smaller than 2 μm; for normal
consolidated specimens cv ¼ 0.007 cm2=s.
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proposed only for sand. All model parameters were fitted to the ex-
periments, and they were restricted by their physical meanings. The
same model parameters may not be the same for different models
even though they have the same meanings. Figs. 3–10 show the data
from the simulations and experiments under different conditions.
All models generally were able to simulate the interface behaviors
under different conditions.

To ensure that the models were not overfitted, k-folds cross-
validation (Kohavi 1995) was employed for evaluating their

performance. The experiments were divided randomly into five
folds; four folds were allocated for calibration, and the remaining
fold was used for validation. This process was repeated five times,
and the average fitness was utilized to assess the performance of the
models. Fig. 11 shows the results of the k-folds cross-validation.
In Fig. 11, lines represent the calibration accuracy, and arrows
represent the validation accuracy. The results indicate that
when the calibration folds are randomly selected, the accuracy
of the validation fold consistently remains at an acceptable level.

Table 4. Calibrated model parameters for Fontainebleau sand–steel interface experiments

Parameter

Model

Exponential Hyperbolic Hypoplastic MCC SANISAND SIMSAND

Rd 6.3 5.3 6.5 10.5 6.1 6.3
ϕ 30.9 30.6 31 32.1 31.3 31.9
erefu 0.65 0.67 0.06 — 0.67 0.61
b 379 800 1,623 — 2022 298
ρ 28.1 1.5 242.6 — 235.5 57.9
nw 0.48 1.55 0.14 — 0.47 0.33
λ 0.023 0.024 0.013 0.031 0.022 0.014
κ — — — 0.003 — —
ξ 0.963 0.999 1 — 0.984 0.984
eref0 0.79 0.78 0.93 — 0.82 0.87
np 1.15 1.86 2.52 — 1.17 3.04
nd 0.57 0.8 0.83 — 0 0
Ad 0.93 0.69 — — 1.09 0.93
G0 275.6 376.5 435.6 412.3 358 327.4
R 4.76 9.97 — 3.26 5.8 6.06
vi — — 0.73 — — —
ξc — — — 8.9 — —
χ0 — — — 84 — —
hp — — — 1,431.50 — —
n — — — 1 20 —
m — — — 0.65 0.05 —
h0 — — — — 0.1 —
ch — — — — 1 —
kp — — — — — 0.063
Fitness (%) 14.70 14.40 13.80 15.60 14.30 15.00

Table 5. Calibrated model parameters for kaolin clay–steel interface experiments

Parameter

Model

Exponential Hyperbolic Hypoplastic MCC SANISAND SIMSAND

ds 1.57 2.5 2.85 1.17 1.17 2.41
ϕ 31.5 28.3 28.7 31.3 26.1 26.2
λ 4.126 2.897 2.982 0.487 0.284 1.04
κ — — — 0.03 — —
ξ 0.952 0.821 0.249 — 1.727 1.235
eref0 4.86 6.13 13.7 — 0.1 1.13
np 0.55 0.4 0.01 — 0 0
nd 1 0.01 0.91 — 0.01 0.33
Ad 0.05 0.5 — — 0.76 0.07
G0 174.9 188.5 300.1 308.2 160 219.6
R 4.23 2.83 — 0.68 0.62 0.08
vi — — 9.94 — — —
ξc — — — 65.2 — —
χ0 — — — 850 — —
hp — — — 73,905.1 — —
n — — — 0.36 20 —
m — — — 0.69 0.05 —
h0 — — — — 0.1 —
ch — — — — 0.1 —
kp — — — — — 0.27
Fitness (%) 12.10 11.80 11.80 9.90 11.70 13.20
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(a) (b)

Fig. 5. Simulation results of Fountainbleau sand–steel CNL experiments with the normal stress of 310 kPa: (a) shear stress; and (b) normal
displacement.

(a) (b)

Fig. 3. Simulation results of Fountainbleau sand–steel CNL experiments with the normal stress of 60 kPa: (a) shear stress; and (b) normal
displacement.

(a) (b)

Fig. 4. Simulation results of Fountainbleau sand–steel CNL experiments with the normal stress of 120 kPa: (a) shear stress; and (b) normal
displacement.
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(a) (b)

Fig. 6. Simulation results of Fountainbleau sand-steel CNS experiment with the normal stress of 100 kPa and normal stiffness of 1,000 kN=mm:
(a) shear stress–normal stress curve; and (b) normal displacement–tangential displacement curve.

(a) (b)

Fig. 7. Simulation results of Fountainbleau sand-steel CNS experiment with the normal stress of 100 kPa and normal stiffness of 2,000 kN=mm:
(a) shear stress–normal stress curve; and (b) normal displacement–tangential displacement curve.

(a) (b)

Fig. 8. Simulation results of Fountainbleau sand-steel CNS experiment with the normal stress of 100 kPa and normal stiffness of 5,000 kN=mm:
(a) shear stress–normal stress curve; and (b) normal displacement–tangential displacement curve.
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(a) (b)

Fig. 9. Simulation results of Fountainbleau sand-steel CNS experiment with the normal stress of 310 kPa and normal stiffness of 1,000 kN=mm:
(a) shear stress–normal stress curve; and (b) normal displacement–tangential displacement curve.

(a) (b)

Fig. 10. Simulation results of Fountainbleau sand-steel CNS experiment with the normal stress of 310 kPa and normal stiffness of 5,000 kN=mm:
(a) shear stress–normal stress curve; and (b) normal displacement–tangential displacement curve.

Fig. 11. Results of k-folds cross-validation. Val. = validation; and Cal. = calibration.
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Moreover, the impact of various calibration folds on the accuracy
of the validation fold was relatively minor; the greatest differ-
ence was less than 10%.

Global Comparisons Based on Information Criterion

With the identification of the model parameters, global assessments
can be made to select the most suitable model for modeling the
interface behaviors. A model information criterion (MIC) can be
used to evaluate the performance of the models considering the
goodness of fit and model complexity. The most commonly used
MIC is the Akaike information criterion (AIC) (Akaike 1974),
Knabe et al. (2012) simplified the AIC for the case of minimizing
the sum of squared errors assuming that the residuals are indepen-
dent and normally distributed

AIC ¼ 2k − 2 lnðLÞ ≈ 2kþ n ln s2 ≈ 2kþ n ln

�
1 − R2

n

�
ð36Þ

where k = number of model parameters; L = maximum likelihood
value; n = number of data points; and s2 = residual error variance.
AICc (Hurvich and Tsai 1989) and the Bayesian information cri-
terion (BIC) (Schwarz 1978) are two other MICs commonly used
for cases in which there are insufficient data points

AICc ¼ AICþ 2kðkþ 1Þ
n − k − 1

; BIC ¼ k ln n − 2 lnðLÞ ð37Þ

Table 6 presents the objective function values and coefficient
of determination for different models and experiments. The accu-
racy of the predictions of the different models was very close, the
overall objective function values varied from 14.3% to 15.6%.
The hypoplastic model had the best performance in terms of
the prediction accuracy, followed by the SANISAND model, hy-
perbolic model, exponential model, SIMSAND model, and MCC
model. The MCC model had the worst performance because it
does not adopt a complex nonlinear critical state line and the
particle breakage effect.

Table 7 presents the preferred models for different experiments
based on different criteria. Because the number of model parame-
ters was relatively close in the different models (14, 14, 13, 10, 17,

and 15 parameters), the model selection largely is dependent on
the goodness of fit. Overall, the hypoplastic, exponential, and
SANISAND models performed better than the other models.
The hypoplastic model is preferred for CNL experiments, the
SANISAND model is preferred for CNS experiments under
low confining pressure, and the exponential model is preferred
for CNS experiments under high confining pressure. The afore-
mentioned results were derived solely from experiments con-
ducted on the specific soil–structure interface experiments,
and should be regarded only as a reference for selecting a
suitable model. To determine the most suitable model in prac-
tice, it is essential to compare these results with those of other
experiments.

In general, the nonlinear elastic models not only had better per-
formance in predicting the experiments but also required less com-
putational time, and all three models had similar performance in
several aspects. Of the elastoplastic models, the SANISAND and
SIMSAND models had predictive accuracy similar to that of the
nonlinear models, but they required much more computational time
than nonlinear elastic models. The MCC model had the worst per-
formance in almost all aspects, but the computational time required
was less than that of the other two elastoplastic models because of
the simplicity of its constitutive equations compared with those of
the SANISAND and SIMSAND models.

Effect of Soil Density on the Shear Stress

Extensive studies have shown that the density of the soil has a
significant effect on the behavior of the soil–structure interface.
Yasufuku et al. (2003), Taha and Fall (2013) showed that increased
density indicates a higher number of contacts between soil par-
ticles, resulting in higher shear strength. DeJong et al. (2006),
DeJong and Westgate (2009) demonstrated that the volumetric
behavior of the interface is highly dependent on the relative density;
dense sand dilates after the initial contraction, and loose sand con-
tracts during the shearing. For dense sand, Taha and Fall (2013,
O’Rourke et al. (1990) argued that higher density also leads to
higher peak shear strength, which could be attributed to the higher
interlocking forces.

Fig. 12 shows the effect of the density on the peak shear stress
based on the constant normal load experiments with an initial nor-
mal stress of 310 kPa. It describes the relationship between the peak
stress ratio ηmax ¼ τmax=σn and relative density Dr or overconso-
lidation ratio (for the MCC model). Different relative densities Dr
or overconsolidation ratios were generated with different initial
void ratios e0. For loose sand or clay with lower OCR, the peak
stress ratio remains stable at a relatively low value. This is because
the soil is consistently contracted during shearing, and therefore the
stress ratio always is less than the critical stress ratio. When the
relative density is greater than about 40%–50% or the OCR is

Table 7. Model selection for different experiments

Experiment AIC AICc AICr2 BIC

All Hypoplastic Hypoplastic Hypoplastic Hypoplastic
CNL Hypoplastic Hypoplastic SANISAND Hypoplastic
CNS, 100 kPa SANISAND SANISAND SANISAND SANISAND
CNS, 310 kPa Exponential Exponential Exponential Exponential

Table 6. Objective fitness function and coefficient of determination for different models and experiments

Goodness Experiment Exponential Hyperbolic Hypoplastic MCC SANISAND SIMSAND

Fitness (%) All 14.7 14.4 13.8 15.6 14.3 15.0
CNL 7.1 7.7 6.7 9.0 6.5 8.0

CNS, 100 kPa 11.8 11.9 12.6 17.4 11.2 11.5
CNS, 310 kPa 9.0 9.9 9.6 12.0 9.8 13.2

R2 All 0.28 0.27 0.36 0.30 0.29 0.21
CNL 0.84 0.83 0.85 0.75 0.86 0.79

CNS, 100 kPa 0.53 0.54 0.44 0.17 0.58 0.50
CNS, 310 kPa 0.80 0.77 0.77 0.64 0.77 0.61
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greater than about 10, the peak stress ratio increases rapidly with
the increase of the relative density or OCR. In this case, the soil
dilates after the initial contraction, leading to a higher number
of contacts between soil particles and thus a higher peak stress

ratio. The stress ratio increases slightly more than linearly com-
pared with the relative density or OCR, which is consistent with
the results of O’Rourke et al. (1990).

Moreover, the exponential model and the SIMSAND model
predicted the experimental results well, whereas other models
underestimated the peak stress ratio for dense sand (Dr ¼ 90%).
The influence of the relative density in the exponential model and
the SIMSAND model was greater than that in the hyperbolic, hy-
poplastic, and SANISAND models (Fig. 13). Taking the exponen-
tial model and the hyperbolic model as an example, for the same
initial shear modulus, the exponential model increases to stable
stress faster than the hyperbolic model. For medium sand, the
stress ratio of the exponential model is larger than that of the hy-
perbolic at the same shearing displacement. Thus, the density ef-
fect of the exponential model is more obvious than that of the
hyperbolic model for dense sand. This also applies to the hypo-
plastic model, the SANISAND model, and the SIMSAND model.
Therefore, the exponential model and the SIMSAND model are
suitable for situations in which the density effect plays a very im-
portant role.

Effect of Interface Stiffness and Dilatancy Behavior

Figs. 14 and 15 show the peak and residual shear stress ratios
and normal displacement under different boundary conditions
with an initial normal stress of 100 kPa for Fountainbleau
sand–steel interface experiments. The shear stress ratio in-
creased with the increase of interface normal stiffness for dense
sand, whereas the opposite was true for loose sand. The normal
displacement decreased with the increase of the interface normal
stiffness for dense sand, whereas the oppsite is true for loose
sand. This was because the interface tends to dilate during shear-
ing for dense sand. Because the interface’s normal boundary is
constrained by a spring with stiffness K, the normal stress in-
creases, whereas the normal displacement decreases with the in-
crease of the normal stiffness. Furthermore, all models except
the MCC model were able to predict the shear stress and normal
displacement satisfactorily. The MCC model predicted the shear
stress well at small interface stiffness, and it predicted the nor-
mal displacement well at large interface stiffness. Moreover, the
MCC model behaved differently when simulating experiments
with dense sand and loose sand.

To explain this phenomenon, the evolution of the normal dis-
placement for different models is as follows:

Fig. 12. Effect of the soil density on the peak shear stress.

Fig. 13. Evolution of the shear stress.

(a) (b)

Fig. 14. Simulation results of the relative peak and residual shear stress ratio (shear stress/initial normal stress) under different boundary conditions:
(a) peak stress ratio; and (b) residual stress ratio.
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dεn ¼
K�

n

K�
n þ K 0 dγ

�

×

8>>>><
>>>>:

A�
dðtanϕpt − ηÞ all exceptMCC and SANISAND

A�
dðαd − αÞ SANISAND

Mnþ1
c − ηnþ1

ðnþ 1Þ=n · ηn
MCC

ð38Þ

where K�
n ¼ K 0

n and A�
d ¼ A 0

d for hypoplastic model, and K�
n ¼ Kn

and A�
d ¼ Ad for other models; and dγ� ¼ dγ for nonlinear elastic

models and dγ� ¼ dγp for elastoplastic models. Eq. (38) indicates
that the normal behavior is controlled by both the interface’s nor-
mal boundary condition (represented by the stiffness K 0) and the
soil’s normal behavior (represented by the soil’s normal stiffness
Kn and the dilatancy behavior). When the normal boundary of
the interface is not constrained (K 0 ¼ 0), Eq. (38) degenerates into
stress–dilatancy equations similar to the general soil models. When
the normal boundary of the interface is fixed (K 0 ¼ ∞), the normal
displacement is fixed to zero for both dense sand and loose sand.
For the case of constant interface stiffness (K 0 ¼ const), the stress
and displacement states are intermediate between the two afore-
mentioned cases. Because the stiffness item K�

n=ðK�
n þ K 0Þ is the

same for all models, the misprediction of the normal displacement
for the MCC model is caused mainly by the dilatancy behavior.
With the increase of the interface stiffnessK 0, the effect of the dilat-
ancy behavior on the normal displacement decreases, and thus the
MCC model tends to simulate the normal displacement well at
large interface stiffness. The following equation shows the evolu-
tion of the normal and shear stress:

dσn ¼ −K 0dεn

≃ K�
nK 0

K�
n þ K 0 dγ

�

8><
>:

A�
dðMpt − ηÞ all exceptMCC

Mnþ1
c − ηnþ1

ðnþ 1Þ=n · ηn
MCC

;

ρðdτ ; dσnÞ > 0 ð39Þ
where ρðdτ ; dσnÞ > 0 indicates that the shear stress caused by the
normal stress is positively correlated with the normal stress, which
can be proved using Eqs. (6), (15), and (18), (23). Eq. (39) shows
that unlike the normal displacement, the effect of the dilatancy
behavior on the shear stress increases with the increase of the inter-
face stiffness K 0, and thus the MCC model tends to simulate the

shear stress well at small interface stiffness and to overestimate the
shear stress at large interface stiffness.

The preceding analysis shows that the mispredictions of the
shear stress and normal displacement are affected mainly by the
dilatancy behavior in which the boundary condition increases and
decreases the degree of the effect. Because the SANISAND model
uses similar equation for the dilatancy surface αd compared to
tanϕpt, and the rotation index α is very close to the stress ratio
η, Eq. (38) can be generalized as

dεn ≃ K�
n

K�
n þ K 0 dγ

�

8><
>:

A�
dðMpt − ηÞ all exceptMCC

Mnþ1 − ηnþ1

ðnþ 1Þ=n · ηn
MCC

ð40Þ

For all models except the MCC model, the phase transformation
stress ratio Mpt is a function of the current density state and the
critical state

Mpt ¼
�
e
ec

�
nd
Mc ð41Þ

where Mc = slope of critical state line. Eq. (41) for the dynamic
phase transformation stress ratio Mpt implies that in loose sand
with e > ec,Mpt is greater thanMc, which leads to persistent shear
contraction behaviors; in dense sand with e < ec, Mpt is less than
Mc, which allows the dense sand to be contracted and then dilated.
For the MCC model, the phase transformation stress ratio Mpt
equals the critical stress ratio Mc, which leads to the underestima-
tion of the normal displacement for dense sand and overestimation
of the normal displacement for loose sand compared with other
models according to Eq. (40). This is consistent with the simulation
results shown in Fig. 15. In contrast, the peak shear stress varies in
the opposite direction, which can be explained similarly as the nor-
mal displacement. Similar to the normal displacement, it can be
explained by the interlocking effect represented by the dynamic
peak stress ratio Mp

Mp ¼
�
ec
e

�
np
Mc ð42Þ

Based on the preceding analysis, because the MCC model does
not consider density-dependent interlocking and the dilatancy ef-
fect, it cannot predict the normal and tangential behaviors correctly
under various conditions. The model cannot be sued to predict

(a) (b)

Fig. 15. Simulation results of the relative peak and residual normal displacement under different boundary conditions: (a) peak normal displacement;
and (b) residual normal displacement.
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shear stress and normal displacement, which means that it success-
fully can predict only one variable under certain conditions. The
results prove that the introduction of the dynamic peak stress ratio
and dynamic phase transformation stress ratio is necessary for the
simulation of the interface behaviors.

Effect of Shearing Velocity

The rate effect is another important aspect that should be considered
in the interface modeling. Martinez and Stutz (2019) conducted a
series of CNL experiments on a kaolin clay–steel interface with
different shearing rates (Table 3). Martinez and Stutz (2019) ob-
served that the interface transitions from a drained condition to
a undrained condition with the increase of the shearing rate. Yang
and Yin (2021) assumed the drained condition to be the CNL
condition and the undrained condition to be the CV condition,
considering the volumetric behaviors of these conditions based on
experimental observations (Lemos and Vaughan 2000; Boukpeti
and White 2017). The partially drained condition then was consid-
ered to be the CNS condition with different confining stiffness.
Under the experimental CNL condition, the total normal stress
remains constant, whereas the effective normal stress evolves dif-
ferently due to variations in excess pore-water pressure generated at

different shearing rates. Consequently, it is reasonable to assume
that the boundary condition of the clay–structure interface shifts
from the CNL condition to the CV condition as shearing rates
increase. Nevertheless, it is not possible to simulate CNS or CV
experiments with this assumption. Therefore, according to Yang
and Yin (2021), the following assumptions can be made for clay–
structure interface experiments with different shearing rates:
1. experiments with very low shearing rates involve a drained

condition, and are considered to be CNL experiments;
2. experiments with very high shearing rates involve an undrained

condition with no volumetric changes, and are considered to be
CV experiments; and

3. experiments with medium shearing rates involve a partially
drained condition, and are considered to be CNS experiments
with different confining stiffness.
To determine the interface stiffness under different shearing

rates, the objective function Eq. (35) is modified to consider the
interface stiffness as calibrated parameters

dist½Yobs
τ jσnjun ;Y

pre
τ jσnjunðX;KÞ� ¼

X
i

li

����Y
pre
i ðX;KÞ − Yobs

i

TðYobs
i Þ

����;
i ∈ fτ ;σn; ung ð43Þ

where K is a vector of the interface normal stiffness corresponding
to different shearing rates. The optimization-based parameter iden-
tification framework is used to identify the model parameters and
the interface normal stiffness. Fig. 16 shows the relationship be-
tween the normal stiffness and the shearing rate. In Fig. 16, scatters
represent calibrated interface normal stiffness, and lines represent
the fitted relationship between the normal stiffness and the shearing
rate. The normal stiffness increased linearly with the increase of the
shearing rate. The normal stiffness was close to zero for normally
consolidated clay experiments and overconsolidated clay experi-
ments when the shearing rate was very small. The interface stiffness
increased with the increase of the shearing rate. Thus, it is reason-
able to assume that the interface changes from a drained condition
to an undrained condition as it transitions from a CNL condition to
a CV condition.

Models other than the MCC model do not consider the over-
consolidation ratio. To simulate the overconsolidation effect,
these models incorporate a density effect similar to that observed
in sand, in which dense sand or overconsolidated clay exhibit
dilative behavior during shearing, whereas loose sand or normally

Fig. 16. Relationship between the normal stiffness and the shearing
rate.

(a) (b)

Fig. 17. Relationship between the peak shear stress/normal displacement and shearing velocity: (a) peak shear stress; and (b) peak normal
displacement.
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consolidated clay have contractive behavior. Fig. 17 shows the re-
lationship between the peak shear stress or peak normal displace-
ment and shearing velocity for normally consolidated clay and
overconsolidated clay experiments. For normally consolidated clay,
an increase in the shearing rate results in an decrease in the shear
resistance and an increase in the volumetric change. For overcon-
solidated clay, an increase in the shearing rate results in an increase
in the shear resistance and a decrease in the volumetric change. The
results are consistent with the experimental observations of Martinez
and Stutz (2019), as shown in Fig. 17. Furthermore, the preceding
results show that all models are able of predicting the rate effect on
the interface behaviors for both normally consolidated and over-
consolidated clay–structure experiments. In the sand–structure in-
terface experiments, the MCC model is not able to describe the
tangential behavior and normal behavior simultaneously because
the model does not consider the density-dependent interlocking
and dilatancy effects. However, for the clay–structure interface ex-
periments, the MCC model is able to describe the tangential behav-
ior and normal behavior simultaneously, like other models. These
results prove that in clay–structure interface experiments, the inter-
locking and dilatancy effect is not as important as in sand–structure
interface experiments. Furthermore, the interlocking and dilatancy
effect–related model parameters np and nd in Table 5 are close to
zero for the clay–structure interface experiments, which also con-
firms the preceding statement.

Conclusions

This paper evaluated the ability of six soil–structure interface mod-
els to simulate interface behaviors in order to guide users to choose
a suitable model in specific conditions. Six soil–structure interface
models were evaluated in this paper: the exponential model, the
hyperbolic model, the hypoplastic model, the extended MCC model,
the SANISANDmodel, and the SIMSANDmodel. An optimization-
based parameter identification framework was introduced to identify
the model parameters. Fontainebleau sand–steel interface experi-
ments and kaolin clay–steel interface experiments were selected for
the evaluation of the interface models. Model parameters were iden-
tified using the introduced optimization-based parameter identifica-
tion framework.

These models were evaluated to identify the models’ abilities to
simulate the interface behaviors, including global comparisons, ef-
fect of soil relative density, interface stiffness, and shearing rate.
Several different information criterion were used to select the pre-
ferred models for experiments under different conditions. It was
found that the hypoplastic model is preferred for CNL experiments,
the SANISANDmodel is preferred for CNS experiments under low
confining pressure, and the exponential model is preferred for CNS
experiments under high confining pressure. In general, nonlinear
elastic models perform better than elastoplastic models. For the ef-
fect of soil relative density, it was found that the influence of the
soil relative density on the exponential model and the SIMSAND
model is greater than that of other models. An increase in the inter-
face stiffness leads to an increase in the stress level for dense sand
and to a decrease in the stress level for loose sand, due to the di-
lation of the dense sand and the contraction of the loose sand. The
MCC model is not able to reproduce the alternating dilation and
contraction behaviors that are observed in sand–steel interface ex-
periments. The shearing rate effect can be simulated using different
confining normal stiffness. The simulation results of the kaolin
clay–steel interface experiments indicate that all models were able
to simulate the clay–structure interface behaviors satisfactorily, even
though the MCC model does not consider the density-dependent

interlocking and dilatancy effects. In general, with the introduction
of soil behaviors in simple nonlinear functions, nonlinear elastic
models are able to simulate complex interface behaviors with simple
formulations, and can do so better than complex elastoplastic models
in some situations.
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