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Abstract: Understanding the influence of gap distribution characteristics on the mechanical properties
of circular concrete-filled steel tubes (CCFSTs) under bending load is important for stability and
support design in engineering projects. In this study, the improved cohesive zone model considering
friction was used to describe the mechanical behavior of mortar interfaces. Meanwhile, the concrete
damage plastic model and isotropic elastoplastic model were applied for core concrete and steel
tubes. The improved cohesive zone model has a unified potential function that governs the Mode
I and Mode II failure processes of mortar interfaces to realize the mechanical interaction between
concrete and steel. A smooth frictional function was utilized in the elastic stage to calculate the
accurate frictional effect. Furthermore, the capability of the model in addressing unloading and
reloading was verified, and the fracture energy varied accordingly during the cyclic loading. Then,
the mechanical response of CCFSTs was investigated under bending loads by setting different gap
sizes and angles between the gap and loading direction. The results show that under three-point
bending, the equivalent plastic strains at the middle part of CCFSTs are much larger and the peak
bearing forces are much lower than the other degrees when the angles between the coronal gap axis
and loading direction equal 0◦ and 180◦. In addition, the order of the peak bearing forces, from
highest to lowest, is when the height of the coronal-cap gap increases from 0.0 mm to 2.5 mm, 5.0 mm,
and 7.5 mm. The significant effect makes it inappropriate to ignore the weakening of the structural
performance caused by coronal gaps in structural design.

Keywords: CCFST; gap effect; PPR cohesive model; frictional contact; direct shear

1. Introduction

Circular concrete-filled steel tubes (CCFSTs) are composite structural elements that
combine the strength of steel tubes with the compressive resistance of concrete. CCFST
structures are widely used in construction and bridge engineering because of their supe-
rior performances [1–3]. In CCFST structures, an initial gap is often inevitable, and the
main causes of crown gaps in CCFST structures are concrete settlement, air entrapment,
seasonal freeze–thaw cycles, or other factors [4,5]. These issues prevent the concrete in-
side a steel tube from fully filling the space after it hardens, resulting in voids in the top
region [6,7]. The main imperfections of CCFSTs are circumferential gaps and spherical-cap
gaps [8,9], and spherical-cap gaps are one of the main forms. These gaps will weaken
combinations of steel tubes and concrete and significantly reduce the bearing capacity of
structures [5,7,10,11]. Existing construction technology cannot safely and completely avoid
gap disasters in CCFSTs [12,13]. In recent years, relevant scholars have carried out a series
of experimental studies and numerical analyses on the mechanical properties of CCFSTs
with spherical spherical-cap gap defects [14–16]. Considering that CCFST structures may
have both coronal and circumferential voids, the simultaneous occurrence of coronal and
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circumferential gaps is inevitable. Therefore, it is necessary to study the synergistic effect of
two types of gap disasters on the mechanical properties of CCFSTs. At the same time, the
relative directions of the coronal gap position and the bending load after CCFST construc-
tion are also uncertain. Hence, the angle between the detachment position and the bending
load is also an important factor affecting the structural bending resistance. Describing the
mechanical properties of mortar interfaces using friction models cannot reflect the bonding
effect of mortar during the bonding and sliding processes, while selecting traditional bilin-
ear or trilinear cohesive models does not allow for fully considering the contribution of
frictional force to the tangential strength of the interface. It is still challenging to determine
the influences of the distance of the circular-segment gap and the angle between the gap
and bending load on the flexible mechanical properties of the CCFSTs.

The bonding states of mortar interfaces have a significant effect on the flexural perfor-
mance of steel–concrete composite structures, and quantifying the bonding-slip behavior
of mortar interfaces is an important aspect of computational and experimental mechan-
ics [9,17,18]. Both cohesion and friction play considerable roles in governing the mechanical
behavior of brittle interface materials, such as concrete, rock, and mortar interfaces [19–21].
The cohesive zone model [22] has been applied to simulate the progressive failure of brittle
materials. However, the tangential strength of brittle interface materials is commonly pro-
vided by the combined support of cohesive bonding and friction [23,24]. Researchers have
established several coupling cohesion–friction models within continuum methods [25,26].
For most, friction can only appear when cohesion disappears completely, which is unrea-
sonable compared with the Mohr–Coulomb (MC) strength criterion. To determine the
onset condition of friction, some researchers suggest that friction can occur and grow when
cohesion enters the softening stage [27,28]. These cohesion–friction models have mainly
been used to investigate the pull-out of steel and reinforcement from concrete, as well
as the instability of masonry wall [29–31]. Additionally, Yao et al. (2015) [32], Li et al.
(2017) [33], and Li et al. (2019) [34] used the coupling cohesion–friction model to investigate
rock failure.

The Park–Paulino–Roesler (PPR) model was proposed by Park (2009) [35] and Park
(2009) [36] to model the mechanical response of quasi-brittle interface material. After,
researchers added novel properties to the PPR cohesive model and applied it in engineering
research [37–40]. Tvergaard (1990) proposed a cohesive model that considers friction,
which plays a role after the cohesive bonding at the interface is reduced to the residual
stage and may lead to the unsmooth transition from cohesion to friction and convergence
difficulties [25]. To solve this problem, Spring and Paulino (2015) [41] improved the PPR
cohesive model by introducing the smooth friction term when the cohesion reaches the
peak. Although the model can consider the influence of friction and cohesion on shear
strength, the peak shear stress may be hysteretic when the friction is large, because the peak
points of cohesion and friction are generally not studied at the same tangential separation.
Therefore, characterizing the strength of the cohesive model [41] is difficult because the MC
strength criterion is not satisfied.

In this study, the improved PPR model was adopted to fully describe the coupling
effect behavior of the cohesion and frictional behavior of quasi-brittle interface material.
In the improved model, the Mode I and Mode II tractions are controlled by a unified
potential function, and the influence between them being interactive. The unified potential
function is second-order continuous and differentiable with respect to Mode I and Mode
II separations. Therefore, the related traction–separation and tangent stiffness curves are
continuous and smooth, which ensures the effective convergence of the improved cohesive
model compared with bilinear or trilinear cohesive models [42–44]. The governing equation
for friction force in the improved model is continuous and differentiable with respect to the
Mode II separation. Thus, the coupling superposition equation for cohesion and friction
can also be continuous and smooth, and the improved model inherits the advantage of
easy convergence from the original model. Then, a direct shear test on a masonry wallette
was carried out, and the results obtained by the improved model were compared with the
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experimental data and the numerical simulations using the other methods [41,45–48]. After
the comparison, the effectiveness and reliability of the improved model were verified, and
the fitting parameters were also determined. In addition, we further investigated the effects
of the coronal gap length and the angle between the loading direction and gap axis on the
flexural capacity of CCFSTs.

2. Improved Cohesive Model
2.1. Basic Principles

The PPR cohesive model was proposed by Park (2009) [35] and Park et al. (2009) [36]
and has a clear physical meaning for each parameter. The model ensures that both the
cohesive bonding and the tangent stiffness matrix are consistently governed by a continuous
potential function. The Mode I and Mode II cohesive tractions, denoted as Tn and Tt, are
derived by taking the first-order derivatives of the potential function with respect to the
Mode I and Mode II crack separations. The tangent stiffness matrix is determined by
solving the second-order differential equation of the potential energy function. Because
of the continuous and smooth nature of the traction–crack separation curve, the model
guarantees satisfactory convergence in the process of numerical iteration.

The potential function of the PPR cohesive model is provided in Equation (1), as follows:
ψ(∆n, ∆t) = min(ϕn, ϕt) + Fn(∆n, ∆t) · Ft(∆n, ∆t)

F(∆n, ∆t) = Γ
(

1 − ∆
δ

)A(Q
A + ∆

δ

)Q
+ O

O =

{
⟨ϕn − ϕt⟩/(ϕn − ϕt), ModeI
⟨ϕt − ϕn⟩/(ϕt − ϕn), ModeII

(1)

where ∆ represents the Mode I (∆n) and Mode II (∆t) crack separations; ϕn and ϕt corre-
spond to the Mode I and Mode II fracture energies, respectively; A is the parameter that
governs the softening behavior of the normal and tangential tractions once tensile or shear
strength is achieved; and A = α in Mode I and A = β in Mode II; Γ and Q can be calculated
using Equations (2) and (3).

Γ = (−ϕ)p M

p =

{
⟨ϕn − ϕt⟩/(ϕn − ϕt), ModeI
⟨ϕt − ϕn⟩/(ϕt − ϕn), ModeII

M =
(

A
Q

)Q
(2)

where p and M are process variables; Γ represents the normal (Γn) or tangential (Γt) fracture
energy coefficients.

Q =


α(α−1)λ2

n
1−αλ2

n
, ModeI

β(β−1)λ2
t

1−βλ2
t

, ModeII
(3)

The potential function is limited in a square area called the cohesive region, which has
boundaries from 0 to δn and −δt to δt, where δn and δt are the final crack separations for
the Mode I and Mode II fractures, respectively, and can be calculated using Equation (4).

δ =
ϕ

σ
Aλ(1 − λ)A−1

(
A
Q

λ + 1
)Q−1

(4)

In Equations (2)–(4), ϕ, Γ, δ, and λ are directional variables, and when their subscripts
are marked “n”, they correspond to the behavior of Mode I; subscript “t” corresponds to
the behavior of Mode II, where σ is the strength of the interface material, and σ = σmax in
Mode I fractures and σ = τmax in Mode II fractures. σ is also the maximum traction in the
process of crack separation; λn and λt are the stiffness parameters in the elastic stage along
the normal and tangential crack separations, which equal the ratio of the separation when
the traction reaches the strength (Kn and Kt) and residual boundaries (δn and δt) in the
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scope of the potential energy function. The parameters have a relationship which can be
expressed in Equation (5), and the cohesive region is shown in Figure 1.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 4 of 22 
 

( )
1

1 11
−

−








+−=

Q
A

Q
AA λλλ

σ
φδ  (4)

In Equations (2)–(4), ϕ, Γ, δ, and λ are directional variables, and when their subscripts 
are marked “n”, they correspond to the behavior of Mode I; subscript “t” corresponds to 
the behavior of Mode II, where σ is the strength of the interface material, and σ = σmax in 
Mode I fractures and σ = τmax in Mode II fractures. σ is also the maximum traction in the 
process of crack separation; λn and λt are the stiffness parameters in the elastic stage along 
the normal and tangential crack separations, which equal the ratio of the separation when 
the traction reaches the strength (Κn and Κt) and residual boundaries (δn and δt) in the 
scope of the potential energy function. The parameters have a relationship which can be 
expressed in Equation (5), and the cohesive region is shown in Figure 1. 

 
Figure 1. Description of the cohesive region. 

( )
( )




=
=

max

max

,0
0,

τ
σ

tt

nn

KT
KT

 (5)

The normal and tangential cohesive tractions (Tn and Tt) according to the crack sepa-
rations are controlled by Equations (6) and (7). 

⎩⎪⎪⎨
⎪⎪⎧ 𝑇௡ሺ∆௡, ∆௧ሻ ൌ 𝜕𝛹𝜕∆௡ ൌ 𝛤௡𝛿௡ ∙ 𝜕𝐹௡ሺ∆௡, ∆௧ሻ𝜕∆௡ ∙ 𝐹௧ሺ∆௡, ∆௧ሻ𝑇௧ሺ∆௡, ∆௧ሻ ൌ 𝜕𝛹𝜕∆௧ ൌ 𝛤௧𝛿௧ ∙ 𝜕𝐹௧ሺ∆௡, ∆௧ሻ𝜕∆௧ ∙ 𝐹௡ሺ∆௡, ∆௧ሻ𝜕𝐹ሺ∆௡, ∆௧ሻ𝜕∆ ൌ 𝑄 ൬1 െ ∆𝛿൰஺ ൬𝑄𝐴 ൅ ∆𝛿൰ொିଵ െ 𝐴 ൬1 െ ∆𝛿൰஺ିଵ ൬𝑄𝐴 ൅ ∆𝛿൰ொ

 (6)
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Tn(Kn, 0) = σmax
Tt(0, Kt) = τmax

(5)

The normal and tangential cohesive tractions (Tn and Tt) according to the crack
separations are controlled by Equations (6) and (7).

Tn(∆n, ∆t) =
∂Ψ
∂∆n

= Γn
δn
· ∂Fn(∆n ,∆t)

∂∆n
·Ft(∆n, ∆t)

Tt(∆n, ∆t) =
∂Ψ
∂∆t

= Γt
δt
· ∂Ft(∆n ,∆t)

∂∆t
·Fn(∆n, ∆t)

∂F(∆n ,∆t)
∂∆ = Q

(
1 − ∆

δ

)A(Q
A + ∆

δ

)Q−1
− A

(
1 − ∆

δ

)A−1(Q
A + ∆

δ

)Q
(6)


Tn(∆n, ∆t) =


Γn
δn

· ∂Fn(∆n ,∆t)
∂∆n

· Ft(∆n, ∆t), Tension
∂Tn(0,0)

∂∆n
∆n = Γn

δ2
n
· ∂2ψn(0,0)

∂∆2
n

· Ft(0, 0) · ∆n, Compression

Tt(∆n, ∆t) =
∂ψ
∂∆t

= Γt
δt
· ∂Ft(∆n ,∆t)

∂∆t
· Fn(∆n, ∆t)

∂2Fn(0,0)
∂∆2

n
=
(
Q2 − Q

)(Q
A

)Q−2
+
(

A2 − A
)(Q

A

)m
− 2AQ

(
Q
A

)Q−1

(7)

It is important to highlight that Equations (6) and (7) delineate the method for calcu-
lating cohesive traction under a mix mode of tension and compression. For the tensile state,
Tn is derived as a partial derivative of the potential function with respect to normal crack
separation. In the compression state, drawing from studies by Spring and Paulino [41]
and Li et al. [33], Tn increases linearly with normal crack separations. The stiffness in
the compression is the initial tensile stiffness of Tn and remains unaffected by a Mode II
crack separation of 0. The PPR cohesive model requires eight input parameters, including
fracture energy (ϕn and ϕt), strength (σmax and τmax), initial stiffnesses (λn and λt), and
softening parameters (α and β). According to the above displacement traction function, the
relationship between cohesion and displacement can be drawn as shown in Figure 2.
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state, Tn is derived as a partial derivative of the potential function with respect to normal 
crack separation. In the compression state, drawing from studies by Spring and Paulino 
[41] and Li et al. [33], Tn increases linearly with normal crack separations. The stiffness in 
the compression is the initial tensile stiffness of Tn and remains unaffected by a Mode II 
crack separation of 0. The PPR cohesive model requires eight input parameters, including 
fracture energy (ϕn and ϕt), strength (σmax and τmax), initial stiffnesses (λn and λt), and sof-
tening parameters (α and β). According to the above displacement traction function, the 
relationship between cohesion and displacement can be drawn as shown in Figure 2. 
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Figure 2. Separation–traction relationship in the PPR cohesive model: (a) Mode I fracture; (b) Mode
II fracture.

It can be seen in Figure 2 that the normal and tangential cohesive tractions are affected
by both normal and tangential crack separations. Simultaneously, the cohesive traction can
vary continuously and smoothly with the normal or tangential crack separation growing.

2.2. Friction Model

The improved friction model was developed by integrating the conventional PPR
cohesive model with the MC strength criterion. This integration ensures that the peak values
of the cohesive traction and frictional traction of interface materials occur simultaneously
at the same tangential crack separation. When elements on either side of the interface
compress and intrude into one another, resistance is activated along the interface. The
resistance magnitude is determined by the intrusion depth and the normal stiffness of the
interface under compression, which is equal to the normal stiffness when the tensile crack
separation is nearly 0. The improved model assumes that frictional traction is initiated
when the interface is compressed and shear slip occurs between adjacent layers, leading to
a smooth increase in resistance as the tangential crack separation grows. This process is
described by Equation (8) [3].

Tf = µ × κ(∆t)× |Tn|, Tn < 0 and ∆t > 0 (8)

where µ is the friction coefficient of the interface; κ is the response factor that increases
monotonically and continuously from 0 to 1 with the growth in shear displacement, and it
can be expressed by Equation (9) [3], as follows:

κ(∆t) =

{(
Tt(0,∆t)

τmax

)s
, 0 < ∆t ≤ λtδt

1 , ∆t > λtδt
(9)

where s is the transformation shape parameter controlling the growth mode of the friction,
and the influence of s on κ can be seen in Figure 3a. Through the established friction mode,
the peak cohesion and friction can appear at the same shear deformation, and a smooth
transition between cohesion and friction can be realized. For the improved model, eight
input parameters are required, i.e., Γn, Γt, σmax, τmax, λn, λt, α, and β. In addition, the
friction growth shape parameter, s, and the friction coefficient, µ, should also be used as
inputs. The curve shape of the coupled cohesion–friction model is shown in Figure 3.
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Figure 3. Coupling method between friction and tangent tractions: (a) effect of the friction growth
shape parameter, s, on the response factor, κ; (b) relationship between tangential stress and tangen-
tial displacement.

2.3. Numerical Benchmark

Masonry wallette is widely used in civil engineering. Experiments conducted by
Beyer et al. (2010, 2012) on a Masonry wallette was chosen to verify the correctness and
effectiveness of the improved cohesion–friction mode [45,46]. Both the bonding of the
masonry and the bonding of the steel–concrete structure is provided by cement mortar.
The related failure modes can be simplified to be quasi-brittle, although the material and
production method used for the cement mortar may lead to differences in the mechanical
parameters. Hence, after verification by the shear slip behavior between the bricks, the
established model can be applied to characterize the mechanical behavior of the interface
between steel and concrete in CCFSTs. As shown in Figure 4a, there are three bricks bonded
by mortar; the middle brick is also constrained by two rigid bricks on the upper surface. In
addition, the bilateral bricks are applied with the vertical displacement load on the lower
surfaces to achieve a shear effect. Pressure is applied on the two outer vertical surfaces to
ensure the friction effect.
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Different numerical models have been used to simulate the experiment of Beyer et al.
(2010, 2012) [45,46]. As Spring and Paulino (2015) [41], Snozzi and Molinari (2013) [47], and
Baek and Park (2019) [48] utilized the symmetric half model, as depicted in Figure 4a,b;
this same model is adopted here for an accurate comparison. Initially, different normal
pressures of 0.2, 0.4, and 0.65 MPa are applied to the right surface of the specimen and
maintained at a constant level during the shearing process. Then, a vertical displacement
load of 10 mm is applied to the lower side of the right brick, while a vertical constraint is
imposed on the upper surface of the light brick. Consequently, the mortar interface is in
a coupled state of compression and shear during loading. This study used the ABAQUS
(R2017) software to simulate the above experiment. A static solving algorithm was used.
Three-dimensional (3D) eight-node linear elements (C3D8R) were chosen to describe the
mechanical behavior of the masonry, and eight-node cohesive elements (COH3D8) were
inserted into the mortar interface between the bricks. Considering that the strength of the
masonry was significantly higher than that of the mortar, the linear elastic model was used
for the masonry. The experimental case cited in this study has been widely simulated using
various numerical methods, with the masonry often assumed to be elastic bodies [41,47,48].
The mortar material was characterized by the improved cohesive model, and the model
was embedded into ABAQUS as the user-defined model.

Based on the MC strength criterion, the peak shear stress can be separated into
two components. The first component, contributed by cohesion, is approximately 0.2295 MPa,
while the second component, contributed by friction, is around 0.308 MPa. Given a normal
pressure of 0.4 MPa, the friction coefficient was calculated to be 0.77. The material prop-
erties of the bricks and joint mortar are listed in Table 1. Furthermore, it is assumed that
the brick behaves as a linear elastic material with an elastic modulus of 14,000 MPa and a
Poisson’s ratio of 0.15.

Table 1. Material parameters of bricks and joint mortar used in numerical simulation.

Parameter Value

Mode I fracture energy, ϕn/MPa·mm 0.125
Mode II fracture energy, ϕt/MPa·mm 0.45
Normal cohesive strength, σmax/MPa 0.2295

Tangential cohesive strength, τmax/MPa 0.2295
Normal initial slope indicator, λn 0.06

Tangential initial slope indicator, λt 0.06
Normal shape parameter, α 5.0

Tangential shape parameter, β 5.0
Friction shape parameter, s 1.0

Friction coefficient, µ 0.77

The critical results of the improved PPR model demonstrate good agreement with
the experimental results. The results simulated by the applied model can approach the
experimental results in terms of the peak shear stress, displacement at the peak shear
stress, initial displacement in the residual stage, tangential cohesive strength, and friction
coefficient with a maximum relative error < 6%. In the results of Snozzi and Molinari [47]
and Baek and Park [48], there was an obvious difference in terms of the displacement
at peak shear stress. Meanwhile, Baek and Park [48] had large errors in predicting the
initial displacement in the residual stage. In the simulation by Spring and Paulino [41],
excessive tangential cohesive strength was chosen for predicting the experimental results.
In summary, the applied model is effective in predicting the shear behavior of quasi-brittle
interface materials.

3. Analysis of the Flexural Performances of CCFSTs with Gaps

CCFST structures are often assembled together to form complex framework structures.
In these structures, the mid span of a CCFST may be an intersecting node, and the connec-
tion methods among nodes are diverse, such as welding and bolt fixation. The intersection
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shapes at the nodes include “T” shapes and “K” shapes. However, various forms inevitably
result in concentrated loads at the midspan of the CCFST, causing it to be subjected to
bending loads. Therefore, the study focuses on the bending of CCFST structures caused by
loads at midspan nodes.

This section employs the improved cohesive–friction model to describe the contact
behavior between the steel tubes and concrete of CCFSTs, aiming to predict the influence of
a coronal-cap gap on the bending capacity of a CCFST. For CCFST structures, an initial gap
is often inevitable. The main gaps in CCFSTs are circumferential gaps and coronal-cap gaps.
Especially, the existence of coronal-cap gaps will weaken the combination of core concrete
and steel tube, and significantly reduce the bearing capacity of the structures [5,7,10]. The
existing construction technology cannot avoid the cavity defect of CCFSTs [12,13]. In recent
years, researchers have carried out a series of experimental and numerical analyses on the
mechanical properties of CCFSTs with the coronal gap defect [14,49,50]. In this section, the
effect of the height of the coronal-cap gap and the angle between the load and gap axis on
flexural CCFSTs are studied comprehensively.

3.1. Numerical Model Configuration

In the numerical model of CCFSTs, the concrete core is simulated by 3D 8-node reduced
integral elements. The outer steel tube is simulated by the 4-node reduced integral shell
element. By referring to the mesh in a study by Han et al. (2016) [9], this study sets a
denser mesh to ensure the reliability of the numerical results. The concrete damage plastic
(CDP) constitutive model is adopted [51–53]. The Poisson’s ratio, µ, cylinder compressive
strength, fc′, and corresponding strain, εc

′, of the concrete under uniaxial compressive stress
are 0.21, 33 MPa, and 0.0033, respectively. The empirical Equation (10), recommended in
ACI318 (2011), can be adopted to calculate the elastic modulus, Ec [54].

Ec = 4700
√

f ′c (10)

The ratio of the compressive strength under biaxial loading to uniaxial compressive
strength, fb0/fc′, can be calculated using Equation (11) [55].

fb0
f ′c

= 1.5
(

f ′c
)−0.075 (11)

where fb0 is the biaxial compressive strength. The confinement factor, ξ, can be determined
according to Equation (12) [3].

ξ =
As fs

Ac f ′c
(12)

According to Tao et al. [56], the ratio of the second stress invariant on the tensile merid-
ian to that of the compressive meridian, Kc, and the dilation angle, ψ, can be determined by
Equations (13) and (14).

Kc =
5.5

5 + 2( f ′c)
0.075 (13)

ψ =

{
56.3(1 − ξ), ξ ≤ 0.5

6.672e
7.4

4.64+ξ , ξ > 0.5
(14)

According to Equations (10)–(14), the key material parameters for confining the CDP
constitutive model are set. Namely, the elastic modulus, Ec, is 27 GPa; the ratio of the second
stress invariant on the tensile meridian to that on the compressive meridian, Kc, is 0.72.
Moreover, the shear dilation angle depends on the confining pressure parameters. Because
of the different gap sizes set in this study, the shear dilation angle and confinement factor
vary with the changes in the gap size conditions. The flow potential eccentricity, e, is 0.1. The
viscosity parameter is set to 1 × 10−5 to ensure that the model has appropriate convergence.
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When core concrete has to bear a circular confining pressure, the uniaxial compressive
yield strength, fc′, and corresponding strain, εc

′, are substantially higher than those of
unconfined concrete. According to Mander’s model, the relationship between fc′ and its
corresponding strain, εc

′, as well as the parameters (fcc
′ and εcc

′) under confining com-
pression [57,58], can be defined. Han et al. [9] established an equivalent stress–strain
relationship to simulate the plastic-damage behavior of core concrete in CCFSTs under a
compressive state, as follows:

σ =


2ε − ε2, ε ≤ 1 1 + q ·

(
ε0.1ξ − 1

)
, ξ ≥ 1.12

ε

(β·(ε−1)2+ε)
, ξ < 1.12

, ε > 1
(15)

σ0 =

(
1 +

(
−0.054ξ2 + 0.4ξ

)(24
f ′c

)0.45
)

f ′c (16)

ε0 = εcc +

(
1400 + 800

(
f ′c
24

−1
))

ξ0.2 (17)

q =
ξ0.745

2 + ξ
(18)

β = 2.35 × 10−4
(

2.36 × 10−5
)(0.25+(ξ−0.5)7)

f ′2c (19)

Additionally, the tension stiffening still needs to be defined in ABAQUS. The tensile
behavior is assumed to be linear until the tensile strength of the concrete is met, which was
taken as 0.1 × fc′. Beyond the tensile strength, a softening method can be characterized by
the fracture energy, Gf [56]. The definition of Gf is shown in Equation (20):

G f =
(

0.0469d2
max − 0.5dmax + 26

)(
0.1 f ′c

)
(20)

where dmax is the maximum coarse aggregate size in the core concrete. According to Tao
et al. (2013) [56], it is set at 20 mm in this study.

As a simplification, the ideal bilinear isotropic elastoplastic model [59] was applied for
the steel with an elastic modulus of 2.1 × 105 MPa, Poisson’s ratio of 0.3, and yield stress of
335 MPa. The Von Mises yield criterion was applied to describe the elastic–plastic behavior
in ABAQUS, which is defined in Equation (21), as follows:

F =
√

3J2 =
1√
2

√
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2 (21)

where J2 is the second invariant of the deviatoric stress tensor, and σ1, σ2, and σ3 are the
maximum, intermediate, and minimum principal stresses, respectively. The yield criterion
for the steel tube was modeled using the associated flow rule.

The cement mortar interlayer was simulated by the cohesive elements, and the related
properties were defined via the user self-defined subroutine in ABAQUS software [60]. The
Mode I and Mode II fracture energies of the mortar interlayer was determined according to
Nasiri and Liu [61], and the initial stiffness and strength are derived by the test data [62].
The friction coefficient is set as 0.6 [63]. The material properties are shown in Table 2.

The CCFST mode adopted a circular section with an outer diameter of 170 mm, steel
tube thickness of 2.5 mm, and length of 2000 mm. The distances between the two lower
supports was 1800 mm, and the upper indenter was placed at the midpoint of the specimen.
The cross-section and front view are illustrated in Figure 5a,b. The concrete core and the
outer steel tube were firstly established and then the 8-node zero thickness elements were
inserted into the interface between the concrete core and the outer steel tube. The finite
element model is shown in Figure 5c.
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Table 2. The mechanical parameters of the interlayer.

Parameter Value

Mode I fracture energy, ϕn/MPa·mm 0.04
Mode II fracture energy, ϕt/MPa·mm 0.4
Normal cohesive strength, σmax/MPa 0.2

Tangential cohesive strength, τmax/MPa 1.0
Normal initial slope indicator, λn 0.25

Tangential initial slope indicator, λt 0.25
Normal shape parameter, α 5.0

Tangential shape parameter, β 5.0
Friction shape parameter, s 4.0

Friction Coefficient, µ 0.6
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A quasi-static analysis was adopted, and the influence of the loading speed can be
ignored. The contacts along the surfaces surrounding the coronal gap were set as the
normal “hard” contact model, with a tangential penalty friction coefficient of 0.6 [63].
Meanwhile, the contacts between the steel tube and the supports w treated in the same
way as above. The friction coefficient should be enough to prevent structural instability. A
displacement-control vertical load of 80 mm was applied on the upper indenter to realize
the bending deformation of the structure until the peak force was reached. In this study,
the ABAQUS software was employed to conduct finite element analysis.

The general static procedure in ABAQUS was used to solve the equilibrium state of
the model under the applied loads. This technology was appropriate for time-independent
problems, where the system response was analyzed after it has reached equilibrium under
the given loading conditions. During this procedure, ABAQUS used an incremental-
iterative method to solve the system of equations and find the equilibrium state. Specifically,
the total applied load was divided into multiple load increments. In each increment,
ABAQUS iteratively solved the equilibrium equations for the current step. When the
convergence criteria were met, the system proceeded to the next increment until all load
increments were completed.
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3.2. Effect of the Angle between Loading Direction and Coronal Gap Axis

In this section, the effect of the angle between loading direction and coronal gap axis
on the flexural capacity of CCFSTs is investigated, and the height of the coronal-cap gap
was fixed as 7.5 mm. The angles between the load direction and coronal gap axis were set
to 0◦, 45◦, 90◦, 135◦, and 180◦, respectively, as illustrated in Figure 6. At the same time, the
interface between the core concrete and steel pipe allowed for cohesion and friction. Then,
the difference in the flexural capacity of the structures with and without interfacial bonding
could be clarified, and the ability of the coupled cohesive–friction cohesive model could
be tested.
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The static displacement load was applied, and the damage fields (SDEGs) of the
core concrete are displayed in Figure 7. It should be explained that the SDEG field was
chosen because it contains the necessary information on concrete damage. The SDEG field
displays the superposition of the tensile damage and compressive damage, and it can
comprehensively reflect the complete stiffness degradation distribution inside the structure.
The relationship between the SDEG field, tensile damage field, and compressive damage
field can be expressed by Equation (22), as follows:

1 − SDEG =

{
(1 − stDamageT)(1 − scDamageC), Cyclic
(1 − DamageT)(1 − DamageC), Monotonic

(22)

where DamageT and DamageC are the damage factors of tension and compression; st and sc
are the recovery coefficients of tension and compression, respectively. Monotonic loading
was applied in this study.

The equivalent plastic strain fields (PEMAGs) of the outer steel tube are displayed in
Figure 8.

As illustrated in Figure 7, in the upper part of the core concrete of the CCFST, the
damage shows a continuous status, and a compression failure area formed. However, the
lower part of the core concrete shows a strip distribution status. At this area, tensile failure
continued to occur. Although the compression failure characteristics under each angle were
quite similar, the tensile failure region of 45◦ was more concentrated in the middle of the
sample. The concentration degree decreased when the angle equaled 90◦. The difference
was not significant for the other conditions. The equivalent plastic strain field of the outer
steel tube reflected the inelastic deformation. It can be seen in Figure 9 that the equivalent
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plastic strains of 0◦ and 180◦ were much larger than the other angles, and 180◦ was the
most significant. The equivalent plastic strains were very similar when the angle equaled
45◦, 90◦, and 135◦.
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Figure 8. Equivalent plastic strain contours of the outer steel tube under different angles between the
load direction and coronal gap axis of the CCFST with a mortar interface.

The rigid body elements were used as the loading blocks, as shown in Figure 5c. The
reference points were coupled to the loading device to control the displacement of the entire
loading device and achieve the targeted load. Then, the displacements of the reference
points and the reaction forces were extracted. Figure 9 shows the load–displacement curves
under various angles. The peak force intuitively reflects the bending bearing capacity of the
CCFST. It is clear that the peak forces, ranked from lowest to highest, were 45◦, 90◦, 135◦,
0◦, and 180◦. Especially, when the angle equaled 0◦ and 180◦, the peak force was much
lower than the other degrees. This phenomenon demonstrates that the flexural capacity of
the CCFST will seriously decrease when the gap axis and load direction are parallel.

For further comparison, a CCFST model without a mortar interlayer was built, and
the contact between the outer steel tube and the core concrete is described by the Coulomb
model. Figure 10 shows the damage fields of the CCFST core concrete under the varying
angles between the loading direction and coronal gap axis, from which it can be seen that
the damage distribution of the CCFST core concrete was more dispersed than that with a
mortar interlayer. This phenomenon was caused by the lack of interlayer bonding. The
difference in the damage distribution can not only reflect the bonding effect of the interface
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but also verify the validity and rationality of the adopted coupling model. Furthermore,
the equivalent plastic strain fields are illustrated in Figure 11, from which we can see that
the maximal strain was 1.2 in the CCFST without a mortar interlayer, and when the angle
was 0◦, the value was far larger than the CCFST with a mortar interlayer. Thus, the fine
bonding will greatly reduce the damage of concrete and steel.
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Figure 9. The load–displacement curves under different angles between the load direction and
coronal gap axis of the CCFST with a mortar interface.
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Figure 12 shows the load–displacement curves of the CCFST without a mortar interface
under different angles between the loading direction and coronal gap axis. We can see
that the peak stress at the 45◦ angle was the largest, and the peak stresses were the lowest
when the angles equaled 0◦ and 180◦, which are consistent with the CCFST with a mortar
interface. Figure 13a–e illustrate a comparison of the load–displacement curves when the
angle changed from 0◦ to 180◦. The initial stiffness of the load–displacement curves of
the CCFST with a mortar interface was larger than that without an interface, but the peak
forces were at the same level. After the peak force, a more urgent decreasing tendency
appeared in the curves of the CCFST without a mortar interface.
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coronal gap axis of the CCFST without a mortar interface.

Figure 13f shows a comparison of the peak forces of the different load–displacement
curves. Obviously, the peak forces of the CCFST with a mortar interface were larger than
that without a mortar interface, except 0◦. Namely, when the angle between the loading
direction and gap axis equaled 0◦, the improvement in the flexural capacity of the CCFST
due to the mortar interface bonding was the smallest.

3.3. Effect of the Coronal Gap Height

In this section, to investigate the effect of the coronal gap height, D, on the flexural
capacity of CCFSTs, heights, D, were set to 0.0 mm, 2.5 mm, 5.0 mm, and 7.5 mm. As
discussed in the above section, the largest peak force appeared when the angle between the
load direction and coronal gap axis was 45◦. Therefore, an inclination of 45◦ was used as
the preset condition and the other factors were also kept unchanged.
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Figure 14 shows the CCFST damage fields under different coronal gap heights, from
which we can see that after the three-point bending load, their damage distributions were
very similar, which means that the coronal gap height had little effect on the formation
and evolution of damage in the structure. From Figure 15, we can find that when the gap
height was 2.5 mm, the equivalent plastic strain of the outer steel tube was the largest.
Then, the equivalent plastic strain decreased with the gap height rose from 0.0 mm to
5.0 mm and 7.5 mm. Furthermore, as illustrated in Figure 16, the force–displacement curves
show the comparatively obvious regularity. The curves of the four conditions show the
same initial stiffness. However, the peak loads were obviously different. The order of the
peak forces, from highest to lowest, are when the gap height equaled 0.0 mm, 2.5 mm,
5.0 mm, and 7.5 mm. When there is no coronal gap, the flexural capacity of the CCFST is
significantly higher than that with a coronal gap. Hence, the integrity of the core concrete
has an important impact on the flexural capacity of CCFSTs.
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4. Discussion

To quantify and compare the effect of various gap conditions on the strength of CCFST
structures, the strength index (SI) was introduced to normalize the strength parameter, and
it can be defined by Equation (23), as follows:

SI =
Fmax−gap

Fmax−intact
(23)

where Fmax-gap is the maximum force in the loading procession of the CCFST with a gap;
Fmax-intact is the maximum force in the loading procession of the intact CCFST.

In Eurocode 4, it is stated that the design of steel–concrete composite structures needs
to consider the geometric defects [64]. Therefore, it can help guide the design of engineering
projects and provide theoretical basis for eliminating the specific effect of geometric defects
to exploring the influence of gap location and distance on the flexural bearing capacity of
CCFSTs. In this study, the SI of the CCFST is introduced, and its correlation with different
loading angles and clearance distances are shown in Figure 17. When the coronal gap
distance remained constant, the bearing capacity of the CCFST structure with only friction
at the interface between the steel tube and concrete was the worst, with an SI between
0.789 and 0.814. In this scenario, the influence of the angle between the coronal gap and the
loading direction on the flexural performance was relatively small. However, for the CCFST
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structure with cohesive bonding, the SI ranged from 0.784 to 0.868. The angle between the
coronal gap and the loading direction had a significant effect on the flexural performance,
and the optimal angle for the structural strength was 45◦. The change in the coronal gap
distance had the most significant impact on the flexural bearing capacity of the CCFST, and
the SI decreased quickly with the increase in the gap distance. In summary, coronal gap
has a great impact on the performance of the CCFST structures. If coronal gap cannot be
completely avoided, the designed bending capacity of the structure will decrease.
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5. Conclusions

In this study, the improved cohesive interlayer model was adopted to investigate
the influence of friction on the shear-slip behavior of heterogeneous brittle composites.
By comparing simulated shear deformation results of a masonry wallette with the cor-
responding experimental data, the model’s effectiveness and validity were confirmed.
Subsequently, it was applied to analyze the mechanical response of CCFST structures
subjected to three-point bending. The key findings can be summarized as follows:

(1) The improved cohesive interface model can ensure that friction and cohesion peak at
the same element deformation. The unified potential function governing the tangential
and normal behaviors of an interface can facilitate the mechanical interaction between
Mode I and Mode II fractures. Meanwhile, the smooth friction growth function, which
was incorporated during the elastic deformation stage, can accurately capture contact
pressure and friction force. This approach can also address the issue of excessive
invasion between contact surfaces which may lead to incorrect deformation.

(2) By comparing with the classical shear test on the composite masonry structure, we
found that the applied model shows the advantage of convenient parameter fitting.
Simultaneously, it indicates high accuracy in predicting shear stress and shear dis-
placement. Especially, it is universally applicable under different compressive stress
conditions. The predicted shear stress–displacement curves generally fell within the
envelope of the experimental data, and the model showed high accuracy in predicting
both shear strength and residual strength.

(3) Under three-point bending, when the angle between the loading direction and the
coronal gap axis was 0◦ or 180◦, the middle part of the CCFST structure exhibited
significantly higher equivalent plastic strains and lower peak bearing forces compared
to the other angles. In addition, the CCFST without a mortar interface showed much
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larger equivalent plastic strains and higher peak bearing forces at the middle part than
the CCFST with a mortar interface. In addition, the peak bearing forces decreased
as the height of the coronal gap increased from 0.0 mm to 7.5 mm, with the highest
forces observed at 0.0 mm and the lowest at 7.5 mm. Given the significant weakening
of the structural performance caused by the coronal gap, the SI can be beneficial for
the structural design of CCFSTs.
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