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Abstract. The use of coarse recycled aggregate in structural concrete members is an alternative and beneficial way to reduce the
consumption of natural materials. This is not only due to the limitation of resources of aggregates, but also due to the sustainability
of concrete that can make construction industry more eco-friendly and consequently mitigate the global warming. The bond
between recycled aggregate and reinforcing steel bars is one of the key factors that is interesting and significant in terms of the
design and safety of reinforced concrete structures. Therefore, this paper develops and introduces a novel bond-slip model and
frame element incorporating the bond-slip effect to analyze recycled aggregate concrete (RAC) structures under static loads. The
proposed frame model is built on the Euler-Bernoulli kinematics beam theory and employs a fiber-discrete section model derived
from the displacement-based formulation. Uniaxial material models are utilized to capture the nonlinear behaviors of RAC frames
reinforced with steel bars. The bond-slip model is developed and refined through regression analysis of available experimental data
on pull-out failure, enabling the assessment of bond interface slip between RAC and deformed bars. To validate the accuracy and
efficiency of the proposed frame model, two numerical simulations are studied. The first simulation investigates the accuracy and
convergence of the proposed model, while the second examines the impact of the bond-slip interface on the response analysis of
RAC beams. Both simulations emphasize the significance of the bond-slip interface in analyzing RAC frame systems.

Keywords: Recycled aggregate concrete, Bond-slip model, Euler-Bernoulli beam, Reinforced concrete frames, Finite element, Fiber-
section model.

1. Introduction

The utilization of alternative materials in engineering structures has become increasingly interesting and important in recent
years [1-3]. Recycled materials, in particular, have gained popularity due to their potential to reduce waste and impact on the
environment. [4-5]. Numerous recycled materials have been currently investigated for their suitably used as sustainable and durable
construction materials [6-11]. For instance, Maurya et al. [6] conducted a study on the utilization of recycled glass to enhance
concrete properties. Ou et al. [7] used recycled waste slag in producing synchronous grouting materials for the applications in
tunneling engineering. Im et al. [8] explored the performance and engineering properties of recycled asphalt shingles (RAS) and
reclaimed asphalt pavement (RAP) mixed with hot-mix asphalt for pavement applications. Julphunthong et al. [9] investigated the
utilization of calcium carbide residue and coal fly ash as alternative binders to enhance the compressive strength of pastes and
mortars for soil stabilization purposes. Additionally, the use of recycled concrete aggregate (RCA) as coarse aggregate to evaluate
the mechanical properties of recycled aggregate concrete (RAC) was carried out by Damrongwiriyanupap et al. [10] and Monika et
al. [11]. Among these recycled materials, RCA has gained significant interest in engineering applications [12-15], primarily due to its
widespread availability from the demolition of reinforced concrete buildings [11, 16]. Therefore, this highlights the importance of
studying the mechanical properties and applications of RCA in engineering fields and is an urgent task for further promoting the
adoption of sustainable construction materials in the future.
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Fig. 1. Schematic configuration of research frameworks.

In construction involving RAC, there are many issues have been investigated; such examples include the mechanical properties
related to the replacement ratio of RCA in mixtures [17-20], the bond-interface between RAC and steel bars [21-22], the quality of
coarse aggregate mixes [23], durability [24], shrinkage [25], and beyond. Within this field of studies [17-25], particular emphasis is
placed on the bond-interface effect, which has critical importance in structural analysis, particularly in reinforced RAC structures.
This effect concerns the interaction between reinforcing steel bars and the surrounding RAC matrix, exerting a substantial influence
on load and shear transfer, structural behaviors, and flexural capacity [26-28]. A comprehensive understanding of bond interface
behavior between RAC and reinforcing steel is required for ensuring safe and effective utilization. Consequently, extensive research
has been dedicated to this area [29-38]. For instance, Xiao and Falkner [29] investigated on bond behavior between RAC and steel
rebars via 36 pullout tests, considering various percentage of RCA replacement and two types of steel rebar. Their findings
highlighted a decrease in bond strength with increasing amount of RCA replacement, while the bond strength between RAC and
plain rebar remained consistent. Additionally, Kim et al. [30] evaluated bond behavior in high-strength concrete mixed with RCA,
comparing different substitution ratios and reinforcing bar types. The study revealed that bond stress and slip relation in RAC had
minimal influence on bar arrangement direction, location, and substitution rate. Li et al. [31] carried out the pull-out test of 24 full-
recycled-aggregate concrete (aRAC) specimens with deformed steel bars, examining the impact of aRAC strength, bond length, and
lateral constructional stirrups on bond behavior, and proposed a bond-slip relationship. Furthermore, Kim et al. [33] investigated
bond behavior between RAC and deformed steel rebars, focusing on recycled coarse aggregate replacement ratio (RCAr) and water-
to-cement ratio, establishing a linear relationship between bond strength and RCA density. They also developed a multivariable
model for predicting RAC bond strength using these parameters, demonstrating good prediction of RAC degradation characteristics.
Subsequent studies by Kim et al. [33] is the assessment of bond behavior between deformed steel rebars and RAC through pull-out
tests, revealing a decrease in maximum bond strength and an increase in slip with increased aggregate water absorption. Further
investigations reported by Guerra et al. [34] examined the impact of replacing natural coarse aggregates by recycled concrete coarse
aggregates on the anchorage strength of ribbed steel rebars to concrete. Prince et al. [35] conducted thirty pullout tests on 8- and
10-mm deformed steel bars embedded in RAC, exhibiting higher normalized bond strengths across all RCA replacement percentages
when compared to natural coarse aggregate concrete. Additionally, Wardeh et al. [36] presented experimental results on 96 concrete
pullout specimens made with natural and recycled aggregates using deformed steel bars, revealing bond strength and failure
mechanisms closely aligned, with values exceeding Eurocode 2 predictions. Abdulazeeza et al. [37] examined the bond strength
behavior of a deformed steel bar embedded in RAC using experimental and numerical analysis, finding a 13% reduction in bond
strength compared to conventional concrete, with similar failure modes. Lastly, Su et al. [38] investigated the bond behavior of RAC
with steel bars, revealing that failure modes are influenced by various factors such as steel bar diameter, concrete cover to diameter
ratio, and RCA replacement ratio, which affected the load-slip curve. From these studies [29-38], it is evident that the bond-interface
slip of RAC is complex and dependent on numerous parameters, emphasizing its significance in engineering design.

In order to characterize the bond-interface slip between RAC and reinforcing bars within RAC structures, it is necessary to
develop bond strength models and bond-slip constitutive laws. This necessity has motivated several works to propose such models
[29, 31, 35, 39], as noted by Su et al. [38]. For instance, Xiao and Falkner [29] introduced a bond-slip relation between RAC and steel
bars with two empirical parameters for finite element analysis of RAC members. This model showed a balance between simplicity
and accuracy, making it widely adopted for predicting bond-interface behavior in RAC members [33, 35, 36]. Subsequently, Prince et
al. [35] simplified the bond-slip constitutive model of Xiao and Falkner [29] and proposed a new bond-slip relationship with only
one parameter. However, this model failed to capture the softening response adequately. Following this, Cao et al. [39] presented a
three-stage model for RAC and reinforcing steel bars, including the residual region, while Li et al. [31] proposed a four-stage model
based on the least squares approach, accounting for micro-slip, slip, internal splitting-broken, and decline segments. Despite the
accuracy and simplicity of these bond constitutive models, they largely rely on empirical parameters that are challenging to define
and may not be suitable for engineering applications and practices. Hence, there is still room for improvement and development of
these bond-slip constitutive models for finite element analysis of RAC structures, motivating the study presented in this work.

The primary objective of this study is to introduce a novel frame model incorporating the bond-interface slip effect for analyzing
RAC structures. This proposed model is formulated based on the displacement-based approach within the framework of Euler-
Bernoulli beam theory. To subdivide the frame cross-section, we employ the fiber-section model [26], while employing uniaxial
material models to represent the behavior of each constituent material in the RAC member, including the RAC model, reinforcing
steel model, and proposed bond-interface slip model. The RAC model is adapted from the concrete model presented by Kent and
Park [40], and the reinforcing steel model follows the model developed by Menegotto and Pinto [41]. The bond-slip model is
developed and tailored from the bond-slip model between concrete and steel bars, originally proposed by Limkatanyu and Spacone
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[27,42], using regression analysis [43]. Thus, this study presents, a novel fiber-section frame model incorporating the bond-slip effect
for analyzing RAC members. Two numerical simulations are conducted to evaluate the model’s accuracy and demonstrate the
influence of the bond-slip effect on the response analysis of RAC structures. These simulations are performed employing the
general-purpose finite element platform FEAP [44].

2. Schematic Configuration of Research Frameworks

To present the research framework of this paper, a schematic configuration is shown in Fig. 1. The first stage involved deriving
the finite frame model based on the displacement-based formulation. Three essential components for the structural analysis were
identified: equilibrium equations, compatibility equations, and constitutive relations. In the subsequent step, experimental data
from pull-out tests of RAC and steel bars were collected from the literature. These data were then utilized to develop and propose
the bond-slip constitutive law for RAC and reinforcing steel. Subsequently, this bond-slip model was employed to investigate the
response of RAC beams under static loads. Two numerical simulations were conducted: one is to validate the accuracy of the model
and the other is to examine the impact of the bond-slip effect.

3. Finite Element Analysis of RAC Frame: Displacement-Based Formulation

The finite element analysis (FEA) is a computational method used to explore the behavior of physical systems under various
conditions and is widely used in engineering applications [45-47]. For example, Ling et al. [45] optimized the wire arc additive
manufacturing (WAAM) process using a numerical tool based on FEA, while Imran et al. [46] investigated the fretting wear
behavior of steel wire ropes in coal mine technology. A three-dimensional finite element (FE) model was created using ABAQUS
and UMESHMOTION comparing results with experimental data. Ghannadi et al. [47] used FEA to discuss the importance of early
defect detection in engineering structures due to the increasing complexity of structures. They proposed using a semi-rigidly
connected frame element (S-RCFE) instead of the standard Euler-Bernoulli beam element to assemble the experimental beam and
establish a high-fidelity numerical model. For the proposed model, the basic contributions of the FE model can be expressed as
follows:

3.1. Equilibrium

In the case of reinforced RAC frame elements with bond interfaces, the free body diagram of an infinitesimal segment dx of the
RAC frame with n bond interfaces is considered, as illustrated in Fig. 2. Based on the small deformation assumption, all equilibrium
equations are formulated in the undeformed configuration. The axial equilibrium of the RAC frame with a reinforcing steel bar i
can be expressed as follows [42]:

- Axial equilibrium of the RAC frame:

dNy(x) (&
D, =0
dX + — bi (X) (1)
- Axial equilibrium of the reinforcing steel bar i:
dN, (x) _ D,(x)=0 (fori=1,n) ()

dx

where N, (x) is the axial force in the RAC frame; Dbi(x) denotes the bond-interface force between the RAC frame and steel bar i;
and N, (x) represents the axial force in reinforcing steel bar i. It is important to emphasize that the bond-interface slip is considered
only in the axial component of the frame. Furthermore, the dowel action in the steel bars is neglected, following the works of
Limkatanyu and Spacone [27, 42].

RCA frame

RCA frame with bond-slip %' ¥(x) «— :: — N, (x)+dW, (x)

N
Reference Axis
Rt D, (x)
= —_—— — — — _ _
bar n ) —_— — — — — >N, (x)+dN, (x)

l dx |

Fig. 2. Free body diagram of an infinitesimal segment of RAC frame with n bond-interfaces.
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Consider the transverse equilibrium of the infinitesimal segment dx of the RAC frame with n bond interfaces, which yields the
following equations [42]:

T p, (x)= 0 ®)

where V;(x) is the shear force in the RAC frame; and p, (x) denotes the transverse distributed load.
The moment equilibrium of the infinitesimal segment dx of the RCA frame with n bond interfaces can be written as [42]:

- z:yl'Dbi (x)] =0 4)

where M (x) represents the bending moment in the RAC frame; and y, is the distance measured from the reference axis to the
bond interface between the RAC frame and steel bar i, as plotted in Fig. 2.

Based on the Euler-Bernoulli beam theory, the shear force V;(x) can be eliminated out from Eq. (4) by differentiating Eq. (4) with
respect to x and substituting Eq. (3) into Eq. (4), leading to the following equation [42]:

aM, (x)
=y
dx

M, (x) 5%, 4Dui)
: =0
For sake of simplifying the equilibrium equations of Egs. (1), (2), and (5), it can be rewritten in matrix form as [42]:
"D (x)- LiD, (x)- p(x) = 0 ©)
in which
I T
D(x)={D;(x) ! D(x)}
D, (x)={D,, (x) -~ D, (x)}’ )
T
p(x)={0 p,(x) 0 - 0}
where D, (x)={N;(x) M; (x)}T represents the frame-section force vector; D(x)= {Nl (x) - N, (x)}T stands for the bond-interface
force vector L and L are the differential operators and can be defined as [42]:
d
— 0 0 O
dx
dz
— 0 O d
2 1 — 1 0 O
dx e yl dx
L— 4 ;and L, = 8)
0 0 dx 0 -1 yndi 0 0 -1
0 0 0 0 x
d
0 0 0 —
dx

It is interesting to note that the number of unknown internal forces in the system is 2n+2, whereas there is only n+2 equilibrium
equations available. Consequently, the RAC frame system can be categorized as internally statically indeterminate. The
determination of internal forces solely from the equilibrium equations is not feasible.

3.2. Compatibility

The compatibility equations give the correlation between deformations and displacements at any section of the RAC frame and
bond interfaces. In the RAC frame, the deformation vector d(x) is formed as the conjugate work pair of the force vector D(x) and
can be represented as follows [42]:

. = T
={er(x) 1 &(x)} ©)
where e;(x)={s(x) & } denotes the frame sectlon deformation vector, containing the axial strain &, (x) = du; (x)/dx and the
bending curvature nF( ) dvp (x)/dx*; €(x)={g,(x) - & x)}T is the bond-interface deformation vector, containing the axial

strain of the n bars with bond interface & ( ) du;(x)/dx; u;(x) and v, (x) represent the axial and transverse frame displacements;
and #(x) is the axial displacement of the n bars with bond interface.
The section displacements can be written in matrix form as [42]:

(%)= {ue(x) i ux) (10)

where u;(x)={u; (x) v;(x)}" is the frame-section displacement vector; and @(x)={t,(x) - #,(x)}' is the bond-interface
displacement vector.
The compatibility equations for the frame can be expressed in the matrix form as [42]:

d(x)=Lu(x) (11)
According to the works of Limkatanyu and Spacone [27, 42], the compatibility relationship between bond-interface slips and

frame displacements of the generic bars i yields [42]:
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dvg (x)
dx

Uy, (%) =T () — up () + y; (12)

where uy,(x) represents the relative bond-interface slip between the frame section and steel bar i. The compatibility equations of
the bond interface can be explained in matrix form as [42]:

d, (x) = Lyu(x) (13)

where d, (x)={u,, (x) - u, (x)}T is the bond-interface deformation vector.

Equations (11) and (13) describe the compatibility relations for the RAC frame member with n bond interfaces. In addition, it is
notable that there exists a contragradient nature between the equilibrium equation in Eq. (6) and the compatibility relations in Egs.
(11) and (13) as revealed by the differential operators.

3.3. Constitutive Relations

The nonlinearity inherent in the proposed frame model with bond interfaces arises from the nonlinear force-deformation
relations, which are dependent on each material model. Consequently, the sectional force within the frame and bond-interface
force can be expressed as the functions of sectional deformations [42]:

D(x)=¥[d(x)| and D, (x)=9[d,(x)] (14)
In the scenario of a linear elastic material system, Eq. (14) can be explicitly written as [42]:
D=k.d and D, =k,d, (15)

where k; denotes the RAC frame stiffness matrix; and k, is the bond-interface stiffness matrix.
In the context of Euler-Bernoulli beam theory, the stiffness matrices for the RAC frame section and bond interfaces are described
as follows [42]:

JEda 0 P00 0
A
0  [yEda i 0 . 0 Eyppy O
kF: A and kb: (16)
. ) 0 Ebnpbn
0 0 © E,A, - O
0 0 P 0 . E.A,

where E; and A represent the modulus of elasticity and area of the RAC frame, respectively; y is the distance measured from the
neutral axis to the centroid of each considered fiber; E; and A, denote the modulus of elasticity and area of steel bar i; E,; is the
modulus of elasticity of the bond interface of bar i; and p,; is the perimeter of bar i.

3.3.1. Fiber-Section Model

To determine Eq. (16), a common technique involves subdividing the frame section into fibers (layers), as illustrated in Fig. 3, to
establish the nonlinear relationship between frame-section forces and deformations. Each fiber (layer) shows a constitutive
material of the frame section. This technique, known as the “fiber-section model,” was introduced and described by Spacone and
Limkatanyu [26]. It inherently considers the coupling effects between frame axial force and bending moment. In this study, we
utilize this technique to refine the element cross-section. As a result, Eq. (16) need to be modified and can be expressed as [42]:

I o ae R fibpfib
SEPAP S yERAR 10 0
= =
IR foaft NN b
Z_)’jE}‘ A; Z Y;E" A : U 0 Epppy - 0
k.=’ = and k,=| -+ - (17)
0 o EVI n
0 0 ©OELA, 0 o
0 0 : 0 . E.A,

where nfib is the number of fibers in the RAC frame section; and j represents a generic fiber. It is important to note that the elastic
modulus of each material in Eq. (17) depends on the state of deformation according to each material model, as presented in Sec. 4.
Based on the fiber-section model [26], the frame and bond-interface forces can be rewritten as follows [42]:

j=nfib T

fi j=nfib
D(x)=1{> of*Al" S —yol"Al® G,A, - G,.A and D, (x)={D,,(x) - D, (x)} (18)
j=1 j=1

snt *sn

where o}.ﬁb is the normal stress of fiber j; 5, and D, (x) are the normal stress and bond-interface force of bar i.

To solve nonlinear analysis of RAC members under static loading conditions, the incremental-step solution requires linear
incremental forms of the force-deformation relation for the fiber-section and bond interfaces. Thus, Eq. (14) can be given in the
following incremental form [42]:

D(x)=D°(x)+ AD(x)=D°(x) + kpAd(x) and D,(x)= D (x)+ AD, (x)=Dj(x)+kiAd, (x) (19)
where the superscript 0 refers to the initial step process.
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Fig. 3. Fiber-section model [49].

3.3.2. Displacement-Based Formulation

The displacement-based formulation has been widely adopted in engineering fields due to its simplicity in both formulation
and implementation [48-51]. In this approach, element displacements are linked to nodal displacements through suitable
displacement shape functions. Nodal displacements of the elements serve as fundamental unknowns. Frame-section deformations
and bond-interface slips are determined based on frame and bond interface compatibility conditions, respectively. Hence, these are
fulfilled pointwise throughout the element domain. In contrast, equilibrium conditions are satisfied only in an integral sense. This
formulation can be derived using the principle of virtual displacement. As a result, the weighted residual form of equilibrium
equation in Eq. (6) yields [42]:

[ 8u” (%)|L"D(x)- LiD, (x)- p(x)| = 0 (20)

L

where §u(x) is the kinematically admissible virtual displacement vector; and L is the element length.
By substituting the relation from Eq. (19) into Eq. (20) and incorporating the compatibility conditions of Egs. (11) and (13), the
weighted residual form of Eq. (20) can be reformulated as [42]:

féuT (x)[LT (D°(x) + kg (x)LAu(x))- Ly (D (x) + kp (x)L,Au(x)) - p(x)} =0 (21)

To transfer the order of the differential operators from the force vectors to the kinematically admissible virtual displacement
vector, integration by parts is utilized in Eq. (21), yielding the following equation [42]:

f(Léu(x))Tkg (x)(LAu(x))dx+f(Lb(Su(x))Tkg (x)(L,Au(x))dx
L L (22)
=6U'P+ [6u(x)'p(x)dx— [ (Lou(x))'D° (x)dx + [ (L,ou(x)) D} (x)dx

L

where U denotes the element nodal displacements; and P is the element nodal forces.
Following the displacement-based finite element formulation [48-51], the relationship between element displacements u(x)
and element nodal displacements U is established through appropriate displacement shape functions N(x) as follows [42]:

u; (x) N; (x)
= = U=N(x)U
S i R gl R @)
As proposed by Limkatanyu and Spacone [42], the displacement shape functions N;(x) and N;(x) in Eq. (23) are derived from
linear interpolation for axial displacement in the RAC frame and steel bars with bond-interfaces, while cubic and quadratic
interpolation functions are employed for vertical displacement in the RAC frame and bond-interface slip, respectively.
Consequently, these shape functions ensure C° and C* continuities for axial and transverse displacements in both the RAC frame
and steel bars. Further details regarding these displacement shape functions are provided in Appendix A.
By substituting the displacement vector from Eq. (23) into Eq. (22), the weak form of the governing equations is obtained [42]:
B, (x)|" B
f{ u (X)} { u (X)} dx
B, (x)

i B, (x)

kp(x) O

0 ki(x) J (B ()D° )+ B} (33 (0 dx (24)

L

AU=P+ [N (x)p(x)dx -

where B, (x)=LN(x) and B, (x)=L,N(x) denote the sectional deformation-displacement matrices.
To simplify the relationship in Eq. (24), it can be reformulated into the element stiffness equation as follows [42]:

(K? +K})AU =(P+B,)—B - B (25)
where,

Ko = fBI (x)k? (x)B, (x)dx is the RAC frame element stiffness matrix;
L
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Fig. 4. Constitutive laws of: (a) RAC; and (b) steel bars [55].

Kp = IBE (x)k) (x)B, (x)dx is the bond-interface element stiffness matrix;
L

P, = fNT (x)p(x)dx denotes the element force vector due to the distributed load vector p(x);
L

P = IBI (x)D°(x)dx represents the RAC frame element force vector;
L

P = fB{ (x)D (x)dx is the bond-interface element force vector.
L

Equation (25) illustrates the core of the displacement-based finite element formulation for the RAC frame with bond interfaces.
The right-hand side of this equation represents the force residual associated with the weak statement of the equilibrium equation
(Eq. (6)) and becomes zero once the equilibrium configuration is attained.

4. Constitutive Models

To describe the material behaviors of the RAC frame with bond interfaces, this study employs uniaxial constitutive laws to
represent the behaviors of each component, including RAC, reinforcing steel, and bond interfaces. The details can be explained as
follows:

4.1. RAC and Steel bars

In this study, the RAC model is adapted from the concrete model proposed by Kent and Park [40], which was further modified
by Scott et al. [52] and Yassin [53]. This model incorporates confinement effects, tensile behavior, and damage, and is defined solely
based on the normal stress, as demonstrated in the detail by Limkatanyu et al. [42]. The reinforcing steel model follows the approach
of Menegotto and Pinto [41], later refined by Filippou et al. [54], incorporating isotropic hardening effects. Both models have been
widely used in engineering applications to study reinforced concrete structures, and their performance in representing nonlinear
responses has been confirmed [28, 48-51, 55]. The constitutive laws of RAC and steel bars are shown in Fig. 4, with further details
available in the work of Limkatanyu and Spacone [27,42], where o, and ¢, are the RAC stress and strain; f/ is the RAC compressive
cylinder strength in MPa; ¢, is the RAC strain at maximum stress in compression; ¢, denotes the RAC strain at ultimate state; o,
and ¢, are the steel bar stress and strain; and f, represents the yield strength of steel bar.

4.2. Bond Interfaces

Bond-interface slip is a crucial factor in structural analysis, particularly in reinforced concrete structures [29-38, 55-58].
Numerous researchers have observed that bond-interface slip affects load transfer between materials, concrete crack development,
structural durability, and the accuracy of structural response prediction [59-60]. In this section, experimental data from pull-out
tests were collected to establish and develop the bond-interface slip law for RAC members. The details of this model are explained
below:

4.2.1. Bond-Interface Stress-Slip Relation

The bond-interface stress-slip relation in this study was adapted from the bond-slip model proposed by Limkatanyu and
Spacone [27, 42] and the model developed by Xiao and Falkner [29]. The bond-interface stress-slip relation is presented in Fig. 5,
comprising four intervals: the initial ascending branch (OA), plateau branch (AB), and two linear descending branches (BC and CD).
The bond stress corresponding to each interval can be determined from the bond slip as follows:

Region OA: s<s,
T=T, [i] (26)

Region AB: 5, <s<s,
(27)

Region BC: s, <s<s,

(Tu=7a) (s - sp) (28)
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Fig. 5. Constitutive laws of bond interfaces.

Region CD: s; <s<s;

———l(s—s,) (29)

where 7, and s, are the bond stress and bond slip at the maximum stress; 7, and s, denote the bond stress and bond slip at the
first linear descending branch; 7, and s; represent the bond stress and bond slip at the second linear descending branch; s, is
the bond slip at the plateau branch; and « is a constant to be determined form the experimental data [29, 35, 38].

4.2.2. Regression Analysis

To predict each point on the bond-interface constitutive relation in Fig. 5, experimental data from a total of eighty specimens
[10, 29, 30, 32, 35, 36, 61, 62] on pullout tests between RAC and steel bars were employed herein to create predicted equations based
on regression analysis [43]. These specimens failed during pullout testing when a relative slip occurred between the RAC and steel
bars, with no cracking observed on the surface of the RAC specimen. As reported by Su et al. [38], several factors influence the bond
strength, including concrete compressive strength, steel bar diameter, RCA replacement ratio, RAC covering depth, and embedment
length. In this study, these factors were used in the predicted equations to estimate parameters in the bond-interface constitutive
relation, as given in Table 1.

Table 1. Proposed equation for bond-interface constitutive relation.

Parameter Proposed equations R?

7, = -1,995-2,625(A, / A,)+244.9[f/ — 0.642f, + %(33446 ~4129,[f ~ 0.0384f,) +9,918(f// f,)
. 0.9666

~0.8208(f, / f/) —64.88(f, / f/)~1,191(f"" / f,)

s s, = —22.1+0.401D + 25 (~2,061+184D) +8.13(r, /) + %(160.4 ~8.46D - 26.82(r, /[f!)) + %(1.355 ~0616(r, /+/f!)) 0.8289

c

s, = ﬁ[7196)3’AScD2 +A (D*(81.3f/ ~10.17f,) + ¢* (2.71fD — 0.391f,D + 8.19f’s, )
s fAD 0.8629

+¢(D*(f, (4.01-0.085RCA) + f/(~28.9 +0.1263D + 1.146RCA)) + fDs, (~45.8 + 10.66RCA) + 64.11. )

7, =—917 —5.15221x10° (A, / A,)" —21.7(c/ D)* +340(c/ D) —3,190(D / ¢) + A, (118,993 — 17,739(c / D) + 306,851(D / c))
A

c

T | 3065 + Jfl7,(-53.5f - 7.94f,) + 1.97f,7 09291
15,

s, s, =172-22.35(D/c)+608(A, / A,)+0.0812(f, / f!) 0.5761
7 7, =965+564(f!/ f,) +5.027, ~33.63(r, /Jf/) +2.076(7. /[f/) + /£ (-19.35 - 1015(r, / £,)) 0.9601

!

s, =50.02 4+ 0.1619D + f2 (8,438, —809f,) ~ 123.6(s, / D) — 268(s, / D) —1.421(x / f!) +

y

5 _ , 0.9092
+¢(-0.756 +3.676(s, / D) +0.1281(r, /\[f/)) + w
cly

N a =0.246 - 0.024(r, / |[f]) 0.1850

Note: f' denotes the RAC compressive cylinder strength in MPa; f, is the yield strength of steel bar in MPa; A, and A, are the cross-section area
of steel bar and RAC in mm?; D is the steel bar diameter in mm; c is the covering of RAC in mm; RCA denotes the replacement ratio of RCA in the
mixture; 7, represents the bond stress at the maximum stress in MPa; and s, is the bond-interface slip at the maximum stress in mm.

Journal of Applied and Computational Mechanics, Vol. 11, No. 2, (2025), 451-466 A\V'A



Bond-Slip Model for Finite Element Analysis of Reinforced Recycled Aggregate Concrete Frames 459

Table 2. Bond strength models.

Authors Equation R? Reference

7, = 1,995 2,625(A, / A) +244.9[f - 0.642f, +—(33.46 — 4129/ - 0.0384f))

Proposed model D 0.9666 -
+9,918(f!/ f,) - 0.8208(f, / /)’ —64.88(f, / /)~ 1,191(f** / ,)
CEB-FIP MC90 7. =25f 0.1860 [63]
. ! C
Australian standard 3600 T, = 0.265\/?( {B + 0.5] 0.1333 [64]
Orangun et al. 7, = 0.083045,//(1.2+ 3(c/ D) +50(D /1,)) 0.1894 [65]
~0.33+0.4(c/D)+9.5(D/1
Wardeh et al. ro=f { (c/D)+9.5( ")1 0.1941 [36]
1+ 0.125RCA
Seara-Paz et al. 7, = 2.5/f/ (1~ 0.124RCA) 0.1409 [66]

Note: f/ denotes the RAC compressive cylinder strength in MPa; f, is the yield strength of steel bar in MPa; A, and A, are the cross-section area
of steel bar and RAC in mm? D is the steel bar diameter in mm; ¢ denotes the covering of RAC in mm; RCA represents the replacement ratio of RCA
in the mixture; I, is the embedded bar length in mm; 7, is the bond stress at the maximum stress in MPa; and s, denotes the bond-interface slip at
the maximum stress in mm.

To demonstrate the accuracy of the proposed equations in Table 1, available bond strength models from literature [36, 63-66]
were compared, as shown in Table 2 and Fig. 6. Table 2 illustrates that each bond strength model was established based on different
assumptions and factors, resulting in various forms. The comparison results in Fig. 6 indicate that the proposed model is the most
accurate, achieving an R? value of 0.9666 for this study. This can be attributed to the fact that the proposed model accounts for all
factors influencing bond strength. Therefore, this provides evidence of the accuracy of the proposed equation compared to previous
models.

4.2.3. Validation of Bond-Interface laws

In addition to the bond strength analysis in Fig. 6, this section investigates the accuracy of the proposed bond-interface
constitutive model. Five pullout tests between RAC and steel bars were selected from the eighty specimens to represent the accuracy
of the proposed bond-interface constitutive law. The selected experimental data include RAC100L and RAC60L from Kim et al. [32],
NC-100RCA from Damrongwiriyanupap et al. [10], and A8R75-2 and A10R50-2 from Prince and Singh [35]. To assess the performance
of the proposed bond-interface model in predicting the complex behavior of RAC, the bond-interface constitutive model of Alharbi
et al. [67] was employed. This model [67] was established to study concrete-steel rebar bond behavior and comprises two branches:
ascending and descending. The bond stress and bond slip relation of this model can be expressed as follows [67]:

Ascending branch: s<s,

Descending branch: s>s,

7=, 138135 +1.3813s, (31)

where o denotes the modified factor with a constant value of 0.452 [67].

® Proposed model B CEB-FIP MC90 A Australian standard 3600
=+ Orangun et al’s model X Wardeh et al.’s model  Seara-Paz et al. model

0 10 20 30 40

Fig. 6. Comparison of the maximum bond strength between model predictions and experiments.
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Fig. 7. Constitutive relations of: (a) RAC100L [32], (b) NC-100RCA [10], (c) A8R75-2 [35], (d) RAC60L [32], (e) A10R50-2 [35].

Figures 7(a) to 7(e) depict the bond stress and bond slip relations for five pullout test scenarios. The analytical results of the
proposed model were derived from the proposed bond-interface constitutive law and the predicted equations in Table 1, while the
results of the Alharbi et al. model [67] were obtained from Egs. (30) and (31). The responses shown in Figs. 7(a) to 7(e) indicate that
the proposed model effectively captures the complex behavior of the bond-interface between RAC and steel rebar, including initial
stiffness, dissipated energy, maximum stress, general shape of response, and softening behavior. In contrast, the Alharbi et al. model
[67] failed to predict the initial stiffness, general shape of response, and softening behavior. This can be attributed to the fact that
this model comprises only two branches and was established based on limited experimental data that did not encompass all factors
influencing bond-slip effects [38]. Therefore, this demonstrates the performance and accuracy of the proposed bond-interface
constitutive model in predicting the bond-interface between RAC and steel bar in engineering applications.

5. Numerical Simulations

This section presents numerical simulations for RAC beams to assess and demonstrate the performance and accuracy of the
proposed RAC frame model with the inclusion of the bond-interface effect. The first simulation aims to validate the accuracy of the
proposed model through a convergence study, while the second simulation is focused on the impact of the bond-interface effect
on beam responses. Both simulations are conducted using the general-purpose finite element platform FEAP [44]. The details of
both simulations are outlined below:

5.1. Simulation I: Verification of the Proposed Model

A simply supported RAC beam system, subjected to two-point loads under the displacement control as shown in Fig. 8, is utilized
to study the convergence in this work. The specimen labeled “RCA 50%,” as tested by Dawood and Al-Asadi [68], is chosen to
represent RAC beam responses. The material and geometric properties of the RAC beam are adopted from those proposed by
Dawood and Al-Asadi [68], while the bond-interface properties are approximated using the proposed equations in Table 1. Seven
Gauss-Lobatto integration points and forty discretized fibers on the cross-section are employed to analyze the RAC beam responses.
This configuration has been demonstrated to be sufficient for expressing beam responses in existing literature [48-51]. It should be
noted that due to the symmetry property of the RAC beam system, only half of the RAC beam is considered, as illustrated in Fig. 8.

P,6=14.5 mm

A y

™\ 400 mm , 300 mm , 400 mm <N .
: 1,100 mm . I Properties
1D 10 mm Concrete: [, =27.45 MPa
y Longitudinal reinforcement: f,, =565 MPa

é —D10 mm @ 50 mm  Transverse reinforcement: f,, =622 MPa

o —_ . ’

S Bond-slip: 7, =40.73 MPa; 7, =20.36 MPa; 7, =13.58 MPa; a = 0.0594

s, =021 mm; s, =0.42 mm; s, =0.63 mm; s, =2.10 mm
550 mm 150 2D 12 mm
—
Side view Cross-Section

Fig. 8. Simulation I: Verification of the proposed model.
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Figure 9 superimposes the applied load and midspan-displacement relationship obtained from the proposed RAC frame model
with bond interface. The so-called “benchmark” response is established from the thirty-two proposed elements per span and used
for comparison. This diagram reveals that one, two, four, and eight proposed elements per span failed to accurately represent the
global load-displacement response, while sixteen proposed elements per span matched the benchmark result. The maximum load
predicted by one, two, four, and eight proposed elements per span differs from the benchmark responses by approximately 33.56%,
28.11%, 17.62%, and 6.91%, respectively, while the load predicted by the sixteen proposed elements per span is slightly different by
about 0.39%.

Figures 10(a) and 10(b) depict the local responses of the RAC beam model with the inclusion of bond interfaces, as derived from
the proposed model. The analytical results reveal similar findings to the global response: one, two, four, and eight proposed
elements per span failed to accurately demonstrate the local responses, while sixteen proposed elements per span agree well with
the benchmark result (obtained from the thirty-two proposed elements per span). In particular, bending moment data jumps take
place in cases where an insufficient number of elements are used, a common occurrence when employing displacement-based
elements in structural models [48-51]. Additionally, as shown in Fig. 10(a), the bond-interface force and displacement at the support
highlight the need a sufficient number of elements to capture the bond-slip response, even in the linear elastic region.

This simulation indicates that the number of elements is an important factor in capturing both linear and nonlinear responses
of RAC structures with the inclusion of bond interfaces. The minimum number of elements required to predict these behaviors is
found to be 16 proposed displacement-based elements per span for this study.

5.2. Simulation II: Impact of Bond-Interface Slip

This simulation is focused to describe the impact of bond-interface effects on the responses of the RAC beam system. The
simply supported RAC beam system, labeled “RCA 70%,” is used for this study. This RAC beam was previously tested by Dawood and
Al-Asadi [68], resulting in the material and geometric properties shown in Fig. 11. The material properties of the bond interface are
obtained from the proposed equations in Table 1. The RAC, steel bars, and bond interface models described in Section 4 are employed
to represent the material behaviors of this RAC beam system. To analyze the RAC beam responses, seven Gauss-Lobatto integration
points and forty discretized fibers on the cross-section are implemented in each proposed element. A total of sixteen elements per
span are used to evaluate the beam responses, as determined in the previous simulation. Furthermore, two analytical models are
compared to determine the influence of bond-interface slip effects relative to experimental data [68]: the proposed model with
bond-slip and without bond-slip. The former considers bond-interface effects, while the latter does not account for this effect.
Based on the symmetry property of the RAC beam system, only half of the RAC beam is considered, as illustrated in Fig. 11.
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Fig. 9. Load-displacement at midspan of Simulation I.
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Fig. 10. Local responses of Simulation I: (a) bending moment and distance along beam; and (b) bond-interface force-displacement relation.
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Fig. 11. Simulation II: Impact of bond-interface slip.
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Fig. 12. Load-displacement at midspan of Simulation II.

Figure 12 presents the applied load-midspan displacement relation of the RAC beam system derived from the proposed model
and compared to the experimental data. This diagram reveals that bond-interface slip leads to the weakening of the beam system
stiffness, resulting in an increase in the applied load. This softening phenomenon caused by the bond-slip interface has been proven
and demonstrated in several works [26, 28, 42, 60]. Consequently, the model without bond-slip predicts a maximum load differing
from the experimental data by approximately 24.86%, while the model accounting for bond-slip differs from the experiment by only
approximately 1.36%. Although the initial stiffness of both proposed models is slightly different, the development of applied load
diverges after the plastic hinge formed at a midspan displacement of about 7.33 mm (for the model with bond-slip) and 5.56 mm
(for the model without bond-slip). While the proposed model successfully captures the initial stiffness and maximum load of this
RAC beam system, it fails to fully capture the general shape of the load-displacement response, likely due to the adaptation of the
RAC model from the concrete model of Kent and Park [40]. In addition, several effects on the RAC beam system, such as the
anchorage effect [34, 60], interfacial transition zone (ITZ) [10, 69], and confinement effect [70-71], are observed in the experiment
but beyond the scope of this study.

In Fig. 13(a), the sectional bending moment along the RAC beam is compared, as obtained from the proposed models, with and
without the bond-interface effect. Similar to the findings in the global response shown in Fig. 12, the bond-interface effect leads to
a weakening of the system stiffness, resulting in a larger maximum bending moment for the model with bond-slip. Specifically,
the maximum bending moment of the model with bond-slip is approximately 48.08% larger than that obtained from the model
without bond-slip.

Figure 13(b) presents the relationship between bond-slip force and bond-slip displacement at the support. This response is
observed only in the model with bond-slip, while the model without bond-slip does not account for this effect. It can be noticed
from this diagram that only a linear position in the bond-interface constitutive law is demonstrated for this particular case study.
This emphasizes the fact that bond-interface slip in structures occurs minimally compared to other responses. However, although
the bond interface is only in the linear region, its influence seems more pronounced in other beam responses, as presented in
Figs. 12 and 13(a).

From this simulation, it can be concluded that the bond-interface effect is an important factor in capture and representation
of the mechanical characteristics of RAC structure systems. This effect leads to the weakening of the structural system stiffness,
resulting in larger sectional forces. Therefore, it is necessary to take account of this influence in the analysis of RAC structures.

6. Conclusion

This paper introduced a novel frame model incorporating bond-interface effects for the analysis of RAC beams. The model was
formulated based on the kinematic assumption of the Euler-Bernoulli beam theory and a displacement-based approach. A fiber-
section model was presented, and uniaxial material models represent the behaviors of RAC, steel bars, and bond-interface slip. The
RAC model was adapted from Kent and Park’s concrete model [40], while the steel bars followed the model by Menegotto and Pinto
[41]. A bond-interface model was proposed based on experimental data and regression analysis. Two numerical simulations were
used to validate the proposed model’s accuracy and applicability to RAC beam systems. From the results of this study, the following
conclusions can be drawn:
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Fig. 13. Local responses of Simulation II: (a) bending moment and distance along beam; and (b) bond-interface force-displacement relation.

e The proposed equations for bond strength were compared with existing literature models, demonstrating the highest
accuracy with an R? value of 0.9666, indicating superiority over previous models.

e The proposed model accurately predicts the bond interface between RAC and steel rebar in engineering applications,
capturing complex behaviors such as initial stiffness, dissipated energy, maximum stress, general response shape, and
softening behavior. In contrast, the Alharbi et al. model [67], based on limited experimental data, fails to predict these
factors. The performance and accuracy of the proposed model shows its promising potential for use in engineering
applications.

e  The first numerical simulation indicates the remarkable importance of the number of elements in predicting both global
and local responses of RAC structures, highlighting the necessity of employing a minimum of 16 proposed displacement-
based elements per span for this study.

e The second simulation concludes that the bond-interface effect is crucial for capturing and representing the mechanical
characteristics of RAC structure systems. This effect weakens the structural system stiffness, leading to larger sectional
forces. Hence, it is imperative to consider this influence in the analysis of RAC structures.

The next step in developing the proposed RAC model with the bond-slip interface is to consider the interaction effect between
the structure and foundation. This will be useful for the analysis of structural systems on foundations, which is extensively applied
in the engineering field.
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Appendix A

The displacement shape functions N (X) and Ny (X) in Eq. (23) are given by Limkatanyu and Spacone [42] as follows:

N, (X) ¢ Ng(x
N )= L el a1
NFZ(X) . NF4(X)
Nul(x)
N (x)=| (A2)
Nun(x)
in which
Nm(x):[l—% 000 } NH(x):f 000 }
A.3)
3x?2 2x° 2x2 X3 3x2 22X x* X (
Nm(x):[o L+ X O ] NF4(X>:[° T T L
For the i™ with the bond-interface:
U;Jri U§+i
A.4
Nm(x):[o 1% i . X } (A4)
L L
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where Uj,; denotes the nodal displacement at node 1 corresponding to the degree of freedom of 3+, and U},

node 2 corresponding to the degree of freedom of 3+i.

denotes the nodal displacement at
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