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Abstract - This article investigates the effect of four bond-slip
models at the steel-concrete interface including Eligehausen,
CEB-FIP, Morris, Harajli on the ultimate bending capacity of
reinforced concrete (RC) beam. A three-dimensional finite
element model in Abaqus used nonlinear connector element
CONN3D2 was constructed to model the bond-slip behavior
between longitudinal reinforcements and concrete. The
investigated results not only show a high agreement between the
numerical and experimental results but also indicate the effect of
bond-slip models on the flexural strength of RC beams. Within
the four investigated models, Morris-model provides the highest
bond strength leading to the highest flexural capacity of RC being
highest among four investigated cases, consequently the ultimate
bending capacity of beam used this model was also highest.

Key words - Bond-Slip modes; Non-linear Spring element;
Reinforced concrete beams; Abaqus; Bending capacity.

1. Introduction

Reinforced concrete (RC) is a composite material
consisting of concrete and steel reinforcement, in which the
concrete primarily resists compressive stress while the
steel reinforcement excels at resisting tensile stress. The
performance of RC elements is highly dependent on the
bond at the concrete and steel interface. Several studies
have been conducted to investigate the factors affecting the
bond strength between concrete and steel, including the
compressive strength of concrete, the adhesive force of
cement mortar, the surface roughness of the reinforcement,
and the corrosion of steel bars in concrete. N. T. Hieu [1]
clearly demonstrated the influence of concrete
compressive strength on bond strength, showing that the
bond strength is directly proportional to the compressive
strength of concrete. N. N. Tan et al. [2] conducted the
experiments to indicate that: (a) when the degree of
reinforcement corrosion is in the range of 0—2%, the bond
stress increases compared to non-corroded reinforcement;
(b) when the average degree of corrosion is about 6.5%, the
bond stress can decrease by up to 30%; (c) and when the
corrosion level exceeds 8.4%, the bond stress significantly
decreases by 37.5-62%.

Experimental studies to determine the relationship
between bond strength and slip between concrete and steel

Tém tit - Bai bao khao sat sy anh huong cua bén mo hinh luc
bam dinh gitra bé tong va cbt thép bao gdbm md hinh
Eligehausen, CEB-FIP, Morris, Harajli dén kha ning chiu uén
cuc dai cta dim bé tong cbt thép. M6 hinh phén tir hitu han ba
chiéu trong Abaqus duoc xdy dung v6i phén tir 16 xo phi tuyen
CONN3D2 dugc st dung dé mé phong sy bam dinh gitra cbt
thép doc va bé tong. Két qua khao sat cho thay, kha ning chiu
ubn cuc dai ctia dim bé tong cbt thép khong nhiing twong dong
v6i két qua thi nghiém, ma con phan 4nh duge sy anh hudéng
cua cac mo hinh lyc bam dinh. Trong 4 mén hinh dwgc nghién
ctru, méd hinh Morris ¢6 lyc dinh 16n nhét trong sb cac md hinh
duogc khao sat, tir d6 kha ning chiu lyc udn ciia ddm bé téng cbt
thép 1a 16n nhét.

Tir khoa - M6 hinh luc bam dinh; Phén tir 16 xo phi tuyén; Dam
bé tong cbt thép; Abaqus; Kha ning chiu udn.

reinforcement have attracted many researchers. Recently,
a comprehensive review of bond-slip models between
concrete and reinforcement was conducted by Y. Zheng et
al. [3]. In this study, the authors summarized previous
research on bond-slip models, evaluated the advantages
and disadvantages of these models through numerical
simulation, identified the limitations of existing studies,
and provided reliable guidance for future research. In
general, two common methods are used to determine the
bond-slip relationship: the pull-out test and the beam
bending test. For example, the pull-out test was used in the
experiments of R. Eligehausen et al. [4], CEB-FIP [5], and
G. Morris et al. [6], while M. Harajli et al. [7] used the
beam bending test.

On the other hand, numerical simulations, especially
finite element analysis, have also been widely used to
assess the impact of bond strength between concrete and
steel reinforcement on the load-carrying capacity of RC
members. N. V. Chinh et al. [8] used Abaqus software to
evaluate the reduction in flexural capacity of RC beams
subjected to four-point bending due to corrosion effects. H.
Tang et al. [9] presented five finite element models using
Abaqus to predict the load-bearing capacity of beams,
including two un-strengthened beams and three
strengthened but corroded beams that had been previously
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designed and tested by the authors. The accuracy of those
FEM models was concluded to closely match the
experimental data. In these above studies, the authors
considered the effect of reinforcement corrosion on the
bond-slip relationship between steel and concrete, but only
the bond model from the CEB-FIP Model Code [5] was
adopted for investigation.

This paper presents an overview of bond-slip models
between concrete and reinforcement, with a detailed study
of four models: Eligehausen, CEB-FIP, Morris, and
Harajli. Furthermore, a numerical investigation of the
influence of these models on the four-point flexural
capacity of RC beams is conducted using finite element
analysis in Abaqus. In particular, the nonlinear connector
element CONN3D?2 is presented in detail to simulate the
nonlinear characteristics of the bond-slip relationship
between longitudinal reinforcement and concrete. The
results show that the ultimate flexural capacity of RC
beams from the models agrees well with experimental tests
and depends on the bond-slip models. Morris model shows
the highest bond strength, resulting in the highest ultimate
load-carrying capacity of RC beams.

2. Overview of bond-slip models between concrete and
reinforcement

Several models describing the relationship between
bond strength and slip at concrete and steel interface have
been proposed based on experimental results. Among
these, the pull-out test is used to evaluate the bond strength
by pulling the steel bar out of the concrete, while the beam
test assesses the bond strength under actual flexural and
shear conditions commonly found in RC structures. Both
methods have their own advantages and disadvantages, and
researchers have developed various bond-slip models
based on these methods to more accurately describe the
degradation process of the bond between steel and
concrete. The pull-out test has been adopted by researchers
such as R. Eligehausen et al. [4], G. Morris et al. [6], X.
Liang [10], Y. Xu [11], and G. M. Verderame et al. [12],
whereas the beam test was conducted by M. Harajli et al.
[7]. Recently, Y. Zheng et al. [3] performed a
comprehensive review of models describing the bond-slip
relationship between concrete and reinforcement.

Among these models, four bond-slip models-
Eligehausen [4], CEB-FIP [5], Harajli [7], and Morris [6]-
are presented in detail in the following subsections.
Eligehausen et al. [4] began studying the bond-slip model
between concrete and reinforcement in the 1980s. Their
objective was to develop a simulation model for the bond
behavior of ribbed steel bars anchored in concrete under
pull-out loading conditions. In the 1990s, based on the
results of Eligehausen et al. [4], the bond-slip model was
included in the CEB-FIP Model Code [5], with formulas
and parameters provided in detail for practical application.
However, the model by G. Morris et al. [6] showed higher
bond strength values than those of the Eligehausen [4] and
CEB-FIP [5] models, due to differences in experimental
data. Three above bond-slip models are based on pull-out
test results whereas Harajli et al. [7] proposed a bond-slip

model using beam bending tests. Their results clearly
indicate that the bond stress between concrete and
reinforcement from Harajli models is significantly lower
than that of Eligehausen et al. [4], CEB-FIP [5], and Morris
[6] models.

2.1. Eligehausen model [4]

Eligehausen model presents the relationship between
bond stress and slip at the concrete and steel interface in
Equation (1):

when 0<s<s (la)

when s; <5 <, (1b)

58,

T:Tmax_(Tmax_Tf)-[ J when s, <s <55 (lc)

S35

when 53 <s(1d)

TZT/-

The parameters for determining the relationship
between bond stress and slip are shown in Table 1.

Table 1. Parameters of Eligehausen model

S 52 53 o Tmax s
(mm) (mm) (mm) (MPa) | (MPa)
1 3 10 0.4 Eq. 2) | Eq.-(3)

The maximum bond stress in this model is given in
Equation (2):

Tmax(_f;:SOMPa)

Timax :T )
/.
Where:
z’max(ﬂ:wMPa):B.S(MPa) is the maximum bond

stress corresponding to concrete with a compressive
strength of £ =30 MPa.

The residual bond stress in this model is given in
Equation (3):

T, »

£ (f,=30MPa)
T, = —m——— 3
/ 30 )

1o
= 5(MPa)

is the residual bond stress

Tr(f =30MPa)
corresponding to concrete with a compressive strength of
£, =30 MPa
2.2. CEB-FIP model [5]

CEB-FIP model shows the relationship between bond
stress and slip at the concrete and steel interface in
Equation (4):
when 0<s<s (4a)

when s; <5 <5, (4b)



ISSN 1859-1531 - TAP CHi KHOA HOC VA CONG NGHE - DAl HOC DA NANG, VOL. 23, NO. 7, 2025 35

5—5,

T =Tpax — (Trmax —rf).( J when s, <5 <55 (4c)

$3 78

when 5, < s (4d)

T=Ty

The parameters for determining the relationship
between bond stress and slip are shown in Table 2.

Table 2. Parameters of CEB-FIP model

51 ) 53 o Tmax Ty
(mm) (mm) (mm) (MPa) (MPa)
1 3 10 0.4 Eq.(5) | Eq. (6)

The maximum bond stress in this model is given in
Equation (5):

T =25V 1 (5)

The residual bond stress in this model is given in
Equation (6):

T, =047, (6)
2.3. Morris model [6]

Morris model presents the relationship between bond
stress and slip at the concrete and steel interface in
Equation (7):

when 0<s<s (7a)

T = Thax when s; <5 <, (7b)
5=,
T=Tiax — (Tonax —71)- when s, <5< s5(7c)
S35,
T=1, when 53 <8 (7d)
Table 3. Parameters of Morris model
S1 S S3 o Tmax Tr
(mm) (mm) (mm) (MPa) (MPa)
1 3 10 0.4 Eq.(8) | Eq.(9)

The maximum bond stress in this model is given in
Equation (8):

T =3 W (8)

The residual bond stress in this model is given in
Equation (9):
T, =047, )

2.4. Harajli model [7]

Harajli model presents the relationship between bond
stress and slip at the concrete and steel interface in
Equation (10):

when 0<s<s,(10a)

(s —551)
T = Thnax +(Trn _Tcr)
(21 —Su)

when sy, < s <s,, (10b)

when s,, <s <55 (10c)

The parameters for determining the relationship
between bond stress and slip:

Table 4. Parameters of Harajli model

Sth S2h S3 Tmax Ter V/ ’ ﬂ
(mm) | (mm) | (mm) | (MPa) | (MPa) %
0.025 0.5 10 4.35 3.04 0 0.7

The maximum bond stress in this model is given in
Equation (11):

T = 075y £, (g]

Where:
c: Width of the concrete cover.

2
3

(11)

d: Diameter of the reinforcing bar.

The bond stress at the onset of cracking in this model is
given in Equation (12):
7o = 0.77 00 (12)
The slip value s, at position 7, is given in Equation
(13). The formula for s, is derived based on the bond

stress-slip curve:

(o5
03) | 2571

The slip value s,
Equation (14):

8, =1.5¢ye

(13)

at position 7, 1S given in

2
18| —Tmax |
{[2.57\/2

3. Finite element model of RC beam under four-point
bending

Sy, = 0.15¢qe

(14)

Abaqus software [13] was used to numerically
simulate the influence of bond-slip models between
concrete and reinforcement on the flexural capacity of
beams under the four-point bending test. Figures 2, 3, and
4 show the details of the three-dimensional finite element
model used to simulate the RC beam. In this model,
concrete is modeled using eight-node C3D8R elements
with the Concrete Damaged Plasticity Material Model
(CDPM), while longitudinal reinforcement and stirrups
are simulated using T3D2 truss elements with a bilinear
plasticity model. The details of this simulation in Abaqus
CAE are implemented in Models/ Materials/ Concrete
Damaged Plasticity and Models/ Materials/ Plastic,
respectively. The supports and loading plates are
simulated with rigid R3D4 elements and interact with the
RC beam through a sliding friction contact model with a
coefficient of friction of 0.1. Mesh sensitivity analysis is
performed to select the mesh sizes for each element type
as follows: concrete is 20 mm, longitudinal reinforcement
and stirrups are 50 mm.
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To investigate the bond-slip models between concrete
and reinforcement in Section 2, nonlinear node-to-node
connector elements (CONN3D2) are used. The virtual
reinforcement bars were placed at the same location as the
longitudinal reinforcement. It should be noted that the
stiffnesses of these dummy bars is selected not to affect
the load-bearing capacity of the beam and to avoid
numerical errors. The EMBED constraint in Abaqus is
used to link these virtual bars to the concrete. Next, the
nodes of the elements simulating the longitudinal
reinforcement are connected to the nodes of the virtual
reinforcement bars using CONN3D2 elements. Note that
the axial stiffness of the CONN3D2 elements is assigned
according to the bond-slip models investigated in Section
2, while the stiffness in the other directions is set to be
much higher than that of the adjacent elements [8, 9]. The
details of this simulation process in Abaqus CAE are
performed in the following steps:

e Step 1: Define the nonlinear properties of the
CONN3D2 elements in Models/Connector Sections.

e Step 2: Define the CONN3D2 elements using the
Wire feature in Models/Assembly.

e Step 3: Assign the properties from Step 1 to the
elements in Step 2 in Models/Assembly/Connector
Assignments.

The loading method used in this paper is displacement
control. The displacement of the loading plates gradually
increased from zero to the target displacement. In addition,
a nonlinear static analysis algorithm is used. Specifically,
Figure 2 shows the concrete elements, Figure 3 shows the
reinforcement elements, and Figure 4 shows the
CONN3D2 elements.

3.1. Simulation of RC beam

The four-point bending test beams conducted by N. V.
Chinh et al. [8] is selected as a numerical example in this
article. The geometric parameters of the RC beam are
described in the figures below.

1 ‘ 208
E
2812
I i o

28,5100 28,5150 28,5100 41
[ 150 | 600 | 600 | 600 | 150 | 150 L
]‘ i i 2100 ’ ’ 1 ﬂ
t +

Figure 1. Details of RC beams [8]

Figure 2. Details of beam elements in Abaqus

Figure 3. Details of longitudinal and stirrup elements
in Abaqus

Figure 4. Details of CONN3D2 elements in Abaqus
3.2. Material parameters
3.2.1. Concrete

The parameters of concrete used in the model are
shown below:

Table 5. Parameters of concrete

1 /i E Jro | Dilation
(MPa) | (MPa) | (MPa) S0 ®)
17 115 | 32500 | 1.16 | 0.6667 35

3.2.2. Reinforcement

The parameters of reinforcement used in the model are
shown below:

Table 6. Parameters of reinforcement

E
Reinforcement N I Ju &y
(MPa) | (MPa) | (MPa)
@8 210000 205.40 383.50 0.3034
912 210000 383.60 545.80 0.1782

4. Survey results and discussion
4.1. Bond-slip models

Based on the properties of concrete and reinforcement
described in Section 3, four bond-slip models were
calculated and are shown in Figure 5. Figure 6 presents the
bond-slip relationship in the slip range from 0 to 0.03
which is not clearly shown in Figure 5.

Figure 5 shows that the maximum bond stress in the
Morris model [6] provides the highest bond strength
(maximum bond stress), with 7, 12.8 MPa. The

difference in maximum stress between the Eligehausen [4]
and CEB-FIP [5] models is not significant as these
maximum bond stresses were 10.16 MPa and 10.3 MPa,
respectively. Notably, for the beam test, the bond-slip
model of Harajli [7] is completely different from the other
three models of pull-out tests. The maximum bond stress
of Harajli model is 4.35 MPa which is about 34% of the
Tmax from Morris model [6].

max
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Bond Stress t (MPa)

Slip (mm)

—CEB-FIP —Morris —Eligehausen — Haraijl

Figure 5. Bond stress-slip curves of concrete and reinforcement

Based on the results in Figures 5 and 6, for pull-out
tests, the values from the Morris model [6] are the highest,
followed by the CEB-FIP [5] model, and finally
Eligehausen [4]. For the Harajli [7] model, the values are
the lowest, as this model is based on beam bending tests,
which are fundamentally different from the other three
models, leading to a different curve shape. When the bond
stress between concrete and reinforcement reaches its limit
in the Harajli [7] model, the bar will slip out of the
concrete.

1
0.9 4

0.8 /

Bond Stress t (MPa)

0 0.005 0.01 0.015 0.02 0.025 0.03
Slip (mm)

—CEB-FIP ——Morris ——Eligehausen ——Haraijli
Figure 6. Bond stress-slip curves of concrete and reinforcement
when slip value varies from 0 to 0.03

These models will be used to define the nonlinear
properties of the CONN3D2 elements along the
longitudinal direction of the main reinforcement to
simulate the bond between concrete and steel. The
nonlinearity of the CONN3D?2 element is expressed in the
relationship between force and slip, so the bond stress must

be converted to force as in Equation (15):
F=Axr

Where:
T : Bond stress value from the models.

(15)

4;: Nominal area of the CONN3D2 element,
determined by Equation (16):

4, =2xrl (16)
Where:

r: Radius of the reinforcement bar.

I: Distance between spring nodes, which is 1 = 50 mm
in this paper.

The values calculated using the above formulas will be
assigned to the CONN3D?2 elements.

4.2. Load—displacement relationship of RC beams with
different bond-slip models

The relationship between mid-span displacement and
applied load from the finite element model is shown in
Figure 7, compared with the experimental results of N. V.
Chinh et al. [8]. It can be seen that the load - displacement
relationships obtained from four finite element models
corresponding to four investigated bond-slip models are
quite similar and do not differ much from the experimental
results. This can be explained by the fact that under normal
working conditions, the bond strength between concrete
and reinforcement is very high, resulting in almost no slip
between concrete and steel. The maximum slips between
concrete and reinforcement of four finite element models
corresponding to the four bond-slip models are shown in
Table 7.

Table 7. Maximum slip distance

CEB-FIP | Eligehausen | Harajli
0.0836 0.0832 0.1049

Model Morris

Maximum slip (mm)| 0.0685

To clearly see the influence of the bond-slip models on
the flexural capacity of RC beams, Figure 9 magnifies the
load—displacement curves at mid-span. It can be seen that
the differences between the models are quite small.
However, even though this difference is small, it still
indicates that the bond stress affects the flexural capacity
of RC beams. The results from the simulation models and
the experimental model by N. V. Chinh et al. [8] are shown
in Figures 7 and 8, indicating that the shape of the load—
displacement curve from the experiment and the simulation
are similar. According to the four simulation models
implemented in Abaqus, the ultimate load values for the
Morris [6] model are the highest at 67.017 kN, followed by
CEB-FIP [5] at 66.914 kN, Harajli [7] at 66.871 kN, and
finally Eligehausen [4] at 66.866 kN (see Table 8).

Table 8. Ultimate load P,,, (KN)

Experimental . | CEB- IO
Model result [8] Morris FIP Harajli|Eligehausen
P
max 67.51 67.017| 66.914 |66.871| 66.866
(KN)

Although the maximum bond stress (7., ) of the

Harajli [7] model is only 43% of the maximum bond stress
of the Eligehausen [4] model, the difference in the
maximum flexural load of the RC beam corresponding to
two bond-slip models is not significant, only about 0.75%.
Similarly, the flexural load obtained from Morris [6] and
CEB-FIP [5] models are also like Harajli and Eligehausen
models. For example, compared with the Eligehausen [4]
model, the ultimate flexible load is about 0.23% and 0.07%
for the Morris [6] and CEB-FIP [5] models, respectively.
This is attributed to the insignificant influence of bond slip
models on the ultimate flexural capacity of RC beams
under normal working conditions.
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Figure 7. Load deflection curves of RC beams with investigated
bond-slip models

Load (KN)

Figure 8. Load deflection curves of RC beams with investigated
bond-slip models when load varies from 60kN to 70kN

5. Conclusion

This paper has provided an overview of four bond-slip
models between reinforcement and concrete, including the
Eligehausen, CEB-FIP, Morris, and Harajli models. In
addition, a three-dimensional finite element model was
developed using these bond-slip models to evaluate their
influence on the flexural capacity of RC beams. The
conclusions of this paper are listed as follows:

- The highest and lowest bond strength (maximum bond
stress) are obtained from Morris model (based on pull-out
test) and Harajli model (based on beam test), respectively.

- Under normal working conditions, the bond strength
between concrete and reinforcement is sufficiently high so as
not to affect the flexural capacity of RC beams. The load —
displacement relationship of RC beams, as investigated using
the finite element model corresponding to the four bond-slip
models, is almost identical to the experimental results.

- The flexural capacity of RC beams with the Morris

bond-slip model is only slightly higher than that of the
Harajli bond-slip model.

Data statement

The Python script for defining the properties of the
CONN3D2 element in this paper is available from the
corresponding author upon reasonable request.
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