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1. Introduction
After several years of service, reinforced concrete 

(RC) structures generally degrade for various reasons. One 
reason is that concrete deterioration allows water (H2O), 
oxygen (O2), or chloride ions (Cl-) to penetrate through the 
cover thickness, causing corrosion of steel bars. Corrosion 
of the steel reinforcement bars reduces bond stress between 
the steel bars and surrounding concrete, diminishing the 
capacity of concrete structures. Therefore, the objective of 
this thesis is to investigate bond stress between steel bars 
and concrete under factors such as the diameter of the steel 
bar, compressive strength, and corrosion level.

Reinforced concrete has been widely utilised since 
the mid-19th century due to its flexibility, durability, and 
economy. During use, the current status of corrosion and 
deterioration of RC is a significant issue, especially in 
marine structures. Due to the characteristics of hot and 
humid climates with high ionic content, RC structures 
exhibit rust at varying levels, compromising the project’s 
lifespan [1, 2]. Over a century of activity, the actual 
durability of RC works has been summarised globally as 

follows: in non-corrosive environments, RC structures can 
last sustainably for over 100 years; in aggressive marine 
environments, corrosion of reinforcement and concrete 
leading to cracking and destruction may appear after 10 to 
30 years of use. The reliability of RC structures depends on 
environmental conditions and the quality of materials used 
(concrete strength, waterproofing, corrosion resistance, 
types of cement, additives, reinforcement type, design 
quality, construction, and management measures).

In fact, two main causes of reinforcement corrosion in 
RC structures are carbonation of concrete due to air ingress 
and ion penetration.

In the first case, air penetrates the concrete through 
a network of pores and fissures. In the presence of a 
liquid phase in concrete and cement hydration products, 
carbonation reactions occur, forming limestone. The pH 
of the medium decreases to approximately 9, resulting in 
the breakdown of the passive membrane that protects the 
reinforcement.

In the second case, ions penetrate the structure via the 
liquid phase, altering the protective environment of the 
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concrete to the reinforcement, leading to changes in the 
passive membrane and promoting corrosion. Collected data 
shows the frequency and cost of building repairs due to 
corrosion [3].

In Vietnam, the effects of corrosion are even more 
pronounced compared to other countries due to high 
temperature, humidity, prolonged wet periods, and high 
chloride ion concentration. Many buildings are severely 
affected by corrosion after a short period. The current 
corrosion status of some structures in the North and South 
includes: (a) Cua Cam Port - Hai Phong, 25 km from the 
sea, after 30 years of use; (b) Trade Port - Vung Tau, after 15 
years of use. Data show that structures are severely corroded 
up to 45%, with broken steel belts and peeled or broken 
protective concrete layers [4]. Many seaside construction 
sites built from the 1960s onwards have applied standard 
construction regulations, with little attention to corrosion 
protection requirements according to TCVN 9346:2012 
standards [5].

When RC structures are in use, the adhesion between 
steel rebars and concrete is crucial. However, corrosion 
significantly reduces adhesion, leading to steel rebar slipping 
within the concrete. Consequently, the load-bearing capacity 
of the structure is rapidly reduced, causing structural 
failure. Accurately assessing the bond stress-slip behaviour 
between steel and concrete cannot be achieved during the 
design phase. The analysis of corroded RC structures has 
garnered significant attention from researchers worldwide, 
from experimental studies to finite element analysis and 
simulation.

P.V.D. Hoang, et al. (2017) [6] studied the bond stress-
slip between geopolymer concrete (GPC) and reinforcement 
based on the pull-off test. Pull-off experiments were 
conducted for various reinforcement diameters and GPC 
grades. The length of the reinforced anchor section to the 
GPC is 10 cm. Experiments simulated in the ABAQUS 
environment investigated the bond between GPC and 
reinforcement, assuming no slip between them. Based on 
the match between simulation and experiment, the bond 
stress between GPC and reinforcement is shown to be 
quite good. Steel reinforcement will break when the anchor 
length is five times the steel diameter and the compressive 
strength of GPC is greater. Steel reinforcement will slip due 
to damage when the anchor length is five times the steel 
diameter and the compressive strength of GPC is less than 
or equal to 50MPa.

S. Lim, et al. (2016) [7] and M. Blomfors, et al. (2018) 
[8] studied the bonding model of corroded steel. They 
developed models to evaluate the anchoring ability of steel 
when corroded. This new model is based on the local bond-
slip stress relationship from the Fib Model Code and has 
been adjusted for the corrosion mechanism. The results show 

significant inherent dispersion between experimental bonds, 
even in groups with the same corrosion degree. However, 
this new model can demonstrate a reasonable reduction in 
steel anchoring capacity, showing better experimental data 
than previous versions.

A.N. Kallias, et al. (2013) [9] studied the corrosion 
performance of flexible RC beams using the response 
surface method (RSM) and nonlinear finite element analysis 
(NLFEA) for validation. Corrosion effects are calculated 
using experimental/semi-experimental models based on 
experimental parameters. Low-order polynomial (RSM) 
models provided loads at the working limit deflection, 
flexural resistance, and behaviour coefficient (LD) of 
corrosion beams when using appropriate tests.

Z.H. Wang, et al. (2019) [10] studied the effect of ice 
on the bond between concrete and reinforcement using the 
Fibre model. The results show that the bonding efficiency 
of concrete and reinforcement is significantly reduced, with 
material degradation not uniform across concrete structure 
locations when affected by thawing and freezing.

W. Zhu, et al. (2013, 2014) [11, 12] evaluated the shape 
and tensile strength of corroded reinforcement through 
experiments. Mechanical property tests were conducted 
on eroded bars from RC beams exposed to chloride 
environments for 26 and 28 years. The study simulated 
three types of corrosion with different cross-section residual 
shapes, including homogeneous and heterogeneous sections, 
applied to non-corroded bars to study the effects of the 
remaining section shape on the final deformation of the steel 
bar. The results show that the remaining shape of the cross-
section and the lost section significantly affect the tensile 
strength of the steel bars. For the same simulated corrosion 
level, the steel bar with the remaining symmetrical cross-
section provides the best tensile strength.

J.G. Dai, et al. (2013) [13] studied the bond of 
reinforcement and concrete through experimental methods. 
The test is divided into two phases: (i) steel pulling when 
bonded with low-strength concrete; (ii) pulling steel out 
of high-strength concrete. The results provide equations 
to calculate bond stress and serve as a basis for further 
research.

E.P. Carvalho, et al. (2017) [14] studied the bonding 
force of strengthened concrete and smaller diameter 
reinforcement experimentally with different anchoring 
methods. The experiment shows that each steel anchor 
length yields different results, concluding that a specific 
length provides the greatest bonding ability between 
concrete and reinforcement.

F. Li, et al. (2013) [15] conducted experiments on the 
effect of corrosion on the bond between steel and concrete 
by mixing with chlorine and exposing to both indoor and 
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outdoor natural climates to estimate the actual effectiveness 
of corrosion. Evaluating the width of the crack in the 
corroded steel bar significantly affects the bonding ability 
of the concrete and reinforcement.

This study focuses on analysing the bond stress-slip 
behaviour of steel rebars inside RC structures subjected to 
accelerated corrosion over time through experiments and the 
finite element method. Finite element analysis using Ansys 
software was employed to accurately describe the data 
obtained from the experiment. The results of the experiment 
and FEM modelling are almost identical (less than 4.5% 
difference). The influence of steel rebar diameter, concrete 
strength, and boundary conditions are fully represented in 
the simulation model. The finite element analysis method 
proposed in this study can be fully applied to evaluate the 
working capacity of RC structures subjected to corrosion.

2. Process to obtain the corroded specimens by 
electrochemical corrosion method

The specimens were designed according to ACI 
440.3R [16]. A model of the specimen is shown in Fig. 1. 
The information of specimens that were used to carry out 
the corrosion test shown in Table 1.
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Fig. 1. Dimension and geometry of specimens. 

Table 1. List of specimens were used to carry out the corrosion test. 

Type of 

spec. 

Dimension 

of steel bar 

(mm) 

Bond 

length 

(mm) 

Compressive 

strength of 

concrete (MPa) 

Corrosion 

solution 

% NaCl 

cc  

(%) 

Mth  

(g) 

T  

(hour) 

Number of 

specimens 

M11 12 60 25 0 0 0 0 3 

M12 12 60 35 0 0 0 0 3 

M13 12 60 45 0 0 0 0 3 

M21 16 80 25 0 0 0 0 3 

M22 16 80 35 0 0 0 0 3 

Fig. 1. Dimension and geometry of specimens.

Table 1. List of specimens were used to carry out the 
corrosion test.

Type 
of 
spec.

Dimension 
of steel bar 
(mm)

Bond 
length 
(mm)

Compressive 
strength of 
concrete (MPa)

Corrosion 
solution
% NaCl

cc 
(%)

Mth 
(g)

T 
(hour)

Number of 
specimens

M11                12 60 25 0 0 0 0 3

M12 12 60 35 0 0 0 0 3

M13 12 60 45 0 0 0 0 3

M21 16 80 25 0 0 0 0 3

M22 16 80 35 0 0 0 0 3

M23 16 80 45 0 0 0 0 3

M31 20 100 25 0 0 0 0 3

M32 20 100 35 0 0 0 0 3

M33 20 100 45 0 0 0 0 3

S111-1 12 60 25 3.5 5 2.664 51.14 3

S111-2 12 60 25 3.5 15 7.992 153.47 3

S111-3 12 60 25 3.5 25 13.325 255.78 3

S112-1 12 60 35 3.5 5 2.664 51.14 3

S112-2 12 60 35 3.5 15 7.992 153.47 3

S112-3 12 60 35 3.5 25 13.325 255.78 3

S113-1 12 60 45 3.5 5 2.664 51.14 3

S113-2 12 60 45 3.5 15 7.992 153.47 3

S113-3 12 60 45 3.5 25 13.325 255.78 3

S21-1 16 80 25 3.5 5 6.32 121.32 3

S21-2 16 80 25 3.5 15 18.96 363.95 3

S21-3 16 80 25 3.5 25 31.60 606.58 3

S22-1 16 80 35 3.5 5 6.32 121.32 3

S22-2 16 80 35 3.5 15 18.96 363.95 3

S22-3 16 80 35 3.5 25 31.60 606.58 3

S23-1 16 80 45 3.5 5 6.32 121.32 3

S23-2 16 80 45 3.5 15 18.96 363.95 3

S23-3 16 80 45 3.5 25 31.60 606.58 3

S31-1 20 100 25 3.5 5 12.35 237.07 3

S31-2 20 100 25 3.5 15 37.05 711.20 3

S31-3 20 100 25 3.5 25 61.75 1,185.3 3

S32-1 20 100 35 3.5 5 12.35 237.07 3

S32-2 20 100 35 3.5 15 37.05 711.20 3

S32-3 20 100 35 3.5 25 61.75 1,185.3 3

S33-1 20 100 45 3.5 5 12.35 237.07 3

S33-2 20 100 45 3.5 15 37.05 711.20 3

S33-3 20 100 45 3.5 25 61.75 1,185.3 3

Three types of specimens were created to examine the 
effects of factors such as steel diameter, concrete strength, 
and corrosion duration on corrosion tests. The specimens 
were immersed in a 3.5% NaCl solution and then connected 
to the electrode system, as shown in Fig. 2. The electrode 
system was operated according to Faraday’s law [17, 18], 
as shown in Table 2, with the formula presented below as:
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app
th

W T I
M

F
× ×

=   	                 	  (1)

where Mth is the theoretical mass of rust per unit surface area 
of the bar (g); W is the equivalent weight of steel, which is 
taken as the ratio of atomic weight of iron to the valency of 
iron 27.925 (g); Iapp is the applied current density (amp); T is 
the duration of induced corrosion (sec); and F is Faraday’s 
constant 96487 (amp/sec).
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Fig. 2. Test samples when corrosive with salt electrolyses NaCl 3.5%. 

Table 2. Electrolysis time predicted according to Faraday's law. 

Dimension of rebar Compressive strength of concrete 
L  

(mm) 

Mth  

(g) 

T  

(hour) 

cc  

(%) 

D12 

25 60 2.664 51.14 5 

35 60 7.992 153.47 15 

45 60 13.325 255.78 25 

D16 
25 80 6.32 121.32 5 

35 80 18.96 363.95 15 

Fig. 2. Test samples when corrosive with salt electrolyses 
NaCl 3.5%.

Table 2. Electrolysis time predicted according to Faraday’s 
law.

Dimension of 
rebar

Compressive 
strength of concrete

L 
(mm)

Mth 
(g)

T 
(hour)

cc 
(%)

D12

25 60 2.664 51.14 5

35 60 7.992 153.47 15

45 60 13.325 255.78 25

D16

25 80 6.32 121.32 5

35 80 18.96 363.95 15

45 80 31.60 606.58 25

D20

25 100 12.35 237.07 5

35 100 37.05 711.20 15

45 100 61.75 1,185.33 25

3. Finite element method analysis programme
3.1. Finite element method bond-slip model using 

cohesive zone model

The FE model was established in the general FE code 
ANSYS 19.1. This investigation aims to simulate the bond-
slip relationship; therefore, the test bar and concrete are 
treated separately in the model. Brick elements with 8 nodes 
were adopted to model the concrete, while two-node spar 
elements were used to model the steel reinforcements, and 
CZM were added to bond the nodes of the concrete and steel 
elements. This model is usually called a CZM because, in this 
model, the concrete and steel are assumed to be connected 
by face. It was chosen to simulate the bond-slip behaviour 
of concrete due to its clear mechanical principle and good 
connection to the experimental study. As former analyses 
showed that the bond behaviour of steel reinforcements 
inside concrete components is a 3-D nonlinear problem, the 
associated FE model should be able to represent the stress 
states and deformations in the X-, Y-, and Z-dimensions. 
At one position, there was a CZM connecting a pair of 
coincident nodes by friction force.

On the interface between the concrete and reinforcing 
bar, the nodes of the concrete and bars were connected by 
spring elements, which governed the bond-slip behaviour 
through their previously defined stiffness curves.

3.2. Modelling of concrete

Concrete was simulated by SOLID65, which is defined 
by eight nodes with three degrees of freedom at each node, 
that is, translation in the nodal X-, Y-, and Z-directions. The 
3-D geometry and node locations of this element type are 
shown in Fig. 3. 
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Fig. 3. SOLID65 element model. 
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Fig. 3. SOLID65 element model.

Concrete is a quasi-brittle material that exhibits different 
behaviour in compression and tension. To properly model 
this kind of material, the SOLID65 element requires linear 
isotropic and multilinear isotropic material properties. The 
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linear isotropic properties of concrete are determined by its 
elastic modulus (Ec) and Poisson’s ratio (ʋ). The compressive 
uniaxial stress-strain values were included to define the 
nonlinearities of the concrete material, meaning the stress 
is a nonlinear function of its strain. After yielding, ANSYS 
used the multilinear kinematic hardening rule to model the 
plastic stress-strain relationship of concrete. The elasto-
plastic model with a multilinear work hardening uniaxial 
stress-strain curve adopted a von Mises yielding criterion 
(the octahedral shear stress theory). The U.S. Department 
of Transportation and the Federal Highway Administration 
(2018) [19] equivalent strains (ɛe) for the elastic and plastic

3.3. Reinforcing bar model

The reinforcing steel bars were modelled by the two-
node spar element LINK180, which is an upgrade of 
LINK8. LINK180 is a 3-D spar element with three degrees 
of freedom at each node, with translations in the nodal X-, 
Y-, and Z-directions in Fig. 4.
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Fig. 4. LINK180 element model. Fig. 4. LINK180 element model.

Kinematic hardening plasticity multi-linear properties 
are needed for reinforcements. The bilinear model requires 
the yield stress (fy) and the hardening modulus of the steel 
(Es). The constitutive law for steel behaviour is:

'

, 0
,

s s s s

s y s s s y

E
f E

σ ε ε
σ ε ε ε

= ≤
 = + >

	  (2)

where σs is the steel stress, εs is the steel strain, Es is the 
elastic modulus of steel, Es’ is the tangent modulus of steel 
after yielding, which is equal to 0.01 Es, and fy and εy are the 
yielding stress and strain of steel respectively.

3.4. Cohesive zone model 

The CZM is used to model the interfaced bond between 
rebar and concrete. The main advantages of the CZM 
are to represent the physical properties of the interface, 
particularly, its fracture mechanics behaviour. The CZM 
response in pull-out tests and the shear cohesive stress are 
expressed as a function of the tangential displacement in Fig. 
5. These values are identified by pull-out test experiments.

Fig. 5. Cohesive model interface behaviour between rebar 
and concrete.

3.5. ANSYS model

The bottom face of the concrete cube will be fixed in 
all directions, and a forced displacement will be applied to 
the top face of the rebar. This is a 3-D model, so we need 
to fix all degrees of freedom: UX, UY, UZ, ROTX, ROTY, 
and ROTZ, to prevent displacement in the horizontal and 
vertical directions and rotation under loading. On the other 
hand, applying a forced displacement will make the solution 
process converge more easily, as shown in Fig. 6.

(A) (B)

Fig. 6. (A) Boundary conditions; (B) Load conditions.

4. Results and discussion
As the rebar moves forward, tensile stress will appear in 

the concrete, leading to parallel cracking. All the strain and 
stress will concentrate at the top of the concrete specimen, 
as shown in Fig. 7.
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(A) (B)

(C) (D)

Fig. 7. (A) UY displacement; (B) Third principal stress; (C) 
Equivalent stress; (D) Equivalent strain.

In this process, the friction load is crucial for maintaining 
the connection between the rebar and the concrete.

Figures 8-16 illustrate the relationship between bond 
stress and slip between corroded steel bars and concrete. The 
diameter and compressive strength of the concrete directly 
affect the bond stress between the steel bars and concrete. 
The bond stress increases as the compressive strength 
increases. The average bond strength in the 24.6, 35.1, and 
44.1 MPa specimens are 17.98, 22.13, and 25.88 MPa, 
respectively. When the steel is corroded, the bond strength 
is reduced. The results show that the bond stress degradation 
rate occurs more rapidly as the corrosion level increases 

and the compressive strength of the concrete increases. In a 
corrosive environment, the compressive strength of concrete 
should be no less than 35 MPa. At compressive strengths 
of 35.1 and 44.1 MPa, the bond strength of the steel bar 
and concrete will decrease by 50% when the corrosion 
level is about 18 and 11%, respectively. Additionally, the 
bearing capacity of specimens is influenced by bond stress. 
Therefore, with higher compressive strength, the bearing 
capacity of corroded RC structures deteriorates faster as the 
corrosion level increases. This is why the bearing capacity 
will increase at higher concrete strength and lower corrosion 
levels of the steel bar.

Fig. 8.  The bond stress-slip relationship between 
experiment and finite element method of M11 group 
specimens.

Fig. 9.  The bond stress-slip relationship between 
experiment and finite element method of M12 group 
specimens.
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Fig. 10. The bond stress-slip relationship between experiment 
and finite element method of M13 group specimens.

Fig. 11. The bond stress-slip relationship between experiment 
and finite element method of M21 group specimens.

Fig. 12.  The bond stress-slip relationship between experiment 
and finite element method of M22 group specimens.

Fig. 13.  The bond stress-slip relationship between experiment 
and finite element method of M23 group specimens.

Fig. 14.  The bond stress-slip relationship between experiment 
and finite element method of M31 group specimens.

Fig. 15.  The bond stress-slip relationship between experiment 
and finite element method of M32 group specimens.

Fig. 16.  The bond stress-slip relationship between experiment 
and finite element method of M33 group specimens.

4.1. Results of simulation of the stress-strain 
relationship of M1 group specimens

The results of the experiments and FEM modelling are 
nearly identical (less than 4.5% difference). Specifically, 
the first stage showed linear behaviour and second stage 
showed non-linear behaviour. With the value of slip being 
greater than 2 mm, the rebar and concrete work separately. 
Since the concrete grade increased, the bond stress and the 
slip  increased as well, as shown in Figs. 8-10.
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4.2. Results of simulation of the stress-strain 
relationship of M2 group specimens

In the M2 group specimens, the concrete is displaced by 
the rebar more than in the M1 specimens. Consequently, the 
discrepancy ratio between the results of the experiment and 
FEM modelling is larger - 5.6%. The bond stress is higher, 
but the slip is lower. As the grade of concrete increases, both 
the slip and bond stress become larger, as shown in Figs. 
11-13.

4.3. Results of simulation of the stress-strain 
relationship of M3 group specimens

In this case, we observe that since a larger steel section 
has been used, the volume of concrete has decreased. The 
bond stress has been lower, and the slip has been higher. In 
summary, the connection between the rebar and the concrete 
is not optimal due to the increased rebar section.

In summary, using a higher grade of concrete improves 
its interaction with the rebar. This can help restrict structural 
failure, cracking, and crushing. By performing calculations 
and modelling to determine the optimal ratio of concrete 
to rebar, the best connection under loading conditions can 
be achieved. On the other hand, there are still differences 
between real testing and FEM modelling. In FEM modelling, 
we attempt to use the strongest material models, elements, 
contact conditions, and load and boundary conditions, but 
the results do not exactly match the testing, as shown in 
Figs. 14-16.

4.4. Results of simulation of bond stress in corroded 
and ultra-high performance concrete 

Ultra-high performance concrete (UHPC) is a new class 
of concrete developed in recent years. The Federal Highway 
Administration (FHWA) defines UHPC as follows: UHPC is 
a cementitious composite material composed of an optimised 
gradation of granular constituents, a water-to-cementitious 
materials ratio of less than 0.25, and a high percentage of 
discontinuous internal fibre reinforcement. The mechanical 

properties of UHPC include compressive strength greater 
than 120 MPa and sustained post-cracking tensile strength 
greater than 5 MPa. Compared with conventional concrete, 
UHPC tends to exhibit superior properties such as advanced 
strength, durability, and long-term stability.

This concrete contains no coarse aggregate and is 
internally reinforced by 13 mm long, 0.2 mm diameter 
straight steel fibres included at a volumetric ratio of 2%. 
The UHPC mix proportions and mixing procedure are 
shown in Fig. 17 [20].

From the results in Fig. 18, we can observe that the bond 
stress increases and the slip decreases. In UHPC containing 
fibres and a higher grade of concrete, the rebar interacts 
more effectively, resulting in new specimens with UHPC 
performing better.

Fig. 18.  The bond stress-slip relationship between 
experiment and finite element method of M11 group 
specimens with ultra-high performance concrete.

5. Conclusions
The finite element analysis method using Ansys software 

was applied to evaluate the bond stress-slip behaviour of 
steel reinforcement subjected to accelerated corrosion in 
conjunction with concrete. The study has yielded certain 
results, summarised as follows:

(A) (B) (C)

Fig. 17.  Photos of (A) Cementitious matrix, (B) Steel fibres reinforcement, and (C) Mixing procedure of ultra-high 
performance concrete.
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The experimental model was precisely constructed using 
Ansys software. The results obtained from finite element 
analysis achieved high accuracy compared to the experiment, 
with a maximum error of only 4.5%. The finite element method 
can effectively replace the experiment in analysing the adhesion 
force between concrete and steel.

The specimens were modelled using Ansys software. 
Concrete and steel rebar were modelled using the SOLID65 
element and LINK180 element, respectively. The elasto-plastic 
behaviour for concrete and steel bars, along with the CZM for 
the interface bond between bars with or without corrosion and 
concrete, showed good agreement with experimental results. 
The constitutive models of materials could be applied for 
parametric studies in future work.

Ultra-high performance concrete was also used in 
experiments and finite element analysis. High-strength 
concrete provides better protection for steel reinforcement 
against corrosion. Simultaneously, the bond stress-slip between 
concrete and steel reinforcement also increases.

The results also showed that the reduction rate of bond 
strength was linear as the corrosion level increased for each 
compressive strength of concrete. The rate of bond strength 
reduction occurred more rapidly with the increase in corrosion 
level when the concrete compressive strength was increased. 
All specimens with diameters of 12 mm and 16 mm without 
corrosion were found to fail in pull-out failure mode. 
Meanwhile, all specimens with diameters of 20 and 16 mm 
with corrosion were found to fail in splitting failure mode. 
After pull-out tests, all steel bars were tested in tension again. 
The results showed that the higher the corrosion level, the 
lower the yield strength of the specimen.
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