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Abstract - Bond strength in pretensioned members is a critical 
factor influencing the structural integrity and durability of 
concrete structures. This study explores the bond behavior in 
such members, focusing on the flexural bond, through detailed 
numerical modeling. Using a validated finite element (FE) 
model, both simple and tensioned pull-out tests were simulated 
to examine the differences in bond strength and the impact of 
varying tension ratios. The study employed seven-wire strands 
and lightweight aggregate concrete, with three-dimensional 
(3D) elements representing the concrete and reinforcement 
bars. The bonded interface was modeled using 3D isoparametric 
gap elements with a pressure-sensitive Mohr-Coulomb frictional 
interface. The results indicated that pretensioning below the 
yield strength threshold had no significant effect on bond 
strength compared to the bond strength observed in the simple 
pull-out test. However, a decrease in bond strength was observed 
when the pull-out test was conducted just prior to or during the 
yielding of the strand, with a more substantial reduction 
occurring when the test was initiated after yielding. 
Additionally, changes in strand diameter due to the Poisson 
effect were more pronounced under higher stress conditions, 
further influencing bond strength.  
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1. Introduction 

Concrete remains a foundational material in 
construction, playing a crucial role in the infrastructure 
development of many countries [1]. Since its 

introduction in the 1950s, prestressed concrete has 
become a cornerstone of the construction industry, 
offering numerous benefits such as reduced material 
use, lower transportation costs, and improved durability 
and service life of structures [2]. In particular, 
pretensioned prestressed concrete has emerged as an 
efficient structural material widely utilized in civil 
engineering projects. This method allows for quicker 
construction, high-quality fabrication, and optimal 
utilization of material properties while also addressing 
environmental considerations [3]. The bond between the 
strand and concrete is a critical component of this 
technology; without it, the intended prestress in the 
concrete members could not be realized, compromising 
the overall performance and durability of the structure. 
The bond behavior is typically characterized by the local 
bond stress-slip relationship and is influenced by several 
factors, including the properties of the reinforcing 
materials—such as bars, multiwire strands, or 
tendons—the characteristics of the concrete, the 
dimensions of the embedded reinforcement, 
environmental conditions, and the effects of cyclic 
loading [4].  

The anchorage and development of prestressing 
force depend exclusively on the bond after the release of 
strands [5]. To characterize the bond behavior in 
pretensioning anchorage, two different bond situations 
should be considered due to the transverse deformations 
of the tendon. The "push-in" scenario occurs in the 
transfer length, where the tendon expands transversely 
upon prestress release. In contrast, the "pull-out", refers 
to the flexural length where the opposite occurs when 
the steel stress is increased due to loading [6]. The 
transfer bond forms at the release of the prestressing 



 
 

173 

strand, transferring the prestress force from the strand 
to the concrete in the end zone. The transfer length is the 
distance needed for the strand to effectively transfer 
prestress to the concrete. The flexural bond activates 
with applied loads, increasing strand stress and causing 
concrete cracking. Its length extends from the end of the 
transfer length to the point where ultimate stress is 
achieved [7]. The bond resistance between the strand 
and surrounding concrete arises from adhesion, friction 
forces, and mechanical interaction due to the shape of 
the strand. In the transmission zone, this bond strength 
is further enhanced by the Hoyer effect, a phenomenon 
resulting from the tendon’s wedging mechanism [8]. The 
Hoyer effect increases bond capacity in the transfer 
length compared to the flexural bond length, resulting in 
a steeper gradient of pretensioning force [9]. Vázquez-
Herrero et al. [10] conducted push-in and pull-out tests 
to examine bond strength in the transfer and flexural 
lengths, respectively. They found bond stress in the 
transfer length was 1.3–2.7 times higher than in the 
flexural length, attributed to the strand’s wedging effect 
observed in the push-in test (Hoyer effect) but not in the 
pull-out test.  

The most accurate way to evaluate strand bond 
performance is through testing a full-scale beam, but this 
method is often not cost-effective or time-efficient. As an 
alternative, pull-out tests have been developed and are 
commonly used to approximate real bond behavior [11]. 
Among these, two primary types are recognized: the 
simple (untensioned) pull-out test and the tensioned 
pull-out test [12]. Regarding transfer bond, the simple 
pull-out test, while conservative, does not account for the 
frictional bonding benefits seen in tensioned scenarios 
due to the Hoyer effect, as it does not incorporate the 
lateral dilation of the prestressing tendon caused by the 
Poisson effect [10]. To address this, more complex 
tensioned pull-out tests, such as those proposed by 
Cousins et al. [13] and Abrishami and Mitchell [14], have 
been developed. These tests involve pretensioning the 
strand before casting the concrete and measuring bond 
forces through various methods, such as push-off loads 
or tension release via threaded screws. Jiang, X. et al. [11] 
conducted a comparative study on transfer bond using 
both untensioned and tensioned pull-out tests with 
different embedment lengths and found that tensioned 
tests generally produced higher pull-out forces, 
especially with shorter embedment lengths. This 
suggests that simple pull-out tests might underestimate 
bond strength, particularly for pretensioned strands 
where frictional effects are significant. Regarding 

flexural bond, the tensioned pull-out test developed by 
Abrishami and Mitchell [14] also allows for the complete 
bond stress-versus-slip response to be determined. This 
test involves pretensioning the strand before casting the 
concrete and measuring bond forces through increased 
tension via threaded screws. However, the tensioned 
pull-out test can be challenging to execute and 
sometimes yields inconsistent results, likely due to the 
complexities involved in the testing process [15]. 

There has been significant advancement in 
numerical modeling within this area [16,17]. This 
approach is frequently utilized in design processes due 
to the challenges, costs, and time associated with 
experimental methods. Moreover, predictions from 
numerical models tend to correlate well with 
experimental results [18]. However, finite element (FE) 
modeling of the bond interface between concrete and 
reinforcement is still relatively underrepresented in the 
literature. Current numerical models often do not 
adequately incorporate bond effects, and analytical 
methods generally address bond interactions in a 
simplified manner. Two primary approaches exist for 
modeling the pull-out behavior of a bar or anchor from 
concrete: one uses a one-dimensional bar with bond 
characteristics, while the other employs volume and 
three-dimensional (3D) interface elements [19]. The 
most commonly used software packages for the 
nonlinear analysis of reinforced concrete structures 
include ATENA [19], ANSYS [20], and ABAQUS [21]. 
Notably, ATENA [19], with its sophisticated constitutive 
models, provides valuable support for experimental 
investigations and the development of innovative 
solutions in the study of reinforced concrete members 
[22]. 

Nardin et al. [23] examined the steel-concrete 
interface using ANSYS and ABAQUS. They focused on 10 
mm deformed bars embedded in concrete with a 
compressive strength of 30 MPa. The study utilized non-
linear material models for both concrete and reinforcing 
bars, including a representation of their interaction. The 
findings revealed that ABAQUS was more effective in 
predicting the ultimate load, while ANSYS provided a 
better depiction of the behavior leading up to the peak 
load. In a similar study, Abed et al. [24, 25] simulated 
pull-out tests using the ATENA 3D software, employing a 
one-dimensional bar model. They defined a bond stress-
slip curve in the software based on pull-out test 
experiments tailored to the specific concrete and 
reinforcing bar materials. The numerical results were 
closely aligned with the experimental data, accurately 
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reflecting the observed behavior. Carroll et al. [26] used 
numerical modeling to accurately predict the behavior of 
structural members, validating their results against 
experimental tests. Their method involved using a 
matrix of solid elements to represent the concrete, truss 
elements for the prestressing strands, and nonlinear 
springs at the interface between the strands and the 
concrete. This approach proved effective and accurate in 
simulating prestress transfer, including bond-slip 
behavior, and closely matched experimental data in 
terms of predicting end slip, strand force development, 
transfer length, and concrete surface strains. Zhan et al. 
[27] investigated the bond properties of 17.8 mm 
diameter steel strands embedded in Ultra-High 
Performance Concrete using pull-out tests. They created 
FE models to simulate the pull-out behavior, which 
showed good agreement with the experimental load-slip 
curves, with discrepancies in peak load predictions 
within 7%, indicating high model accuracy. Tavares et al. 
[28] explored the bond behavior for different bar 
diameters using simulated pull-out tests with ATENA 2D, 
finding their numerical results to be consistent with 
experimental outcomes. Additionally, Seok et al. [29] 
developed a FE model to simulate the bond behavior in 
high-strength concrete beams. Their model successfully 
captured the pattern of concrete splitting-crack 
development, as confirmed by comparison with actual 
test results. Tsiotsias et al. [30] conducted simulations of 
various pull-out test setups using 3D modeling 
components for both the bar and concrete. They 
employed isoparametric gap elements coupled with a 
pressure-sensitive Mohr–Coulomb interface to model 
the interaction, focusing on 16 mm reinforcing bars in 25 
MPa concrete. Burdziński et al. [31] examined the impact 
of bar diameter on bond behavior through a combination 
of experimental, analytical, and numerical methods. 
They used the concrete damaged plasticity material 
model and contact cohesive behavior approach to 
represent the concrete-bar interface. Their research, 
which involved C35/45 grade concrete and B500SP bars, 
found a good agreement among FE models, analytical 
methods, and experimental data, confirming consistent 
bond behavior across different bar diameters. 

The current debate in the field revolves around the 
accuracy of simple versus tensioned pull-out tests in 
representing the bond behavior of pretensioned 
members. While some researchers have employed 
simple pull-out tests, others have developed tensioned 
pull-out tests to more accurately represent the bond 
behavior in pretensioned members. Those who favor 

tensioned pull-out tests argue that simple pull-out tests 
do not accurately capture the bond behavior in 
pretensioned members. Conversely, proponents of the 
simple pull-out test believe it provides sufficient insights 
and point out that the tensioned pull-out test can be 
challenging to execute and sometimes yields 
inconsistent results, likely due to the complexities 
involved in the testing process. To study the bond 
behavior between strands and concrete in the flexural 
zone, it is crucial to identify the most suitable testing 
method, with both pull-out tests and tensioned pull-out 
tests being commonly used. As discussed, several 
experiments have been successfully simulated using 
various software, where the numerical results closely 
align with those of experimental tests. To address these 
contrasting views, this research will conduct a numerical 
study to examine the differences in bond strength 
between simple and tensioned pull-out tests, with a 
specific focus on the flexural bond. Additionally, the 
study will investigate the impact of varying tension 
ratios on bond strength. 

 

2. Methodology 
In pretensioned members, the flexural bond 

mechanism is activated under applied loads, causing the 
stress in the strand to increase. This "pull-out" scenario 
involves a reduction in the strand's diameter due to 
Poisson's effect as the steel stress rises with loading. At 
the onset of loading, the strand already possesses an 
initial stress due to prestressing. In the tensioned pull-
out test, as the load increases, the stress in the strand 
rises further until bond failure occurs, without reaching 
the yield strength [32]. In simple pull-out tests, the 
strand is initially unstressed, which does not accurately 
represent the behavior observed in pretensioned 
members, where an initial prestress is present [33] 
(Figure 1). To more accurately simulate the conditions in 
pretensioned members, researchers have developed 
tensioned pull-out tests. In these tests, the strand is first 
tensioned to an initial stress level prior to the casting of 
concrete, thereby reflecting the initial conditions found 
in actual structures. The testing then commences with 
the strand already under this initial stress. 

In this study, numerical modeling is employed to 
enhance the understanding of bond behavior in 
pretensioned members, specifically focusing on the 
flexural bond. The FE model used for this purpose was 
developed to simulate pull-out tests, incorporating 3D 
elements for both the concrete and the reinforcing bar. 
The bonded interface was modeled using isoparametric 
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gap elements, which were equipped with a pressure-
sensitive Mohr–Coulomb frictional interface. Part of this 
model, including the simple pull-out test, has been 
validated in previous research by the authors [17], which 
studied bond behavior in seven-wire strands and 
lightweight aggregate concrete. For a more detailed 
validation, reference can be made to that article. This 
study extends the analysis by focusing on tensioned pull-
out tests, introducing a parametric study of varying 
tension ratios (25%, 50%, 85%, 95%, 100%, and 103% 
of the yield strength of the strand) to assess their impact 
on bond strength. The comparison between simple and 
tensioned pull-out tests highlights the influence of pre-
applied tension on bond performance. 

 

 
Figure 1. Idealized stress-strain diagram for seven-wire 

strand. 

 
The pull-out test was simulated using ATENA 3D 

software, adhering to the RILEM recommendations for 
steel reinforcement [33, 34]. The test setup involved 
preparing a cubic specimen measuring 15 cm, with the 
reinforcement embedded within the cube. The 
embedment length was set at five times the diameter of 
the reinforcement, as illustrated in Figure 2. The 
rationale for selecting a short embedment length lies in 
the non-uniform distribution of bond stresses along the 
length, which tends to increase with the bonded length. 
Therefore, a shorter embedment length was chosen to 
achieve a more consistent bond stress-slip relationship 
[35]. ATENA 3D was particularly suitable for this 
analysis due to its specialized design for concrete, 
offering user-friendly features and appropriate default 
values [19]. The tensioned pull-out test was conducted 
in three distinct stages, as depicted in Figure 3. In the 
first stage, the strand was pretensioned to specific ratios 
of its yield strength. Following this, the concrete was cast 
around the pretensioned strand while maintaining the 

applied tension. In the final stage, the tensioning force 
was gradually increased until bond failure occurred.  
 

 
Figure 2. Schematic of the pull-out test specimen. 

 

 
Figure 3. Schematic representation of the tensioned pull-out 

test setup stages. 

 
The specimen detailed in a previous reference [4] 

utilized lightweight concrete with an average 
compressive strength of 41.65 MPa and an average 
tensile strength of 2.58 MPa. The concrete had an elastic 
modulus of 20.211 GPa and a density of 1744 kg/m³. The 
reinforcement used was a seven-wire strand with a 12.7 
mm diameter and a grade of 1860 MPa. This strand was 
an uncoated low-relaxation strand, featuring a nominal 
cross-sectional area of 97.65 mm² and an elastic 
modulus of 196.5 GPa. The properties of both the 
concrete and the reinforcement were input into the 
software for accurate simulation. The interface elements 
(CCIsoGap) were chosen to simulate the contact surfaces 
between the concrete and the strand, with their 
properties illustrated in Figure 4, where 𝜇 represents the 
friction coefficient, and C denotes cohesion [17]. The 
reinforcement was modeled using solid elements with 
the material model CC3DBiLinearSteelVonMises, 
employing the Von Mises Plasticity Model. This approach 
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allows for the simulation of the reinforcement as an 
elastic-plastic material with linear hardening properties. 
For the concrete, the material model 
CC3DNonLinCementitious2, as specified in the ATENA 
Manual [19], was used. The concrete was represented 
with 3D solid brick elements (CCIsoBrick) with reduced 
integration (8 nodes), while 3D solid tetrahedral 
elements (CCIsoTetra) with reduced integration (4 
nodes) were applied to the concrete adjacent to the 
strand (refer to Figure 5). The concrete zone was 
modeled to be approximately double the size of the bar. 
To reduce computational effort, only one-quarter of the 
specimen section was modeled, utilizing symmetry and 
enforcing boundary lateral restraints on the symmetry 
planes. Vertical support was also provided at the bottom 
surface of the concrete cube. The mesh size used was 3 
mm, ensuring accuracy in the simulation. The analysis 
employed the Standard Newton-Raphson iteration 
method with displacement load, using an increment of 
0.01 mm until specimen failure, with the load applied at 
the bottom surface of the reinforcement. 
 

 
Figure 4. Failure creation taken for contact element. 

 

 
Figure 5. FE model of the pull-out test. 

3. Results 
The simple pull-out test was initially validated 

against previous research, demonstrating consistent 
bond behavior under untensioned conditions. For a 
more detailed validation, refer to [17]. Figure 6 presents 
the bond stress–slip curve, comparing the FE model with 
the fib MC1990 [36] and fib MC2010 [6] models. The 
close alignment between these curves confirms the 
validity of the FE model for the simple pull-out test. 
 

 
Figure 6. Bond stress–slip relationship of the FE model, fib 

MC1990, and fib MC2010 in the simple pull-out test. 
 

The monitored data from the numerical model 
provide crucial insights into its performance. Four 
monitoring points were strategically chosen: the first 
and second points tracked the force applied and its 
displacement of the strand at the concrete cube bottom, 
while the third and fourth points measured the force and 
the slip of the strand at the concrete cube top, as 
illustrated in Figure 7. This setup enabled the calculation 
of stress and the derivation of the stress-displacement 
curve for the strand, which in turn allowed for the 
determination of bond stress at various slips. 

For the tensioned pull-out tests, six FE models 
were simulated, corresponding to varying tension ratios 
of 25%, 50%, 85%, 95%, 100%, and 103% of the yield 
strength of the strand. Figure 8 presents the results from 
these simulations. Each case showed a stress-
displacement curve that initially followed the pure 
tension relationship for the strand. Upon the application 
of force with the concrete cube in place, the stiffness 
increased until bond failure occurred, after which the 
curve returned to follow the stress-displacement pattern 
of the strand. The force continued to increase until the 
strand ultimately ruptured.  

To further analyze the results, bond stresses were 
computed for each case, and the bond stress-slip curves 
were plotted in Figure 9, which includes data from both 
the simple pull-out test and the tensioned pull-out test 
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specimens. The results, including tensioning stress, 
displacement, and bond strength, are detailed in Table 1. 
 

 
Figure 7. Monitoring points locations in the FE models for 

force, displacement, and slip. 
 

For the simple pull-out test, the bond strength was 
found to be 6.867 MPa, with a relative slip of 0.147 mm. 
For the tensioned pull-out test, the slip values associated 
with bond strength were fairly consistent, averaging 
around 0.159 mm across all FE models. Bond strength 
for the tensioned pull-out tests was calculated using Eq. 
1, which divides the difference in force applied at the 
bottom (𝐹𝑏) and top (𝐹𝑡) of the strand by the lateral 
contact area of the embedment length (𝑙𝑏), where ∅ 
represents the nominal diameter of the strand. 

Table 1. Numerical results of tensioned pull-out test 
simulations. 

Tensioning 
stress 
(MPa) 4

0
1

.3
2

 

8
0

3
.7

3
 

1
4

0
8

.8
6

 

1
6

1
0

.9
7

 

1
7

0
3

.2
5

 

1
7

4
2

.0
5

 

Ratio from 
yield 
(%) 

2
4

 

4
8

 

8
4

 

9
6

 

1
0

1
 

1
0

3
 

Ratio from 
ultimate 

(%) 

2
1

 

4
2

 

7
4

 

8
4

 

8
9

 

9
1

 

Displacement 
(mm) 0

.5
2

2
 

0
.7

3
3

 

1
.1

8
4

 

1
.3

5
6

 

1
.5

4
4

 

1
.6

2
2

 

Max. stress 
(MPa) 

1
4

5
.1

7
 

1
4

7
.9

3
 

1
4

9
.3

0
 

1
2

2
.8

9
 

9
2

.8
9

 

9
2

.9
5

 

Bond 
strength 

(MPa) 6
.1

4
5

 

6
.2

6
2

 

6
.3

2
0

 

5
.2

0
2

 

3
.9

3
2

 

3
.9

3
5

 

 
It was found that the simple pull-out test resulted 

in slightly higher bond strength compared to the 
tensioned pull-out test for models conducted below the 
yield strength threshold. Additionally, when comparing 
to the tensioned pull-out test for models below the yield 
strength, a significant reduction in bond strength was 
observed in two cases: first, when the pull-out test was 
initiated just prior to the onset of yielding and continued 
as yielding occurred, resulting in an 17% decrease in 
bond strength; and second, when the pull-out test began 

 
Figure 8. Stress-displacement curve of FE models. 
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after the strand had yielded, leading to a notable 37% 
decrease. 
 

 
Figure 9. (a) Bond stress vs. displacement curves and (b) 
Bond stress vs. slip curves for untensioned and tensioned 

models. 
 

𝜏𝑏 =
𝐹𝑏 − 𝐹𝑡
𝜋. ∅. 𝑙𝑏

 (1) 

 
For a more comprehensive understanding of the 

variations in bond strength across the different models, 
it is essential to examine the strand stress at failure and 
assess changes in the nominal diameter of the strand at 
failure.  This assessment includes comparing the strand's 
nominal diameter before and after the test to evaluate 
the effect of Poisson's ratio, as shown in Figure 10. The 
Poisson effect is one factor influencing the results, 
alongside the yielding of the strand, particularly in 
models tested at or beyond the yield strength. The 
results indicated that increasing tensile stress led to a 
reduction in the strand diameter due to the Poisson 

effect, which diminished the contact area and friction 
between the strand and concrete, consequently lowering 
bond strength. The reduction in strand diameter 
observed between the pre-test measurement and at 
bond failure was approximately 15% greater in 
tensioned tests conducted below the yield strength 
threshold compared to untensioned tests. This 
difference is attributed to the higher stress levels in the 
strand at failure. However, when the test was initiated 
just prior to or after the onset of yielding, this reduction 
was substantially larger, around 55% greater than in 
untensioned tests. 
 

 
Figure 10. (a) Strand stress at bond failure, and (b) 

Comparison of strand diameter before testing and at bond 
failure for all FE models. 

 
In conclusion, the simple pull-out test can 

effectively investigate the bond strength of pretensioned 
members in the flexural zone as found by Gessner et al. 
[12]. The results of the simple pull-out test in this study 
closely aligned with those of the tensioned pull-out test 
when the pretensioning force remained below the yield 
strength threshold, a typical condition in pretensioned 
members. Furthermore, the study highlighted the impact 
of varying tension ratios on bond strength, 
demonstrating a clear correlation between tension levels 
and bond performance. 
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4. Conclusion 
This study conducted a detailed numerical 

investigation to enhance the understanding of bond 
behavior in pretensioned members, focusing specifically 
on the flexural bond. The FE model, validated in previous 
research, was utilized to simulate both simple and 
tensioned pull-out tests, incorporating seven-wire 
strands and lightweight aggregate concrete. Besides, the 
research investigated the effects of varying tension 
ratios on bond strength, with tensioned pull-out tests 
conducted at 25%, 50%, 85%, 95%, 100%, and 103% of 
the yield strength of the strand. Models for the concrete 
and reinforcement bars utilized 3D elements, with the 
interface between the two materials simulated through 
3D isoparametric gap elements featuring a pressure-
sensitive Mohr-Coulomb frictional interface. The 
findings revealed several key insights: 
- The untensioned test yielded a higher value, 

approximately 8% greater than the tensioned test, 
when conducted below the yield strength threshold. 

- The pretensioning percentage exhibited no 
discernible impact when it remained below the yield 
strength threshold. 

- The bond strength showed an 17% decrease when the 
pull-out test was initiated just prior to the onset of 
yielding and continued as yielding occurred during 
the test. 

- A notable 37% decrease in bond strength was 
observed when the pull-out test commenced after the 
strand had yielded. 

- Across all models of the tensioned pull-out test, the 
slip values were relatively consistent, with an average 
of approximately 0.159 mm. This consistency 
indicates that despite variations in initial prestress, 
the relative slip behavior remained stable. 

- The decrease in strand diameter, observed between 
the pre-test measurement and at bond failure, was 
slightly greater in tensioned tests conducted below 
the yield strength threshold, approximately 15% 
more than in untensioned tests. This disparity is 
attributed to the higher stress in the strand at the 
point of bond failure. 

- However, when the test was initiated just prior to or 
after yielding, this reduction was substantially larger, 
around 55% greater than in untensioned tests. 

 
References 
[1] R. Jathar, Study of Bond Strength of Fibre Reinforced 

Concrete, Int J Res Appl Sci Eng Technol 6 (2018) 

2371–2380. 
https://doi.org/10.22214/ijraset.2018.4404. 

[2] D.P. Billington, Historical perspective on 
prestressed concrete, PCI Journal 21 (1976) 48–71. 

[3] B.H. Oh, E.S. Kim, Realistic evaluation of transfer 
lengths in pretensioned, prestressed concrete 
members, Structural Journal 97 (2000) 821–830. 

[4] T. Kovács, Z. Gyurkó, L. Jakab, R. Nemes, Influence of 
Unidirectional Cyclic Loading on Bond between 
Steel Bars Embedded in Lightweight Aggregate 
Concrete, Solids 3 (2022) 397–415. 
 https://doi.org/10.3390/solids3030028. 

[5] Z. Alkurdi, T. Kovács, Analytical and Numerical 
Modeling of Transfer Length of Seven-wire Strands 
in Preten-sioned Prestressed Concrete Members, in: 
Iványi Péter (Ed.), 18th MIKLÓS IVÁNYI 
INTERNATIONAL PHD & DLA SYMPOSIUM, Pollack 
Press, Pécs, 2022. 

[6] fib, fib Model Code for Concrete Structures 2010, 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 
Germany, 2013. 
https://doi.org/10.1002/9783433604090. 

[7] Z. Alkurdi, Influence of Concrete Compressive 
Strength on Transfer Length in Pretensioned 
Concrete Members Using 3D Nonlinear FEM 
Analysis, in: 6th International Conference On Civil 
Structural and Transportation Engineering 
(ICCSTE’21), AVESTIA, Niagara Falls, 2021. 
https://doi.org/10.11159/iccste21.112. 

[8] Z. Alkurdi, T. Kovács, M. Abed, Integrative Numerical 
and Analytical Approaches to Bond Strength in 
Lightweight Concrete: Innovative Modeling and 
Parametric Insights for Ribbed Steel Bars and 
Seven-Wire Strands, Results in Engineering (2024) 
102965. 
 https://doi.org/10.1016/j.rineng.2024.102965. 

[9] A. Jokūbaitis, J. Valivonis, An analysis of the transfer 
lengths of different types of prestressed fiber-
reinforced polymer reinforcement, Polymers 
(Basel) 14 (2022) 3931. 
https://doi.org/10.3390/polym14193931. 

[10] C. Vázquez-Herrero, I. Martínez-Lage, G. Aguilar, F. 
Martínez-Abella, Evaluation of strand bond 
properties along the transfer length of prestressed 
lightweight concrete members, Eng Struct 49 
(2013) 1048–1058. 
https://doi.org/10.1016/j.engstruct.2012.11.027. 

[11] X. Jiang, Q. Gui, Z.J. Ma, Pretensioned pullout test of 
18 mm (0.7 in.) diameter strand with different 
embedment lengths, Structural Concrete 20 (2019) 



 
 

180 

1842–1857. 
https://doi.org/10.1002/suco.201800215. 

[12] S. Gessner, J.C. Walraven, J. Hegger, Bond and 
anchorage of pre-tensioning tendons, in: 2017. 
https://api.semanticscholar.org/CorpusID:197619
775. 

[13] T.E. Cousins, M. Badeaux, S. Moustafa, Proposed test 
for determining bond characteristics of prestressing 
strand, PCI Journal 37 (1992) 66–73. 

[14] H.G. Abrishami, D. Mitchell, Bond characteristics of 
pretensioned strand, Materials Journal 90 (1993) 
228–235. 

[15] D.R. Rose, B.W. Russell, Investigation of 
standardized tests to measure the bond 
performance of prestressing strand, PCI Journal 42 
(1997). 

[16] T.C. Reba, T.W. Aure, Influence of aggregate size on 
shear mechanism of reinforced concrete beam 
subjected to impact load, SN Appl Sci 4 (2022) 224. 
https://doi.org/10.1007/s42452-022-05108-7. 

[17] Alkurdi Z, Bond Behavior of Ribbed Steel Bars or 
Seven-wire Strands in Lightweight Aggregate 
Concrete: A Numerical and Analytical Investigation, 
in: 9th International Conference on Civil Structural 
and Transportation Engineering, Avestia, Toronto, 
2024. https://doi.org/10.11159/iccste24.169. 

[18] Z. Alkurdi, Numerical Study of the Effect of 
Maximum Aggregate Size on the Ultimate Strength 
of Pre-tensioned Prestressed Concrete Beam, 
International Journal of Civil Infrastructure 5 
(2022) 70–77. 
https://doi.org/10.11159/ijci.2022.010. 

[19] V. Červenka, L. Jendele, J. Červenka, ATENA program 
documentation, part I, theorie, Prague, Czech 
Republic (2007). 

[20]  by G.J.D. and J.A. Swanson, ANSYS engineering 
analysis system user&#39;s manual, Houston, Pa. : 
Swanson Analysis Systems, 1985., 1985. 
https://search.library.wisc.edu/catalog/99958100
7202121. 

[21] M. Smith, ABAQUS/Standard User’s Manual, Version 
6.9, Dassault Systèmes Simulia Corp, Providence, RI, 
2009. 

[22] Z. Alkurdi, Evaluation of Pre-tensioned Prestressed 
Concrete Beam Behavior by Finite Element Analysis 
Using ATENA 3D, in: 7th International Conference 
On Civil Structural and Transportation Engineering 
(ICCSTE’22), Niagara Falls, 2022. 
https://doi.org/10.11159/iccste22.192. 

[23] S. De Nardin, F.M. Almeida Filho, J. Oliveira Filho, 
V.G. Haach, A.L.H.C. El Debs, Non-linear Analysis of 
the Bond Strength Behavior on the Steel-Concrete 
Interface by Numerical Models and Pull-Out Tests, 
in: Structures Congress 2005, American Society of 
Civil Engineers, Reston, VA, 2005: pp. 1–12. 
https://doi.org/10.1061/40753(171)107. 

[24] M.A. Abed, Z. Alkurdi, J. Fořt, R. Černý, S. Solyom, 
Bond Behavior of FRP Bars in Lightweight SCC 
under Direct Pull-Out Conditions: Experimental and 
Numerical Investigation, Materials 15 (2022) 3555. 
https://doi.org/10.3390/ma15103555. 

[25] M.A. Abed, Z. Alkurdi, A. Kheshfeh, T. Kovács, S. 
Nehme, Numerical Evaluation of Bond Behavior of 
Ribbed Steel Bars or Seven-wire Strands Embedded 
in Lightweight Concrete, Periodica Polytechnica 
Civil Engineering 65 (2021) 385–396. 
 https://doi.org/10.3311/PPci.16689. 

[26] J.C. Carroll, T.E. Cousins, C.L. Roberts-Wollmann, A 
practical approach for finite-element modeling of 
transfer length in pretensioned, prestressed 
concrete members using end-slip methodology., PCI 
Journal 59 (2014). 
https://doi.org/10.15554/pcij.06012014.110.129. 

[27] Y. Zhan, Z. Li, K. Chen, Y. Sun, Y. Li, F. Yue, W. Yang, 
Bond between 0.7-inch-diameter steel strands and 
UHPC: Pullout test, finite element simulation, and 
estimation of transfer length, Constr Build Mater 
417 (2024) 135217. 
https://doi.org/10.1016/j.conbuildmat.2024.1352
17. 

[28] A.J. Tavares, M.P. Barbosa, T.N. Bittencourt, M. 
Lorrain, Bond steel-concrete: simulation analysis of 
the pull-out tests and APULOT using the program 
ATENA, Revista IBRACON de Estruturas e Materiais 
7 (2014) 138–157. 
https://doi.org/10.1590/S1983-
41952014000100007. 

[29] S. Seok, G. Haikal, J.A. Ramirez, L.N. Lowes, High-
resolution finite element modeling for bond in high-
strength concrete beam, Eng Struct 173 (2018) 
918–932. 
https://doi.org/10.1016/j.engstruct.2018.06.068. 

[30] K. Tsiotsias, S.J. Pantazopoulou, Analytical 
Investigation on the Effect of Test Setup on Bond 
Strength, CivilEng 2 (2021) 14–34. 
https://doi.org/10.3390/civileng2010002. 

[31] M. Burdziński, M. Niedostatkiewicz, Experimental-
Numerical Analysis of the Effect of Bar Diameter on 



 
 

181 

Bond in Pull-Out Test, Buildings 12 (2022) 1392. 
https://doi.org/10.3390/buildings12091392. 

[32] R.W. Keuning, M.A. Sozen, C.P. Siess, A study of 
anchorage bond in prestressed concrete, Civil 
Engineering Studies SRS-251 (1962). 
 https://www.ideals.illinois.edu/items/14010 
(accessed August 16, 2024). 

[33] T.C. Rilem, RC 6 Bond test for reinforcement steel. 2. 
Pull-out test, 1983, RILEM Recommendations for 
the Testing and Use of Constructions Materials 
(1994) 218–220. 

[34] A. Windisch, A modified pull-out test and new 
evaluation methods for a more real local bond-slip 
relationship, Mater Struct 18 (1985) 181–184. 
https://doi.org/10.1007/BF02472967. 

[35] R. Tepfers, Z. Achillides, A. Azizinamini, G. Balázs, A. 
Bigaj-van-Vliet, J. Cabrera, J. Cairns, E. Cosenza, J.D. 
Uijl, R. Eligehausen, Fib Bulletin 10, Bond of 
reinforcement in concrete, Fib Bulletins 10 (2000). 

[36] M.C. CEB-FIP, design code, Comite Euro-
International du Beton–Federation Internationale 
de la Precontrainte, (1993). 


