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Assessment of frictional-bond strength at the interface of 
single SSF in cementitious composite and prediction of 
accompanying pressure of surrounding matrix
Amjad Khabaz

Civil Engineering Department, Faculty of Engineering, Hasan Kalyoncu University, Gaziantep, Turkey

ABSTRACT
This paper deals with the study of bond in fiber-reinforced concrete 
composites and the effect of fiber/concrete interfacial friction on the 
fiber bond capacity. The paper presents the results of an experimen-
tal campaign including direct pull-out test of straight steel fiber-SSF 
embedded in concrete matrix, aimed at investigating the effect of 
some parameters, such as bonded length, yielding strength of steel 
fiber, fiber/concrete roughness, surrounding pressure of concrete 
matrix, and Poisson’s ratio of concrete. Two analytical models based 
on the experimental results were proposed. Groups of single fiber 
embedded in concrete were prepared using different values of 
bonded length. The results showed that the frictional-bond strength, 
during fiber-slip stage, can be considered as constant despite chan-
ging the fiber embedment length. Furthermore, the SSF/concrete 
system can be considered as an elastic system, whereas the stress– 
displacement relation is semilinear. Finally, the results showed good 
improvements in the efficiency of frictional-bond strength when 
using fresh concrete with higher self-compacting, greater roughness 
at the interface of SSF/hardened-concrete, and fiber with lower yield 
strength. While no significant effect of Poisson’s ratio on the fric-
tional-bond strength was noticed.
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1. Introduction

The strength of plain concrete under tensile stresses usually takes place around 10–12% 
compared to its compressive strength, and cracks are developed due to this weakness 
property [1–4].

When a structural element is prepared from plain concrete and loaded by a direct 
tensile force or bending moment, the concrete resists these applied loads by internal 
shear stress and normal stresses as tensile or compressive stresses [5–7].

In traditional reinforced concrete, steel rebars are usually used to resist the internal 
tensile stresses, and stirrups or bent bars are usually used to resist the shear stresses [8]. 
When plain concrete is subjected to tensile or shear stresses, initial cracks are developed, 
and sufficient post-cracking strength will be required to protect the concrete from brittle 
fracture [9,10].

In fiber-reinforced concrete (FRC) composites, the fiber is usually used to secure the 
required post-cracking strength, where the random distribution of fibers supports the 
concrete in all directions; consequently, improvements in composite strength are 
expected in all directions [11–14].

To obtain the required strength from the fibers inside cementitious composites, the 
bond strength between the fiber and the concrete should be sufficient at the interface of 
fiber to concrete [15–18].

When the fiber is subjected to tensile stresses inside concrete matrix, these tensile 
stresses are converted into shear stresses at the interface of fiber to concrete, then the 
bond strength starts to work as a guarantee to prevent the separation between the fiber 
and the concrete [19,20]. This separation at the interfaces may happen sometimes 
because of environmental reasons such as exposure to high temperature in summer 
seasons, especially in hot regions [21,22].

During the time of cement paste hydration, the binding quality is usually 
produced because of cement–water chemical reaction [23], which means a full- 
bond strength will be generated at the interface between the fiber and the concrete 
[24,25]. This interfacial full-bond strength should be sufficient with respect to the 
design requirements; otherwise, the composite will start in failure because of cracks 
development at the interfaces; these cracks can be considered as a warning for the 
service capacity, which means that the applied loads exceeded the design strength 
capacity [26,27].

To avoid the brittle fracture in the composite, the longer warning term is preferred, 
where the debonding stage term will be longer and the sliding performance of the fiber 
inside the concrete will be better [17,28]. The full-bond strength and the debonding 
performance are related to the chemical adhesion strength at the interface of fiber to 
concrete, where these types of bond strength should be designed according to assumed 
life service requirements of the composite [29].

If the applied tensile stresses on the fiber exceed the ultimate strength of the chemical 
full-bond strength, debonding behavior will happen at the interface, and after that the 
fiber tends to move inside the concrete by sliding behavior [30–34]. Then, the pressure of 
surrounding concrete and the roughness between the concrete and the fiber will work to 
prevent the fiber from sliding [35,36]. The friction at the interface converts the surround-
ing pressure of concrete into frictional shear stress [37,38].
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To improve the frictional fiber-slip performance at the interface between the steel fiber 
and the concrete in FRC composites, deformed steel fibers can be used. Since the bond 
strength development is insufficient and premature pull-out failure with damages in the 
surrounding matrix by excessive anchorage effect, the limitations of using such deformed 
steel fibers were identified by some researchers [39]. To overcome the limitations of using 
highly deformed steel fibers in concrete matrix, new types of steel fibers were moderately 
deformed to prevent local stress concentration and surface-modified have been devel-
oped [40]. The pull-out resistance of smooth, straight steel fiber was better at inclined 
conditions in general [41], and according to this fact, Kim et al. [42] developed steel fibers 
having various curvatures, ranging from 0.02 to 0.10/mm, which prevent stress concen-
trations of drastic deformation like end hooks. The matrix damages were substantially 
mitigated during the fiber pull-out process, and the optimum type with a curvature of 
0.04/mm led to a g-value of 109.3 kJ/m3, which is approximately 2.8 times higher than 
that of conventional straight fiber at the same fiber volume fraction of 1.5%. However, 
chemical treatment on the surface of steel fibers can be used as well to increase the 
roughness and interfacial frictional resistance with concrete matrix.

To evaluate the role of friction at the interface between the fiber and the matrix, 
establishing a contact model is helpful for researching the friction [43].

During the last years, micromechanical models for fiber-reinforced cementitious 
composite materials have gradually evolved in sophistication so that a structural perfor-
mance-driven material design has been made possible [44]. The most crucial link 
between the properties of fiber, matrix, and fiber/matrix interface and that of 
a composite is the crack bridging stress–crack opening relation. Therefore, a reliable 
stress–strain relation of a composite based on a micromechanical model is needed in 
order to design a composite material that can meet the performance requirements of 
a structure. As discussed by [45], it was found that for nylon and polypropylene fibers, it 
was necessary to have an increasing interfacial shear stress with slippage distance (slip- 
hardening interface) in order to describe the experimental pull-out curves, while for steel 
fibers, a decreasing the interfacial shear stress with slippage distance was needed. 
According to [46] a Moire interferometry technique was used to measure the in-plane 
displacements around the continuous steel fiber/cement matrix interface, and the inter-
face slip was calculated in addition to the interface shear stress, where the interface shear 
stress decayed with increasing value of the slip distance. Slip-dependent interface beha-
vior has also been found in aligned continuous fiber-reinforced metal and ceramic matrix 
composites [47]. Several crack bridging models were developed as discussed in [48,49] 
for these aligned continuous fiber composites.

According to literature, despite of the big number of researches conducted on the pull- 
out mechanism of fiber to different types of surrounding matrix, it is obviously shown 
that the relations between the main parameters, which effect on the efficiency of the fiber/ 
matrix frictional sliding, are still not completed, and also the question about how these 
parameters can be controlled properly to improve this efficiency is still not fully 
answered.

Therefore, the objective of this study is to (1) define the main factors, which may effect 
on the frictional-bond strength, such as the embedment length of fiber, the friction 
coefficient between the fiber and the concrete, the yield strength of fiber, the pressure of 
surrounding concrete, and Poisson’s ratio of concrete; (2) derive the relationships 
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between these factors; (3) evaluate the role of each factor may effect on this frictional- 
sliding strength; (4) determine the main parameters that can be used to improve the 
efficiency of fiber-slip mechanism; and (5) assess the frictional-bond strength of SSF/ 
concrete matrix under the defined parameters. To conduct such a study, two new 
analytical models have been developed. The first model is devoted to the fully bonded 
SSF/concrete matrix system, and the second model is devoted to the frictional sliding 
SSF/concrete matrix system. The results of these two models have been validated through 
finite element modeling and experimental pull-out tests as well.

The results of this study may add a worthy contribution to the industrial field through 
some applications such as development of devices for cracks development observation in 
FRC structures; early warning system of irregular live loads on buildings; consideration 
of new factors for concrete mix design that can be used to improve the efficiency of fiber/ 
concrete system including the fiber type and its surface roughness; reduction of required 
quantity of cement as bonding material in concrete through controlling the morphology/ 
topology contact surface between the fiber and the concrete in FRC structures, conse-
quently reducing the cost of building construction; and improve the manufacturing 
properties of steel fibers in accordance with this study requirements with respect to the 
roughness and morphology of the steel fiber surface.

2. Materials and methods

2.1. Bond-slip mechanism

To describe the bond-slip mechanism of fiber/matrix system clearly, a typical curve of 
pull-out test of straight steel fiber-SSF in a cementitious composite is drawn as shown in 
Figure 1, where the chemical full-bond strength at the interface controls the first stage of 
fiber pull-out mechanism under elastic behavior till reaching the critical load (Pcrit), with 
fiber displacement equals (Δcrit), (point 1). Then, the chemical bond yields under plastic 
behavior until reaching the ultimate full-bond strength point (point 2), which happens at 
a maximum pull-out load (Pmax), where the fiber displacement is equal to (Δmax). Then, 
the capacity of pull-out loads is getting down through nonlinear debonding behavior 
until reaching the full-debonding point (point 3), where the pull-out load is (P0) and the 
fiber displacement equal to (Δ0). At this point, the chemical bond is assumed to be fully 
broken overall the embedded length of the fiber. Then, the lateral pressure of concrete 
matrix around the fiber produces a new type of bond, which can be called as frictional- 
bond, where lateral pressure of surrounding concrete will be converted into an interfacial 
frictional-bond strength. This happens because of the roughness of fiber and concrete 
surfaces. When the fiber/matrix system is fully deboned, the fiber sliding stage will start, 
and the sliding–displacement will be measured along (S) axis, where at point 3 and before 
fiber sliding (S ¼ 0), as shown in Figure 1. During the fiber-sliding stage, which is 
considered as the final stage in the bond-slip mechanism, the frictional-bond strength 
works to resist the fiber from pulling out of the concrete until reaching the point of fully 
bond failure of fiber/concrete system (point 4).

For more understanding, and depending on the author research data, the bond-slip 
mechanism was described by monitoring the development of the applied pull-out load, 
P yð Þ, and the fiber displacement during all stages of pull-out test. This monitoring was 
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done by using the results of computer simulations from previous works prepared by the 
author of this study. Therefore, we can say that bond between the fiber and the matrix 
usually starts as a perfect chemical bond; this bond works overall the embedded length 
of fiber in the concrete (lemb), as shown in Figure 2a. In Figure 2, the contour plots of 
displacement vector sum are shown, and in this section there is no need to follow the 
precise values of the shown displacements, where these drawings are prepared to clarify 
the general deformed shape of fiber/matrix system during the different stages of pull-out 
test. The chemical bond, between the SSF and the concrete matrix, resists the pull-out 
loads until reaching the ultimate full-bonding point, where P yð Þ ¼ Pmax and the fiber 
displacement is equal to (Δmax), as shown in Figure 2b. After that a gradual separation 
between the fiber and the concrete grows at the interface through partial debonding 
behavior, with debonding length equal to (ldebo), as shown in Figure 2c, where the length 
of debonding zone expands gradually overall the embedded length of the fiber. While 
the capacity of pull-out load decreases until reaching the full-debonding point with fiber 
displacement equal to (Δ0) and P yð Þ ¼ P0, with respect to the concrete matrix interface, 
as shown in Figure 2d. When the chemical bond is fully failed at the full-debonding 
point, the fiber tends to slide and pull out of the concrete matrix, and then a frictional 
shear stress is produced at the interface between the fiber and the concrete. This 
frictional shear stress happens because of the roughness between the surface of fiber 
and the surface of concrete, where the pressure of surrounding concrete is converted 
into an interfacial shear stress under the effect of friction, and this stress will be called as 
the frictional-bond strength.

The bond at the interface between the fiber and the concrete should meet all required 
conditions to activate the initial point of full-debonding, where the frictional-bond 
stresses can start in work. Therefore, the concrete mix, in this study, was designed taking 

Figure 1. Typical curve of pull-out test of straight steel fiber-SSF in a cementitious composite.
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into account the importance of bond properties after concrete hardening. These proper-
ties of bond are required to obtain sufficient adhesion between the particles of concrete 
after hardening, which is important to resist the development of cracks in the concrete 
during the pull out test.

2.2. Concrete mix properties and designation

The concrete mix was prepared using a laboratory trial method. The cement amount 
was designed to obtain sufficient full-bond strength between all concrete mix 
components, and the content of water was calculated to conduct a well hydration 
process for the cement paste, and to obtain an acceptable workability, where the 
ratio of water to cement was equal to 37%. Three types of sand aggregates were 
used; its sizes were ranged from 0 to 0.5 mm, from 0.3 to 2.5 mm, and from 2 to 
4 mm, in addition to filler (dolomite powder) and microsilica, which is necessary to 
obtain an acceptable smoothness in the curve of graded aggregates. For improve-
ment purposes in fresh concrete workability and air contents, in addition to 
adjustment of voids when the concrete becomes hard, two types of admixtures 
were used, SIKA EVO 26 and SIKA AER S. After mixing, the concrete mix was 
homogeneous with acceptable workability; the cone slump was equal to 7 cm. The 
density of fresh concrete was equal to 1955.3 kg/m3 (see Table 1). The modulus of 
elasticity of hardened concrete after 28 days was 30,000 MPa, and the compressive 
strength was 21 MPa. Also, Poisson’s ratio was defined as 0.20.

Figure 2. Bond-slip mechanism considering contour plot of displacement vector sum: (a) pre-critical; 
(b) full-bonding; (c) partial-debonding; (d) frictional-sliding phase.
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2.3. SSF properties and chemical composition

The fiber in this research is a straight steel fiber-SSF with sufficient properties such as 
yield strength, elasticity modulus, Poisson’s ratio, stiffness, and enough roughness at its 
external surfaces (see Figure 3). These properties are important to obtain a homogeneous 
work at the interfaces when the fiber is embedded into a concrete matrix in case of 
cementitious composite.

The main physical properties of the used fiber in this research are as follows:

The total length is 50 mm, the diameter is 0.8 mm, the yield strength 1200 MPa, the volume 
weight is 7850 kg/m3, and the modulus of elasticity is 200,000 MPa and Poisson’s ratio is 0.28.

The chemical elements of steel fiber composition consist of carbon < 0.15, manganese 
< 0.95, silicium < 0.30, phosphate < 0.070, and sulfur < 0.050.

2.4. Experimental program

In this study, 15 experimental pull-out tests were conducted for different samples 
of single SSF embedded in concrete matrix. These samples have been divided into 
five groups, and each group consists of three samples. In the first group, the 
embedment length of fiber Ldf ¼ 0:1L;whereL is the total length of fiber, which 

Table 1. Concrete mix proportions.
Proportions of concrete mix For 1 m3

Cement II 42.5 A-V 575 kg
Water 213 l
Microsilica 49 kg
Dolomite powder filler 182 kg
Sand 0– 0.5 mm 427 kg
Sand 0.3–2.5 mm 370 kg
Sand 2–4 mm 129 kg
Admixture SIKA EVO 26 8.7 l
Admixture SIKA AER S (10%) 1.6 l
Total weight of 1 m3 concrete 1955.3 kg/m3

Figure 3. Straight steel fiber-SSF.
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is 50 mm. In the second group, the embedment length of fiber Ldf ¼ 0:2L. Then 
the embedment length of fiber Ldf ¼ 0:3L in the third group, and the embedment 
length of fiber Ldf ¼ 0:4L in the fourth group, and in the fifth group the embed-
ment length of fiber Ldf ¼ 0:5L.

The method of curing was the moist-curing method, with room temperature 25 � 30, 
and humidity (H) rang 40%<H < 80%, where after casting all samples are to be covered 
by a layer of soft nylon; in this case, the moisture of concrete will evaporate slowly and 
stronger concrete can be obtained (see Figure 4).

After 28 days, a pull-out test was conducted for each sample. The pull-out speed was 
maintained at 1 mm/min. Then records of force–displacement were taken to observe the 
mechanical behavior of fiber inside the concrete compared to the increment of pull-out 
tensile forces. Using these records, a curve of force–displacement can be drawn, then 
bonding and debonding points can be found for each sample, and frictional-interfacial 
stage can be shown as well, which is important to validate the analytical model of this 
study in addition to the governing equations.

2.5. Creation of analytical models

To derive the governing equations of full-bond strength and frictional-bond strength 
between the fiber and the concrete, we have to create two analytical models represent-
ing the interfacial shear stresses first in the stage of fully bonded fiber/matrix system 
and second in the frictional-sliding stage as mentioned before in Figure 2. These two 
analytical models should match the same real dimensions and properties of fiber and 
concrete materials, as what was used in the experimental program.

According to these assumptions, the first analytical model was created to describe 
the fully bonded fiber/matrix system as shown in Figure 5, and the second model 
was created to describe the sliding stage of fiber/matrix system as shown in Figure 6. 
In these two models, the concrete matrix is assumed to be fixed at the lower end, 

Figure 4. Curing procedure of prepared samples.
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and the fiber is assumed to be free on the upper end. At the interface between the 
fiber and the concrete, the surface of fiber to matrix is assumed to be fully bonded 
in the first model, and in the second model the surface of fiber to matrix is assumed 
to be moveable under frictional sliding behavior.

In the first and second analytical models, P yð Þ is assumed to be the applied 
tensile force on the free end of the fiber. In the first model, where the system of 
fiber/matrix is fully bonded, the equilibrium will be satisfied between the act force 
and the reaction. Therefore, the tensile force and the reaction at the fixed end of 
the concrete matrix will be in the same magnitude and opposite direction. In 
the second model, where the system of fiber/matrix is frictional sliding, the 
equilibrium will not be satisfied between the act force and the reaction, because 
of fiber pull-out movement upward. Therefore, during the sliding stage, the mag-
nitude of the applied tensile force will be always greater than the reaction at the 
fixed end of the concrete matrix.

The concrete around the fiber will push the fiber by a surrounding pressure as normal 
stresses σx in x-direction to prevent the fiber from pulling out of the concrete. Therefore, 
this concrete pressure will be converted into interfacial-stress τf 1 on the side of concrete 
matrix, and τf 2 (in case of frictional-sliding system) or τf 3 (in case fully bonded system) 
on the side of fiber.

The diameter of fiber in all cases is considered as Df , and the embedment length of the 
fiber inside the concrete matrix is considered as Ldf .

Figure 5. Fully bonded steel fiber/concrete matrix system 2D analytical model.
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2.6. Derivation of governing equations

Returning to the analytical two models, when applying the tensile force P yð Þ, the 
frictional shear stress will be produced because of the roughness between the fiber and 
the concrete at the interface. This interfacial shear stress on concrete side τf 1 can be 
calculated as follows [50]: 

τf 1 ¼ σx � Fri f :cð Þ (1) 

where Fri f :cð Þ is the coefficient of friction between the fiber and the concrete.
In case of fully bonded fiber/matrix system, if the embedded length of the straight steel 

fiber is greater than the development length, then the steel fiber may yield, leaving some 
length of the fiber inside the concrete. In this case, the required full-bond strength on the 
fiber surface τf 3 can be found theoretically depending on the principle of steel fiber 
development length Ldf , as discussed in [51]. The steel fiber development length can be 
found using Equation (2) in terms of fiber diameter and steel fiber yield as follows: 

Ldf ¼
Df � fy

4� τf 3
(2) 

where fy is the yield strength of steel fiber.

Figure 6. Frictional-sliding steel fiber/concrete matrix system 2D analytical model.
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Rearranging Equation (2) will give a suitable shape of an equation that can be used to 
calculate the full-bond strength, τf 3, theoretically as follows: 

τf 3 ¼
Df � fy

4� Ldf
(3) 

Experimentally, in the phase of fiber slippage, the fiber can undergo sliding with either 
slip-hardening, constant friction, or slip-softening effect, which can be characterized by the 
coefficient (β), as discussed in [52,53]. Therefore, fiber pull-out behavior during sliding 
phase could be grouped into three categories, namely, slip-hardening (β> 0), constant 
friction (β ¼ 0) and slip-softening (β< 0). Slip-hardening occurs often with polymer fibers. 
Because they are less hard than the surrounding matrix, they are damaged and a jamming 
effect can take place inside the matrix. Whereas constant friction or slip-softening is often 
observed when the fiber hardness is higher than that of the surrounding matrix.

The pull-out force P yð Þ can be expressed in terms of fiber slip (S) using Equation (4) as 
follows: 

P yð Þ ¼ τf 2 � π � Df � Ldf þ S� β�
Ldf

Df
� 1

� �� �

(4) 

According to literature, the hardness of material is referenced by its compressive 
strength; consequently, the higher the compressive strength, the harder the material. The 
compressive strength of normal concrete in this study is 21 MPa, while it is 1200 MPa for 
the steel fiber. This leads to that the steel fiber hardness is higher than that of the 
surrounding concrete matrix; therefore, it can be assumed that (β ¼ 0) or constant 
friction behavior during sliding phase throughout the derivation of governing equations, 
which is evident from the pull-out curve provided in the manuscript. Therefore, the pull- 
out force P yð Þ can be expressed in terms of fiber slip (S) using Equation (5) as follows: 

P yð Þ ¼ τf 2 � π � Df � ðLdf � SÞ (5) 

Consequently, the instant interfacial-shear stress on the fiber surface (τf 2) can be 
considered as the frictional-bond strength, and it can be found experimentally during 
fiber slippage using Equation (6) as follows: 

τf 2 ¼
P yð Þ

π � Df � ðLdf � SÞ
(6) 

The maximum frictional-bond strength will be met when (τf 2 ¼ τf 2max), and this will be 
obtained at the onset of fiber slippage, when [S ¼ 0andP yð Þ ¼ P0] (see Figure 2). 
Therefore, the maximum frictional-bond strength can be found experimentally by 
using Equation (7) as follows: 

τf 2max ¼
P0

π � Df � Ldf
(7) 

During fiber-sliding stage, when the fiber is pulling out of the matrix, the interfacial 
shear stress on concrete side τf 1 will be smaller than the instant interfacial shear stress on 
fiber surface τf 2, and we can write 
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τf 1 < τf 2 (8) 

In this case, if we substitute τf 1andτf 2 in Equation (8) by Equations (1) and (6), 
the relation between the surrounding pressure of concrete matrix and the instant 
pull-out load can be expressed as follows, with respect to the friction coeffi-
cient Fri f :cð Þ: 

σx <
P yð Þ

π � Df � ðLdf � SÞ � Fri f :cð Þ
(9) 

To obtain maximum resistance against fiber sliding inside the concrete, the interfacial 
shear stress on concrete side τf 1 should be greater than the interfacial shear stress on fiber 
surface τf 2max.

Therefore, we can write 

τf 1 � τf 2max (10) 

Substituting τf 1andτf 2max in Equation (10) by Equations (1) and (7) will give 

σx � Fri f :cð Þ �
P0

π � Df � Ldf
(11) 

In Equation (11), σx represents the maximum predicted pressure of the surround-
ing concrete on the fiber surface. Therefore, to obtain experimentally the maximum 
frictional resistance against fiber sliding in the matrix, the required surrounding 
concrete pressure on the fiber surface can be predicted using Equation (12) as 
follows: 

σx experimentallyð Þ ¼
P0

π � Df � Ldf � Fri f :cð Þ
(12) 

Whereas the required surrounding concrete pressure on the fiber surface, in case of 
fully bonded fiber/matrix system, can be predicted theoretically according to Equation 
(13) as follows: 

σx theoreticallyð Þ ¼
Df � fy

4� Ldf � Fri f :cð Þ
(13) 

When the concrete matrix behaves elastically, a linear relationship between stress and 
strain can be considered. This linear relationship between the stress and the strain in 
concrete is defined by Hook’s law as in Equation (14), where εx is the strain of the matrix 
in x-direction and E is the elasticity modulus of concrete matrix: 

σx ¼ εx � E (14) 

Assuming that the materials of steel fiber and concrete matrix are isotropic (no 
directional dependence), the stress and the strain in y and z directions will not be 
equal to zero: 

ðεy ¼ εz�0Þ

ðσy ¼ σz�0Þ
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In literature, shear modulus of a material (G) is defined by Equation (15): 

G ¼
E

2 1þ νð Þ
(15) 

In Equation (15), ν is Poisson’s ratio, which can be found using Equation (16), where 
εy is the strain of the concrete matrix in y-direction: 

ν ¼
latralstrain
axialstrain

¼ �
εx

εy
(16) 

According to Equation (15), the modulus of elasticity (E) can be expressed by 
Equation (17): 

E ¼ 2� G� 1þ νð Þ (17) 

Substituting the modulus of elasticity (E), as written in Equation (17), in Equation (14) 
of the surrounding concrete pressure (σx) will lead to a relationship between the required 
surrounding concrete pressure and Poisson’s ratio as expressed in Equation (18): 

σx ¼ 2� εx � G� 1þ νð Þ (18) 

2.7. Finite element modeling (FEM)

To monitor the frictional-sliding zone in the pull-out mechanism, FEM was prepared 
using ANSYS software. The finite element model can be used to study the effect of 
materials’ properties and dimensions on the frictional sliding behavior of the fiber/matrix 
system, such as the fiber embedment length, the yield strength of steel fiber, the friction 
coefficient at the interface between the fiber and the concrete, and the Poisson’s ratio of 
the concrete matrix.

Accordingly, a 2D finite element model was prepared by using the same shape and 
geometries of the proposed analytical model in the theoretical part of this study, as shown 
previously in Figure 6. In the finite element modeling, the elasticity modulus of 30,000 MPa 
and Poisson’s ratio of 0.20 were used to construct the mesh of concrete matrix. Whereas the 
elasticity modulus of 200,000 MPa and Poisson’s ratio of 0.28 were used to construct the 
straight steel fiber. Furthermore, the connection between the concrete and the fiber was 
prepared as a line-to-line contact element, with friction coefficient at the interface in change-
able values.

To reach the required results from the FEM, a virtual tensile force P yð Þ should be 
applied at the free end of the fiber, and the concrete mesh should be fixed from move-
ments at its ends as shown in Figure 7.

3. Results and discussion

3.1. Experimental results of pull-out test

The frictional behavior at the interface of fiber/concrete can be observed by applying 
pull-out test on the samples of five groups, which are prepared using different values of 
embedment length of single steel fiber as mentioned before in the experimental program 
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section. The experimental curves of pull-out test showed the evolution of fiber displace-
ment versus the evolution of pull-out force for each sample in each group, (see Figures 
8–12).

Since the slope of force–displacement curve is constant (with angle α) in the zone of 
frictional sliding, as shown in Figures 8–12, it can be concluded that assuming (β ¼ 0) in the 
section of theoretical analysis in this study is validated experimentally. Consequently, it can 
be concluded that the relation of force–displacement is linear during the stage of fiber-slip.

3.2. Evaluation of bond strength and surrounding pressure

To evaluate the performance of the frictional-bond strength between the fiber and the 
concrete, with respect to different values of fiber embedment length (0.1 L, 0.2 L, 0.3 L, 
0.4 L, 0.5 L), three values of friction coefficient Fri f :cð Þ will be used (0.05, 0.10, 0.15).

The maximum applied pull-out force P0 at the tip of debonding zone can be found 
from the experimental pull-out test records after drawing the force–displacement curve 
for each case. Depending on P0, the frictional-bond strength τf 2max can be found using 
Equation (7). Then, the accompanying pressure of surrounding concrete σx can be 
predicted experimentally by using Equation (12) (see Table 2).

Figure 7. 2D finite element model represents the fiber/concrete system in the frictional-sliding stage.
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Theoretically, the full-bond strength τf 3 can be calculated using Equation (3), and the 
accompanying pressure of surrounding concrete σx in case of fully bonded steel fiber/ 
concrete matrix system can be predicted using Equation (13) (see Table 3).

The evolution of the frictional-bond strength τf 2max, compared to the fiber 
embedment length Ldf , can be observed as shown in Figure 13, where it is clear 
that the frictional-bond strength can be considered as constant versus different 
values of fiber embedment length. While the full-bond strength of steel fiber/con-
crete matrix system is decreasing gradually when decreasing the value of fiber 

0 1 2 3 4 5

Figure 8. Experimental pull-out curve of single steel fiber in concrete matrix, Ldf ¼ 0:1L.

0 2 4 6 8 10

Figure 9. Experimental pull-out curve of single steel fiber in concrete matrix, Ldf ¼ 0:2L.
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embedment length Ldf . The results show big variations between the frictional-bond 
strength during the fiber-slip stage and the full-bond strength in case of fully 
bonded steel fiber/concrete matrix system. Since the full-bond strength was found 
by assuming an appropriate length for the steel fiber to develop its full yield 
strength, without failure in the bond strength between the fiber and the concrete, 
this means that the fiber plastic elongation will not be considered for bond strength 
lower than the full-bond strength (such as low values of frictional-bond strength, 
according to this study experimental records). Therefore, the plastic elongation of 

0 2 4 6 8 10 12 14 16

Figure 10. Experimental pull-out curve of single steel fiber in concrete matrix, Ldf ¼ 0:3L.

0 5 10 15 20 25

Figure 11. Experimental pull-out curve of single steel fiber in concrete matrix, Ldf ¼ 0:4L.

16 A. KHABAZ



steel fiber will not be met during fiber-slip stage in concrete matrix. Consequently, 
during the fiber-slip stage, the steel fiber/concrete matrix system can be considered 
as elastic system, and the stress–strain relation is linear.

During fiber-slip stage, assuming the matrix pressure as the required surrounding pres-
sure to obtain the same value of frictional-bond strength, decreasing in the accompanying 
pressure of surrounding concrete matrix σx can be observed when applying a higher value of 
friction coefficient Fri f :cð Þ, with respect to each value of fiber embedment length Ldf , as shown 
in Figure 14. From this result, it can be concluded that in lightweight concrete, where the 
content of air voids is high, a higher value of friction coefficient is required to obtain the same 
frictional-bond strength; consequently, a larger roughness of fiber surface is required.

0 5 10 15 20 25 30

Figure 12. Experimental pull-out curve of single steel fiber in concrete matrix, Ldf ¼ 0:5L.

Table 2. Experimental frictional-bond strength and prediction of accompanying pressure of surround-
ing concrete at the interface between the fiber and the concrete using different values of friction 
coefficient Fri f :cð Þ and different values of fiber embedment length Ldf .

Embedment length, Ldf 
(mm) 0.1 L = 5 mm 0.2 L = 10 mm 0.3 L = 15 mm 0.4 L = 20 mm 0.5 L = 25 mm

Pull-out load, P0 
(N)

23.0 39.2 62.5 86.5 106.3

Experimental frictional-bond 
strength, τf 2max 
(MPa)

1.83 1.56 1.66 1.72 1.69

Accompanying pressure of 
surrounding concrete, σx 
(MPa) 
Fri f :cð Þ ¼ 0:05

36.61 31.19 33.16 34.42 33.84

Accompanying pressure of 
surrounding concrete, σx 
(MPa)Fri f :cð Þ ¼ 0:10

18.30 15.60 16.58 17.21 16.92

Accompanying pressure of 
surrounding concrete, σx 
(MPa)Fri f :cð Þ ¼ 0:15

12.20 10.40 11.05 11.47 11.28
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Also, during fiber-slip stage, the accompanying pressure of surrounding concrete matrix 
σx, can be considered as constant when using different values of fiber embedment length Ldf , 
with respect to each value of friction coefficient Fri f :cð Þ, as shown in Figure 15. While, in case 
of fully bonded fiber/matrix system, the accompanying pressure of surrounding concrete 
matrix was clearly related to the embedment length of the fiber Ldf , and significant variations 
were observed when decreasing the value of the embedment length (see Figure 16).

According to the previous results, we can say that improving the self-compacting 
properties of fresh concrete may lead to a higher accompanying surrounding pressure; 
this will shift the tip of debonding zone to be placed at a point versus a greater value of 
fiber displacement, meaning the partial fiber stretching may add an additional contribu-
tion to the frictional-bond strength

Table 3. Theoretical full-bond strength and prediction of accompanying pressure of surrounding 
concrete at the interface between the fiber and the concrete using different values of friction 
coefficient Fri f :cð Þ and different values of fiber embedment length Ldf .

Embedment length, Ldf 
(mm) 0.1 L = 5 mm 0.2 L = 10 mm 0.3 L = 15 mm 0.4 L = 20 mm 0.5 L = 25 mm

Yield strength of steel fiber, fy 
(MPa)

1200 1200 1200 1200 1200

Theoretical full-bond strength, τf 3 
(MPa)

48.00 24.00 16.00 12.00 9.60

Accompanying pressure of 
surrounding concrete, σx 
(MPa) 
Fri f :cð Þ ¼ 0:05

960 480 320 240 192

Accompanying pressure of 
surrounding concrete, σx 
(MPa)Fri f :cð Þ ¼ 0:10

480 240 160 120 96

Accompanying pressure of 
surrounding concrete, σx 
(MPa)Fri f :cð Þ ¼ 0:15

320 160 107 80 64

Figure 13. Evolution of frictional-bond strength τf2max and full-bond strength τf3 versus different 
values of fiber embedment length Ldf .
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Experimentally, it was noticed that the relation between the accompanying pressure of 
surrounding concrete, which is produced overall the embedded length of fiber because of 
the frictional sliding, and the evolution of fiber displacement is semilinear (see Table 4 
and Figure 17). This semilinear behavior can be interpreted because of the changes in the 
morphology/topology of the fiber and concrete surfaces at the interface during the fiber- 
slip stage in the concrete.

Fiber-sliding behavior inside FRC composites can be monitored using numerical 
simulations as well. In the numerical simulations, different values of Poisson’s ratio 
were used (0.16, 0.18, 0.20, 0.22, 0.24) for concrete mesh. The elasticity modulus of 
concrete mesh was assumed to be 30,000 MPa, and the elasticity modulus of straight 
steel fiber was assumed to be 200,000 MPa with fixed value of Poisson’s ratio equal 
to 0.28. The connection between the concrete and the fiber was prepared as line-to- 
line contact element, while the friction factor at the interface was assumed to be 
0.10. The embedment length of fiber in the concrete was assumed to be half of its 
total length, which is assumed 50 mm, and the diameter of fiber was assumed to be 
0.8 mm. Simulations for different fiber displacements were prepared (3.6, 5.7, 13.7, 
19.5, 21.6 mm); these displacements were selected according to experimental results, 
where these displacements follow the main points of force changes along the inter-
face on the experimental curves. In the numerical simulations, the results showed 
semilinear distribution of deformation in x-direction in concrete along the interface 
between the fiber and the concrete (see Figure 18). Since all deformations usually 
happen due to the action of internal stresses in the same direction, this means there 
are semilinear distributed stresses act inside the concrete (which are x-component of 
internal normal stresses in concrete), and because of these stresses semilinear 
deformations have been produced in x-direction. This semilinear behavior can be 
interpreted as well because of the changes in the morphology/topology of the fiber 
and concrete surfaces at the interface during the fiber-slip stage in the concrete.

Figure 14. Accompanying pressure of surrounding concrete matrix σx in case of fiber-slip stage, 
with respect to the fiber/matrix friction coefficient Fri f :cð Þ, using different values of fiber embed-
ment length Ldf .
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3.3. Impact of Poisson’s ratio on the frictional-bond strength

According to Equation (18) in Section 2.6, increasing Poisson’s ratio will increase the 
accompanying pressure of surrounding matrix (σx). Therefore, Poisson’s ratio may effect 
on the frictional-bond strength between the fiber and the concrete.

Since Poisson’s ratio represents the ratio between the transverse and longitudinal 
strain of the material, and the frictional-bond stress is produced from the effect of 
x-component of surrounding pressure on the interface, estimation of Poisson’s ratio 
impact is an important parameter for understanding whether this ratio will effect on the 
efficiency of frictional-bond strength or not.

Figure 15. Accompanying pressure of surrounding concrete matrix σx in case of fiber-slip stage, with 
respect to the increment of fiber embedment length Ldf , using different values of friction coefficient 
Fri f :cð Þ at the interface.

Figure 16. Accompanying pressure of surrounding concrete σx in case of frictional-bond compared to 
full-bond case, with respect to the increment of fiber embedment length Ldf using different values of 
friction coefficient Fri f :cð Þ at the interface.
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Accordingly, numerical simulations were used to conduct this study using different 
values of Poisson’s ratio (0.16, 0.18, 0.20, 0.22, 0.24) for concrete mesh. In these 
simulations, the elasticity modulus of concrete mesh was 30,000 MPa, and the 
elasticity modulus for straight steel fiber was 200,000 MPa with a fixed value of 
Poisson’s ratio equal to 0.28. The connection between the concrete and the fiber 
was prepared as line-to-line contact element, with friction coefficient at the interface 
equal to 0.10. The embedment length of fiber in the concrete was assumed to be half of 
its total length, and the total length was assumed to be 50 mm; the diameter of fiber 
was assumed to be 0.8 mm.

The simulation of each case of fiber-slip displacements (which were recorded in the 
experimental part of this study as mentioned in Table 4) was analyzed using nonlinear 
methods. The results of this analysis are shown in Table 5, where the maximum value of 
x-component of surrounding pressure in concrete has been monitored versus each value 
of Poisson’s ratio (0.16, 0.18, 0.20, 0.22, 0.24).

The results showed that Poisson’s ratio of concrete does not effect on the 
frictional-bond strength at the interface between the fiber and the concrete, and 
no significant changes have been noticed on the x-component of surrounding 
pressure in concrete, which usually produce the frictional-bond strength at the 
interface (see Figures 19 and 20).

The results of computer simulations showed that the pressure of surrounding concrete 
is distributed uniformly overall the fiber embedment length during the fiber-slip stage 
(see Figure 20). This result is validated experimentally as shown in Figure 15. 
Consequently, assuming the surrounding pressure as uniform distributed pressure in 
the proposed analytical model can be validated as well.

Since the surrounding pressure is found in computer simulations as uniform distrib-
uted, the shear stress at the interface can be considered as uniform distributed as well. 
This result can be validated according to the experimental results as shown in Table 2 and 
Figure 13. Also, this result confirms the rightness of assuming uniform distribution of 
shear stress at the interface in the proposed analytical model.

Figure 17. Evolution of the accompanying pressure of surrounding concrete σx along the remained 
part of fiber embedded length in the concrete during the fiber-slip stage, experimentally.

COMPOSITE INTERFACES 21



3.4. Efficiency improvement of frictional-bond strength

To evaluate the efficiency of frictional-bond strength, we have to study the development 
of this efficiency compared to several changes in the value of the friction coefficient Fri f :cð Þ
and in the embedment length of the fiber inside the concrete Ldf . Therefore, the efficiency 

Figure 18. Contour plot of deformed shape in x-direction for fiber displacements: (a) S = 13.7 mm, and 
(b) S = 3.6 mm.
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improvement percentage can be estimated by using the results of the accompanying 
pressure of surrounding concrete σx for different values of friction coefficient Fri f :cð Þ and 
different values of fiber embedment length Ldf as shown previously in Table 2. The 
surrounding pressure can be defined as the pressure of the fresh concrete around the fiber 
during the casting process, and since the frictional-bond strength equals the surrounding 
pressure times the friction coefficient between the fiber and the concrete, the lower value 

Table 4. The instant value of the accompanying pressure of surrounding concrete σx along the 
remained part of fiber embedded length in the concrete during the fiber-slip stage, experimentally. 
Fri f :cð Þ ¼ 0:10;Df ¼ 0:8mm; Ldf ¼ 25mm

Fiber-slip displacement (mm) 
(in)

3.6 
0.143

5.7 
0.224

13.7 
0.538

19.5 
0.770

21.6 
0.852

The instant pull-out force P yð Þ during fiber-slip stage (N) 108.36 95.88 91.85 97.16 65.37
The instant value of the accompanying pressure of  

surrounding concrete σx along the remained part  
of fiber embedded length in the concrete (MPa)

20.14 19.77 32.34 70.29 76.50

Table 5. Maximum values of surrounding pressure (at the interface) during frictional sliding of SSF 
inside concrete matrix, as numerical simulation.

Fiber-slip displacement 
(mm) 
(in)

3.6 
0.143

5.7 
0.224

13.7 
0.538

19.5 
0.770

21.6 
0.852

Poisson’s ratio Records of x-component of surrounding pressure in the concrete at the  
interface versus different values of Poisson’s ratio, using numerical simulations (MPa)

0.24 96.10 70.81 16.80 2.76 2.70
0.22 95.39 70.27 16.68 2.61 2.70
0.20 94.71 69.73 16.45 2.64 2.69
0.18 94.09 69.20 16.21 2.32 2.69
0.16 93.40 68.68 15.98 2.18 2.69

Figure 19. Records of surrounding concrete pressure at the interface versus different values of 
poisson’s ratio, using numerical simulations.
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of the accompanying pressure of surrounding concrete σx versus larger values of friction 
coefficient Fri f :cð Þ or embedment length Ldf means that the same value of the frictional- 
bond strength can be obtained by a lower pressure from the fresh concrete. The lower 
pressure of fresh concrete means that the concrete mix might include a greater content of 
air voids, and this means a smaller contact area between the fiber and the concrete pieces 
at the interface. Consequently, the lower accompanying pressure of surrounding con-
crete, as hardened matrix, refers to that the efficiency of the frictional-bond strength is 
improved.

In case of fiber embedment length Ldf ¼ 5mm, if the friction coefficient Fri f :cð Þ
increased from 0.05 to 0.10, the improvement percentage of the frictional-bond strength 
efficiency will equal to 

σx 0:10ð Þ � σx 0:05ð Þ

�
�

�
�

σx 0:05ð Þ

� 100% ¼
18:30 MPað Þ � 36:61 MPað Þj j

36:61 MPað Þ
� 100% ¼ 50%

In case of fiber embedment length Ldf ¼ 5mm, if the friction coefficient Fri f :cð Þ
increased from 0.05 to 0.15, the improvement percentage of the frictional-bond strength 
efficiency will equal to 

σx 0:15ð Þ � σx 0:05ð Þ

�
�

�
�

σx 0:05ð Þ

� 100% ¼
12:20 MPað Þ � 36:61 MPað Þj j

36:61 MPað Þ
� 100% ¼ 66:7%

Figure 20. Monitoring of surrounding concrete pressure at the interface using Poisson’s ratio equals to 
0.20 and fiber displacement equal to 13.7 mm.
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By using the same way of calculations for greater values of fiber embedment length 
Ldf ¼ 10mmand15mm, the efficiency improvement percentage of the frictional-bond 
strength can be found as shown in Table 6, where the calculations extended including 
additional values of friction coefficient (0.20, 0.25, 0.30). 

The evolution of the efficiency improvement parentage of frictional-bond strength 
can be observed clearly as shown in Figure 21. According to this figure, and 
whatever the value of fiber embedment length Ldf , it can be noticed that the 
efficiency of frictional-bond strength was increased 50% in case of increasing the 
friction coefficient Fri f :cð Þ from 0.05 to 0.10 (what means increasing the friction 
coefficient by 100%), and the efficiency of frictional-bond strength was increased 
66.7% in case of increasing the friction coefficient Fri f :cð Þ from 0.05 to 0.15 (what 
means increasing the friction coefficient by 200%). Whereas the efficiency of fric-
tional-bond strength was increased (75%, 80%, 83%) in case of increasing the 
friction coefficient Fri f :cð Þ from 0.05 to (0.20, 0.25, 0.30) respectively. Therefore, it 
can be concluded that the effect of the friction coefficient Fri f :cð Þ on the efficiency of 
the frictional-bond strength is limited after exceeding the value of 0:10, and no 
significant improvements may be expected. This can be interpreted because of the 
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Figure 21. Improvement parentage of frictional-bond strength efficiency.

Table 6. Efficiency improvement percentage of frictional-bond strength.
Friction coefficient Fri f :cð Þ 0.05 (reference) 0.10 (%) 0.15 (%) 0.20 (%) 0.25 (%) 0.30 (%)

Fiber embedment length Ldf 
(mm)

5 – 50 66.7 75 80 83
10 – 50 66.7 75 80 83
15 – 50 66.7 75 80 83
20 – 50 66.7 75 80 83
25 – 50 66.7 75 80 83
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damage on the concrete surface during the fiber-slip stage, where the collapsed 
pieces of concrete will be collected on the fiber surface and will fill the roughness 
spaces, which leads to a smoother sliding between the fiber and the concrete.

4. Conclusions

In this study, the main parameters that may effect the frictional-bond strength 
between a straight steel fiber-SSF and a concrete matrix have been discussed. At 
the beginning of this study, the bond-slip mechanism of SSF in cementitious 
composite was defined.

The relations between the related parameters have been discussed and arranged using 
new analytical models. Depending on these models, the required equations have been 
derived. Using the derived equations, the effect of main parameters such as the fiber 
embedment length, the friction coefficient of fiber/concrete at the interface, the yield 
strength of the steel fiber, and Poisson’s ratio have been discussed. The results of 
theoretical calculations have been validated by experimental results and numerical 
simulations as well.

However, the main conclusions of this study can be summarized as the following:

● The frictional-bond strength can be considered as constant versus different values of 
fiber embedment length.

● Since the full-bond strength was founded by assuming an appropriate length for the 
steel fiber, to develop its yield strength without failure in the bond between the fiber 
and the concrete, this means that the plastic elongation of the fiber will not be 
considered for a bond strength lower than the full-bond strength (such as low values 
of frictional-bond strength, according to this study experimental records). 
Therefore, it can be assumed that the plastic elongation of SSF will not be met 
during the fiber-slip stage in the concrete matrix.

● During the fiber-slip stage, the SSF/concrete-matrix system can be considered as an 
elastic system, and the stress–displacement relation is semilinear.

● Higher value of fiber/concrete friction coefficient, Fri f :cð Þ, improves the efficiency of 
the friction-bond strength and improves the performance of SSF/concrete-matrix 
system against the initial point of fiber sliding.

● The effect of the friction coefficient Fri f :cð Þ on the efficiency of the frictional-bond 
strength is limited after exceeding the value of 0:10, and no significant improve-
ments may be expected. This can be interpreted because of the damage on the 
concrete surface during the fiber-slip stage, where the collapsed pieces of concrete 
will be collected on the fiber surface and will fill the roughness spaces, which leads to 
a smoother sliding between the fiber and the concrete.

● Lower interfacial-bond performance is expected in case of using the fiber with 
a higher yield strength, fy, where the higher yield strength reduces the impact of 
friction properties at the interface against fiber/matrix sliding.

● Whatever the value of fiber embedment length, Ldf , no significant improvements in 
the surrounding matrix pressure were noticed, with respect to several values of 
friction coefficient Fri f :cð Þ.
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● Increasing the value of friction coefficient, between the fiber and the matrix, improves 
the interfacial properties of fiber/matrix system by decreasing the required pressure of 
surrounding concrete to obtain the same value of frictional-bond strength.

● In lightweight concrete, where the content of air voids is high, a higher value of 
friction coefficient is required to obtain the same frictional-bond strength; conse-
quently, a larger roughness of fiber surface is required.

● Poisson’s ratio of concrete does not affect the frictional-bond strength during the 
sliding stage of fiber, whereas increasing the values of Poisson’s ratio of concrete 
may delay the start time of fiber sliding movement inside the concrete.

● Improving the self-compacting property of fresh concrete may lead to a higher 
surrounding pressure of concrete matrix; this will shift the tip of debonding zone to 
be placed at a point versus a greater value of fiber displacement, meaning the partial 
fiber stretching may add an addition contribution to the frictional-bond strength.
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