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Abstract

The limitation of the crack width is of central importance for the design in the ser-

viceability limit state. For FRP-reinforced concrete members, the crack width has

to be limited for service condition in use and not due to corrosion protection. In

this paper, an experimental program of pull-out tests and slender concrete cylinders

with basalt fiber-reinforced polymer rebars under centric tension load is presented.

The used basalt fiber-reinforced polymer rebars are sand coated and have in addi-

tion a helically wrapped thread for a decent profiling. Equations to calculate crack

spacing and crack width of FRP-reinforced concrete is derived and calibrated with

the obtained experimental results. Finally, the equations are verified with experi-

mental data from other authors and a crack model is given for reinforced concrete

members with FRP rebars with a helically wrapped and sand coated surface.
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1 | INTRODUCTION

The crack widths are of particular interest for the design of
reinforced concrete members in the serviceability limit
state, where the deformation of the concrete member is
directly related to the crack widths, which have to be lim-
ited to prevent corrosion of the steel reinforcement. When
using non-metallic reinforcement, the carbonation and
chloride-induced corrosion of the reinforcement can be
neglected. The crack width limitation, for example, in

building construction in the serviceability limit state, should
be dimensioned to satisfy aesthetic requirements and secure
the service conditions. Some of the existing guidelines
(e. g.1,2) for the design of fiber-reinforced polymer (FRP)-
reinforced concrete structures allow a maximum crack
width (wcr) between 0.5 mm ≤ wcr ≤ 0.7 mm. In contrast to
many published studies on the flexural deflection perfor-
mance (e.g., 3–7), there is still a demand for research on the
cracking behavior of FRP-reinforced concrete members.

Not only the mechanical properties are different com-
pared to steel reinforcement, but also the surface shape of
FRP rebars are dependent on the applied manufacturer
and the manufacturing process. The different shapes can
be classified in the following four different categories: plain,
sand coated, helically wrapped (and sand coated), and
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deformed surfaces (e.g., milled). At the beginning of the
research on FRP reinforcement (e.g., 8,9), it was shown, that
the surface shape of FRP rebars has a high influence on the
bond behavior between concrete and reinforcement and at
the same time on the cracking patterns. To take the differ-
ent aforementioned material and surface properties into
account, the established design formulas for crack spacing
and crack width have to be adjusted. In some approaches
(e.g.,10), design proposals for cracking were calibrated with
the help of empirical correction factors on large scale beam
tests. The goal of the research presented in this paper is to
develop a crack model, which considers the correct mate-
rial and surface properties on a meso level and uses it as
input parameter for a mechanically based crack equation.

In the following sections, the current state of knowl-
edge and theoretical background of the calculation of
crack spacings, crack widths and the existing design code
models are presented and evaluated with regard to the
adjustments for the special material, surface, and bond
properties of FRP reinforcement. For the derivation of a
crack prediction formula, an experimental program with
the focus on the bond conditions and crack spacings of
FRP-reinforced concrete members was conducted. The
used rebars are made of basalt fibers and epoxy resin,
and can be called “basalt fiber reinforced polymer”
(BFRP). The surface shape of these rebars can be
described as helically wrapped (to gain a slight profiling)
in combination with a sand coating (see Figure 1).

To investigate the bond stress–slip relation of the used
BFRP rebar, in total, 31 pull out tests according to
RILEM11 with a varying bond length, concrete strength,
and bar diameters were carried out and documented. In
addition, five centric tension tests on reinforced concrete
cylinders were performed to investigate the crack spacing
and crack widths under several load levels. With the
obtained results, an approach to calculate crack spacing
and crack width is finally presented. The developed crack

model is based on a mechanical model, which only needs
few empirical input parameters to describe the bond
stress–slip relation on a meso level and can easily be trans-
ferred to other reinforcement types (e.g., GFRP) as well,
which have similar surface conditions.

2 | THEORETICAL BACKGROUND

2.1 | Crack spacing and crack width of
reinforced concrete

The current Model Code 201012 proposes an equation to
calculate the mean crack spacings scr, m as follows:

scr,m = 1:5� c+
f ctm��

4�τbm�ρeff

� �
τbm = 1:8�f ctm

ð1Þ

with c as concrete cover, ρeff = Al/Ac, eff and Ac,

eff = min [2.5 � (h – d); h/2] � b. This model was devel-
oped and calibrated for steel-reinforced concrete.

The presented model is based on the assumption of a
constant bond stress distribution along the reinforcement
bar and considers the occurring bond stresses in longitudi-
nal direction of the reinforcement until the sum of the
bond stress over the transfer length lt, max reaches the ten-
sile strength of the concrete. At this local spot, a crack in
the concrete member will occur. With this idea of a crack
model (see Figure 2), the occurring cracks can have spac-
ing values between the transfer length lt, max or 2 � lt, max.
The reason for this can be explained with the scatter of the
concrete's mechanical properties. For the minimum crack
spacing scr, min = lt, max, the concrete has a rather low ten-
sile strength at this local spot, while for the maximum
crack spacing scr, min = 2 � lt, max, the concrete tensile
strength is just not exceeded (see Figure 2).

To calculate the crack width within a design concept,
the worst case has to be considered. The occurring crack
width can be calculated according to Model Code 201012

as follows:

wcr,max = scr,max εlm−εcmð Þ ð2Þ

and can be rewritten with the help of the equilibrium
of strains and tensions with a stress distribution factor βt
according to Figure 3 as:

FIGURE 1 Close up of the

investigated BFRP rebars

FIGURE 2 Illustration of transfer length on cracked concrete
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wcr,max = scr,max� 1El
σl2−βt�

f ctm
ρeff

� 1+
El

Ec
�ρeff

� �� �
ð3Þ

With the help of Figure 3, we can describe the equi-
librium of stresses at a crack as follows:

σc xð Þ= σc1−
Ul

Ac
�
ðx
0

τb ~xð Þd~x ð4Þ

with Ul as reinforcement perimeter and Ac as the con-
crete cross section area.

2.2 | Determination of crack spacing in
FRP-reinforced concrete members

The adaption for FRP reinforcement of the above-
presented crack model does not allow to consider the dif-
ferent material properties, such as the much lower modu-
lus of elasticity or surface geometries which leads to a
divergent bond behavior. If the modulus of elasticity of
the reinforcement is rather low, it comes in range of the
modulus of elasticity of the concrete, which brings the
strains due to loading closer together. The bond behavior
between reinforcement and the embedding concrete has

a significant influence on the cracking behavior.
According to fib Bulletin 10,13 numerous parameters
(e.g., concrete strength, rebar diameter, surface profiling
and modulus of elasticity) have a direct influence on the
bond behavior between reinforcement and concrete.
Although Model Code 201012 does contain a bond stress-
slip model for FRP-reinforced concrete, which was devel-
oped by Cosenza et al.,14 it does not provide a general for-
mula to estimate bond stresses for the different existing
FRP surface geometries. It is necessary to determine
input parameters through experimental investigations on
various samples to use this model adequately.

Since the different properties of FRP compared to
steel rebars cannot be considered accurately, the design
model of Equation (1) does not provide precise values for
the calculation of the crack spacings and therefore crack
widths as well. To show this lack of accordance, the fol-
lowing Table 1 consists of experimental test data of beam
tests with similar BFRP reinforcement (helically wrapped
and sand coated) as described in Section 1.

FIGURE 3 Strain and tension distribution at a crack

TABLE 1 Comparison of experimental crack spacing vs. calculated according to MC 2010

Authors
Number of
tests

Modulus of elasticity
in GPa Surface condition

Mean scr,
m(calc/exp) CoV

Hofmann
et al.15

6 53 Helically wrapped + sand
coated

1.47 0.15

Issa et al.16 4 51–53 1.02 0.19

Elgabbas
et al.17

5 44.4–48.7 1.64 0.12

All 1.33 0.21

TABLE 2 Mechanical properties of the BFRP reinforcement

Ø = 6 mm Ø = 8 mm Ø = 10 mm

flu in MPa ≈1,100 ≈1,000 ≈950

E in GPa ≈56 ≈53.5 ≈50

Ømean in mm 5.2 7.3 9.3
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This example demonstrates that the calculated values
show a large discrepancy in the experimental values,
especially the mean values. This clarifies the need of a
cracking model, which includes the varying material
properties of FRP reinforcement.

The crack width is composed on the one hand of the
elongation of the rebar and on the other hand of a rela-
tive displacement between the embedding concrete and
the rebar, which is called slip. For the serviceability limit
state, only crack widths up to 0.7 mm (only for FRP RC
components) are relevant (see Section 1), which results
in slip values on each side of the crack edges of only
s ≤ 0.35. With this idea of a crack model, we can state
that for these low slip values the maximum bond stress is
not reached yet. This means we are located on the
ascending branch of the bond stress-slip relation (see in
Figure 6, the gray marked section). By using this
approach, the bond stress distribution can be described
as the product of the maximum bond stress and the func-
tion of the slip as follows:

τb xð Þ= τb,max�f s xð Þð Þ ð5Þ

The resulting slip between reinforcement and con-
crete is defined with Equation (6).

ds xð Þ= ε1 xð Þ−εc xð Þ½ �dx ð6Þ

with εl = reinforcement strain, εc = concrete strain
and can be also written as:

ds xð Þ
dx

=
σl xð Þ
El

−
σc xð Þ
Ec

=
1
El

σl xð Þ−αl�σc xð Þ½ � ð7Þ

Through double differentiation and transformation
with αl = Ec/El, Ul/Al = 4/Øl and Ac = Al/ρl, eff, the differ-
ential equation of the slip is described as:

d2s xð Þ
dx2

=
4� 1+ αl�ρeffð Þ

El��l
τb,max�f s xð Þð Þ ð8Þ

The slip is a relative displacement between the rein-
forcement and the embedding concrete, and can be
described as a form of friction. To solve this differential
equation, we can mathematically express the slip as a
power function with an integration constant C and the
exponent α as follows:

f s xð Þð Þ=C�sα xð Þ ð9Þ

with the boundary conditions s (0) = 0 and s0(0) = 0.
If we now put the power function into (8), the solution of
the slip can be expressed as follows18:

C�sα xð Þ=C� 2 1−αð Þ2 1+ αl�ρeffð Þ
1+ αð Þ�El

�C�τb,max

�l
�x2

" # α
1−α

ð10Þ

With this expression, it is possible to describe the dis-
tribution of the bond stress (Equation (5)), which makes
the expression of the concrete stress (Equation (4)) solv-
able. Only the constant of integration C has to be
determined.

Finally, the concrete stress curvature in Figure 3 can
be described by substituting Equation (10) into
Equation (4):

σc xð Þ= σc1−
4 1−αð Þ�ρeff

1 + α

2 1−αð Þ2 1+ αl�ρeff
� �

1+ αð Þ�El

2
4

3
5

α
1−α

�

C�τb,max

�l
x1+ α

� � 1
1−α

ð11Þ

With the boundary conditions σc(lt, max) = 0 and
σc1 = fctm, implying that the tension of the concrete has
to be equal to zero at an occurring crack we can solve
Equation (11) and find lt, max as follows:

lt,max =
f ctm
K

� 1
ρeff

� �1−α
1+ α �l

C�τb,max

� � 1
1+ α

ð12Þ

with

K =
4 1−αð Þ
1+ α

2 1−αð Þ2 1+ αl�ρeffð Þ
1+ αð Þ�El

" # α
1−α

ð13Þ

With the model of concrete cracking in Figure 2, the
mean crack spacing can now be calculated. If the con-
crete properties are symmetrically distributed, the crack
spacing can vary in between the two boundaries, lt,
max ≤ scr, m ≤ 2 � lt, max and can be expressed as follows:

scr,m = 1:5� f ctm
K

� 1
ρeff

� �1−α
1+ α �l

C�τb,max

� � 1
1+ α

=1:5�lt,max ð14Þ

A detailed derivation of these equations and more
background information can be found in Tran.18 The
final expression to describe the mean crack spacing
according to Equation (14) clarifies, that crack spacings
and simultaneously crack widths are quite dependent on
the bond stress—slip exponent α, which may be different
for FRP reinforcements with their varying surface
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geometries and demands a refinement for such reinforce-
ment types. Furthermore, the constant of integration C of
the slip Equation (10) has to be found and validated
within the scope of experiments, which are presented in
the following Section 3.

3 | MODEL VALIDATION BASED
ON EXPERIMENTAL
INVESTIGATIONS

3.1 | Material properties

For the experimental investigation, BFRP rebars with the
nominal diameters of 6, 8, and 10 mm were used. To
determine the mechanical properties, three tensile tests
of each diameter were carried out on these rebars while
the strain was monitored to evaluate the modulus of elas-
ticity. All mechanical properties are presented in Table 2.

The concrete strength of every specimen type was
determined on simultaneously produced cubes with an
edge length of 150 mm, which were stored under the
same conditions and tested at the same day. The cylindric
concrete strength with the conversion of 0.8 � fcm,

cube = fcm, cyl is given for each specimen in the following
sections.

3.2 | Determination of the bond stress–
slip relation in pull-out tests

Model Code 201012 defines the bond stress to
τbm = 1.8 � fctm and τb, max = 2.5 � √ fc for bond lengths
five times the diameter (lb = 5 Ø). This approach also
delivers good matching experimental results for helically
wrapped and sand-coated BFRP rebars. Table 3 gives a
comparison of experimental (τb, max, exp) and calculated
(τb, max, cal) maximum bond stress for different concrete
strengths (fcm) and bar diameters (Ø). Although the maxi-
mum bond stresses can be predicted quite good with the
existing design models, crack spacings cannot be deter-
mined accurately (see Table 1). Due to the low modulus
of elasticity and different surface condition of FRP rein-
forcement, the bond stress during a pull-out test with a
bond length of lb = 5 Ø reaches its peak at a relatively
high slip value (see Figure 6). For this reason, the bond
length of some pull-out tests was set to two times the
nominal rebar diameter (lb = 2 Ø). This bond length is
much smaller than in usual pull-out tests (lb = 5 Ø)
according to RILEM.11 The idea behind the different con-
sideration is, that for concrete members with high rein-
forcement ratios or small depths, the resulting crack
spacing can be quite close to each other. For this

circumstances, it may happen, that the transfer length lt,
max (see Section 2) can be smaller than the assumed bond
length of lb = 5 Ø, what other models are based on. When
using the approach of Model Code 201012 or Eurocode
223 deviations of the calculated crack spacing may result,
because the bond stress distribution is not considered
realistically.

For the experimental investigation, the test specimens
were designed based on RILEM TC11 and are illustrated
in Figure 4. A reinforcement bar was centered in a con-
crete cube with an edge length of 150 mm (see Figure 4,
right). To ensure the desired bond length lb, the bond
between reinforcement bar and concrete is interrupted by
using a PVC sleeve (tube) and an appropriate sealing.
The concrete cover is sufficiently large due to the selected
geometric dimensions to eliminate the failure due to con-
crete splitting. The pull-out tests were performed with
BFRP reinforcement of the nominal diameters of 6, 8,
and 10 mm.

The bond stress can be calculated according to Equa-
tion (15), where P is the test load, Ø is the mean diameter
of the rebar and lb the bond length.

τbm =
P

τ���lb ð15Þ

To carry out the pull-out tests, all specimens were
placed vertically in a tensile testing machine. On the bar
end facing away from the load, the occurring slip sue was
documented and recorded using an inductive displace-
ment transducer. The slip sle at the loaded end of the rod
was recorded with the help of three inductive displace-
ment transducers on the bottom face of the test speci-
men. At the same time, the strains in the reinforcement
bar were also documented with the help of a strain
recording sensor. By knowing the elongation of the bar,
the change in length due to loading could be subtracted
from the slip measurement at the lower face of the con-
crete body and the slip at the loaded end of the bar could
be determined with the following equation:

sle,net =
sle,1 + sle,2 + sle,3

3
−Δlle ð16Þ

The results of all pull-out tests are presented in
Table 4. The obtained results show, that with increasing
bond lengths, a difference of the bond stresses between
the loaded and unloaded end of the rebar may occur,
which could be observed in Achillides and Pilakoutas.24

Furthermore, Shen et al.25 and Beycioglu and Seis26

found out that the bond stresses of BRFP rebars are
decreasing with increasing bond lengths, which also
could be observed here for the presented experimental
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results (see Table 4). The rather short bond length
(lb = 2 Ø) was chosen to ensure a constant bond stress
distribution, because the shorter the bond length, the
more homogenous the acting bond stress can be
assumed. As an example, the bond stress–slip diagram of
two specimens with an 8 mm rebar is given in Figure 5,
which shows the curves of the slip on the loaded and un-
loaded end of the rebar. Both curves fit well together, jus-
tifying the assumption of a constant distribution of bond
stresses over a short bond length. In comparison, a speci-
men with the same configuration, just with a bond length
of 10 times the diameter does not show the same results
of the unloaded and loaded end slip and confirm the
above-mentioned assumption.

In the following diagram (Figure 6), pictures the bond
stress–slip relation of the pull-out tests only for the
unloaded bar end and a bond length of lb = 5 Ø. The act-
ing bond stresses could be reached for all specimens at a
recorded slip of approximately 0.5 mm, where the
increase of the bond strength is flattening almost
horizontally.

To describe the ascending branch of the bond stress–
slip relation according MC 2010 (see Equation (9)) the
exponent α has to be determined. As shown in Hofmann
et al.,19 the exponent is directly dependent on the con-
crete strength and it is within the range of (0.3 ≤ α ≤ 0.4)
for normal concrete. The bond stress–slip relation of the
here performed experiments could confirm this above-
mentioned assumption (see Figure 6).

The bond stress–slip relation can be calculated with
the following equation according to the well-known
model of Eligehausen et al.27:

τb sð Þ= τb,max� s
s1

� �α

ð17Þ

The exponent α could be found by using a numerical
solver, which adjusts the parameter α until the area of the
bond stress–slip–curve of the experimental data and the
model according to Equation 17 are equal to each other
for a slip value up to s1 = 0.5 mm. For the investigated
specimens, the exponent was within a range of
0.28 ≤ α ≤ 0.43. For higher concrete strengths, the expo-
nent α tends to lower values and increases for lower con-
crete strengths. This circumstance is easily to see, if we
compare the normalized bond stresses in Figure 6 (right).
The diagram shows the course of acting the bond stress
τbm divided by the bond stress, which was reached at a slip
value of 0.5 mm and clarifies the influence of the concrete
strength on the bond stress distribution and therefore the
exponent α. To express α depending on the concrete
strength, a simplified expression could be found for the
investigated FRP reinforcement type as follows:

α = 0:5−
f cm
280

s1 = 0:5

Furthermore, the maximum bond stress of short bond
lengths lb ≤ 2 Ø is significantly higher than for usual

TABLE 3 Comparison of experimental and calculated maximum bond stresses

Authors Ø (mm) fcm (MPa) τb, max, exp (MPa) τb, max, cal = 2.5 � √ fc (MPa) τb, max, cal/τb, max, exp

Hofmann et al.19 8 25 12.5 12.5 1.0

8 43 16.9 16.4 0.97

8 56 21.9 18.7 0.85

Kampmann et al.20 10 51 22.0 17.9 0.81

Wolf et al.21 10 42 14.4 16.2 1.13

El Refai et al.22) 8 50 17.4 17.7 1.02

10 50 14.5 17.7 1.22

12 50 17.0 17.7 1.04

P

sue

sle,1

sle,2

sle,3
Δl

lle

lb

FIGURE 4 Test setup of the pull-out tests
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bond lengths. Ritter28 investigated many influence
parameters on the bond stresses in the scope of a large
experimental program. The results showed an increase of
the bond stress of about 40% for specimens with lb = 2 Ø
compared to lb = 5 Ø on conventional steel reinforce-
ment. These findings also coincide to the obtained experi-
mental results of the pull-out tests for short bond lengths
on the helically wrapped and sand-coated BFRP rebars
(see Figure 7 and Table 4). With these results it is

possible to describe the maximum acting bond stress for
the targeted bond model as follows:

τb,max = 2:5�
ffiffiffiffiffiffiffi
f cm

p
�1:4= 3:5�

ffiffiffiffiffiffiffi
f cm

p
ð18Þ

Finally, we can use all obtained experimental data
and express the bond stress–slip relation with a simplified
equation as:

TABLE 4 Experimental results of all pull-out tests

Specimen notation τbm, max τbm, max/ √ fcm τbm(s = 0.5) τbm(s = 0.5)/ √ fcm fcm

MPa — Mpa — MPa

P.B6.29.5Ø.#1 14.40 2.67 11.52 2.13 29

P.B6.29.5Ø.#2 15.79 2.93 11.24 2.08

P.B6.29.5Ø.#3 15.45 2.86 10.73 1.99

P.B8.29.5Ø.#1 12.71 2.36 11.09 2.05

P.B8.29.5Ø.#2 13.44 2.49 10.75 1.99

P.B8.29.5Ø.#3 13.65 2.53 11.15 2.07

P.B10.29.5Ø.#1 12.36 2.29 11.22 2.08

P.B10.29.5Ø.#2 12.58 2.33 12.21 2.26

P.B10.29.5Ø.#3 12.74 2.36 11.81 2.19

P.B6.44.5Ø.#1 17.82a — 16.69 2.51 44

P.B6.44.5Ø.#2 23.84 3.59 16.25 2.48

P.B8.44.5Ø.#1 17.80 2.68 16.72 2.52

P.B8.44.5Ø.#2 15.70a — 14.86 (s = 0.47) —

P.B8.44.5Ø.#3 17.45 2.63 15.89 2.42

P.B10.44.5Ø.#1 17.27 2.60 16.43 2.48

P.B10.44.5Ø.#2 17.41 2.62 16.21 2.44

P.B8.57.5Ø.#1 21.87 2.89 19.78 2.61 57

P.B8.57.5Ø.#2 21.42 2.83 18.56 2.45

P.B8.57.5Ø.#3 20.04a — 18.92 2.50

P.B10.57.5Ø.#1 19.95a — 17.98 2.38

P.B10.57.5Ø.#2 20.62 2.73 19.30 2.55

P.B10.C50.5Ø.#3 14.84a — — —

P.B6.36.2Ø.#1 21.10 3.52 20.84 3.47 36

P.B8.36.2Ø.#1 20.93 3.49 20.81 3.47

P.B10.36.2Ø.#1 20.86 3.48 20.32 3.39

P.B10.36.2Ø.#1 21.16 3.63 20.01 3.43

P.B10.36.2Ø.#2 20.77 3.56 20.59 3.53

P.B8.36.4Ø.#1 18.67 3.11 16.78 2.80 36

P.B8.36.6Ø.#1 16.31 2.71 14.94 2.49

P.B8.36.8Ø.#1 16.77 2.80 14.70 2.45

P.B8.36.10Ø.#1 15.63 2.61 14.23 2.37

aFailure at the anchorage before finishing the complete test program.
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τb sð Þ=3:5�
ffiffiffiffiffiffiffi
f cm

p
� s
0:5

� �0:5− f cm
280

for lb = 2�

τb sð Þ=2:5�
ffiffiffiffiffiffiffi
f cm

p
� s
0:5

� �0:5− f cm
280

for lb = 5�

ð19Þ

By using the proposed formula of Equation (19) of the
bond stress distribution, it is possible to describe the
ascending branch of the bond stress–slip–diagram of this
type of FRP rebars quite accurately, as shown in the dia-
gram (see Figure 7). When using this approach as a bond
model, it can serve as an input parameter to solve the
crack development equations presented in Section 2.

3.3 | Determination of the crack spacing
in centric tension tests of reinforced
cylinders

In the second part of the experimental program, concrete cyl-
inders with one centric rebar were tested under tension load
to investigate the crack development and crack spacings. All
specimens had the length of 955 mm with varying diameters
and a cylindric concrete strength of fcm = 36 MPa. The speci-
men configuration is given in Table 5. The concrete cover is
considered small enough to activate the complete concrete
cross section to carry tension, which also shows the calcu-
lated effective concrete area Ac, eff in Table 5.

The test setup consisting of the test machine and the
specimen itself is shown in Figure 8. Due to the sensitiv-
ity against transverse pressure to the FRP reinforcement,
an anchorage steel tube had to be attached to secure an
unscathed load introduction into the rebar.

During the load application, the total strain of each
specimen was recorded with the aid of a displacement
transducer, which was attached at both ends of the con-
crete cylinder. The tension load was applied in
displacement-controlled mode with a feed rate of

3.0 mm/min up to a maximum load of approximately
50% of the rebars rupture stress. After that, the test load
was completely relieved and the occurred cracks and
spacings scr were documented (see Table 6).

In addition, an exemplary picture of the specimen
DK40.B6 as example is shown in Figure 9. The picture
was taken after the applied load and illustrates the occur-
ring cracks of the concrete cylinder.

With the obtained experimental results of all tension
tests, the equation of mean crack spacing (Equation (14))
can be solved to find the integration constant C through
regression analysis. Due to the fact, that rising concrete
strengths lead to bond stresses reaching its maximum at
lower slip values,19,29 it is necessary to adjust the parameter
C. To not overestimate the expression C � τb, max in Equa-
tion (14), the C value has to be smaller for high and larger
for low concrete strengths. For this reason, the parameter
C can be expressed as a power function of the slip exponent
α, and the corresponding slip value when the nonlinear
ascending branch will reach the peak of the bond stress–slip
relation. With this approach, the integration constant can be
described as follows:

C=
1
s1

� �α

=Bα ð20Þ

The parameter B could also be found through regression
analysis and should be equal to 2.0 for the assumption of
s1 = 0.5 of the presented bond model. The corresponding slip
value s1 can now be calculated and is given in addition to the
parameter B in Table 6. The mean value of s1 of all tension
tests was 0.52 mm, which confirms the approach of the bond
model of Equation (17). Now all parameters are defined to
calculate bond stresses and crack spacings of concrete mem-
bers with FRP reinforcement with helically wrapped and
sand-coated surface conditions.

Finally, the tension stiffening factor βt needs to be
examined to calculate the crack width according to Equa-
tion (3). For this reason, a load-strain-diagram is given in
Figure 10, where the uncracked state (a), the process of
cracking (b) and the postcracking stage with the partici-
pation of the concrete in tension (c) is illustrated. The fol-
lowing equation describes the dependencies of strains
according to Figure 10:

εBm = εB2−βt� εr2−εr1ð Þ ð21Þ

With the measured strains taken from the diagram in
Figure 10, the contribution of tension stiffening for the
investigated specimen can be evaluated to give a factor of
βt = 0.6, which is similar to steel reinforcement according
to Model Code 2010.12 This obtained test dataset can be
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used to validate the developed crack model, which is
presented in Section 4.

4 | APPROACH FOR CRACK
SPACING AND CRACK WIDTHS IN
FRP-REINFORCED CONCRETE
MEMBERS

In Section 2, the derivation of transfer lengths of rein-
forcement bars in concrete members is presented. The

transfer length describes the maximum lengths on
which bond stresses can be initiated to the concrete
structure until a crack will occur due to the stress
exceeding the concrete tensile strength fctm. With the
determination of the transfer length, crack spacing and
crack widths can be calculated properly. The obtained
parameters α, τb, max and C of the experimental investi-
gation, presented in section 3, are required as input
parameters for the determination of the crack spacing
Equation (14):
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TABLE 5 Specimen configuration

for the tension tests
Specimen �c mmð Þ Ac(mm2) Ac, eff(mm2) Arebar(mm2) ρ = Arebar/Ac(%)

DK40.B6 36.4 1,040 1,019 22 2.16

DK75.B10 71.4 4,003 3,935 68 1.72

DK50.B6 46.4 1,690 1,669 22 1.32

DK100.B8 93.6 6,880 6,813 42 1.00

DK125.B10 118.6 11,047 10,979 68 0.62
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scr,m = 1:5�lt,max = 1:5� f ctm
K

� 1
ρeff

� �1−α
1+ α �l

C�τb,max

� � 1
1+ α

with
α=0:5−

f cm
280

τb,max = 3:5�
ffiffiffiffiffiffiffi
f cm

p
C=2:0α

To verify the new model, experiments from other
publications are used in which a similar reinforcement
(helically wrapped and sand coated) was used and the
crack spacing was documented. These tests are summa-
rized in Table 7 and compared to the calculated crack
spacing according to Equation (14). The mean value of
1.04 and the associated standard deviation of 0.11 show,
that the new model achieves very good results for calcu-
lating the average crack spacing.

Since the crack spacing can be determined pre-
cisely, it is also possible to calculate the maximum
crack width for the stabilized crack stage according to
the mechanically based model, presented in Section 2
(Equations (2) and (3)); as follows:

wcr,max = scr,max� 1El
σ12−βt�

f ctm
ρl,eff

� 1+
El

Ec
�ρeff

� �� �

with βt = 0.6 for short-term loading; scr, max = 2 � lt,
max and σl, 2 as the reinforcement tension due to loading
on the concrete member.

In conclusion, it must be emphasized that the
presented approach in this work is based on a bond
model with a maximum slip value of 0.5 mm. This
means only crack widths up to wcr, max ≤ 1.0 mm
can be determined reliably, which is sufficient for
the design of the serviceability limit state, in which
crack widths smaller than 0.7 mm must be
achieved.
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cylinders

TABLE 6 Experimental results of

the tension tests
Specimen DK40.B6 DK75.B10 DK50.B6 DK100.B8 DK125.B10 Mean

scr, m 61.8 105.7 93.6 108.1 182.0 —

C 1.34 1.23 1.06 1.37 1.34 1.268

B 2.203 1.752 1.171 2.290 2.160 1.915

s1 0.45 0.57 0.85 0.44 0.46 0.52

FIGURE 9 Cracked specimen

DK40.B6 after the tension test
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5 | SUMMARY

In the context of this paper, a theoretical model for
the determination of crack spacing and widths for
FRP reinforcement with a helically wrapped and
sand-coated surface condition is presented. To be
able to use this model properly, some input parame-
ters had to be found through experimental investiga-
tions, which are presented in Section 3. At first, the
bond properties for this type of reinforcement had to
be identified and introduced in the context of a bond
model. With the obtained experimental data, a bond
law for the ascending branch of the bond stress–slip
relation could be defined. This bond law serves as an
input parameter for the derived crack equations.

After that, a total of five tension tests on concrete
cylinders were carried out to investigate the cracking
behavior under tension load. Within these experi-
ments, the crack spacing was investigated and the
crack model, which was developed beforehand, was
evaluated and calibrated. Finally, the proposed crack
model was validated through various experimental
test data of bending and tension tests of other
authors. The achieved mean value and standard devi-
ation confirm a thorough result for the developed
crack model.

However, the proposed model is calibrated only
for FRP reinforcement with a helically wrapped and
sand-coated surface condition and concrete strengths
up to fcm = 60 MPa, but can be extended with the help

TABLE 7 Comparison of experimental crack spacing vs. calculated crack spacing

Authors Notation
fcm
(MPa)

�l

(mm)
El

(GPa)
fctm
(MPa)

ρeff
(%)

scr, m,

cal (mm)
scr, m,

exp (mm)
Cal/
exp

Bending tests

Hofmann
et al.15

V01B 33 7.3 53.5 2.88a 0.89 146.0 150 1.03

V02B 36 7.3 53.5 3.05a 0.89 140.9 134 0.95

V04B 39 7.3 53.5 3.05a 1.75 102.8 117 1.11

V06B 39 5.2 56.0 3.22a 0.47 145.2 124 0.85

V07B 39 5.2 56.0 3.22a 0.94 104.7 113 1.08

V08B 39 7.3 53.5 3.22a 0.89 136.1 131 0.96

Issa et al.16 5–10N5 36 10 53.0 3.05a 1.82 125.6 117 0.93

5–13N5 36 13 51.0 3.05a 3.02 118.8 125 1.05

5–16N5 36 16 51.0 3.05a 4.67 112.5 139 1.23

6–16N7 36 16 51.0 3.05a 5.64 102.7 111 1.08

Elgabbas
et al.17

B-2#10 42.5 10 44.4 3.41b 0.83 161.4 157 0.97

B-4#10 42.5 10 44.4 3.41b 1.25 132.3 131 0.99

B-2#12 42.5 12 45.3 3.41b 1.19 156.0 168 1.07

B-4#12 42.5 12 45.3 3.41b 1.79 127.8 122 0.95

B-2#16 42.5 16 48.7 3.41b 2.12 148.4 175 1.18

Füllsack-
Köditz30

B2-HB-
LS1

55 12 40.8 4.04a 2.18 96.7 95 0.99

B2-HB-
LS2

55 12 40.8 4.04a 2.18 96.7 116 1.20

B2-HB-
LS3

55 12 40.8 4.04a 2.18 96.7 116 1.20

Tension tests

Niewels31 D-A9-8 32.0 9.0 46.7 2.82a 1.13 147.2 140 0.95

All Mean 1.04

COV 0.11

afctm = 0.3 � (0.9 � fcm)2/3.
bprovided experimental data.
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of further experimental test data (e.g., other surface
conditions and/or higher concrete strengths), when
following the presented method above.

NOTATIONS

Ac, eff effective area of concrete in tension
Al cross section area of flexural reinforcement
C integration value
Ec modulus of elasticity of the concrete
El modulus of elasticity of the flexural reinforcement
P test load
Ø diameter
c concrete cover
d structural height of the concrete member
fcm concrete compression strength
fctm concrete tensile strength
flu ultimate reinforcement strength
h total height of the concrete member
lb bond length
lt transfer length
lt, max maximum transfer length
s slip
Scr, m mean crack spacing
Scr, max maximum crack spacing
scr, min minimum crack spacing
wcr, max maximum crack width
α bond coefficient
αl ratio of the modulus of elasticity between

concrete and reinforcement
βt tension stiffening factor
εr1 strain at first crack on composite cross section
εr2 strain in bare rebar at first crack
εB2 strain at bare bar after cracking stage
εBM strain in composite cross section after cracking

stage
εcm mean concrete strain
εlm mean flexural reinforcement strain
ρeff effective reinforcement ratio
σc concrete stresses
σl stress in flexural reinforcement
τb bond stress
τbm mean bond stress
τb, max maximum bond stress
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