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ABSTRACT

Main aim of the research was to further understand self-compacting concrete reinforced with steel fibers (SFR-SCC)
behavior and to contribute modeling of the tensile stress-strain diagrams for the standardization of the fiber reinforced
materials for structural utilization. Fiber reinforced materials has not been used without structural rebar because of the
absence of stress-strain curve in tension required for the structural design codes. Hence, an inverse analysis (multi-layer
model) was further modified for various steel fibers to predict tensile stress-strain behaviour. For this purpose, 5 different
mixes; control, reinforced with long fibers with 0.5% and 1%, short fiber with 0.5% and hybrid fiber with 1% fiber
volume were produced. Fresh state tests were realized to examine flow capability of the mixes. For the input parameters,
force and displacement controlled compressive strength tests and splitting tensile strength tests were realized on the
SFR-SCC specimens. Three-point flexural strength tests on notched beams were realized to check experimental results
with the model simulation results. The results showed that previous models were applicable for long fibrous specimens;
however, further improvements were required for long FRC specimens. For the short and hybrid FRC samples, novel

parameters were successfully proposed and utilized in this study.

Keywords: Multi layer model, Fiber reinforced materials, SCC, Hybrid fibers, Flexural modeling

1. Introduction

The self-compacting concrete reinforced with steel
fibers (SFR-SCC) takes great attention in structural
applications due to the enhanced mechanical and
durability performance. The self-compacting con-
crete (SCC) is a homogeneous flowable material,
which eliminates bleeding, segregation, and com-
paction problems emerged in conventional concretes
by means of its compaction under its self-weight [1].
The straight short steel fibers are incorporated into
the matrix to achieve superior mechanical strength
[2], whilst the long hooked-end steel fibers are
introduced to decrease the cost and improve the
deformation capacity of a concrete [3]. Also, a com-
bination of both hooked-end long and straight short
fibers (hybrid fibers) is utilized to reduce the cost and

obtain the moderate mechanical performance [4]. By
integrating two various materials, SFR-SCC achieves
enhanced flexibility, improved durability, and higher
strength compared to conventional cement-based ma-
terials.

The steel fiber (SF) addition does not generally
influence compressive strength and elastic modu-
lus, while the post-peak performance, toughness, and
strain capacity of concrete were significantly im-
proved by the inclusion of steel fiber [5, 6]. Also, the
existence of steel fibers reduces the crack spacing and
widths, therefore both crack control and more ductile
concrete behavior were achieved by the inclusion
of steel fibers [7, 8]. The favorable contribution of
the steel fibers relies on its type, geometry, volume,
length, aspect ratio, and the orientation of the steel
fibers [9-12]. Amongst the influencing parameters,
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the most significant parameter can be considered as
the steel fiber volume content. The steel fiber volume
can be classified as low (<1%), moderate (>1% and
<2%), and high (>2%) fiber volume fractions [13],
and 1 % steel fiber volume considered to be low
steel fiber fraction [14-16]. For the adequate passing
ability properties of SCC and costs, the optimum steel
fiber volume is considered to be 1% for the structural
applications [17, 18].

The effects of different fiber reinforcements on the
mechanical strength improvements in the cementi-
tious systems were investigated thoroughly [19-23].
With further research, SFR-SCC is expected to be in-
creasingly adopted in the design stage, particularly in
applications where steel fibres can fully replace con-
ventional steel reinforcement [24]. However, the lack
of detailed and comprehensive international build-
ing standards and the lack of confidence on the
essential principles is the main reason behind the
underutilization as a structural material [25]. For
the standardization process, the fracture parameters,
especially post-cracking responses of the material are
required for the structural analysis. For this aim,
stress versus crack opening relationship (o-w) is the
most appropriate constitutive model for the charac-
terization of these composites when modeling the
behavior of a concrete with low (<1%) steel fiber
amounts [26].

The uniaxial tensile test is the best option for the
determination of post-cracking response of the steel
fibrous concrete; however, there is no uniaxial stan-
dard test method is available and different uniaxial
test configurations (dog bone, cylinder with vari-
ous sizes), and various test procedures (set-up and
gripping system) are required to obtain post-peak
response of the SFRC [25]. For this reason, ongo-
ing studies have been carried out to obtain stress
versus crack width relationship (o-w) indirectly by
inverse analysis method using simple test configura-
tions. Amongst the indirect test methods, three-point
or four-point bending test methods on the prismatic
specimens are preferred due to the easy application
compared to a direct tensile test [5, 27]. Therefore,
the tensile behaviour can be determined through in-
verse analysis of the bending test results, based on the
stress—crack width (o-w) relationship for the utiliza-
tion of SFRC in structural applications [28].

There are various methods available in the liter-
ature to model tensile behavior of fibrous concrete:
a) Stress versus strain relationships and stress versus
crack with relationships, b) Inverse model and direct
model, ¢) Macro and micro scale research levels, and
d) continuously differentiable and non-differentiable
diagrams. However, fundamental aspects of these
methods are still required to be further developed
to obtain in-depth and comprehensive knowledge for

the future international codes/standards [25]. In this
study, a multilayer model (inverse model) is selected
to model stress-crack width relationship (o-w) of
the SFRC; therefore, the knowledge regarding the
progress of the multilayer model is explained herein.

In the literature, multilayer models for the tensile
stress versus crack width (o-w) relationships or strain
softening behavior based on the inverse analysis [29-
32] of the experimental test results were proposed.
First, an equilibrium based multilayer beam model
was developed by Hordijk [29]. Then, Kooiman [30]
showed that the multilayer model is also appropri-
ate for the modeling of the fiber reinforced concrete
(FRC) specimens. Later, Griinewald [31] proposed
a model for self-compacting FRC, which was sub-
sequently modified by Lappa [32] to account for
ultra-high-strength FRC specimens. Nevertheless, the
results indicated that the existing predictive mod-
els fail to accurately capture the tensile response
of a broad range of fiber-reinforced concrete types,
which has limited the integration of such materials
into structural design practices. Thus, supplemen-
tary adjustment of the available multilayer models
is required for the standardization process of the fi-
brous materials. In this study, an equilibrium-based
multilayer model is employed and further extended
to represent the behaviour of long SFRC materials,
and new input/design parameters were proposed to
the literature for the short and hybrid SFRC materi-
als. The study demonstrated that fiber geometry and
distribution substantially influence crack bridging
capacity, characteristic crack width, energy dissipa-
tion, and load transfer mechanisms. Particularly, the
successful establishment of novel tensile input param-
eters for short and hybrid fiber-reinforced mixtures
fills an important gap in the literature, since such
systems often exhibit more complex fracture mecha-
nisms than conventional long-fiber SFRC. In addition,
by improving the accuracy of tensile constitutive
modeling, the study supports the safer and more effi-
cient design of SFRC structural elements subjected to
cracking and fracture-dominated loading conditions.
Therefore, the research not only advances the current
scientific understanding of SFRC behavior but also
offers practical modeling guidance for finite element
simulations, performance-based design approaches,
and future development of fiber-reinforced cementi-
tious composites.

2. Materials
2.1. Mix ingredients
For the modeling of steel fiber reinforced self-

compacting concretes, five different mixes were
designed using hooked-end long fibers, straight short
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Table 1. SFR-SCC mix ingredients (kg for 1m3).
Materials C L5 L10 S5 H10

Portable Water 220 220 220 220 220
Portland Cement 420 420 420 420 420

F-type Fly Ash 180 180 180 180 180
Coarse Aggregate 636 636 636 636 636
Crushed Sand 353 353 353 353 353
Natural Sand 424 424 424 424 424
Steel Fiber 0 39 78 39 78

SP 34 36 42 42 45

fibers, and hybrid fibers, which consist of straight
short fibers and hooked-end long fibers. The max-
imum steel fiber volume of 1% was selected since
the mixes should have adequate flowability and pass-
ing ability requirements as well as low cost of the
structural elements. Two fiber volumes of 0.5% and
1% were utilized for the long fibrous samples, whilst
only 0.5% short fibrous specimens, and 1% hybrid
fiber reinforced samples were utilized in the scope
of the research. 1% short fibrous mixes could not be
produced as self-compacting concrete since balling
effect was occurred and the passing ability criteria
could not be satisfied for the 1% short FRC during
mixing. Table 1 illustrates the ingredients of the five
different types of SFRSCC mixes. The non-fibrous or
control mix was shown as C, the long fibrous mixes
with 0.5% and 1% were indicated as L5 and 110, and
the 1% hybrid fibrous mix that includes 0.5% straight
short and 0.5% hooked-end long fibers was termed
as H10. For the binder materials of the SCC mixes,
low calcium fly ash and Ordinary Portland cement
were utilized, and the fly ash dosage was set at 30%
of the total binder content, as a 30% replacement
level was found to be optimal for the mechanical and
durability performance [33]. For the water to cement
ratio calculations, a k¢ factor of 0.4 was utilized for
the fly ash in accordance with BS EN 2016 standard
[34].

In this research, two types of steel fibers were uti-
lized: hooked-end long fibers and straight short fibers.
The hooked-end steel fibers were 35 mm in length
having a diameter of 0.55 mm, resulting in an aspect
ratio of 64, whereas the straight short fibers were
significantly shorter and thinner, with a length of 13
mm and a diameter of 0.16 mm, providing a higher
aspect ratio of 81. In terms of tensile strength, the
hooked-end long steel fibers showed a higher value
of 1345 MPa compared to 1100 MPa for the straight

short steel fibers. It should be noted that hooked-end
long fiber tensile strength was slightly better than the
tensile strength of short fiber.

The low calcium (F-type) fly ash with a density
of 2.13 and CEM I 42.5 R cement with a density of
3.14 were used as binder materials. Table 2 shows the
physical properties and chemical composition of the
cement and fly ash materials. Coarse aggregate with
a maximum grain size of 10 mm, crushed and natural
sands were used with densities of 2.74, 2.60 and
2.68 g/cm3, respectively. Grading curves and sieve
analysis of aggregates were given in Fig. 1 and Fig. 2.
Polycarboxylic ether-based superplasticizer with a
density of 1.1 g/cm® was utilized to achieve self-
compacting concrete requirements without bleeding
and segregation.

2.2. Mixing procedure

During mixing, aggregate and binder materials
were included and mixed at 2 min in a mixer. Then,
the water and superplasticizer were mixed in a con-
tainer and the obtained liquid was included in 1 min
to the mixer and the mix was also mixed additional 1
min. After, steel fibers were incorporated to the mixer
in 1 min and then the fibrous mixes were further
mixed additional 1 min for the steel fibrous mixes,
whilst mixes without steel fibers were also mixed at
2 min to obtain same mixing procedure with steel fi-
brous specimens. This procedure was finished within
6 min.

2.3. SFR-SCC specimens for modeling

In the scope of the model research, prismatic
flexural specimens were casted and tested under
three-point bending tests to obtain force versus crack
opening displacement curve required for the char-
acterization of tensile stress-strain data of the steel
fibrous specimens. For this purpose, control (no
fiber), L5 (0.5% long SFR-SCC), L10 (1% long SFR-
SCC), S5 (0.5 % short SFR-SCC), H10 (0.5% short and
0.5% long SFR-SCC) specimens were cast and tested
under three-point bending. The sizes of the specimens
were selected as 150 (width) x 150 (depth) x 600
(length) mm conforming to EN 14651 standard [35].
In addition, 100 mm x 200 mm cylinder samples were
also produced to find out splitting tensile strength and
elastic modulus, and 150 mm x 150 mm x 150 mm

Table 2. The physical properties and chemical composition of the cement and fly ash.

Material SiO2 (%) AlO3 (%) CaO (%) FeaO3 (%) MgO (%) SO3 (%) NazO (%) K20 (%) Cl (%) LOI

Specific Gravity (g/cm?)

Cement 19.63 5.58 63.67 3.32 1.25
Fly Ash 54.76 25.26 2.10 6.28 2.08

3.23

0.21 0.68 0.04
0.38 4.04 0.01

2.03 3.14
3.30 2.13
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Fig. 2. Sieve analysis of the used aggregates.

cube specimens were also cast to obtain compressive
strength of the SFR-SCC specimens required for the
inverse modeling.

2.4. Casting and curing of specimens

For the better alignment of the steel fibers in the
casting direction, the SFR-SCC mixtures were cast to
the molds from one side and left to flow to the other
side under its own-weight without any vibration. Af-
ter 24h, the SFR-SCC samples were demolded and put
in the water with 20 + 2 °C for 28d to gain ade-
quate strength before the execution of the mechanical
strength tests.

3. Experimental program
3.1. Tests on fresh concrete properties

Tests on fresh concrete properties were realized to
evaluate the required characteristics of the SFR-SCC

Table 3. Fresh-state testing and related standards.
Related Standard

Fresh State Tests Measured Value

Slump Flow tsoo (S) EN 12350-8 [36]
tinal (8)
flow (cm)
J-Ring tsoo () EN 12350-12 [39]
teinal (s)
flow (cm)
PJ (cm)
L-Box PL (H2/H1) EN 12350-10 [38]
U-Box H1-H2 (cm) UNI 11044 [40]
V-Funnel ty (S) EN 12350-9 [37]

mixtures according to the related standards as given
in Table 3.

3.2. Force controlled compressive and splitting
tensile strength tests

For the cube compressive strength data required for
the model (femax), 150 mm x 150 mm x 150 mm cubic
samples were tested under force-controlled loading
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Fig. 3. Three-point loading scheme.

with a rate of 13.5 kN/s in accordance with EN
12390-3 standard [41]. Also, splitting tensile strength
tests were executed on 100 mm x 200 mm cylinder
samples conforming to ASTM C496,/C496 M-11 stan-
dard [42] to obtain splitting tensile strength (fc;spic)
data required for the inverse model. Three cube sam-
ples for the force-controlled compressive strength
and three cylinder samples for the splitting tensile
strength were tested for the average values.

3.3. Displacement-controlled uniaxial compression
test

Displacement-controlled uniaxial compression tests
were also realized on 100 mm x 200 mm cylinder
samples to obtain required input parameters of elastic
modulus (E), linear elastic strain (e.,) and ultimate
strain (€cmax) for the inverse modeling. To monitor
specimen deformation, two Linear Variable Displace-
ment Transducers (LVDTs) were mounted on the
cylindrical samples. Three cylindrical fibrous samples
were tested for each series using MTS closed-loop test
machine and stress versus strain data were obtained.

3.4. Flexural strength test

The accuracy of the predicted inverse models has
to be checked by flexural strength tests; therefore,
three-point bending tests on each SFR-SCC prismatic
notched specimens were executed. By three-point
bending tests, force versus crack mouth opening dis-
placement (CMOD) curves were obtained for each
fiber reinforced concretes and these obtained curves
were compared with the predicted/formed models
using input parameters. Fig. 3 illustrates three-point
bending test set-up for the SFR-SCC specimens. For
each steel fibrous series, 2 companion specimens
were produced and tested conforming to EN 14651
standard [35]. In general, three specimens were cast
to obtain the average value of companion specimens.
However, for the flexural strength tests, the specimen
dimensions were 150 x 150 x 600 mm (13.5 L per
specimen), while the concrete mixer capacity in the
laboratory was 32 L. Therefore, only two compan-

ion specimens could be produced in a single mixing
batch. A notch was formed in the middle of the 150
mm x 150 mm x 600 mm beam specimens at the
bottom part (tension region) with a width of 4 mm
and height of 25 mm. Also, the shear span to depth
ratio (a/d) ratio was of 1.5 and clear specimen height
was 125 mm as shown in Fig. 3.

Three-point bending tests were carried out using
an MTS testing machine under crack mouth opening
displacement (CMOD) control. Two CMOD paces of
0.05 mm/min and 0.2 mm/min were used during
testing procedure. The CMOD rate of 0.05 mm/min
were used from O - 0.1 mm CMOD, and the CMOD
rate further increased to 0.2 mm/min after 0.1 mm to
4 mm CMOD based on the EN 14651 standard [35].
The bending tests automatically terminated when
CMOD value became 4 mm for all SFR-SCC speci-
mens. Four LVDTs (two lateral and two vertical) were
employed to record the CMOD and vertical defor-
mations throughout the experiment, in addition to
the CMOD gauge. The CMOD device was installed
at the lower part of the fibrous samples, directly
at the notch-tip, as illustrated in Fig. 4. Horizontal
LVDTs were used alongside the CMOD gauge to ver-
ify and cross-check the crack opening measurements
obtained from the CMOD device.

Fig. 4. CMOD controlled flexural loading.
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4. Simulation of flexural behavior in
SFR-SCC

The limited adoption of steel fibre-reinforced
concrete in structural design practice is primarily
attributed to the absence of well-defined tensile
stress—strain characteristics for fiber-reinforced con-
cretes. The primary advantages of steel fibres include
increased residual tensile resistance and improved
ductility, which are largely governed by their in strict
characteristics. The tension response of fibrous sam-
ples is commonly governed via a stress vs strain (oc—¢)
law prior to matrix cracking, while after cracking it
is more appropriately expressed in terms of stress
versus crack opening displacement (6—COD). The o—
COD relationship can be determined directly through
a uniaxial direct tensile test; however, this method
is costly and requires specialized testing equipment
[43]. Alternatively, it may be derived indirectly by
performing an inverse analysis based on three- or
four-point flexural tests, as illustrated in Fig. 5.

Several inverse (multilayer) modelling approaches
have been proposed to support the structural design
of fibre-reinforced concretes [29-32, 44-47]. There
is still no general standard for direct determination
of stress versus crack opening relationships, and dif-
ferent models exist in literature with different degree

of accuracy and complexity. Nevertheless, previous
studies have demonstrated that the existing models
are unable to accurately predict the tensile response
of a wide range of fibre-reinforced materials, which
has hindered their broader adoption in structural
design. Consequently, further refinement of current
models and/or the development of new approaches
is required. Although, researchers focus on the char-
acterization of steel fiber reinforced concretes using
three-point bending tests, there is still limited in-
vestigation expressing the significance of applying a
suitable testing method to characterize steel fiber re-
inforced concrete for a safe structural member design,
especially for the self-compacting concrete members
[27]. In this research, the equilibrium-based multi-
layer approach is adopted and further modified for
long SFR-SCC materials and new input parameters
were proposed in the literature for the short and
hybrid fibrous concretes.

4.1. General approach of the multi-layer model

During an experiment of a notched beam under
3-point bending test, maximum moment arises at
mid-point of the bottom part of the specimens and
crack emerges through the notch plane. A non-linear
hinge is formed at middle portions with a length of I;
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as indicated in Fig. 6. The l; length was taken as half
of the effective beam height, which was determined
after numerous simulations [48]. The remained or out
of the hinge zone is accepted as elastic. This hinge
behaves as linear elastic up to the crack initiation,
then the behavior becomes non-linear. Therefore, this
hinge portion can be modeled by layers of springs,
whose behavior is governed by the tensile constitu-
tive relations of fibrous concrete, demonstrating the
influence of steel fiber yielding and pull-out. The
crack opening profile is linear in this hinge zone [49].

The fracture characteristics can be found by an
inverse analysis based on non-linear hinge model to
achieve the significant requirements of the bilinear
tension softening diagram [4]. The equilibrium-based
multi-layer, an inverse analysis, method depends on
3 fundamental principles as described in the earlier
inverse analysis model studies [29-32]. In the ini-
tial approach, the prismatic beam sample is divided
into two segments which are then interconnected
by springs distributed along the effective height of
the beam, as illustrated in Fig. 6. This spring re-
gion (hinge region, representing non-linear behavior)
comprises of multiple layers and each one shows
the small layer behaviors. As the number of layer
is increased, the model accuracy is increased, and a
linear displacement distribution over the beam depth
is anticipated. The fracture, or non-linear hinge zone,
governs the overall flexural response of the beam. In
this approach, the beam is assumed to be infinitely
stiff outside the fracture zone.

In the second approach [29-32], strains in springs
or concrete layers correspond to the average strain
distribution of that layer. The corresponding stresses
were calculated for each layer from the strain dis-
tributions, thus stress-strain and stress-COD relations
were obtained as an input parameter for the model.
Based on the computed stresses, the bending moment
is first determined for each individual layer and then
summed over the entire cross-section, ensuring that

the resultant force is equivalent to zero using 1% and
2nd equations, which are the equilibrium conditions
of the model (Fig. 7). After the determination of the
bending moments, applied load is calculated by three-
point bending formula by 3™ equation.

i=n

N=Zaixbxhi=0 @9
i=1
i=n
Mint = ZO’iX b x hi X Zi= 0 (2)
i=1
M
P= -
4x L 3

In the third and the latest approach; an incremental
process is done to find complete load crack mouth
opening displacement (P-CMOD) curves. In the first
step, the strain at the bottom layer is prescribed at
a fixed value. The linear strain distribution across
the section is then obtained using equilibrium condi-
tions until the resultant normal force becomes zero.
Subsequently, the bottom layer strain is enhanced in-
crementally, and the highest tension and compression
strains, along with the equivalent bending moments,
are found at each step. The global load-displacement
(P-w) curve is then constructed by combining the
applied load and the associated displacement for ev-
ery increment, as illustrated in Fig. 8. Finally, the
predicted response of the model is compared with the
experimental results to evaluate its accuracy [29-32].

4.2. General model parameters

4.2.1. Number of layers and influence length

The number of layers (n) in the hinge zone influ-
enced the peak load in the model. Similar with finite
element analysis, the model accuracy was improved
with an increase in the number of layers. However,
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as the number of layers increased, the analysis time
of the model is extended. In the earlier investigation,
it was reported that the number of layer of 500 was
found adequate and further increase in the number
of layers did not change the peak load. Also, the
influence length or hinge zone also was also taken as
half of the effective beam depth for the representation
of the non-linear behavior [30]. The similar number
of layers (500) and influence length (hegective/2) Were
also utilized in the previous model studies [31, 32].
Therefore, the number of layer and influence length
were also used as 500 and 62.5 mm (hegective/2),
respectively for the input parameters in this study.

4.2.2. Stress versus strain behavior under compression
One of the important parameters to obtain an ac-
curate tensile stress-strain model is the utilization of
reliable stress versus strain data under compression
as an input parameter. In the previous research, three
different stress-strain data were utilized to represent

the best input parameter for the simulation of the
inverse modeling and the idealized stress versus strain
relationship under compression as shown in Fig. 9
was found the best behavior representing the tensile
stress-strain relationship of the specimens [30]. The
idealized stress-strain behavior was also utilized in
the previous model investigations [31, 32]. In this
research, the same stress-strain response was used as
an input parameter as shown in Fig. 7.

For the determination of the f.m, €c clastic and €cmax
values in the Fig. 9, Kooiman [30] was realized the
compressive strength test experiments and the exper-
iment findings were utilized as input parameters for
the inverse approach. The compressive strengths of
the fibrous samples was used as input parameters for
the inverse model. The compressive strength results
were obtained from force-controlled loading on 150
mm x 150 mm x150 mm cube specimens, whilst
the elastic modulus (E), linear elastic strain limit
(eccelastic) and ultimate limit strain (€ccmax) Vvalues
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Fig. 9. Idealized compressive stress - strain behavior.

were obtained from displacement controlled com-
pressive strength tests conducted on 100 mm x 200
mm cylindrical specimens.

4.2.3. Stress-strain relationships

The fracture parameters were accurately predicted
using inverse modeling to reach the fundamental pa-
rameters of bilinear tension softening curve. In this
curve, stress-strain and stress-crack width relation-
ships can be separated into 2 fragments: the linear
portion up to cracking and the softening fragment.
The elastic performance was estimated by uniaxial
tensile strength (o ,) and linear elastic strain (ect).
The softening was also estimated using critical crack
width (wp), uniaxial tensile strength (ota), char-
acteristic crack width (w.) and the equivalent post
cracking strength (oc.eq) parameters as shown in
Fig. 10.

The predicted value of uniaxial tensile strength
(0ct,a) was correlated with the experimental splitting
tensile strength test results (o ¢ spic). The critical crack
width (wg) generally impacts the displacement part in
the post-cracking region and the wy value varies ac-
cording to steel fiber length; therefore, the predicted
value of critical crack width (wg) was correlated
with the steel fiber length (Fp). Also, the estimated
value of characteristic crack width (w.) influences
the crack opening displacement region and the w,
value also depends on the steel fiber length. Thus,
characteristic crack width (w.) value was correlated
with the critical crack width (wy) value, depending
on the length of the steel fibre. Meanwhile, the cor-
responding post-cracking strength (o ceq) influences
the stress part and the oeq value was related to the
uniaxial tensile strength (o). The predicted input
parameters depending on the steel fiber length and
splitting tensile strength values were given in Table 7

Ot .
A tension
c

ct,a

cteq

LA W,

Fig. 10. Input parameters for post cracking behavior of SFRC.

after the completion of the required deviation checks
between model and experimental tests results.

4.3. Determination of model accuracy

Model simulations were executed for various SFR-
SCC specimens and iteratively repeated up to the
variance between the experimental and numerical
results fell below 5% for each of the four criteria
described herein. The determination of the model
accuracy is checked based on the previous studies
[29-32], which were chosen as reference values for
the evaluation of the model results with the experi-
mental outcomes. For this purpose, the below checks
are satisfied:

» The highest bending force (Pn.x) difference be-
tween model/experiment has to be smaller than
5%.

* The 0.75Pp,.« flexural load difference (in the post-
peak region) between model/experiment has to be
smaller than 5%.

» The difference in the toughness value cor-
responding to 4 mm CMOD value between
model/experiment has to be smaller than 5%.

« The difference in toughness values between the
experimental outcomes and the model expecta-
tions, calculated at a CMOD value matching to
75% of the highest experimentally found bending
force (at post-peak zone), must be less than 5%.

4.4. Multilayer model procedure

Multilayer (inverse) model procedure was summa-
rized below. After the generated simulation, model
accuracies were checked according to the rules given
in Section 4.3. If deviation amount smaller than the
5%, the input parameters become the final param-



298 JOURNAL OF SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES 2026;11:289-304

Table 4. Flowability and passing ability findings.

SCC Tests C L5 L10 S5 H10 Standards and Limit Values
Slump Flow  tsgp - S 2 3 4 4 5 EN 12350 - 8
t500: 0-6
flow > 60 cm
tfinal - S 13 15 19 17 19
flow - cm 79 79 80 79 75
J Ring tsoo - S 3 4 5 5 7 EN 12350 - 12 PJ<2
thinal - 19 19 21 21 23
flow - cm 73 69 68 69 60
PJ - cm 0.1 1.8 2.1 2.0 3.4
L Box PL=H,/H; 1.00 0.96 Congestion  0.94 Congestion ~ EN 12350 - 10 Hyo/H;> 0.8
U Box H; -Hz (cm) 0.6 1.4 Congestion 1 Congestion UNI 11044 H; - Hy < 3 cm
V Funnel ty - s 5 6 Congestion 6.5 Congestion EN 12350-9t, < 155

eters of tensile stress versus strain relationship of
SFR-SCC. If the deviation amount higher than the
5%, then input/predicted parameters were changed
in the models up to the deviation amount becomes
smaller than 5% as explained in the below steps. Final
parameters were accepted as the tensile stress-strain
relationship of the SFR-SCC. The multilayer model
(inverse analysis) procedure steps are [29-32]:

i. Use the input values required for the inverse
analysis. The experimentally determined values
of compressive strength (f.), linear elastic strain
limit (eco), elastic modulus (E), ultimate limit
strain (€cmax) from compressive strength tests,
and splitting tensile strength values (freim spic)
from splitting tensile strength tests for each fi-
brous concretes were utilized in the models.

ii. Assume number of layers and influence length
parameters. These parameters are kept constant
as 500 and 62.5 mm, respectively.

iii. Assume bilinear stress-crack with relation pa-
rameters of uniaxial elastic tensile strength and
strain (frerm ax and €c), equivalent post cracking
tensile strength (fieimeqpil), and characteristic
and critical crack widths (wg and w,).

iv. Assume a CMOD value at the notch level.

v. Calculate deformations of each layer and con-
vert them to the strains using equilibrium
equations.

vi. Iterate strain values step by step and find out the
corresponding moment values (2" equation)

vii.Find out the load value by 3" formula.

viiilncrease the selected CMOD value at step iv and
repeat the steps from v-vii to obtain overall load
versus CMOD curve as shown in Fig. 6.

ix. Compare the model predictions with the ex-
perimental results and determine the deviation
among the experimental outcomes and theoret-
ical findings. If satisfies the criteria, then the
model is accurate. If not, change the assumed
parameters in step iii and repeat the following

steps up to the satisfaction of the criteria given
in Section 4.3.

5. Results and discussions
5.1. Fresh state test results

Table 4 presents the fresh-state testing results.
Slump flow properties were found satisfactory ac-
cording to EN 12350-8 standard [36]. J-Ring results
indicated that mixes except for the hybrid mix
showed adequate passing ability (PJ<2) conforming
to EN 12350-12 standard [39]. L-Box test indi-
cated that control and 0.5% SFR-SCC mixes were
found satisfactory (PL>0.8) according to EN 12350-
10 standard [38]; but, blocking was detected on 1%
fibre-reinforced mixtures. Similar findings were also
observed for U-Box and V-Funnel tests in accordance
with UNI 11044 [40] and EN 12350-9 [37] standards,
respectively.

The flowability results showed that L10 samples
contained a higher amount of superplasticizer (4.2
kg/m?) than the L5 samples (3.6 kg/m?); therefore,
the L10 mixtures exhibited a more workable consis-
tency and higher flowability than the L5 mixtures.
Although the S5 and L10 samples had similar su-
perplasticizer contents (4.2 kg/m?), the S5 samples
showed lower workability and reduced flowability
due to the increased internal friction caused by the
higher number of short fibers.

In these tests, control and 0.5% fiber reinforced
mixes showed adequate passing ability; however,
blocking was observed for higher amount of steel fi-
brous mixes (1%). The clear spacing between the steel
bars in the L-Box and U-Box arrangements is 40 mm,
while the long-fibres had of 35 mm length. Hence,
when high fibre volume fractions were employed,
fibre accumulation and blockage around the steel bars
were expected. However, it should be noted that these
tests are applicable for the plain (non-fibrous) SCC
mixes, there is no suggestion exist in the literature
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Table 5. 28-day compressive and splitting tensile strength results.

Samples Compressive Strength Test (28™ day) (MPa)  Splitting Tensile Strength Test (28" day) (MPa)
C (Non-fibrous) 57.75 4.14
L5 59.23 4.35
S5 58.92 4.67
L10 61.98 7.57
H10 61.18 6.39

Table 6. Displacement controlled test parameters of SFR-SCC for modeling.

Linear Elastic Strain Limit (e elastic)

Ultimate Strain Limit (€. yitimate)

Concrete Elastic Modulus (E) (MPa)

Long (0.5 %) 31217 0.0017
Short 0.5 % FRC 30323 0.0026
Long (1%) FRC 36319 0.003
Hybrid (1%) FRC 36817 0.004

0.01

0.015
0.015
0.015

for the flowability and passing ability requirements
of the fiber reinforced mixes. The detailed evaluation
of the fresh state properties of the SFR-SCC mixes was
also reported in the earlier investigation [18].

5.2. Compressive and splitting tensile strength test
results

Table 5 illustrates the average compressive and
splitting tensile strength results. It should be noted
that these results were used as input values in
the modeling phase. The results showed that both
compressive and splitting tensile strengths of the
specimens enhanced with an increasing steel fiber
volumes. The slight compressive strength improve-

Table 7. Input parameters of multilayer approach.

ments of 6% for 1% long and 7% for 1% hybrid steel
fiber introductions, whilst significant splitting tensile
strength enhancement of 83% for 1% long and 55%
for 1% hybrid steel fiber inclusions were observed at
28 days. The 0.5 % steel fiber inclusions had found
very limited impact on the both compressive and
splitting tensile strength results at the age of 28 days.

5.3. Displacement controlled compressive strength
test results

Table 6 summarizes displacement controlled com-
pressive strength results, and elastic modulus (E),
linear elastic strain limit (¢ ejastic) and ultimate limit
strain (ecc,max) Values were find out for each fibrous

Steel fibrous specimens

L5 S5 L10 H10
0.5% Long 0.5 % Short 1 % Long 1 % Hybrid
General Model Parameters SFR-SCC SFR-SCC SFR-SCC SFR-SCC
Number of layers 500 500 500 500
Influence length, 0.5*hlig (mm) 62.5 62.5 62.5 62.5
Bilinear compressive relation Input parameters for compression (experimentally found)
Compressive Strength (MPa) fe 59.23 58.92 61.98 61.18
Linear elastic strain limit (strain) €c0 0.0017 0.0026 0.003 0.004
E-Modulus (MPa) E 31160 30853 36319 36817
Ultimate limit strain (strain) € cmax 0.01 0.015 0.015 0.015
Bilinear stress-crack width relation Input parameters for tension
Splitting tensile strength (MPa) Octsplt 4-35 4.67 7.57 6.39
Uniaxial elastic tensile strength (MPa) Octa 3.26 3.50 (0 ¢y, splt 5.68 5.11 (0 et spit
(o ctspit *0.75) (o ctspit *0.75)
*0.75) *0.75)
Uniaxial elastic tensile strain (strain) €ct 0.0001047 0.0001047 0.0001563 0.0001389
(Uct,a/E) (Uct,a/E) (Uct,a/E) (Uct,a/E)
Equivalent post cracking tensile strength (MPa) o teq 0.9787 1.5761 (octa 1.7032 2.0448 (o cta
(octa ¥0.3)  *0.45) (0cta ¥0.3)  *0.4)
Critical crack width (mm) Wo 11.55 6.5 (0.5*F) 11.55 11.55
(0.33*Fr) (0.33*Fr) (0.33*FL)
Characteristic crack width (mm) We 2.8875 1.3 (wo/5) 2.8875 2.8875
(wo/4) (wo/4) (wo/4)
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Fig. 11. Experiment and Model (M) outcomes of L5 samples (0.5%-long).
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Fig. 12. Experiment and Model (M) outcomes of S5 samples (0.5%-short).
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Fig. 13. Experiment and Model (M) outcomes of L10 samples (1%-long).

concretes required for the inverse analysis. In addi-
tion, the average elastic modulus of the non-fibrous
specimens was obtained as 28823 MPa. The results
indicated that the elastic modulus of SFR-SCC in-
creased slightly with increasing steel fibre content.
Similar findings have also been reported in the liter-
ature [50, 51]. For the modeling, these parameters
only contribute to the slope of the pre-peak region of
the force versus crack mouth opening displacement
(CMOD) curve.

5.4. Three-point flexural strength tests and model
results

The aim of the study was to predict direct tensile
stress-strain diagrams. For this reasons, compressive
and splitting tensile strength tests, which are easier to
perform, were executed to use input parameters re-
quired for the modeling of direct tensile stress versus
strain curve of SFR-SCC. The accuracy of the inverse
model results has to be checked for the standardiza-
tion of direct tensile stress-strain curve of the SFR-SCC
for the material characterization. For this aim, three-
point flexural strength tests on notched specimens
were carried out to check the experimental results
with the inverse analysis model simulations. After
trial simulations and deviation checks, the inverse
models were successfully composed for each SFR-SCC
specimens and Table 7 illustrates the final model pa-

rameters. Figs. 11 to 14 show the composed model
(M) results with the flexural strength test results and
the final input parameters were deemed satisfactory
once the deviation between the experimental and
theoretical curves was confirmed to be within 5%.
After model simulations, the uniaxial elastic tensile
strength was found 0.75 times the splitting tensile
strength for all fibrous samples. The equivalent post
cracking tensile strength was obtained as 0.3 times
the uniaxial elastic tensile strength for 0.5% and 1%
long fibrous specimens, and 0.4 times the uniaxial
elastic tensile strength for 1% hybrid fibrous and
0.45 times the uniaxial elastic tensile strength for
the 0.5% short fibrous specimens. The critical crack
width values for the 0.5% long, 1% long and 1%
hybrid fibrous specimens were found to be 0.33 times
the steel fiber length, and 0.5 times the steel fiber
length for the 0.5% short fibrous specimens. The
characteristic crack width (w.) values were obtained
as critical crack width (wg)/4 for 0.5 long, 1% long
and 1% hybrid fibrous specimens, and w/5 for 0.5%
short fibrous specimens as indicated in Table 7. The
results pointed out that tensile stress-strain response
was significantly influenced from the steel fiber type.
For the hybrid fibrous specimens, the behavior of
long fibers was found dominant on the response since
similar assumed parameters were utilized in the long
and hybrid fibers, except for only the equivalent post
cracking tensile strength.
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Fig. 14. Experiment and Model (M) outcomes of H10 samples (1%-hybrid).

Table 8. Tensile input parameters for the modelling.

Input parameters  Current study

Kooiman [30] Griinewald [31]

Oct,a O ct,splt *0.75

Octeq 0.3* 0¢r, a (L5, L10)
0.4* o, 2 (H10)
0.45* o¢t, a (S5)

wo 0.33*Fy, (L5, L10, H10)
0.5* Fy, (S5)

We 0.25%wyq (L5, L10, H10)
0.2* wo (S5)

0.7-0.8* 0 ¢t spiit
0.2-0.3* 0cra

0.45-0.68" 0¢r, spiit
0.2-0.35* ocra

0.33-0.425* Fy, 0.26-0.42* Fy,

0.17-0.2* wo 0.22-0.36* wo

Figs. 11 to 14 illustrate the force versus crack
mouth opening displacement (CMOD) relations. The
reason of the sharp decrease in the load resulted
from the CMOD controlled loading. Non-fibrous SCC
specimens were also given to observe the steel
fiber efficiency. It can be concluded that steel fi-
brous specimens with high volume (1%) have higher
flexural strength and residual flexural strength ca-
pacity compared to lower amount steel fibrous
specimens, as expected. The effect of the steel
fibers especially on the post-peak performance was
obvious.

5.4.1. Contributions to the multi-layer model in this
research

In the research, similar method as reported by
Kooiman [30] and Griinewald [31] was utilized

to find out the input parameters; however, further
modification was made for modeling of the long
fibrous specimens. For long FRC specimens, the in-
put parameters were close to the parameters of
Kooiman rather than Griinewald. However, Kooiman
estimated low characteristic crack width (w.) val-
ues for long FCR specimens. In addition to this,
for the short and hybrid fibre-reinforced samples,
novel input parameters were successfully found and
utilized. The results showed that short-fibrous sam-
ples had marginally more frimeqpi and wo values
than the long-fibrous samples. Finally, each model
was successfully composed for different fiber rein-
forced concrete specimens. The used parameters of
Kooiman, Griinewald and current study for tensile
behavior of SFRC were given in Table 8 for model
comparison.
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6. Conclusions

The main findings of the study were:

+ Successful modelling outcomes were achieved for
all fibrous samples.

+ The utilized input parameters were considered ac-
ceptable after verifying that the deviations among
the experimental and theoretical curves remained
within the specified limits.

+ The input parameters selected for the long fibre-
reinforced specimens were consistent with those
reported by Kooiman [30] and Griinewald [31];
however, additional modifications were required.

* No data were found in the literature regard-
ing suitable input values for hybrid and short
fibre-reinforced samples. Previous research by
Griinewald [31] indicated that the numerical
model may not accurately capture the experimen-
tal response of specimens reinforced with short
fibres, leading to notable deviations. To overcome
this limitation, the present study introduces a
revised set of input parameters specifically devel-
oped for short and hybrid fibre systems, which
were then incorporated into the modelling proce-
dure.

For the future studies, material characterizations
should be further investigated and modelling studies
should be done for developing mathematical equa-
tions which may applied to wide variety of materials
(different fibers, fiber lengths, fiber geometry, and
etc.).
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