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ABSTRACT: This paper presents the results of experimental testing on steel fibrous concrete cylinder
specimens after being burned for a certain period of time. The purpose of this research is to explore and develop
an analytical expression on the stress-strain behavior of steel-fiber concrete by considering various variables.
Precisely, the variables reviewed are the compressive strength of concrete which is defined as concrete with
normal-strength, medium-strength and high-strength; the volume of fiber fraction in the concrete, namely 0%,
1% and 2%; and burning time for 1 hour, 2 hours and 3 hours. All cylindrical specimens measuring 100 x 200
mm were tested against uniaxial loads. The experimental results showed that all the fiber-free specimens had
experienced a decrease in strength with increasing firing time. Normal-strength concrete specimens lose
strength by 30-35% after burning for 1 hour or 2 hours, and the strength degradation increases to 60% at 3
hours after burning. Medium-strength concrete specimens lost 10% strength after being burned for 1 hour ,
then lost 30% and 60% strength after 2 hours and 3 hours of burning, respectively. High-strength concrete
specimens lose 10% strength if burned for 1 hour, then the strength is lost 20% and 55% after burning 2 hours
and 3 hours, respectively. Another result is a trend of increasing peak strain of concrete with increasing burning
time. In this paper, an analytical expression of stress-strain post-burning steel-fibrous concrete is developed.
The comparison results show that the analytical expression is able to predict the experimental results of normal
and high-strength steel-fiber concrete with various variations in the volume of the steel fiber fraction effectively.
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1. INTRODUCTION obtain and form. Steel-fiber concrete s
exceptionally sensitive to temperature, especially at
Fibrous concrete is known to be one of the smart high temperatures, compared to normal concrete
materials because it has several advantages of its (without fibers). The content of steel in the concrete
characteristics such as matrix bonding and better is a leading factor affecting the mechanical behavior
ductility compared to plain concrete [1-3]. The (like compressive strength) of concrete. In the case
addition of fiber to concrete can significantly of civil buildings experiencing fires for various
increase ductility and is valuable in its use in reasons, the fires that occur can take hours or a long
building structures in strong earthquake areas. The time and can reach temperatures of 900°C or even
combination of steel fibers with concrete, even in more, so it is necessary to investigate steel-fibrous
high-strength concrete, will be one of the solutions concrete when it is at very high temperatures. Until
to significantly reduce the need for reinforcement now, the constitutive model of post-burn concrete is
installed in structures [4]. still dominated by plain concrete material which is
The characteristics of fibrous concrete including burned to a high temperature [12,13]. CEB-FIP in
constitutive models are currently still being Model code 2010 [14] has also modeled plain
developed [5-8]. Based on the results of these concrete at high temperatures. CEB-FIP examines
studies, it was revealed that the addition of fiber was post-burn plain concrete in the temperature domain
able to increase the strength of the concrete material. and also converts it to burning time for example in
Lee et al [9] examined the mechanical behavior of 60 minutes, 120 minutes and 180 minutes.
steel-fibrous concrete but utilized a particular type The mechanical behavior of fibrous concrete
of fiber, namely end-hooked. Structurally, the after burning up to a temperature of 900°C by
flexural behavior of fibrous concrete has also been Antonius et al [15] and Purwanto et al [16] proposes
investigated [10,11]. a constitutive equation for mechanical behavior but
Steel fibers substituted into concrete mixtures is however limited to the volume of the fiber
are reasonably popular because they are tolerant to fraction of 0.5%. Bezerra et al [17] and Chen et al
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[18] investigated the mechanical behavior of steel-
fibrous concrete at high temperatures where the
burning temperature reached 500°C. On the other
hand, an analysis simulation of fibrous concrete
based on a numerical method that was validated
against experimental results and revealed that post-
burn fibrous concrete tends to experience a trend of
decreasing strength but its ductility increases if the
temperature applied is more excessive [19].
Furthermore, Bezerra et al [17] and Zhang et al [20]
reveal the residual strength of steel-fibrous concrete
at various temperatures is more superior than the
residual strength of plain concrete. In addition, steel
fibers play a role both in increasing fire resistance
and preventing explosive peeling of the concrete
(spall) when the fibrous concrete is burned at high
temperatures. Zaidi et al [21] and Korsun et al [22]
started researching the post-burning fibrous
concrete and they had succeeded in developing a
model of confined fibrous concrete at elevated
temperatures. Antonius et al [23], Kim et al [24]
also studied the ductility behavior of steel-fibrous
concrete beams at various temperatures, and it was
concluded that the ductility of the structure
decreased compared to the ductility of the structure
without being burned, but the decrease in the
ductility value was insignificant. In other structural
fields, the post-combustible shears ability of steel-
fibrous concrete has also been studied [25-27].
Cheng et al [28] and Santos et al [29] derive stress-
strain models for post-burn plain concrete and post-
burn fibrous concrete, respectively, where these
models review the burning of specimens based on
temperature.

This research was conducted on post-burn steel
fibrous concrete by varying the duration of burning
(t), namely 0 hour or specimens were unburned,
burned 1 hour, 2 hours and 3 hours. Other variables
are the compressive strength of concrete (f'),
volume fraction of fiber (Vr), namely 0% as control
specimens of fibrous concrete, 1% and 2%. The
fundamental objective of this research is to obtain
comprehensive information regarding the strength
loss, ductility, and stress-strain behavior of post-fire
materials. Based on the experimental results, an
analytical expression of stress-strain behavior will
be developed.

2. RESEARCH SIGNIFICANT

In general, concrete after burning will raise
questions about whether the concrete is still suitable
for use as a structural material. On the other hand,
the post-burn fibrous concrete design standard was
unregulated by the Indonesian concrete code [30].
Therefore, in-depth research is required on the
capacity of these structures to ensure the safety level
of the post-burn fibrous concrete. The analytical
expression of stress-strain is needed as a basic

62

reference in carrying out a post fire fibrous cross-
section analysis of concrete. Equations of strength
degradation, changes in strain and ductility are
needed in calculating the strength of the post-burn
fibrous concrete.

3. EXPERIMENTAL PROGRAM
3.1 Materials

Manufacture of fibrous and nonfiber concrete
specimens utilizing commercially available
materials. The compressive strength of concrete is
designed into three groups of water-cement ratios
(w/c), namely 0.53, 0.38 and 0.28. Each wi/c group
is the calculation result to obtain concrete with
normal compressive strength (f'.~30 MPa), medium
compressive strength (fc~50 MPa) and high
compressive strength (f'e~70 MPa). The mix design
procedure is based on SNI-7656-2012 [31]. The
design of the concrete mixture is presented in Table
1. To maintain the workability of the concrete,
Viscocrete is added at a dose of 0.5% by weight of
cement.

Table 1 Concrete mix design

Materials wlc=053 w/c=0.38w/c=0.28
Cement (kg /m®) 350 420 485
Fly Ash (kg/m®) - 72 828
Water (It/m?) 186 160 136
Sand (kg/m?®) 723 464.6 622
Coarse aggregate
(kg/m?) 886.8 1045 1086
Viscocrete (kg/m®) 1.75 7.38 10.7

Vi=0% - - R
SE"EZ'/;?)” VEl% 215 24 24.6
Vi=2% 429 48 49

The steel fibers employed are presented in Fig.1.
The steel fibers were purchased in the market and
are in the form of wire frequently used as a steel
reinforcement for reinforced concrete components.
In this study, the ratio of fiber length to diameter
was determined between 40-50 values.

3.2 Specimens, Instrumentation and Testing

The specimen in this study is a cylinder with a
diameter of 100 mm and a height of 200 mm. The
specimens being cast are then cured by covering the
specimens with wet sacks. The burning of the
specimens follows the ASTM C 39-94 [32]
procedure, namely after the specimens are 90 days
old from casting. Fig.2 represents the process of
arranging and burning the test object.
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Fig.2 The p}acess of preparatibn and burnig of
test specimens

Commonly, the incident of frequent-building
fire is caused by long duration of burning.
According to ASTM E 119-00a, the duration of
burning in the material test for 1 hour, 2 hours and
3 hours can be converted into temperatures of 927°C,
1010°C and 1052°C, respectively. Therefore the
temperature imposed on the specimen is all above
900°C or high temperature.

The process of burning the specimens begins
with the arrangement of the specimens and then
continued with 1 hour of burning. After that the
specimens were removed from the furnace to be
replaced with other specimens and burned for 2
hours. The same process was also carried out for
burning the specimen for 3 hours.

After burning the specimens, preparations are
required before carrying out the compressive test.
The specimens were fitted with a strain gauge type
PFL-30-11 to measure the axial strain of the
concrete. LVDT is installed on two sides of the
cross section to measure the deflection of the
specimen in axial direction.

Testing using the Universal Testing Machine
with a capacity of 2000 kN with a deformation
control testing system. Press testing follows ASTM
standards. The loading process starts from zero load,
increasing slowly. While the load increases, the
specimen surface is observed to determine the
spalling process, cracks and specimen collapse. The
stress occuring on the specimen is calculated by
dividing the load obtained from the test reading
divided by the cross-sectional area of the specimen.

3.3 Toughness

In this study, the ductility of the specimen is
expressed in terms of toughness or energy that the
specimen can absorb against uniaxial compressive
loads. Toughness is expressed in Toughness Index
(TI), where the calculation is based on the approach
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by Antonius [4] and Aoude et al [33] as showed in
Fig.3. Based on this figure, Tl is defined as the
shaded area divided by the OABC rectangular area.

B

O Strain C=¢.,=0.01

Fig.3 Analysis method of Tl calculation

4. EXPERIMENTAL RESULTS AND
DISCUSSION

The mix design carried out by varying the ratio
of water to cement produces three varying types of
compressive strength for 28-day-old concrete,
namely the compressive strength of 34.9 MPa, 50.6
MPa and 70.5 MPa. Each of these compressive
strengths is then grouped and called Normal-
Strength Concrete or (NSC), Middle-Strength
Concrete (MSC) and High-Strength Concrete or
abbreviated as HSC. The results of the experimental
processing are presented in Table 2.

The failure mode of burnt steel-fiber concrete
specimens with a duration of 1 hour, 2 hours or 3
hours generally indicates that steel-fiber concrete
inexperience a sudden drop and is relatively ductile.
This is opposed from the mode of collapse of fiber-
free concrete (Vi = 0%) where visually the specimen
can be said to collapse brittle. This behavior
demonstrates the role of steel fibers in increasing
the ductility of the material. The mode sample of
collapse of the post-burn fibrous concrete specimen
is shown in Fig.4, where the specimens consist of
NSC, MSC and HSC with variations in fiber
fractions of 0%, 1% and 2% (see Fig.4).

4.1 Peak -Stress Degradation

Evaluation of the decrease in the peak stress of
the concrete to the duration of burning is carried out
by normalizing the peak stress in each specimen in
Table 2 above on the compressive strength of the
control concrete. All NSC specimens, both without
fiber and containing 1% and 2% steel fiber,
experienced a trend of decreasing strength which
was not much exceptional from one another (Fig.5).
Burning the specimen for 1 hour can reduce the
peak stress by about 25-35%, When burned for 2
hours, the peak stress loss increases to 30-40%. The
loss of peak stress in concrete increases
significantly to about 55-60% if the burning
duration of the specimens reaches 3 hours.
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Table 2 Experimental results

Concrete Peak strain, compressive strength and toughness index
strength, (%I) Not burned Burned 1 h Burned 2 h Burned 3 h
f’c (Mpa) 13 ’c fc Tl & ’Ct fct Tl & ,ct fct Tl & ,ct fct Tl
NSC 0 0.0022 349 048 0.0025 26.3 0.41 0.003 244 0.43 0.0032 15.9 0.59
34.9 MPa 1 0.0040 40.9 0.81 0.0042 29 0.67 0.0046 258 0.59 0.005 17.3 0.75
2 0.0051 412 0.83 0.0053 27.8 0.80 0.0055 28 0.81 0.0062 18.4 0.76
MSC 0 0.003 504 055 0.0032 49.4 0.63 0.004 36.7 0.59 0.0041 183 0.57
50.6 MPa 1 0.0034 57 0.81 0.0037 52.6 0.54 0.0041 37.2 0.72 0.005 25 0.83
2 0.0064 574 0.85 0.0067 52.3 0.88 0.007 40 0.82 0.0074 26.6 0.83
HSC 0 0.003 705 0.67 0.0037 62.1 0.30 0.0039 55.4 0.88 0.0043 33 0.66
0.5 MPa 1 0.0053 711 0.75 0.0056 69.6 0.78 0.006 58.4 0.74 0.0063 33.6 0.77
2 0.0067 80.6 0.80 0.007 70.7 0.78 0.0073 62.1 0.82 0.008 39.6 0.77
strength (less than 5%). The specimen burned for 2
— s hours causes a peak stress loss of 20% and if the
» specimen is burned for 3 hours the peak stress loss
| is about 45%. These results indicate that in high-
. strength concrete (HSC), the loss of strength after
burning 1, 2 and 3 hours is less than burning with
Vi=0% Vi=1% Vi=2% the same duration in NSC and MSC.

a) Specimens of NSC

szo% Vf=l% Vf=2%
b) Specimens of MSC
R
VFO% Vf:l% Vf:2%

c) Specimens of HSC
Fig.4 Samples of failure modes of specimens post
burning

The strength degradation behavior is slightly
different in the MSC specimens. All specimens only
lose a maximum peak stress of 10% if the
specimen’s burning process takes place only 1 hour.
However, when the specimen was burned for 2
hours, the peak stress loss was the same as that of
the NSC specimen above, which was between 30-
40%. Likewise, if the specimen is burned for 3
hours, the peak stress loss is about 55-60% or the
same as the peak stress loss of the MSC specimen
above except for the fiberless specimen (Vi=0%).

In case of HSC, burning the specimen for one
hour resulted in the specimen losing about 10-15%
of stress, except for specimens with a volume
fraction of 1% fiber which lost relatively little
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Fig.5 Degradation of strength to duration of
burning

4.2 Peak Strain After Burning

In general, based on Table 2 it can be said that
all the peak strain of the unburned and burned
concrete specimens (&' and &'y) has increased with
increasing burning time. This is also shown in Fig.6.
Based on the data in Table 2 and from the three
figures, the increase in peak strain from a 2-hour
burning time to the lowest of a 3-hour burning
occurs in fiber-free specimens (plain concrete).
This behavior especially in fibrous concrete
indicates that although the concrete experiences a
loss of strength when burned with an increasing
duration, it can experience significant deformation
due to the role of steel fibers. This also shows the
steel-fiber concrete specimens are ductile.
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Fig.6 Increased strain with respect to burning time

4.3 Toughness

The experimental results show that the T1 value
increases linearly with the increasing volume of
fiber fraction in each concrete compressive strength
group and the specimens are burned at the same
temperature. These results are in line with the
fundamental theory of fibrous concrete that fibers
play a significant role in increasing the energy that
the specimen can absorb, or in other words, the
higher the fiber contained in the concrete, the more
ductile the material is.

On the other hand, the experimental results
show that the T1 value does not always increases in
case that the burning duration is longer. For
example, in a fiber-free NSC specimen, when it was
unburned it contained a TI value of 0.48, but after
burning for 1 hour the TI value decreased to 0.41,
then after being burned for 2 hours and 3 hours the
TI value increased to 0.43 and 0.49 respectively.
Likewise in the NSC specimen with a volume
fraction of 1% fiber, where the Tl value that was
unburned was 0.81, then the Tl value decreased to
0.67 and 0.59 at 1 hour and 2 hours of burning, but
the Tl value again increased to 0.75 if the specimen
was burned 3 hour. Similar behavior is also shown
in HSC specimens, for example specimens with a
volume fraction of 2% fiber. If the specimen is
unburned, the TI value is 0.80, then if it is burned
for 1, 2 and 3 hours, the TI value will be 0.78, 0.82
and 0.77, respectively.

During the specimen burning, there are
specimens undergoing rapid or slower spalling and
unaffected by the duration of the burning. It can be
identified that the occurring residual stress is
different and uncertain for each specimen. This
behavior will be recognized in the stress-strain
curve, therefore the area of the stress-strain
behavior is also highly variable. This implies the
duration of burning has neither effect nor the
determination of the amount of residual stress.
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4.4 Stress-strain Behavior

Stress-strain behavior analysis of all specimens
was performed to evaluate the behavior of the
specimens before and after peak stresses. The stress
behavior is described by normalizing the stress on
the compressive strength of the concrete.

4.4.1 Specimens without burning

The stress-strain behavior of the unburned
specimens which function as control specimens is
shown in Fig.7. In general, fiber-free specimens
show post-peak stress behavior which tends to be
brittle when the compressive strength of the
concrete increases. The presence of steel fibers in
the concrete plays a role in increasing ductility,
which is indicated by the relatively sloping post-
peak behavior compared to the fiber-free specimens.
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08 | /
0.7 1 |
] I HSC;

o] /* MSC; fc=70.5 MPa
03 | ‘\/ fc=50.6 MPa Not Burned
02 | /3
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V{=0%
NSC;

£c=349 MP Vi

O'é 1 e MR | Viz2%

; “ ‘ - ‘
0.005 Strain

Fig.7 Effect of fibers on unburned specimens

4.4.2 Effect of burning duration

Fig.8 to Fig.10 show the stress-strain behavior
of the specimens in view of the variable duration of
burning. As explained above, the peak strain of
concrete increases. The increase in the peak strain
of concrete was noted significantly in the 1%
fibrous concrete specimen even in the 2% volume
fraction specimen. As shown in Fig.12, where the
concrete without fiber (V¢ = 0%), shows the peak
strain and post-peak behavior which is more sloping
as the duration of specimen burning is longer.
However, if the specimen contains 1% fiber, in
addition to the higher the peak strain of the concrete,
the post-peak concrete response looks more sloping
if the specimen is burned longer. This behavior is
shown in Fig.13. A more significant behavior in the
ductility of the concrete with the increasing duration
of burning is shown in Fig.14 where the concrete
specimen contains a volume fraction of 2% fiber.
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HSC
fic=
70.5 MPa

VF=2%

Not buthed

Burned 1 h

Burned 2 h

Burned 3 h
T

Normalised stress (fct/f'c)
o
o

MSC;
fc=50.6 MPa

Strain

0.005

Fig.10 Effect of duration of burning for Vi = 2%

4.4.3 Effect of volume of fraction under burning

The role of steel fibers in increasing the stress
and ductility of normal-strength concrete to high-
strength is shown in Fig.11 to Fig.13. At each firing
duration of 1 hour, 2 hours and 3 hours, all
specimens tended to be more ductile if the steel
fibers used were higher. This is an indication of the
role of steel fibers in maintaining the strength and
ductility of concrete so as not to experience brittle
collapse.
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5. ANALYTICAL EXPRESSION TO
ESTIMATE THE STRESS-STRAIN
BEHAVIOR

5.1 Stress-Strain Curves

By this time the stress-strain equation for
fibrous concrete has been proposed [15,20,28,34].
As a basis, the stress-strain equation in concrete
generally adopts the model proposed by Nataraja et
al [35], namely:
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Where g is the factor that affects the shape of the
post-peak curve. If the concrete contains no fibers,
factor B adopts the equation of Junior et al. (2010),
namely:

B =(0.0536 -0.5754V, ) ', )

Where Vs is the volume of the fiber fraction.
If the concrete contains fiber, factor £ adopts the
proposed equation by Nataraja (1999) as follows:

f=0.5811+1.93(RI) ™% (3)
Where RI is the reinforcing index, namely the
weight of the volume fraction multiplied by the
ratio of the length of the steel fiber to its diameter
(I/d). The weight of the volume fraction (ws) is 3.2
times the volume of the fraction, so:

RI =3.2V; (I/d) 4)
In this study, the average I/d value is 45. So that for
Vi =1% the value of RI= (3.2)(0.01)(45)= 1.44, and
for Vi = 2% the value of Rl is 2.88.

The equation for the peak stress and peak strain

of concrete due to the addition of steel fibers is:

f', = f'.+2.1604(RI) (5)

&', = &', +0.0006(RI) ©6)

Equations (5) and (6) above apply to the conditions
without being burned or after being burned, where
f'e and ¢, are taken based on the compressive
strength of the concrete without fibers (Vi=0%).
Based on Antonius et al., 2017, the peak strain of
concrete without fibers represent a function of the
compressive strength of the concrete, namely:

&'y =0.0004( ', )" (7)

Based on the experimental results described above,
the peak stress of the concrete decreased with the
addition of the duration of burning, but on the other
hand, the peak strain of the concrete increased with
the increase in burning time. Therefore, the
equation of the relationship between stress and
stress on the duration of burning is derived based on
the data of this study implementing linear
regression.
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For Vi = 0%, the equation is:
fl

ff‘ =1-0.1694t
(8)
—ft =1+0.1198t
& C
For Vi = 1% we get:
fl
<L =1-0.1709t
glcf (9)
,—C‘ =1+ 0.0928t
€ of
For Vi = 2% the equation is:
f.°‘ =1-0.1676t
g’cf (10)
f‘ =1+ 0.056t
&

of

Where fi” and e’ are peak stress and peak strain of
concrete corresponding to the peak stress both at
burning time.

5.2 Comparison with Experimental Results

Furthermore, the developed analytical
expression of stress-strain above is compared with
the experimental results presented in Fig.14 to
Fig.22. The comparison results show that the
analytical expression is able to effectively predict
the stress-strain behavior before and after the peak,
covering of normal and high-strength concrete with
variations in the volume of fiber fraction and for
each burning duration.
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Fig.14 Analytical vs experiments for f’:=34.9 MPa,
Vf:0%

6. CONCLUSIONS

Based on the research described above, some
conclusions can be drawn are as follows:

Steel fibers consist of extremely superior added
value, which is to increase the strength of the
concrete as a result the cross-sectional capacity also
increases. Another advantage is the deformability of
steel-fiber concrete is equally higher.
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In most cases, high-strength steel-fiber concrete
(fc=70.5 MPa) has the least strength degradation
compared to the degradation of the strength of
normal-strength fibrous concrete (f.=34.9 MPa)
and medium strength (f':=50.6 MPa). This applies
to specimens burned for 1 hour, 2 hours or 3 hours.

The peak strain of concrete experiences a
significant increasing trend when burring duration
is longer. In addition, the increase in the volume of
fiber fraction equally affects the increase in the
value of the strain.

The ability of the specimens to absorb energy
expressed in the Toughness Index will increase
significantly if the volume of the fiber fraction used
increases. However, the TI value uncertainly
increases even though the burning duration also
increases or in other words the burning time
experiences insignificant effect in determining the
Tl value.

The analytical expression of stress-strain
developed in this study is able to predict the stress-
strain behavior of steel-fiber concrete with
variations in the volume fraction of the fiber and the
duration of burning.

This study is still prime but useful among others
in its use to determine the flexural capacity of steel-
fiber concrete after burning. In addition, this
research can be developed on other structural
elements like its shear capacity along with others.
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