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This paper presents an experimental investigation on the behavior of steel fiber reinforced
concrete deep beams at elevated temperature. Twelve reinforced concrete deep beams were
cast and tested. The beams were tested under a four-point loading scheme after being
subjected to elevated temperatures of 25 (room temperature), 200 °C, and 400 °C. Three
volumetric steel fiber ratios of 0, 0.2 and 0.4% and two ratios of shear span to effective
depth of 0.4 and 0.8, were used. Results show that ultimate loads of deep beams are
increased when heated at 200°C by 69.39%, 28.75% and 4.24%, and decreased when heated
at 400°C by 2.04%, 25%, and 42.37% for steel fiber ratios of 0, 0.2%, and 0.4%,
respectively. Steel fibers perform better in unheated beams. Incorporating 0.2 and 0.4% of
steel fibers increases ultimate loads by 63.27% and 140.82% for unheated beams, 24.1%
and 48.19% for beams heated at 200°C, and 25% and 41.67% for beams heated at 400°C,
respectively. Also, the shear span to effective depth ratio still dominates the strength of deep

beams at elevated temperature as at ambient temperature.

Keywords: Deep Beams, Elevated Temperature, Reinforced Concrete, Shear Behavior, Steel Fiber.

1. Introduction

A deep beam can be defined as a member whose depth is
comparable to its span with a relatively small third dimension
(width), so it is loaded primarily in its plane. [1], [2]. ACI 318-
19 [3] specifies that a beam is considered deep if the ratio of its
clear span to depth or shear span to depth does not exceed 4 and
2, respectively. Clear span to depth ratio is limited to less than 3
in Eurocode 2 [4] for a beam to be deep. However, deep beams
are characterized by the fact that the majority of the load is
directly transmitted from loading points to supports by an arch
action through compression struts within shear spans [5]-[8].

Deep beams have many structural applications in bridges, tall
buildings, marine structures, foundations, and diaphragms [8]-
[9]. Unlike slender beams, shear deformation in deep beams is
significant and cannot be neglected, where shear strength rather
than flexural strength is the main concern in deep beam design
to avoid brittle shear failure [10]-[13].

Many studies have shown that the shear strength and behavior
of reinforced concrete deep beams depend primarily on the shear
span-to-depth ratio, concrete strength, and flexural and shear
reinforcement. Shear capacity increases as the shear span-to-

411

depth ratio decreases or as concrete strength and reinforcement
increase [12], [14], [15]. Depending on these parameters, deep
beams mainly fail by diagonal splitting, strut crushing, shear-
compression, anchorage, or bearing [1], [2], [15]-[17].

The shear behavior of deep concrete beams reinforced with glass
fiber reinforced polymer bars for flexure and those without shear
reinforcement was examined by Abed et al. [18]. According to
the findings, beams reinforced with fiber-reinforced polymer
bars exhibited greater deformation and reduced stiffness at their
maximum failure load, followed by abrupt failure. Farghaly and
Benmokrane [19] discovered that while the type of fiber
reinforcement had no bearing on the behavior of the tested
beams, the ultimate capacity and deflection characteristics of
deep beams longitudinally reinforced by carbon and glass fiber
reinforced polymer bars without shear reinforcement were
clearly influenced by the reinforcement ratio and concrete
compressive strength.

Abed et al. [20] showed that the presence of basalt microfibers
in short beams reinforced longitudinally with Basalt Fiber
Reinforced Polymer (BFRP) bars increased shear strength by
42% and enhanced overall stiffness and toughness. Kachouh et
al. [21] studied the shear response of recycled aggregate
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concrete deep beams with circular openings using steel fibers as
a replacement for the conventional shear reinforcement. The
addition of steel fibers remarkably improved the shear response
of the tested beams by 39 to 84%. The use of 1% steel fiber
without stirrups restores 96% of the original shear capacity of
the beam with conventional steel stirrups.

Cycles of heating-cooling frequently occur in concrete
structures, either routinely, like in furnaces, chimneys, and
power plants, or accidentally when subjected to fire, then water
extinguishers [22], [23]. Elevated temperatures have harmful
effects and can result in severe damage to concrete, including
reductions in strength and stiffness, high permanent
deformations, and brittle failure. These effects can be attributed
to the changes in the morphology of concrete at high
temperatures [5], [22], [24], [25].

Previous research revealed that brittle shear failure is common
in reinforced concrete beams subjected to elevated temperatures
[5]. It has been demonstrated that the use of steel fibers improves
flexural, shear, and ductility performance by bridging cracks and
reducing their widths, resulting in internal stress redistribution,
thereby preventing this abrupt failure in both deep and slender
concrete beams, particularly at elevated temperatures [12], [25],
[26]. Moreover, steel fibers can serve as mass reinforcement,
which arrests crack propagation by transferring tensile stresses
across crack surfaces, leading to enhanced shear response to be
more ductile and reduce or even eliminate the conventional shear
reinforcement [27]. However, the improvement of using steel
fibers is negatively affected by high temperatures, which reduce
the bond with the concrete matrix [28].

From the reviewed literature, a critical gap exists in
understanding the combined effects of steel fibers and heat on
the structural behavior of deep beams, so this study aims to
experimentally investigate this behavior and load-carrying
capacity, shear performance, and crack patterns.

The novelty of this study lies in providing a comprehensive
experimental dataset on the residual shear behavior of steel
fiber-reinforced concrete deep beams, a critical structural
element often left uninvestigated in fire-resistance research. This
research provides new insights into how steel fibers bridge
cracks and restrains explosive spalling in deep beams under
shear-critical conditions. The findings contribute to the
development of design guidelines for fire-resistant, high-
strength steel fiber-reinforced concrete deep beams and validate
the efficacy of steel fibers in mitigating strength loss in high-
stress, high-temperature scenarios.

2. Methods and Materials

To accomplish the aim of the present work, twelve reinforced
concrete deep beams were cast and tested. The beams were
tested under a four-point loading scheme after being subjected
to elevated temperatures of 25 (room temperature), 200 °C, and
400 °C. Three volumetric steel fiber ratios of 0, 0.2 and 0.4%
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and two ratios of shear span to effective depth (a/d) of 0.4 and
0.8, were used in the tested deep beams. Details of the
experimental procedure are presented in the following sections.
2.1. Materials

The materials used in this investigation are:

1. Ordinary Portland cement satisfying Iragi standard
specification No.5-1984 [29].

2. Coarse aggregate (crushed gravel) with a nominal
maximum size of 10 and fine aggregate (sand), satisfying
Iragi Standard Specification No.45-1984 [30].

3. Tap water for aggregate washing, concrete mixing, and
curing of specimens.

4. Steel reinforcement: @10 mm with a yield strength of 530
MPa and ¢3 mm with a yield strength of 428 MPa used for
all beams.

5. Steel fibers: straight steel fibers with aspect ratio (L/d) of

65 (length = 13mm and diameter = 0.2mm) and yield stress
of 1130 MPa (from manufacturer’s data). The used steel
fibers are shown in Fig. 1.

Figure 1. Used steel fibers.

2.2. Concrete Mix Proportions

Mix proportions of the used concrete are 320 kg/m3 for cement,
640 kg/m® for fine aggregate, and 1280 kg/m® for coarse
aggregate. The water/cement ratio was 0.5 for all mixes. Three
mixes were used in the deep beams with steel fiber ratios of 0,
0.2, and 0.4%. The compressive and splitting tensile strengths
were determined by testing concrete cubes and cylinders at 28
days according to BS EN 12390-3:2019 [31] and ASTM C496-
11 [32], respectively, as shown in Fig. 2 and listed in Table 1.
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Figure 2. Testing of (a) compressive strength and (b) splitting
tensile strength.

Table 1. Compressive and splitting tensile strengths of
Concrete Mixes.

Cube

Steel Compressive Splitting tensile
. A
fiber ratio, % strength. MPa strength, MPa
0 30.71 3.11
0.2 34.82 3.69
0.4 37.20 412

2.3. Mixing and Casting

Concrete was mixed using a horizontal rotary mixer in a
traditional manner, initially mixing sand and coarse material for
almost two minutes. After that, cement was added, and the dry
elements were combined for three minutes to create a uniform
dry mixture. After that, water was added, and the mixture was
mixed while the steel fibers were gradually added until it was
homogenous. Every aggregate, both fine and coarse, was
utilized in a dry, saturated surface condition.

Steel reinforcements were inserted into the molds after they had
been cleaned, their inside surfaces oiled, and pieces fastened.
The particular concrete was continually poured into molds to
create deep beams, which were then compacted using a vibrating
table.

Three cubes (100mmx100mmx100mm) and three cylinders
(100mmx200mm) were cast with each mix to determine
compressive and splitting tensile strengths, respectively. After
24 hours, all specimens were demolded and cured in water for
28 days.
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2.4. Details of Deep Beams

Twelve reinforced concrete deep beams of dimensions
(600mmx280mmx70mm) were tested under a four-point
loading scheme in this work. Three variables are adopted in the
tested beams: temperature (T = 25, 200, and 400 °C), steel fiber
ratio (SF = 0, 0.2, and 0.4%), and shear span to effective depth
ratio (a/d = 0.4 and 0.8). Each deep beam is designated using the
letter B (beam) followed by three characters for SF, T, and a/d,
respectively, as illustrated in Fig. 3. For example, the beam B4-
R-8 is a deep beam that contains 0.4% steel fiber, heated at 25
°C, and tested with a/d of 0.8.

Shear span to

4:0.4
8:0.8

B4-R-8

Steel fiber {SF) / \ Temperature (T)
0: 0% R: 25°C

2:0.2% 2: 200 °C

4: 0.4% 4: 400 °C

Figure 3. Designation of the deep beams.

Longitudinal and transverse reinforcement were kept the same
(2810mm bhottom, 2@3mm top, and stirrups @3mm at 80mm,
respectively) as shown in Fig. 4.

Load
a—» “ '
b 4Pnun
T I [ S ) 5 203mm
£ E ®3mm
€E ©
g «
N 5 2010mm
| & i€
- - ® ?22mm
Dial gauge " |¢—250 mm —N —>| =
€ 500 mm > 70mm
l« 600 mm >

Figure 4. Details and set-up of the tested beam.

2.5. Heating and Testing Procedure

Deep beams were heated using a laboratory electrical furnace
with internal dimensions of 750 mm x 600 mm x 500 mm at a
slow rate of heating (2°C /min). When the required temperature
was reached, it was kept at that level for two hours, then the
furnace was turned off, and natural cooling started for about 24
hours before being removed from the furnace and prepared for
testing. It is worth noting that the recorded temperature is the
reading of the furnace.
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A universal testing machine with a 3000 kN capacity was used
to test all beams over a simply supported span of 500 mm, as
illustrated in Fig. 5, under monotonically increasing static loads
in tiny increments until failure. A mechanical dial gauge with a
0.01 mm precision mounted to the bottom side of the beam was
used to measure the vertical mid-span deflection (in 5 kN
intervals). Throughout the test, crack growth and propagation
were tracked and noted. The tested beams' failure modes were
also observed.

(b)

Figure 5. (a) Testing machine, (b) a beam under testing.

3. Results and Discussion

3.1. General Response, Cracking Behavior, and Failure of
Deep Beams

The structural behavior of all tested deep beams is generally
similar, where at first, no visible deformation or cracks appear.
With further loading, flexural cracks initiated on the bottom side
at or near the middle region between the loading points within
approximately 40-50% of the ultimate load. These cracks were
generally few and hairy and did not extend upward more than
about 50-60% of the beam depth. This observation was also
reported by [1].

Afterward, a diagonal crack developed at one or both shear
spans. With increasing load, diagonal cracks widened and
propagated upward to the loading points and downward to the
supports. Eventually, the width of diagonal cracks increased,
bearing cracks suddenly formed at supports and propagated
upward, accompanied by concrete crushing due to excessive
loading and stress concentration, and the beam failed. Deep
beams with a lower a/d (0.4) show more ductile failure
(especially fibrous ones) than those with a/d of 0.8. Fig. 6 shows
the tested deep beams after failure

The load-deflection behavior of the tested deep beams was
initially lower, then showed lower stiffness up to failure, where
the curve slightly flattened in some beams, as shown in Fig. 7.
This response is attributed to the fact that shear governs the
behavior of deep beams rather than flexure, where shear failure
occurs before yielding of flexural reinforcement, especially for
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low values of a/d. Other researchers observed similar behavior.
[1], [33].

Lower initial stiffness is observed in beams B0-4-4 and B0-4-8
as a result of being non-fibrous and heated at 400°C, as
compared to other fibrous beams or beams heated at lower
temperatures. More detailed discussions regarding load-
deflection behavior and the factors affecting it are presented in
the next sections.

3.2. Effect of Elevated Temperature

The effect of elevated temperature on the behavior of the tested
deep beams is illustrated in Table 2 and Figs. 8 to 11. As shown
in Table 2 and Fig. 8, a relative residual load is the post heated
(residual) load value expressed as a percentage of the respective
preheated (original) load value.

Residual load

Relative residual load = x 100%

Original load (1)
The beams at 200°C are higher than those for unheated beams.
Increasing ratios are 169%, 129%, and 104% for steel fiber
ratios of 0, 0.2%, and 0.4%, respectively. The increase in
strength typically occurs within the temperature range of 150—
350°C [34], [35]. This increase can be attributed to the rapid
evaporation of free water from both the pore structure and
cement gel, which enhances interparticle surface attraction
within the cement matrix. This, in turn, results in a denser
microstructure and stiffer mechanical behavior under
compressive stresses, contributing to the observed strength gain.
At 400°C, residual load ratios were 98%, 75%, and 58% for steel
fiber ratios of 0, 0.2%, and 0.4%, respectively, as compared to
unheated beams. This reduction may be because of losing water
and breaking the bond from the cement paste as a result of the
decomposition of calcium hydroxide [36].

It can be seen from the above results that as the steel fiber ratio
increases from 0 to 0.4%, the deterioration in flexural strength
of the tested deep beams at an elevated temperature of 400°C
becomes higher (42.37% reduction). In contrast, the strength
gain at 200°C becomes lower (only 4.24% increasing). This
behavior is due to the fact that steel fibers are used mainly to
enhance the tensile strength of concrete by arresting cracks in
cement paste, and when the temperature increases, the bond
between fibers and cement paste (then their bridging effect)
diminishes and results in weaker concrete [28]. This weakness
due to elevated temperature becomes more effective when the
steel fiber ratio increases.
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BO-R-8 B0-2-8

B0-4-8 B2-R-8

B2-2-8 B2-4-8

B4-R-8 B4-2-8

B4-4-8 BO0-4-4

B2-4-4 B4-4-4

Figure 6. Deep beams after failure.
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_ 100 ‘_3‘5 120
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3 g ®
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— b= 60
40 = ——SF=0.2%
o 40
—A— SF=0.4%
20 20
0 0
0 1 3 0 100 200 300 400 500
Deflection (mn%) Temperature (°C)
Figure 7. Load-deflection curves of all deep beams. Figure 8. Effect of elevated temperature on relative residual
load with a/d =0.8.
Table 2. Effect of elevated temperature on deep beams results.
relative .
B Elevated Steel Fiber Shear . Ultimate residual Difference Maxmym
eam Temperature (SF), % span/effective Load (kN) load ratio (%) Deflection
(M, °C ' depth (a/d) (%) (mm)
B0-R-8 25 0 0.8 49 100 0.00 1.8
B0-2-8 200 0 0.8 83 169 +69.39 1.85
B0-4-8 400 0 0.8 48 98 -2.04 1.9
B2-R-8 25 0.2 0.8 80 100 0.00 2.65
B2-2-8 200 0.2 0.8 103 +28.75 2.7
B2-4-8 400 0.2 0.8 60 75 -25.00 1.75
B4-R-8 25 0.4 0.8 118 100 0.00 2.43
B4-2-8 200 0.4 0.8 123 104 +4.24 2.6
B4-4-8 400 0.4 0.8 68 58 -42.37 1.3
Load-deflection behavior of deep beams under elevated 140
temperature is shown in Figs. 9 to 11 for different steel fiber BO-R-8
ratios. Generally, as compared to unheated beams, beams 120 —a—B0-2-8
heated at 200°C show stiffer behavior (lower deflections) and = 100 e B04S
higher energy absorption (toughness or area under the curve), < 80
while higher deflections and lower energy absorption are T 60
exhibited by beams heated at 400°C. However, beam B4-4-8 S
with 0.4% steel fiber shows lower deflections at 400°C than the 40
corresponding unheated beam B4-R-8 (Fig. 11) but still shows 20
brittle failure at lower ultimate load. 0
Maximum deflections range from 1.3mm to 2.7mm, with 0 1 2 3
generally higher values for beams heated to 200°C and higher Deflection (mm)

ultimate loads, which exhibit ductile response and can sustain

more deformation before failure.
Figure 9. Load-deflection curves of deep beams with

SF=0% and a/d = 0.8.
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100

Load (kN)
3

3.3. Effect of Steel Fibers

The effect of the volumetric ratio of steel fibers on the behavior of
the tested deep beams is illustrated in Table 3 and Figs. 12 to 15.
As shown in Table 3 and Fig. 12, the ultimate loads of beams
increase when the steel fiber ratio increases from 0 to 0.2% and

60 —=—B2-R-8 0.4%. Increasing ratios are 63.27% and 140.82% for unheated
40 —4—B2-2-8 beams, 24.1% and 48.19% for beams heated at 200°C, and 25%
20 and 41.67% for beams heated at 400°C, respectively. This increase
0 —e—B2-4:8 is expected as a result of the increased tensile strength of concrete
0 1 2 3 by incorporating steel fibers, which delays the formation and

Deflection (mm)

Figure 10. Load-deflection curves of deep beams with SF =
0.2% and a/d = 0.8.

propagation of diagonal cracks and failure.

The above results indicate that steel fibers perform better in
unheated beams (higher increasing ratios) than heated beams due
to the negative effect of elevated temperature on steel fiber

140 performance as mentioned earlier (section 3.2). However,
120 decreasing the shear span to effective depth ratio (a/d) from 0.8 to
100 0.4 makes steel fibers more effective for beams heated at 400°C
b (increasing ratios of 61.02% and 84.75% for steel fiber ratios of
% 80 0.2% and 0.4%, respectively) as shown in Table 3.
§ 60 The load-deflection behavior of plain and fibrous deep beams is
40 shown in Figs. 13 to 15 for heated and unheated beams. Generally,
20 stiffer behavior (lower deflections) and higher energy absorption

0

can be noticed as the steel fiber ratio rises from 0 to 0.4%.

1

2

Maximum deflections of fibrous beams are generally higher than
plain ones and range from 1.3mm to 2.8mm. However, Fig. 15
shows that fibrous beams heated at 400°C have lower maximum
deflections than plain beams because of the early brittle failure of
beams under elevated temperature.

Deflection (mm)

Figure 11. Load-deflection curves of deep beams with SF =
0.4% and a/d = 0.8.

Table 3. Effect of steel fiber on deep beams results.

Steel Fiber Elevated Shear . Ultimate Load Increasing MaX|m_um
Beam (SF), % Temperature span/effective (kN) ratio (%) Deflection
' (M,°C depth (a/d) (mm)
B0-R-8 0 25 0.8 49 0.00 1.8
B2-R-8 0.2 25 0.8 80 63.27 2.65
B4-R-8 0.4 25 0.8 118 140.82 2.43
B0-2-8 0 200 0.8 83 0.00 1.85
B2-2-8 0.2 200 0.8 103 24.10 2.7
B4-2-8 0.4 200 0.8 123 48.19 2.6
B0-4-8 0 400 0.8 48 0.00 1.9
B2-4-8 0.2 400 0.8 60 25.00 1.75
B4-4-8 0.4 400 0.8 68 41.67 1.3
B0-4-4 0 400 0.4 59 0.00 2.1
B2-4-4 0.2 400 0.4 95 61.02 2.8
B4-4-4 0.4 400 0.4 109 84.75 2.7
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Figure 12. Effect of steel fiber ratio on ultimate loads.
with a/d =0.8.

140
120
100

[o2 3o ]
o O

Load (kN)

BO-R-8

N
o

——B2-R-8

N
o O

—4—B4-R-8
1 2 3
Deflection (mm)

Figure 13. Load-deflection curves of deep beams with T =25
°Cand a/d=0.8.

3.4. Effect of Shear Span to Effective Depth Ratio

The effect of the shear span to effective depth ratio (a/d) on the
behavior of the tested deep beams is illustrated in Table 4 and
Figs. 16 and 17. As shown in Table 4 and Fig. 16, the ultimate
loads of beams under an elevated temperature of 400 °C increase
when a/d decreases from 0.8 to 0.4. Increasing ratios are 22.92%,
58.33%, and 60.29% for beams with steel fiber ratios of 0, 0.2%,
and 0.4%, respectively. Again, results show that the addition of
steel fibers doubles the positive effect of reducing a/d. These

140
120
100

Load (kN)
N B OO
o O O o

o

1

2
Deflection (mm)

Figure 14. Load-deflection curves of deep beams with T = 200

°Cand a/d =0.8.
140
120 —e—B0-4-8
= 100 —=—B2-4-8
< 80 —4—B4-4-8
©
§ 60
40
20
0
0 1 2 3

Deflection (mm)

Figure 15. Load-deflection curves of deep beams with T = 400
°Cand a/d =0.8.

results show that even at elevated temperature, shear span to
effective depth ratio still has impact on strength of deep beams
as at ambient temperature that mentioned in the literature.

Fig. 17 shows that in addition to increasing ultimate loads,
decreasing a/d for beams heated at 400 °C from 0.8 to 0.4 causes
a tougher and more ductile load-deflection response with higher
maximum deflections (2.1-2.8mm) as compared to (1.3-1.9mm)
for beams with a/d of 0.8.

Table 4. Effect of shear span to effective depth ratio on deep beams results.

Shear Steel Fiber Elevated Ultimate Load Increasing Maximum
Beam span/effective (SF), % Temperature (kN) ratio (%) Deflection
depth (a/d) ' (M,°C (mm)
B0-4-8 0.8 0 400 48 0.00 1.9
B0-4-4 0.4 0 400 59 22.92 2.1
B2-4-8 0.8 0.2 400 60 0.00 1.75
B2-4-4 0.4 0.2 400 95 58.33 2.8
B4-4-8 0.8 0.4 400 68 0.00 1.3
B4-4-4 0.4 0.4 400 109 60.29 2.7
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ma/d =0.8 a/d =0.4

Ultimate Load (kN)
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Steel Fiber (%)

0.4

Figure 16. Effect of shear span to effective depth ratio on
ultimate loads at temperature =400 °C.

140
120 —e—B0-4-8
= 100 —— B0-4-4
< 80 —A—B2-4-8
8 60
3 B2-4-4
40 ———B4-4-8
20
0 oo B4-4-4
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Deflection (mm)

Figure 17. Load-deflection curves of deep beams with T =400
°Canda/d=0.40r0.8.

4, Conclusions

From the results of the experimental investigation conducted in
this work on deep beams, the following conclusions can be
drawn. The structural behavior of all tested deep beams is
generally similar regarding deformation, cracking, and failure.
The load-deflection behavior was initially lower, then showed
lower stiffness up to failure, which was characterized by diagonal
cracking followed by bearing cracking at supports. Ultimate
loads of deep beams heated at 200°C are higher than those of
beams at ambient temperature by 69.39%, 28.75%, and 4.24%
for steel fiber ratios of 0, 0.2%, and 0.4%, respectively. This
increase may be due to further accelerated hydration of cement
under higher temperatures. At 400°C, ultimate loads decrease by
2.04%, 25%, and 42.37% for steel fiber ratios of 0, 0.2%, and
0.4%, respectively, as compared to unheated beams.
Incorporating 0.2 and 0.4% of steel fibers increases ultimate
loads by 63.27% and 140.82% for beams at ambient temperature,
24.1% and 48.19% for beams heated at 200°C, and 25% and
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41.67% for beams heated at 400°C, respectively. This indicates
that steel fibers perform better for beams at ambient temperature
(higher increasing ratios) than heated beams due to the negative
effect of elevated temperature on the steel fiber bond with the
cement matrix.

Shear span to effective depth ratio still dominates the strength of
deep beams at elevated temperature as at ambient temperature.
Ultimate loads of beams under elevated temperature of 400 °C
increase when a/d decreases from 0.8 to 0.4 by 22.92%, 58.33%,
and 60.29% for beams with steel fiber ratios of 0, 0.2%, and
0.4%, respectively. Load-deflection curves of deep beams show
higher stiffness, higher energy absorption, and lower
deformation when temperature increases from 25 to 200 °C, steel
fiber ratio increases from 0 to 0.2 and 0.4%, or shear span to
effective depth ratio decreases from 0.8 to 0.4. Brittle behavior
is observed for deep beams heated at 400 °C as compared to 25
and 200°C
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