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ABSTRACT
An experimental study is conducted on a series of six Ultra-High Strength concrete (UHSC)
beam specimens with and without steel fibers to study their shear strengths, failure
mechanisms, ductility response and the coupled use of steel fibers and stirrups under
monotonic loadings. The main parameters studied were steel fibers content (Vf) and amount
of transverse steel (ρv) in the beam. The tested beam specimens had a cross section of
150×250 mm and span of 2.2 m. Test results showed that the addition of steel fibers
enhanced the shear strengths and the ductility. The addition of 1% fiber content in the beams
with shear stirrups changed the mode of failure from brittle to ductile. As well, results
indicated that the combined use of steel fibers and stirrups (as shear reinforcement)
enhanced the ductility than using any one of them separately.

Introduction
Recently, developments in the field of concrete mix design have indicated that it is possible to produce concrete, which has 28-days
compressive strength ranging from 700 to 1000 kg/cm2. Now, new classes of concretes such as Ultra High Strength Concrete (UHSC)
have surged ahead as the more superior cement-based materials. UHSC is defined as a concrete with compressive strength between
100 MPa and 200 MPa. This high strength material offers a variety of interesting applications. The application of UHSC to real
structures has been limited thus far because of its high cost. One of the methods reducing the production cost is to use coarse
aggregate. Thus, some researchers have recently developed the UHSC with coarse aggregate and investigated its properties. However,
the information about the shear behavior of UHSC containing coarse aggregate is very limited. Therefore, further extensive research is
required to be done for using UHSC containing coarse aggregate.
Shear failure if a reinforced concrete occurs when the principle tensile stress within the shear span exceeds the tensile strength of
concrete and a diagonal crack propagates through the beam web. This failure can be sudden and catastrophic especially for critical
sections where little or no reinforcing steel may be placed. Therefore, the addition of small discrete steel fibers is particularly
attractive for UHSC, producing Ultra High Strength Fiber Reinforced Concrete (UHSFRC). The use of fibers as shear reinforcement
controls the concrete cracking and decreases crack width. However, the results obtained are highly variable. This variability is due to
the great diversity of mechanical properties of the fiber reinforced concrete, specifically its tensile strength. Therefore, the
conventional transverse reinforcement should be used especially when the structural elements are subjected to very high shear
strength. However, the coupled use of fibers and transverse reinforcement is still not widely understood. Hence, further research is
required to investigate the effect of combination of steel fibers and traditional shear reinforcement on UHSC shear behavior.
Consequently, the primary objective of this research is to improve the understanding of the behavior of UHSC elements failing in
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shear, helping to extend the use of this material in Egypt. Also, to determine the effect of using the combination of steel fibers and
stirrups as shear reinforcement in UHSC reinforced beams.
Experimental Program
Materials used
Proportions of UHSC mixture with two steel fibers content (0 and 1.0%) are shown in
Table 1.
Table 1: Proportions of UHSC mixture with two steel fibers contents
Ingredients
Quantity (kg/m3)
UHSC
UHSFRC
Vf %= 0.0
Vf %= 1.0
800
800
Cement
332
332
Fine aggregate
332
332
Quartz powder
663
663
Coarse aggregate
160
160
Silica Fume
38.5
38.5
Superplasticizer
16
16
w/c %
For control purposes, properties of hardened concrete were obtained for the two concrete batches. Tests were conducted, according to
ECP 203-17 standards, to determine concrete compressive strength (fcu), tensile splitting strength (fctr) and modulus of elasticity (Ec).
Tests were carried out on the same day of beam specimens testing.
Table 2 summarizes mechanical properties tests results.
Table 2: Mechanical concrete properties
Batch
Fiber content
Vf , %
0.0
UHSC
1.0
UHSFRC

Compressive strength
(fcu), MPa
128
131

Splitting strength
(fctr), MPa
10.2
12

Modulus of
elasticity (Ec), GPa
40.6
44

Details of test specimens
The experimental program was conducted to study shear behavior of UHSC with different shear reinforcement (transverse stirrups
only, steel fibers only, and combination of them). Therefore, six simply supported beams were tested under transverse loading. The
dimensions of the cross sections were 150×250 mm for all beam specimens. The total span length was 2600 mm and the span length
between the supports was 2200 mm for all tested beam specimens. The shear span-depth ratio was 2.17. Four bars of 18 mm diameter
were used for the longitudinal reinforcement for all the specimens (ρw = 2.945%).
Fig 1 shows the specimens details illustrating geometry, the cross-section type, number, and diameter of steel bars. Specimens were
coded as follows: Letter U represents the ultra-high concrete mixture used in this specimen; letter F indicates the use of steel fibers;
Letter S indicates the use of stirrups; and the number after letter S pointed to spacing between stirrups.
Table 3 shows the properties of test specimens according to the main test parameters.
Preparation and curing of beam specimens
For casting of the UHSC beams, longitudinal reinforcing bars were tied with the stirrups forming reinforcement cages corresponding
to that required for connections. Fine materials (cement- silica fume – quartz powder) are mixed in a pan mixer. Half the amount of
mixing water is added gradually to the fines and mixing continues for two minutes. The superplasticizer is added to the remaining
water then added to the mix. Mixing continues for three to four minutes till a homogenous paste is achieved. Then, fine aggregate is
added gradually to the mix, followed by the coarse aggregate and mixing continues for 5 to 6 minutes. If used, steel fiber is added by
scattering into the mix while mixing till the steel fiber is homogenously distributed in the mix. After 24 hours, specimens were
removed from molds, transferred to the steam curing tank to cure for 7 days. After removing specimens from the steam tank,
specimens are submerged in water at temperature about 20oC till testing date.
Table 3: Properties of test specimen
Specimens
Shear Reinforcement
ID

Fiber Volume Fraction
Vf
(%)
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Stirrups
S
(mm)

ρv
(%)
119

UH
UH-F
UH-S100
UH-FS100
UH-S200
UH-FS200
UH-S120
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None
Steel fibers
1
Reinforcing bars
Steel fibers & reinforcing
1
bars
Reinforcing bars
Steel fibers & reinforcing
1
bars
Reinforcing bars
-

100
100

0.000
0.000
0.377
0.377

200
200

0.189
0.189

120

0.314

(a)

Reinforcement arrangement of UHSC beam without shear
reinforcement ρv=0.000

(b)

Reinforcement arrangement of UHSC beam with shear
reinforcement ρv=0.189

(c)

Reinforcement arrangement of UHSC beam with shear
reinforcement ρv=0.314

(d)

Reinforcement arrangement of UHSC beam with shear
reinforcement ρv=0.377

(e)

Cross section types

Fig 1: Reinforcement arrangement and cross sections
Table 4: Experimental results and comparison
Specimen
Measured
Calculated
Vcr
Vu
Vu/Vcr
ACI
ECP
(kN)
(kN)
Vc
Vn
Vc
Vn
(kN)
(kN)
(kN)
(kN)
1
2
3
4
5
6
7
8
UH
198
288
1.45
106.8
213.7
0.0
93.7
UH-F
255
413
1.62
136.2
549.2
0.0
94.8
UH-S100
70
424
6.06
106.8
312.6
98.9
192.6
UH-FS100
85
545
6.41
136.2
648.2
98.9
193.7
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Comparison
ACI

ECP

Vcr/ Vc

Vu/ Vn

Vcr/ Vc

Vu/ Vn

9
0.93
0.94
0.33
0.31

10
1.35
0.75
1.36
0.84

11
2.11
2.69
0.75
0.90

12
3.07
4.36
2.20
2.81
120

UH-S200
UH-FS200
UH-S120

270
100
120

403
483
409

1.49
4.83
3.41
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106.8
363.1
49.5
143.1
136.2
598.7
49.5
144.2
106.8
396.1
82.4
176.1

1.26
0.37
0.56

1.11
0.81
1.03

2.88
1.06
1.28

2.81
3.35
2.32

Test setup and instrumentation
The beam specimens were tested in four points bending configuration. The loads were applied to beam specimens using hydraulic
jack. The hydraulic jack used in the test had a built-in dial gauge. A load cell of 2000 kN capacity was used to monitor the applied
loading, and a LVDT was used at the midspan to measure the central (midspan) deflection of the test specimens. Also, LVDTs were
used diagonally at the side of the beam to ensure the values of crack width as shown in Fig 2. Several electrical-resistance uniaxial
strain gauges were attached to the reinforcement bars at the critical locations. A real-time data acquisition system was used to record
and monitor the load-displacement and load-strain response of the specimens. The tested beam specimens were loaded statically from
zero up to failure. Small increments of load were manually applied and kept as constant as possible while all sensors were scanned,
and their data acquired. Load increments roughly corresponded to 5 KN. Every 10 KN, the loading was stopped, and the specimens
were checked for new cracks. The cracks were then traced with permanent marker, and the widths of selected cracks measured. At
these load steps, dial gage measurements were also recorded, and photographs taken. Loading continued up to failure of the test
specimen.

Fig 2: LVDTs arrangement along the specimen
Experimental Results and Discussion
Strength of test specimen
Shear forces corresponding to diagonal tension cracking (Vcr) and failure (Vu) are given in column 2 and 3 of Table 4. In column 4,
reserve shear strength index beyond diagonal crack (Vu / Vcr) are given. The experimental results are compared with the calculated
values in column 9, 10, 11 and 12. The concrete contribution Vc and the shear capacity Vn were calculated using ACI 318-19 building
code equations and presented in column 5 and 6. While column 7 and 8 present Vc and Vn values calculated by ECP 203-17 building
code equations. It seems that shear capacity Vn calculated using the ECP 203-17 equations underestimates the shear capacity. This
might be due to high ratios of flexural reinforcement used in the test beams. Also, the code equation does not account for concrete
compressive strength. ACI equations give preferable calculated shear capacity than Vn calculated using the ECP 203-17 equations. It
can be concluded from column 4 from Table 4 that the reserve strength increases as the shear reinforcement index increases. This may
be due to excessive tension reinforcement required to prevent flexural failure in specimens with high shear reinforcement index.

Fig 3: Effect of using steel fiber on the crack and ultimate shear load
Fig 3 shows the effect of using steel fibers on the crack and ultimate shear load. Increasing the fiber volume from 0% in UH to 1% in
UH-F, enhanced the first diagonal crack load (Vcr) by 29%. The fibers appeared to be effective in delaying the formation of cracks, or
at least in arresting their initial growth. This was due to the fibers shear mechanism in which the presence of fibers across the diagonal
crack restricted the crack propagation throughout the web and reduced the crack widths. This permitted some warnings before shear
failure. The addition of steel fibers by 1% resulted in 30% increase in the load at shear failure (Vu).
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The ultimate shear strength of the UHSC with steel fibers beams was dependent on the presence of stirrups. The shear strength of the
beams with stirrups was larger than that of control specimen. Ultimate shear strength (Vu) of beam UH-FS200 and beam UH-FS100
was improved about 17% and 32% respectively than beam UH-F.
Diagonal Crack Width
Fig 4 present maximum diagonal crack width values of beam specimens with different amount of transverse shear reinforcement. As
expected, smaller shear crack widths were observed in the specimens with larger amounts of shear reinforcement. Fig 5 shows the
maximum diagonal crack width of UHSC specimens with additions of steel fibers and/or stirrups. A signiﬁcant contribution of the
ﬁbers to the overall maximum diagonal crack width can be clearly identiﬁed: without stirrups, 1 vol% of ﬁbers leads to nearly 80%
smaller diagonal crack width than without fibers as seen in beams UH and UH-F. It can be noticed from beam UH-F and UH-FS100
that, when stirrups were provided, the eﬀect of the ﬁbers was smaller than without stirrups but still signiﬁcant: a decrease of maximum
diagonal crack width of 47% was observed.

Fig 4: Maximum diagonal crack width of UHSC specimens with different amount of transverse shear reinforcement

Fig 5: Maximum diagonal crack width of UHSC specimens with additions of steel fibers and/or stirrups
Fig 6 shows the effect of steel fiber existence on crack width. Due to the fiber addition, shear crack propagation was slower and more
gradual in beam UH-F than beam UH. The fibers crossed the crack and controlled crack width. The maximum service load crack
width in beam UH-F was 0.25 mm which lower than the allowable value of 0.3 mm.

Fig 6: Effect of steel fiber existence on crack width
Load-Deflection response
Load-midspan deflection curves for UHSC beams with different amount of transverse shear reinforcement are shown in Fig 7. The
curves relative to the beams without shear reinforcement is also represented on the diagram for an immediate comparison of the
diﬀerent responses. In the same diagram the theoretical value of the ultimate load Vfl corresponding to the case in which the beam
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reaches the full ﬂexural capacity (Mu/Mfl =1) is indicated. Vfl for UHSC beams was 420 kN. It can be noticed that the addition of shear
reinforcement can modify the failure mode: the change from a brittle shear into a rather ductile ﬂexural failure mode is revealed by the
ultimate load value (close to Vfl). Beam UH-S100 reached full flexural capacity and beams UH-S120 and UH-S200 reached 97% and
96% of flexural capacity.

Fig 7: Load-deflection curve for UHSC beams with different amount of transverse shear reinforcement
Fig 8 present the load-midspan deflection curves for beams UH without stirrups nor steel fibers, and UH-F with steel fibers only. The
midspan deflection increased with the increase in volume fraction of steel fibers by 43%. It can be seen that the general form of loaddeflection curves of beam UH-F without stirrups is similar to that of beam UH without any reinforcement, the overall slope of the
curve at ascending stage and the shear capacity were improved with the addition of fibers, indicating that steel fiber increases the
stiffness and shear capacity of the beam. The reason for the increase in stiffness is due to the effect of steel ﬁber in tensile zone. In
addition, the steel ﬁber signiﬁcantly increased the corresponding deﬂections when the beam without steel fibers reached its ultimate
load and failure. Furthermore, with the addition of steel fiber content, somehow a better post-peak residual strength response was
noted in the UH-F specimen.

Fig 8: Load-deflection curve of beams UH and UH-F
The load–deﬂection curves of UHSC with steel fiber and stirrups beams are presented in Fig 9. The curve relative to the beam with
fibers and without stirrups is also represented (UH-F). In the same diagram the theoretical value of the ultimate load Vfl= 420 kN is
indicated. The comparison of the curves shows that the addition of transverse shear reinforcement in an adequate percentage can
modify the failure mode: the change from a brittle shear into a ductile ﬂexural failure mode is revealed by the ultimate load value
(close or beyond Vfl) and the post-peak curve, which in the beam UH-F with steel fiber only is very steep, while in the beam UHFS100 ,with stirrups (S =100 mm), it is almost horizontal.
The load–deﬂection curves obtained by tests carried out on UHSC beams with addition of steel fibers and/or stirrups are shown in Fig
10. Except for UH-FS100, the trend of load-deflection relationships of the UHSC specimens was almost identical. All specimens
except UH-FS100 failed in a brittle manner after diagonal cracking. On the other hand, ductile behavior after flexure yielding was
observed in UH-FS100, in which the shear strength was significantly increased by the steel fibers. Also, the peak load of the beams
with shear reinforcement was greater than the beams without shear reinforcement. However, initial stiffness was very similar
regardless of the presence of shear reinforcement and their spacing. For specimens UH, UH-F and UH-S100, non-linear behavior
showed after reaching the yielding point due to the yielding of longitudinal reinforcing bars and ﬂexural cracks. Eventually the load
suddenly dropped due to the diagonal tension failure after reaching the peak load. In case of the specimen UH-FS100, the strength was
maintained almost being constantly at the peak strength, and then the strength dropped abruptly due to the compression failure at the
compression zone without critical shear cracks even though several inclined cracks occurred. It also can be noticed that the addition
of fibers in beam UH-FS100 results in improvement in terms of post-peak response that beam UH-S100 with stirrups only.
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Furthermore, the combined use of steel fibers and stirrups (as shear reinforcement) enhanced the ductility than using any one of them
separately, as was observed.

Fig 9: Load-deflection curve for beams with steel fibers and stirrups

Fig 10: Load-deflection curve of UHSC specimens with additions of steel fibers and/or stirrups
Stirrups Steel Strain
Fig 11 presents the applied shear force-average stirrup strain relationship of UHSC beams with different spacing of stirrups. The value
of stirrup yield strain is plotted on the same diagram. Generally, the larger the stirrup spacing, the higher the stirrup strain at failure
and at all loading levels.

Fig 11: Shear force-average stirrup strain relationship for UHSC beams with different amount of transverse shear reinforcement
Fig 12 and Fig 13 show the applied shear force-average stirrup strain relationships of beams with and without steel fiber content. It
can be noticed that the development of the stirrup strains of UHSFRC beams are basically the same as that of UHSC beams; the
stirrup strains were small before the cracking of diagonal section, and the strain increased rapidly as the load increased slightly after
yielding. But there were differences between the curves of UHSFRC and UHSC beams. Compared with UHSC beams, the degree of
slope reduction of the curves for UHSFRC beams was not as severe as that of UHSC beams when the diagonal section was cracking.
This is because the steel fiber at the diagonal crack takes part of the tensile force and reduces the stirrup stress. After the diagonal
section cracking, the strains of the UHSC beams were obviously different, while the strains of UHSFRC were still close at the early
stage. This is caused by the fact that the steel ﬁber in concrete resists and transfers stresses, so that the stirrups at different sections of
shear span are averagely stressed and resisted shear force together. Besides, the strain growths of UHSFRC beams from yielding to
International Journal of Research in Engineering & Management

123

Sohila et. al./IJREM/5(3); 2022; 89-104
failure were less than that of UHSC beams. This is because that steel fiber reduces the increase of crack width at failure, resulting in
the decrease of stirrup stress growth. It also can be noticed that in UH-FS200, although the stirrups have large spacing, the average
stirrup strain reached to the yield strain (εy = 0.0019 mm/mm) before the peak load. This result indicates that in the case of using both
stirrups and steel fibers, the stirrups were fully activated despite the large spacing.

Fig 12: Shear force-average stirrup strain relationship of beams UH-S200 and UH-FS200

Fig 13: Shear force-average stirrup strain relationship of beams UH-S100 and UH-FS100
Longitudinal Steel Strain
Attached strain gauges at the bottom longitudinal bars were used to measure the steel reinforcement stain during testing process
connected to data acquisition system. Fig 14 presents strain in tension reinforcement bars in UHSC beam specimens with different
amount of transverse steel. The yield strain of longitudinal reinforcement (εy = 0.0027) is indicated. The trend in the load-strain graphs
can be described by a tri-linear relationship. The initial segment in this relationship could be associated with the flexural cracking of
the specimens. Then, the load-strain curves showed a small plateau which later turned into a third increasingly linear region. In most
cases, this third region extended up to failure. In general, the higher shear capacity of specimen the largest the peak strain of tension
longitudinal bars.

Fig 14: Strain of tension reinforcement bars for UHSC beams with different amount of transverse shear reinforcement
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Fig 15: Strain of tension reinforcement bars of beams UH-FS200 and UH-S200

Fig 16: Strain of tension reinforcement bars of beams UH-FS100 and UH-S100
Fig 15 and Fig 16 show the load versus state of strain in tension bars of the UHSC beams with and without steel fibers. It can be
noticed that the longitudinal bars at the midspan in UHSC specimens yielded a little earlier than UHSFRC specimens. As the fiber
content was increased, the yielding of tensile reinforcement bars was delayed in the UHSFRC specimens.
Fig 17 and Fig 18 show the strain response of the UHSFRC test specimens. Flexural yielding and shear yielding are deﬁned as the
point when the strain of the reinforcing bars reaches a yield strain of 0.0027 and 0.0019, respectively. The specimen UH-FS200 shows
the shear compression failure after ﬂexural yielding. In case of the UH-FS100 specimen, a ﬂexural-shear failure occurred. The strain
of shear reinforcement reaches the yield strain after ﬂexural yielding.
Conclusion
1. Shear capacity and midspan deflection in UHSC beams increased with the increase in volume fraction of steel fibers by 29% and
43%, respectively.
2. The use of steel fibers led to: (a) an enhanced inclined cracking pattern (multiple cracks), (b) more ductile shear failure and (c)
increase the stiffness of the beam.
3. The beams with larger amount of stirrups (that is, lower spacing of stirrups) failed with the formation of diagonal cracks with
closer widths. On the other hand, beams with fewer shear stirrups (that is, higher spacing of stirrups) failed with the formation of
diagonal cracks with wider spacing. Further, in case of stirrups with lower spacing, the shear load capacity and midspan deflection
of UHSC beams was higher.
4. For specimens with identical shear reinforcement spacing, the diagonal crack widths are almost similar, although shear strength
and the number of cracks.
5. Test results indicated that the addition of steel fibers enhanced cracking loads, ultimate loads, and shear strength, and in turn, the
ductility of the studied beams. Adding 1% fibers by volume resulted in increasing the cracking load by about 25% and ultimate
load by about 31% over those of the reference beam.
6. It was found that a combination of web reinforcement and fibers resulted in obtaining the benefit of both high capacity and
ductility. This combination resulted in a significant increase in the ultimate loads by 25% over those of the reference beam
specimen. The addition of transverse shear reinforcement can modify the failure mode from a brittle shear to a ductile ﬂexural
failure mode.
7. By adding steel ﬁber to beams with transverse shear reinforcement, redaction in crack width has been observed by 80%. The fibers
appeared to be effective in delaying the formation of cracks.
8. Comparing the experimental results with the equations used for calculating the ultimate shear capacity of UHSC beams given in
ACI 318-19 and the Egyptian code for concrete structures ECP 203-17, it was found that the ACI code equations give preferable
calculated shear capacity than Vn calculated using the ECP 203-17 equations. The ECP need reassessment to include the effect of
higher concrete compressive strength.
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(a) Strain of longitudinal tension rebars
(b) Strain of stirrups
Fig 17: Measured strain values of tension and shear reinforcement for beam UH-FS200

(a) Strain of longitudinal tension rebars
(b) Strain of stirrups
Fig 18: Measured strain values of tension and shear reinforcement for beam UH-FS100
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