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ABSTRACT
This paper presents an evaluation on the minimum shear reinforcement requirements given in
the ACI and the Egyptian Code of Practice (ECP) for high and Ultra-high strength concrete.
An experimental study is carried out on a series of eight concrete beam specimens with
minimum shear reinforcement required by ACI318-19, ECP 203-17 and the equations
proposed in this paper. The main variables studied were concrete compressive strength (fcu)
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 ECP 203-17
requirements for minimum shear reinforcement are not satisfactory when high and ultra-high
strength concrete is used.
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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)
and High Strength Concrete (HSC) have surged ahead as the more superior cement-based materials. This higher strength material
offers a variety of interesting applications. One of the primary concerns about the design aspects is that how to deal with the shear
reinforcement in higher strength concrete. Minimum shear reinforcement required in the codes aims to provide acceptable reserve
capacity and rational ductility beyond diagonal cracking and to minimize crack width. Shear equations and formulae used in Egyptian
Code of Practice (ECP 203-17) are based on test results performed on specimens having compressive strength less than 60 MPa. The
current design provision in the ECP 203-17 for minimum shear reinforcement independent of the concrete strength, which provides a
constant minimum amount of shear reinforcement. As the compressive strength of the concrete increases, the diagonal tensioncracking load also increases, enhancing the amount of distress to be accommodated by the previously mentioned shear transfer
mechanisms after diagonal tension cracking. It would then seem reasonable to expect that the reserve shear strength of beams with the
current minimum amount of web reinforcement would decrease as the concrete strength increases and that more shear reinforcement
may be needed to provide a comparable reserve shear strength. Thus, using HSC and UHSC requires reassessment of these formulae
to cope with the difference in mechanical and structural properties of higher strength concrete.
Therefore, the primary objective of this research is to verify the applicability of current code provisions to determine minimum shear
reinforcement of high and ultra-high strength concretes. Also, to propose a minimum shear reinforcement equation, depends on
concrete strength and to evaluate its adequacy on higher strength concrete. In the present paper, the behavior of test beams is
reviewed, emphasizing the reserve strength beyond diagonal cracking, ductility, and crack pattern.
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Minimum Shear Reinforcement
The beams in the test program were designed to have the minimum shear reinforcement required in ACI 318-19, ECP 203-17, and the
equation proposed by the authors. The minimum requirements in different design codes and the proposed equation are given below.
American Code ACI 318-19
In the ACI, the minimum shear reinforcement is required when the design shear force exceeds 0.5 Vuc. The minimum percentage of
shear reinforcement is given by the following formula:
(1)

Where:
µmin = minimum percentage of shear reinforcement;
Av = area of shear reinforcement in mm2;
s = spacing between shear reinforcement in mm;
bw = breadth of section in mm;
fc` = cylindrical concrete compressive strength in MPa;
fy = yield strength of shear reinforcement in MPa;
Vuc = concrete shear strength in MPa.
Spacing of shear reinforcement placed perpendicular to axis of member shall not exceed d/2 in non-prestressed members, where d is
the effective depth of the beam.
Egyptian Code ECP 203-17
In the ECP 203-17, the minimum percentage of shear reinforcement is given by the following formula:
(2)

In no case the shear reinforcement is less than 5Φ6 mm/m. The maximum spacing between vertical stirrups shall not exceed the
following value:
(3)

The provisions for minimum shear reinforcement by various codes of practice are presented in Figure 1 in form of the shear
reinforcement index (r*fy) with compressive strength of concrete (r = Asv /b Sv). It demonstrates that the minimum shear reinforcement
is a function of the compressive strength of concrete as per ACI, AASHTO and CSA codes, and it is the function of the strength of
shear reinforcement only as per BS and ECP 203-17 codes. It demonstrates that the use of UHSC raised some doubts on the validity of
the ECP 203-17 equation given for minimum shear reinforcement, since these equations were based on beam tests using concrete with
compressive strength in the range of 20 to 60 MPa.

Figure 1: Shear reinforcement index vs. Compressive strength of concrete
Recent tests on beams with HSC and UHSC indicated that an increase in the minimum amount of transverse reinforcement is required
for higher strength concrete. These tests indicated a reduction in reserve strength beyond diagonal cracking strength as concrete
strength increased in beams reinforced with the specified minimum amount of transverse reinforcement. Since limited test data are
available related to minimum shear reinforcement in beams of HSC and UHSC, the adequacy of ECP 203-17 requirements should be
investigated. It also can be noticed from equation (2) that concrete compressive strength is not included and the ECP 203-17 specify
minimum shear reinforcement as a function of yield strength of shear reinforcement only. Consequently, it provides a constant
minimum amount of shear reinforcement, independent of the concrete strength as shown in Figure 1.
Tests have indicated the need to increase the minimum area of shear reinforcement as concrete strength increases to prevent sudden
shear failures when inclined cracking occurs. Thus, the author proposed an equation which depends on the concrete compressive
strength and its sufficiency was investigated.
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Proposed Equation
To prevent brittle failure upon first diagonal cracking, the shear strength of the beam with shear reinforcement should be greater than
the diagonal cracking strength.
(4)
(5)

If, for safety, qcr is assumed to be 1.60qc, and qs is expressed as

, equation (5) can be written as
(6)

Equation (6) is the minimum shear reinforcement required. qc can be taken from the ECP 203-17
(7)

Or simply equation (7) can be written as
(8)

Experimental Program
Materials used
Three types of concrete mixtures were used for the specimens: UHSC, HSC and Normal strength concrete (NSC) with target strength
of 120, 80 and 40 MPa, respectively. Proportions of the used mixture are shown in
Table 1. For control purposes, properties of hardened concrete were obtained for the three 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.
Details of test specimens
The experimental program was conducted to evaluating the adequacy of the minimum shear reinforcement requirements given in the
current code for beams of high and ultra-high strength concrete. Therefore, three UHSC beams, three HSC beams and two NSC beams
were tested. Test specimens were grouped into three series according to concrete strength. Each series, except for series N, consisted
of three beam specimens. Beams in each series were intended to have the minimum shear reinforcement required by ACI 318-19, ECP
203-17, and the proposed equation. In series N, hence the minimum shear reinforcement required by the ECP 203-17, and the
proposed equation were the same, two beam specimens were casted and tested.
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 2 shows the specimens details
illustrating geometry, the cross-section type, number, and diameter of steel bars.
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. 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 1: Proportions of UHSC mixture with two steel fibers contents

Ingredients
Cement
Fine aggregate
Quartz powder
Coarse aggregate
Silica Fume
Superplasticizer
w/c %

Quantity (kg/m3)
UHSC
HSC
800
500
332
530
332
663
800
160
90
38.5
18
16
20
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4
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Table 2: Mechanical concrete properties
Batch
Compressive
strength (fcu), MPa
128
UHSC
83
HSC
48
NSC
Table 3: Properties of test specimen
Specimens
ID
UH-S100
UH-S200
UH-S120
H-S100
H-S200
H-S140
N-S100
N-S200

Splitting strength
(fctr), MPa
10.2
5.5
4.1

Modulus of
elasticity (Ec), GPa
40.6
25
21.2

fcu
(MPa)

Stirrups
Minimum Shear RFT Requirement

120

ACI 318-19
ECP 203-17
Proposed Eqn.
ACI 318-19
ECP 203-17
Proposed Eqn.
ACI 318-19
ECP 203-17

80

40

S
(mm)
100
200
120
100
200
140
100
200

ρv
(%)
0.377
0.189
0.314
0.377
0.189
0.270
0.377
0.189

(a) Reinforcement arrangement of beam with shear reinforcement ρv= 0.377

(b) Reinforcement arrangement of beam with shear reinforcement ρv= 0.314

(c) Reinforcement arrangement of beam with shear reinforcement ρv = 0.270

(d) Reinforcement arrangement of beam with shear reinforcement ρv = 0.189

(e) Cross section types
Fig 2: Reinforcement arrangement and cross sections
Test setup and instrumentation
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One of the main purposes of the test program was to evaluate the adequacy of the code requirements related to minimum shear
reinforcement. As stated previously, the adequacy of the shear reinforcement was investigated considering the reserve strength
beyond diagonal cracking load, crack pattern, and crack width. Therefore, there was a need to visualize and monitor the shear zone
under loading. DIC analysis was used to obtain deformations, such as the first diagonal cracking, from a high-resolution video that
recorded during the test (GOM correlate 2020). Two high-resolution digital cameras, one beside each shear span, were used for
recording the loading process during the test. The two cameras were placed on tripods for stability, while artificial lights were used to
increase the ambient lighting and reduce fluctuations from the natural light throughout the experiment. The tripods were located
approximately 1 m away from the beam’s face, corresponding to a field of view of the entire depth of the beam as shown in Fig 3.
Recording videos were started by the starting of loading.

Fig 3: Set-up of the specimen’s video recording
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. Several electricalresistance 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. At these load steps, dial gage measurements were recorded, and photographs taken. Loading continued up to failure of the test
specimen.
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 Error! Reference
source not found.. 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 Error! Reference source not found. 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.
Concrete compressive strength plays an important role in determining the shear capacity of reinforced concrete beams. The ultimate
shear capacity (vu) is plotted versus the compressive strength (fcu) in Fig 4. It can be seen that as the concrete compressive strength
increases, the ultimate shear capacity increases.
Table 4: Experimental results and comparison
Specimen
Measured
Vcr
Vu
Vu/Vcr
(kN)
(kN)
1

2

3

4

Calculated
ACI
Vc
(kN)
5

Comparison
ECP

Vn
(kN)
6
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Vc
(kN)
7

ACI
Vn
(kN)
8

ECP

Vcr/ Vc

Vu/ Vn

Vcr/ Vc

Vu/ Vn

9

10

11

12
109

UH-S100
UH-S200
UH-S120
H-S100
H-S200
H-S140
N-S100
N-S200

70
290
120
192
72
129
75
100

424
403
409
353
215
348
305
255

6.06
1.39
3.41
1.64
1.47
2.69
4.07
2.55
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106.8
312.6
98.9
192.6
106.8
363.1
49.5
143.1
106.8
396.1
82.4
176.1
78.5
206.6
49.5
128.8
78.5
256.0
98.9
178.3
78.5
227.8
70.7
150.0
37.6
174.0
98.9
156.3
37.6
124.6
49.5
93.7

0.33
1.36
0.56
1.22
1.37
0.82
1.00
1.33

1.36
1.11
1.03
1.52
1.38
1.53
1.75
2.04

0.75
3.10
1.28
2.42
2.7
1.63
1.31
1.74

2.20
2.81
2.32
2.45
1.98
2.32
1.95
2.38

Fig 4: Effect of concrete compressive strength on ultimate shear capacity
Fig 5 presents the reserve shear strength index (vu/ vcr) of tested beam specimens containing minimum shear reinforcement in
accordance with the ECP 203-17 and ACI 3018-19 code provisions. On the left side of the chart, the reserve shear strength index (vu/
vcr) of specimens with minimum amount of web reinforcement according to ACI 3018-19 requirements are shown. Specimens
containing an amount of minimum shear reinforcement as required by ACI 3018-19 code results in reserve shear index vu/ vcr that
increase with increasing concrete compressive strength fcu.
On the right side of the chart, the reserve shear strength index (vu/ vcr) of specimens with minimum amount of web reinforcement
according to ECP 203-17 requirements are shown. The ECP 203-17 minimum amount of web reinforcement is a constant value,
without regard to the strength of the concrete. Specimen N-S200 showed adequate reserve of strength after cracking, vu/ vcr was 2.55.
For higher concrete strength specimens, the reserve shear strength vu/ vcr was 1.64 and 1.49 for beam H-S200 and beam UH-S200,
respectively. As the minimum amount of web reinforcement remain constant under the current design approach, the reserve index vu/
vcr was decreased with the increase of concrete compressive strength fcu. Consequently, this leads to shear strengths of higher strength
concrete members that may in fact be lower than comparable lower strength concrete members and may result in shear responses
without adequate reserve of strength after cracking.

Fig 5: Reserve shear strength index of beam specimens with minimum amount of web reinforcement according to ECP and ACI
A possible solution to the deficiency in reserve shear strength would be to increase the minimum amount of shear reinforcement as the
concrete compressive strength increases. Thus, the author proposed an expression for the minimum amount of shear reinforcement
that
is
a
function
of
the
square
root
of
the
concrete
compressive
strength,
as
follows:

Therefore, as the concrete strength increases, the required amount of minimum shear reinforcement increases in a gradual manner.
By applying the proposed equation for minimum amount of shear reinforcement on UHSC and HSC specimens, the minimum shear
reinforcement increased by 66% and 43%, respectively than specimens with ECP 203-17 requirements of minimum shear
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reinforcement. There was a significant increase in the reserve shear strength by increasing the amount of minimum shear
reinforcement. For UHSC beams, the increase in reserve shear strength was 57% when the minimum amount of web reinforcement
changed from 0.189 (ECP 203-17 requirements) to 0.314 (proposed equation). And in HSC beams, the increase in reserve shear
strength was 48% when the minimum amount of web reinforcement changed from 0.189 to 0.270 as shown in Fig 6.
On that account, the tested specimens indicate that the proposed equation provide adequate reserve of shear strength after cracking for
higher strength concrete specimens. The variation of vu/ vcr with R = ρv fy / √ fcu, using the test data reported in this paper, is shown in
Fig 7. In this figure, ρv is the shear-reinforcement ratio Av/(sbw). To generalize the shear-reinforcement ratio, ρv was multiplied by fy
and divided by √ fcu, and resulting R was called the shear reinforcement index. The minimum shear reinforcement required by ECP
203-17, ACI 318-19, and the proposed equation are also marked on the figure. It can be concluded that, in general, 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 6: Reserve shear strength index of beam specimens with minimum amount of web reinforcement according to ECP and proposed
equation

Fig 7: Variation of vu/ vcr with shear reinforcement index
Cracking Pattern
Fig 8 through Fig 13 record the crack distribution at shear zone of UHSC and HSC tested beams with the increase of load. Four
different load levels are selected for illustration, i.e., 0.25V, 0.5V, 0.75V and V, where V represents the maximum load value of the
tested beams. All tested beams failed in shear. The cracking pattern of all beams was almost similar. Initially, cracks started either
vertically or inclined in the shear spans and in some beams as vertical flexural cracks at midspan. Extension of existing cracks and
appearance of new flexural cracks in the shear spans spread from the load application points towards the supports. The flexural cracks
in the shear spans tend to become inclined as the load was increased. With further increase in the applied load, the diagonal shear
crack between the loading point and the support in one of the shear spans became wider and, in some cases, a new shear crack was
initiated as an extension of an existing flexural crack. A small drop in the load accompanied the occurrence of the crack, which was
easy to detect from the reading of the testing machine.

(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 8: Main shear crack development of test beam UH-S100 under different load value
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(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 9: Main shear crack development of test beam UH-S120 under different load value

(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 10: Main shear crack development of test beam UH-S200 under different load value

(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 11: Main shear crack development of test beam H-S100 under different load value

(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 12: Main shear crack development of test beam H-S140 under different load value

(a) 0.25V

(b) 0.5V

(c) 0.75V

(d) V

Fig 13: Main shear crack development of test beam H-S200 under different load value
As seen in the previous figures, the crack pattern was practically identical for specimens with a similar amount of shear reinforcement.
A more uniformly distributed cracking behavior was observed when the amount of transverse reinforcement was increased, indicating
the enhanced redistribution of internal forces in the beams. The angle of the main inclined crack ranged between 30 to 45 degrees with
respect to the longitudinal axis of the beam in all specimens.
The failure cracks in UHSC beam specimens tended to be steeper than those of HSC and NSC. As the concrete strength increases, the
shear crack surface becomes smooth due to the higher concrete-fiber bond in the denser UHSC. Fig 14 and Fig 15 show the cracking
pattern of beam specimens with different compressive strength with same transverse reinforcement.
Diagonal crack width
In this study, to investigate the diagonal crack width, an analysis of the cracking process in tests conducted with the DIC system has
been performed, using the results of calculations for subsequent images presented in the form of strain maps. This technique allowed
to have accurate crack width measurements during any stage of testing. Fig 16 presents the maximum diagonal crack (Wmax) and the
service load crack width (Wservice) of UH-S100 beam specimen.
Fig 17 and Fig 18 present the effect of concrete compressive strength on maximum diagonal crack width. The diagonal crack width of a
specimen with NSC is smaller than that with HSC and UHSC, although all specimens have an identical shear reinforcement ratio.
Fig 19and Fig 20 present maximum diagonal crack width values of beam specimens had same concrete compressive strength with
different amount of minimum shear reinforcement according to ACI, ECP codes and proposed equation. As expected, smaller shear
crack widths were observed in the specimens with larger amounts of shear reinforcement.
The plots of load level-versus-Maximum diagonal crack widths for eleven specimens reinforced with different amounts and spacings
of minimum shear reinforcement are shown in Fig 21. Allowable crack width shown in these figures defined based on ECP 203-17 and
thus is employed as 0.3 mm at service load. The service load shear is assumed to be 60 percent of the nominal shear permitted by the
ECP 203-17.
In UHSC series, specimen UH-S200 did not satisfy the ECP 203-17 requirement of maximum crack width at service load. Where the
maximum crack width at service load of UH-S200 was (0.39 > 0.30 mm). Beam UH-S120 showed a more favorable behavior in
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comparison with the UH-S200, developing a maximum crack width at service load of 0.19 mm when stirrups were increased to 40%.
A more consistent improvement in crack control was observed in specimen UH-S100 with larger amount of stirrups. As well,
specimen H-S200 had a maximum crack width at service load equals 0.32 mm which is greater than allowable crack width. While
beam H-S140 had a maximum crack width at service load of 0.13 mm which decreased by 59%.

(a) Beam N-S200

(b) Beam H-S200

(c)

Beam UH-S200

Fig 14: Crack pattern of specimens with shear reinforcement ρv=0.189 with different compressive strengths

(a) Beam N-S100

(b) Beam H-S100

(b) Beam UH-S100
Fig 15: Crack pattern of specimens with shear reinforcement ρv=0.377 with different compressive
strengths
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(a) crack width values at 0.6 V

(b) crack width values at V

Fig 16: Crack width of beam UH-S100

Fig 17: Maximum diagonal crack width of specimens with shear
reinforcement ρv =0.189 with different compressive strengths

Fig 18: Maximum diagonal crack width of specimens with shear
reinforcement ρv =0.377 with different compressive strengths

Fig 19: Maximum diagonal crack width of HSC specimens with
different amount minimum shear reinforcement

Fig 20: Maximum diagonal crack width of UHSC specimens with different
amount minimum shear reinforcement

(a)

NSC

(b)

HSC

(c)

UHSC

Fig 21: Load level-versus-maximum shear crack of beam specimens with different amount minimum shear reinforcement

Load-deflection response
Deflection of all beams was measured using linear variable displacement transducers (LVDT’s) and recorded data using a data
acquisition system. It is even more difficult to define ductility for beams that fail in shear. Table 5 shows deflection at the ultimate
loads of the tested beams at mid-span. In this study, the ratio of midspan deflection at the ultimate to the deflection corresponding to
first diagonal cracking is called shear ductility index. Shear ductility index was calculated and listed in Table 5.
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Table 5: Deflection of all the tested beams at failure stages
Specimen
Maximum Deflection (mm)
Shear ductility index
UH-S100
13.73
7.38
UH-S200
11.55
1.65
UH-S120
12.27
5.03
H-S100
15.26
3.57
H-S200
14.46
1.53
H-S140
14.97
3.07
N-S100
16.7
4.34
N-S200
15.46
2.27
The applied load versus mid-span deflection relationship of UHSC, HSC and NSC beam specimens with shear reinforcement equals to
0.189 and 0.377, respectively, is presented in Fig 22 and Fig 23. The concrete strength affects the deflection, as the measured
deflection at a certain load decrease, the compressive strength increase. Also, it can be noticed that the increase in concrete
compressive strength improved the stiffness of beam specimens.
Load-midspan deflection curves for beams of UHSC and HSC with different minimum shear reinforcement are shown in Fig 24 and
Fig 25, respectively. In the same diagram the theoretical value of the ultimate load Vfl corresponding to the case in which the beam
reaches the full ﬂexural capacity (Mu/Mfl =1) is indicated. Vfl for UHSC and HSC beams was 420 kN and 404 kN, respectively. It can
be noticed that the increase 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). This phenomenon is so obvious in UHSC beams particularly.
Beam UH-S100 reached full flexural capacity and beams UH-S120 and UH-S200 reached 97% and 96% of flexural capacity.
Moreover, the stirrups signiﬁcantly increased the stiffness, ultimate load and damaged deﬂection of the test beam when the stirrup
ratio increased from 0.189 to 0.377% regardless of concrete compressive strength of specimen.
Since all the beams failed in shear, no significant ductility was observed. However, comparisons were made using the shear ductility
index as defined previously. This index was lowest in the ECP beams. In UHSC beams, the index was 1.65 for ECP beam, 5.03 for
proposed equation beam and 7.38 for ACI beam. While shear ductility index in HSC beams was 1.53, 3.07 and 3.57 in ECP, proposed
equation
and
ACI
beams,
respectively.

Fig 22: Load-deflection curve of specimens with shear reinforcement
ρv=0.189 with different compressive strengths

Fig 23: Load-deflection curve of specimens with shear reinforcement ρv
=0.377 with different compressive strengths

Fig 24: Load-deflection curve for UHSC beams with different minimum
shear reinforcement

Fig 25: Load-deflection curve for HSC beams with different minimum
shear reinforcement

Evaluation of Code Requirements
To evaluate the adequacy of code requirements and the proposed equation, previous researchers have chosen the following criteria.
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Crack width—Since crack widths greater than 0.3 mm are unacceptable for serviceability, it may be reasonable to limit the crack
width to 0.3 mm at the stage when a diagonal crack fully develops. Some other researchers suggest that the crack width to be
considered for comparison should be the crack width corresponding to 60 percent of the nominal shear permitted by the ACI 318-19.
Ductility—To make a similar proposal for the shear ductility index is not that easy because the ductility of beams failing in shear is
very limited.
Reserve strength—To propose a limit for the reserve strength (vu/ vcr), one must consider possible variation in concrete strength. It will
be reasonable to assume that one should consider the possibility of having concrete strength 50% greater than the specified value (vu/
vcr ≥ 1.5).
In conclusion, Former researchers have proved that the evaluation of the minimum shear reinforcement requirements in the design
codes should be based mainly on crack width and reserve strength criteria as illustrated previously. Shear ductility index does not
seem to be a sound criterion.
When the evaluation of the code requirements is based on these two criteria, behavior of the test specimens having ECP 203-17
minimum shear reinforcement cannot be considered as satisfactory. In these beams, crack limits have been exceeded (0.39 > 0.3, 0.32
> 0.3) and, the vu/ vcr ratio is lower than 1.5.
Specimens that had the minimum shear reinforcement required by the ACI 318-19 and the proposed equation all satisfied both criteria.
In these beams, the crack width was approximately 0.02 to 0.19 mm, and vu/ vcr ratios were greater than 1.5.
Finally, ACI 318-19 and the proposed equation both have a minimum shear reinforcement formula which is suitable for all ranges of
concrete strength.
Conclusion
The following conclusions were drawn from the results of the research program:
 Increasing the concrete strength caused an increase in the shear capacity of beams. For specimens with identical shear
reinforcement spacing, increasing the concrete strength from 48 MPa to 83 MPa caused an increase in the shear capacity by
about 14%, while increasing the concrete strength from 83 MPa to 128 MPa caused an increase in the shear capacity by about
25%.
 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.
 Diagonal crack width has been influenced by both the amount of shear reinforcement and concrete compressive strength. For
specimens with identical shear reinforcement spacing, the diagonal crack widths are almost similar, although shear strength
and the number of cracks.
 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.
 The ECP 203-17 requirements for minimum shear reinforcement are not satisfactory when UHSC and HSC is used. Test
beams having ECP 203-17 minimum shear reinforcement had less reserve shear strength compared to the others, and the
crack width observed at the stage of shear cracking was beyond the allowable serviceability limits.
 The equation proposed in this paper requires approximately 35% more minimum shear reinforcement than ECP 203-17.
Beams designed using this equation had a significant increase in reserve shear strength index by 53% than beams having ECP
203-17 minimum shear reinforcement, and crack width remained below the allowable serviceability limits (< 0.30 mm).
Specimens having the minimum shear reinforcement in accordance with the proposed equation satisfied the criteria set in this
study.
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