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Abstract

This paper assesses the effect of direct and indirect factors on the shear performance of ultra-high performance fibre reinforced 

concrete beam containing coarse aggregate (UHPFRC-CA) using four point loading arrangement. The obtained results were used to 

categorize UHPFRC-CA beam's failure mode, establish the influence of key factors on shear performance, and develop UHPFRC-CA 

beam's compression zone resistance and first shear cracking load equations whose results were compared with those from this 

research, other researchers and existing equation. Findings revealed that UHPFRC-CA beam fails in cable stayed, shear partial 

compression, cable stayed-diagonal tension and cable stayed-partial shear tension. Shear span-depth ratio (a/d) has the most influence 

on the beams' failure mode. Higher percentage volume of steel fibre improves ultimate load capacity and midspan displacement 

resistance at failure load. Hooked-end steel fibre improves deformation (crack width and midspan displacement at failure load) 

resistance. Higher a/d is more beneficial to midspan displacement resistance at failure load than load capacity; while lower stirrup 

spacing leads to higher midspan displacement at failure load. Finally, the developed first shear cracking load equation can adequately 

capture the true first shear cracking load of UHPFRC-CA beam; and the developed compression zone resistance equation can be 

conveniently used to represent the joint contribution of compressive strength and fibre factor to UHPFRC-CA beam's shear resistance.
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1 Introduction
The mechanical properties of ultra-high performance 
fibre reinforced concrete containing coarse aggregate 
(UHPFRC-CA) have been extensively studied [1–4] to 
establish the suitability of coarse aggregate in ultra-high 
performance fibre reinforced concrete (UHPFRC); and 
findings revealed that incorporating coarse aggregate in 
the mixture reduces hydration heat and minimizes the cost 
of producing UHPFRC. Several literatures [1–4] have also 
studied and recommended the type, particle size, particle 
type of coarse aggregate with the required moisture con-
tent, texture and shape to use in UHPFRC to give optimum 
mechanical performance; and this has helped researchers 
undertaking structural performance of UHPFRC-CA to 
carefully design UHPFRC-CA mix without considering 
material performance (including the percentage of coarse 
aggregate in the mix). 

It is really hard at the moment to find literatures on 
the shear behaviour of UHPFRC-CA beams because 
researches on the structural performance of UHPFRC-CA 
members are still at the infant stage. Kodur et al. [5] stud-
ied the shear resistance of two UHPFRC-CA beams con-
taining limestone coarse aggregate and found that the 
beams failed in shear with a single macro cracks at failure 
load. Unlike the limited researches on the shear perfor-
mance of UHPFRC-CA beams, a lot of studies have been 
conducted on the shear behaviour of UHPFRC beams. 
For example, Hegger and Bertram's [6] findings on the 
shear capacity of UHPFRC beams showed that the use 
of 2.5% fibre volume content in a prestressed UHPFRC 
beam increased its shear capacity by 177%. Graybeal [7] 
opined that UHPFRC beam has a higher shear and flex-
ural capacities when compared with a prestressed high 
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performance concrete I girder. Yoo and Yoon [8] reported 
that the inclusion of 2.5% steel fibre in UHPFRC beam 
increased its shear strength by about 250%. Maroliya [9] 
reported that steel fibres play significant role in arresting 
UHPFRC beam's cracks leading to the formation of many 
cracks with improved shear strength before the occur-
rence of failure. Xu and Deng [10] reported that prestress-
ing UHPFRC beams also improve the shear cracking force 
and slows the growth of diagonal cracks. Xu et al. [11] 
opined that increase in shear reinforcement ratio leads to 
increase in UHPFRC beam's shear capacity. Ji et al. [12] 
found that the beam's failure mode is quite different from 
normal concrete. Jin et al. [13] reported that shear span-
depth ratio (a/d) has the most influence on UHPFRC 
beam's shear capacity; while longitudinal reinforcement 
ratio (ρ) improves both shear capacity and shear ductil-
ity. Findings have also shown that steel fibre's percentage 
volume (Vf ) of 2% has some significant effect on UHPFRC 
beam's shear capacity with the impact becoming insignifi-
cant as Vf is increased beyond 2% [14].

Several literatures [15–17] have focused more on the 
influence of steel fibre length (lf ), diameter (df ), Vf and 
fibre bond factor (α) on UHPFRC beam's shear strength; 
and have paid little or no attention on how compressive 
strength ( fcu) influences shear strength. The resistance 
against shear load provided by any concrete compression 
zone is mainly dependent on that concrete strength and for 
better understanding of the internal failure mechanism of 
UHPFRC-CA beam, it is important to develop an equa-
tion to predict the contribution of compression zone resis-
tance to shear strength. So far, it is hard to find equations 
developed for estimating the first shear cracking load of 
UHPFRC beams as most researchers and standards [18–
21] only concentrate on developing equations for predicting 
the ultimate shear capacity of UHPFRC beams. Although 
Narayanan and Darwish [22] developed a shear cracking 
equation for steel fibre reinforced concrete (SFRC) beams, 
it yields higher values when employed for UHPFRC-CA/
UHPFRC beams and this is technically bad for shear 
behaviour test; and hence calls for the development of 
a first shear cracking load equation for UHPFRC-CA/
UHPFRC beams. This paper is therefore targeted at eval-
uating the effects of direct (steel fibre shape, Vf , a/d, stir-
rup spacing (s), presence/absence of stirrups) and indirect 
( fcu and coarse aggregate) shear factors on UHPFRC-CA 
beam's shear behaviour in order to categorize the crack 
pattern and failure mode of UHPFRC-CA beam; establish 
UHPFRC-CA beam's resistance to shear loading, develop 

an equation for the contribution of compression zone resis-
tance against shear load and to as well formulate the first 
shear cracking load equation for UHPFRC-CA beam.

2 Test program
The materials used were: P.O 52.5 (cement 1); P.C 42.5 
(cement 2); straight steel fibre of 0.2 mm diameter, 13 mm 
length and 2850 N/mm2 tensile strength; hooked-end steel 
fibre of 0.3 mm diameter, 22 mm length and 2850 N/mm2 
tensile strength; Quartz sand of ≤1 mm sieve size; gravel 
of size between 5 mm and 10 mm; silica fume; super plas-
ticizer and portable water. The two cement types were 
used because of two reasons: 

1. using only P.O 52.5 leads to increased heat of hydra-
tion but the introduction of P.C 42.5 reduces heat of 
hydration, 

2. the introduction of coarse aggregate into the mix 
reduces workability of the concrete but the introduc-
tion of P.C 42.5 helps to increase the UHPFRC-CA's 
workability. 

The addition of coarse aggregate into this mix was 
aimed at reducing drying shrinkage and creep, provid-
ing better resistance to crack propagation and widening 
of already developed cracks, and to see if midspan dis-
placement at ultimate load can be minimized. Funk and 
Dinger [23] model was used to design the UHPFRC-CA 
mixes as presented in Table 1.

Beams with: 1200 mm length, 200 mm height, 100 mm 
breadth, 15 mm cover, ρ of 0.0373, tension steel of deformed 
2Æ20, compression steel of smooth 2Æ6.5, stirrup steel 
of smooth 9Æ6.5 were design for shear using Narayanan 
and Darwish [22] analytical equation. The UHPFRC-CA 
beams' longitudinal-cross sections are presented in Fig. 1. 
This study classified the beams into six classes (B1, B2, 
B3, B4, B5 and B6) as presented in Table 2 and divided 

Table 1 Designed mix proportion

Materials B(1-6)a, B1b, 
B3b, B4b, B5b B2b B6b

Cement 1 461.01 456.31 519.44

Cement 2 322.70 319.41 363.61

Fine aggregate 922.01 912.61 1038.89

Coarse aggregate 412.50 408.29 -

Silica fume 138.30 136.89 155.83

Steel fibres 133.45 200.18 156.00

Super plasticizer 22.50 22.27 20.78

Water 166.25 164.55 166.22
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each class into two levels for each shear design parame-
ters. Twelve cube specimens of 100 mm3 sizes were cast 
and tested for fcu (see Table 3) based on CECS 13-2009 [24] 
to study the influence of fcu on shear performance. 
Similarly, 12 dog-bone specimens with length of 368 mm, 
50 mm × 80 mm × 100 mm end sections, 50 mm × 50 mm 
prismatic middle portion, tapered section of length 
54 mm and radius of 70 mm, and a notched section of 
100 mm length were cast and tested for uniaxial tension 

to determine the direct tensile strength and tensile stress-
strain of the UHPFRC-CA based on T/CBMF 37-2018 [25] 
recommendation. 12 prismatic specimens were also cast 
using 100 mm × 100 mm × 300 mm mould to determine 
the elastic modulus of the UHPFRC-CA specimens in 
accordance with CECS 13-2009 [24] specification. 

The beam shear test adopted the loading system of 
four-point concentrated force loading based on GB/T 
50152-2012 [26] with the following modifications to suit 

Fig. 1 UHPFRC-CA beam's longitudinal-cross section
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UHPFRC: Preloading was done using 5, 10 and 15 kN 
loads with readings taken at 0, 2.5th and 5th minute. After 
preloading, 15% of the calculated cracking load (Pcr ) was 
continuously added to the load value of each loading steps 
until the applied load reached 75% of Pcr. Afterwards, the 
additional load value of each loading steps was changed to 
5% of Pcr. When the specimen cracked, the additional load 
value of each loading steps became 10% of the calculated 
ultimate load (Pu) of the test beam; and this loading pro-
cess was continued until the failure of the beam. The setup 
of the experiment is shown in Fig. 2.

3 Results and discussions
3.1 Shear performance of the UHPFRC-CA beams
3.1.1 Failure pattern of the UHPFRC-CA beams
The UHPFRC-CA beams failed with lower diagonal crack 
widths when compared with similar ordinary UHPFRC 
beams in existing literatures [18, 21, 27]. This means that, 
as it is customary in ordinary UHPFRC beams to have 
widely opened diagonal cracks after attaining ultimate load 
due to reduced fibre participation in resisting shear stress, 
UHPFRC-CA beam, because of the hard nature of coarse 
aggregate in its mix, possessed the ability to prevent its diag-
onal cracks from having widely opened width after reaching 

ultimate load. UHPFRC-CA beams also underwent failure 
modes that are uniquely different from ordinary UHPFRC 
beams and its detailed discussion is in Section 3.1.3. 
The crack pattern and failure mode of the UHPFRC-CA/
UHPFRC beams are shown in Fig. 3; while the flexural 
cracking load, first shear cracking load and main diagonal 
cracking load of the beams are presented in Table 4.

3.1.2 Effect of research parameters on the beams' crack 
pattern and failure mode
Steel fibre shape does not affect the total number of crack for-
mation at the face of the beam where failure occurred; how-
ever, hooked-end shape changed the failure mode and the 
inclination angle of the main diagonal crack from 42° (B(1-6)
a) to 53° (B1b). Hooked-end steel fibre exhibits better resis-
tance to first crack appearance than straight steel fibre; and 
this may be due to the improved fibre-concrete matrix bond 
provided by its hooked end [28]. In comparison with ordi-
nary UHPFRC beam with hooked-end steel fibre [28] whose 

Table 2 Shear design parameters and fcu

Beam class
Research parameters

Beam specimen Steel fibre Vf (%) Stirrups a/d s (mm) Coarse aggregate

B1
B(1-6)a Straight 2 Yes 2.82 175 Yes

B1b Hooked-end 2 Yes 2.82 175 Yes

B2
B(1-6)a Straight 2 Yes 2.82 175 Yes

B2b Straight 3 Yes 2.82 175 Yes

B3
B(1-6)a Straight 2 Yes 2.82 175 Yes

B3b Straight 2 No 2.82 175 Yes

B4
B(1-6)a Straight 2 Yes 2.82 175 Yes

B4b Straight 2 Yes 2.08 175 Yes

B5
B(1-6)a Straight 2 Yes 2.82 175 Yes

B5b Straight 2 Yes 2.82 116.5 Yes

B6
B4b Straight 2 Yes 2.08 175 Yes

B6b Straight 2 Yes 2.08 175 No

Fig. 2 Set up of the experiment

Table 3 Mechanical properties of the beam speciments

Beam B(1-6)a, B1b, 
B3b, B4b, B5b B1b B2b B6b

fcu (N/mm2) 154.6 142.4 165.2 166.8

Deviation of fcu from 
designed fcu of  
150 N/mm2 (%)

3.1 −5.1 10.1 11.2

ft (N/mm2) 5.5 5.3 5.5 6.1

Elastic modulus (N/m2) 46875 40000 40000 43269
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shear crack appeared between 17%–40% of its peak capac-
ity, this UHPFRC-CA beam's shear crack appeared at ≤20% 
of its peak capacity; and this is due to the presence of coarse 
aggregate that makes it less packed than ordinary UHPFRC.

The number of cracks within the shear zone of the 
beam's face where failure occurred reduced with increase 
in Vf ; and this behaviour is the same with that of ordinary 
UHPFRC beam [20]. The inclination angle of the diagonal 
crack also increased with increase in Vf from 42° (B(1-6)a) 
to 57° (B2b). There was also a change in failure from cable 
stayed-flexure to cable stayed-diagonal tension failure 
when the Vf was increased with the diagonal crack of the 
beam containing 3% Vf being closer to the loading point 
than the beam with 2%. This change in inclined strut angle 
and failure mode with increase in Vf can be attributed to 
the bridging mechanism of the extra steel fibre; and this 
was also reported by Hosamo and Sarwari [29] for ordi-
nary UHPFRC beam.

The elimination of stirrups from B(1-6)a led to increased 
number of cracks in B3b, increase in the inclination angle 
of its diagonal crack from 42° to 53° and also changed the 
failure mode of the beam. This beam's crack pattern and 
mode of failure is due to the absence of stirrups to resist 
the tensile force build up in the beam's existing cracks 
which led to decrease in the beam's stiffness beyond its 
peak force [30]; as well as the mobilisation of dowel action 
along with some degree of concrete-tensile reinforcement 
bond failure [31]. This failure of the beam is a failure pat-
tern that is common with ordinary UHPFRCs made with-
out stirrups [5, 32]. This means that the elimination of stir-
rups from the UHPFRC-CA has a greater influence on the 
beam's failure mode than the presence of coarse aggregate; 
and this is why B3b exhibited the same behaviour like ordi-
nary UHPFRC beam without stirrup. B3b's diagonal crack 

Table 4 Failure mode and cracking load of the beams

Beam Failure mode
Flexural 
cracking 
load (kN)

Shear 
cracking 
load (kN)

Diagonal 
cracking 
load (kN)

B(1-6)a Cable stayed-
flexure 26 49 95

B1b
Cable stayed-

diagonal 
tension

28 51 97

B2b
Cable stayed-

diagonal 
tension

26 50 98

B3b
Cable stayed-
partial shear 

tension
26 46 82

B4b Shear partial 
compression 24 52 108

B5b Flexure 26 54 -

B6b Flexure 29 57 113

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 3 UHPFRC-CA/UHPFRC beams' crack pattern and failure mode: 
(a) B(1-6)a, (b) B1b, (c) B2b, (d) B3b, (e) B4b, (f) B5b, (g) B6b
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nearly propagated through the whole depth of the beam 
unlike normal/high strength concrete without stirrups that 
will fail before reaching its ultimate strength [33].

As a/d of the beam was reduced from 2.82 (B(1-6)a) to 
2.08 (B4b), the total number of cracks in the beam increased, 
its failure mode changed from cable stayed-flexure fail-
ure to shear partial compression failure, and the inclination 
angle of its diagonal crack increased from 42° to 45°. This 
change in failure mode of the beam with change in a/d is 
in line with the behaviour of ordinary UHPFRC beam as 
Bahij et al. [34] reported that the mode of failure of ordinary 
UHPFRC beams change from shear to almost flexure shear 
as the value of a/d increases.

The failure mode of the beam changed from cable 
stayed-flexure failure to pure flexure failure; and the dis-
tance between the developed diagonal cracks reduced 
when its s was reduced from 175 mm (B(1-6)a) to 116.5 mm 
(B5b). In ordinary UHPFRC beam [18], reduction in stir-
rup spacing does not lead to change in failure mode from 
shear to flexure but only leads to decrease in the spacing 
between diagonal cracks. So this behaviour of complete 
change in failure mode of UHPFRC-CA beam may not be 
due to the presence of coarse aggregate but due to the short 
length of the UHPFRC-CA beam as Ahmad et al.'s [18] 
beam is 800 mm longer than this UHPFRC-CA beam. 
Also, decrease in the beam's s resulted in lesser number of 
diagonal cracks with lesser crack width instead of wider 
crack width as reported by Bahij [20]. The lesser number 
of diagonal cracks may be attributed to the distribution of 
the applied load to a smaller area of the beam as a result of 
increase in the number of stirrups. While the lesser diag-
onal crack width instead of wider diagonal crack width is 
simply because the beam failed in flexure instead of shear. 
The presence of coarse aggregate in the beam changed the 
failure mode of the beam from pure flexure (B6b) to pure 
shear (B4b) and also resulted in increased number of cracks 
formed in the beam's failure face. The inclination angle of 
the main diagonal crack of B6b decreased from 66° to 45° 
when coarse aggregate was used as an ingredient.

3.1.3 Categorization of UHPFRC-CA beam's crack 
pattern and failure mode
The crack pattern resulting from the UHPFRC-CA beams' 
failure can be categorized into: single diagonal crack and 
double diagonal cracks. For a UHPFRC-CA beam whose 
length is not greater than 1200 mm, the beam is likely to 
fail from the formation of a single diagonal crack if the 
value of a/d is in the range of 2.1–2.82. When the value 

of a/d is less than 2.1, the beam's failure is as a result of 
the formation of double diagonal cracks. This study's 
UHPFRC-CA beams exhibit distinct failure modes that 
vary from ordinary UHPFRC beam. This unique failure 
mode is demonstrated in the UHPFRC-CA beams' abil-
ity to fail in a non-conventional way and in a way where 
existing failure modes are combined for a particular beam 
under shear loading. UHPFRC-CA beam under shear 
loading can be categorized into four main failure modes:

1. Cable stayed Failure: This failure mode occurs in 
UHPFRC-CA beams with stirrups when the diagonal 
crack has no vertical base from the tension zone of 
the beam. This means that the diagonal crack has no 
direct link to any initial vertical crack and it develops 
as an inclined crack within the beam's shear critical 
area and propagates towards the middle height of the 
beam. The diagonal crack of this failure mode hardly 
propagates to the extreme compression zone and may 
likely stop at a little distance above the beam's neutral 
axis. Fig. 4 (a) presents cable stayed failure.

(a)

(b)

(c)

(d)
Fig. 4 Categorized failure modes of UHPFRC-CA beams: (a) Cable 

stayed failure, (b) Shear partial compression failure, (c) Cable stayed-
diagonal tension failure, (d) Cable stayed-partial shear tension failure
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2. Shear Partial Compression Failure: This failure mode 
has the same diagonal crack base like cable stayed 
failure but the difference is in the diagonal crack 
propagating beyond the middle height of the beam to 
the compression zone; causing the compression zone 
to experience slight concrete spalling at the beam's 
side and top of the compression fibre. This spalling 
may be due to the weakness in the UHPFRC-CA 
beam's matrix caused by the shear loading which is 
being resisted as UHPFRC-CA's ultra-high fcu pre-
vents the beam from undergoing shear compression 
in the compression zone. If the concrete spalling 
fails to occur, the failure mode can be simply called 
single or double shear diagonal failure. Shear partial 
compression failure is shown in Fig. 4 (b).

3. Cable Stayed-Diagonal Tension Failure: This fail-
ure mode is a bit related to UHPFRC beams and 
SFRC beams' failure in terms of the diagonal ten-
sion. In this failure mode, the UHPFRC-CA beam 
with stirrups first developed a vertical crack below 
the position of the tensile reinforcement and grows 
in width and propagates above the tension fibre to 
form a diagonal crack. The developed diagonal crack 
continues to propagate towards the load point and 
eventually leads to the UHPFRC-CA beam's failure 
as the loading continues. This category of failure 
mode may be common in UHPFRC-CA beams with 
>2% Vf in its mix. Fig. 4 (c) shows cable stayed-diag-
onal tension failure.

4. Cable Stayed-Partial Shear Tension Failure: This fail-
ure mode has all the features of cable stayed failure 
with the addition of few inter-connected short cracks 
around the diagonal crack along the tensile reinforce-
ment location. This failure mode is likely to occur in 
UHPFRC-CA beams without stirrups in which the 
absence of stirrups causes extra shear stress to be borne 
or redistributed to the tensile steel reinforcement when 
diagonal crack develops in the beam. Fig. 4 (d) shows 
cable stayed-partial shear tension failure.

3.1.4 Load-midspan displacement performance of the 
UHPFRC-CA beams
Fig. 5 (a) revealed that all the beams have similar load-mid-
span displacement curve where their deformation occurred 
in linear and non-linear stages [35]. This deformation is 
also similar to that of ordinary UHPFRC beams as shown 
in Fig. 5 (b). The only difference being higher shear crack-
ing load and ultimate load (due to lower packed density 

of UHPFRC-CA beams because of coarse aggregate pres-
ence) for the ordinary UHPFRC beams (note that ultimate 
load = 2 × the shear load in Fig. 5 (b)); and lower midspan 
displacement (because of the hard nature of coarse aggre-
gate in UHPFRC-CA beams that gives them extra rigid-
ity to resist deformation) for the UHPFRC-CA beams. 
The ultimate load of B(1-6)a, B1b, B2b, B3b, B4b, B5b and 
B6b are 273 kN, 258 kN, 283 kN, 265 kN, 360 kN, 265 kN 
and 387 kN respectively with corresponding midspan 
displacement of 7.41 mm, 6.08 mm, 5.9 mm, 6.97 mm, 
7.88 mm, 7.7 mm and 9.81 mm.

3.1.5 Effect of research parameters on the beams' load-
midspan displacement
The load-midspan displacement of beams B(1-6)a (with 
straight steel fibre) and B1b (with hooked-end steel fibre) 
as illustrated in Fig. 5 (a) revealed that hooked-end 

(a)

(b)

Fig. 5 Load-midspan displacements of the beams: (a) UHPFRC-CA 
beams, (b) Ahmad et al.'s [18] beam
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increased the beam's resistance to load application by 4% 
and reduced its resistance to midspan displacement by 
12% at the phase of shear crack appearance; while at the 
ultimate load stage, hooked-end shape reduced the beam's 
resistance to applied load by 6% and improved its resis-
tance to midspan displacement by 18%. The load-midspan 
displacement behaviour (at shear crack appearance phase 
and ultimate load phase) of this UHPFRC-CA beam with 
hooked-end shape was compared with Voo et al.'s [36] 
ordinary UHPFRC beam; and it was observed that both 
beams have the same behaviour. However, at the phase of 
first shear crack appearance where B1b has higher load 
than B(1-6)a, ordinary UHPFRC beam with hooked-end 
shape has lower load than that with straight steel fibre; and 
this may be due to the coarse aggregate's role in minimiz-
ing the growth and propagation of existing crack. This is 
true because flexural cracks usually appear first during 
UHPFRC-CA beam's shear test and the development of 
shear crack mostly emanate from the propagation of the 
flexural crack. So if coarse aggregate's presence mini-
mizes the propagation of already existing flexural cracks, 
the load at which the first shear crack will appear in the 
UHPFRC-CA beam will eventually be higher. This means 
that the improved fibre-matrix interaction of the beam 
through hooked-end steel fibre only had direct impact on 
the cracking load and ultimate midspan displacement of 
the beam as its ultimate load was lower than the beam 
made with straight steel fibre. This lower ultimate load 
may be due to indirect influence of the beam's fcu.

Vf increase from 2% to 3% increased the shear crack-
ing load by 2% and reduced the midspan displacement by 
5% at the appearance of the first shear crack; while at the 
ultimate load phase, the load capacity was increased by 
4% and the midspan displacement was reduced by 20%. 
The ultimate load increment was a direct effect of the 
increase in steel fibre which tends to hold the beam's crack 
walls together as reported by other researchers [28, 37]. 
Even though the strength increase was not high when Vf 
was increased, this study has shown that high content of 
steel fibre greatly improved the resistance of UHPFRC-CA 
beam to midspan displacement. In an existing study on 
ordinary UHPFRC beam [18], 1% increase in Vf , resulted 
in 8% and 10% increment in ultimate load and midspan 
displacement respectively. The load capacity behaviour 
of the ordinary UHPFRC beam is comparable with this 
UHPFRC-CA beam's behaviour while the midspan dis-
placement behaviour is completely different from this 

UHPFRC-CA beam. The reason why the UHPFRC-CA 
beam has better resistance to midspan displacement than 
the ordinary UHPFRC beam is because the coarse aggre-
gate inclusion in the UHPFRC-CA beam acted as another 
hard UHPFRC-CA material that provided extra rigidity 
against the beam's deflection at the middle.

Stirrup exclusion from the UHPFRC-CA beam resulted 
in 6% and 4% reduction in load capacity and midspan dis-
placement respectively at the stage of first shear crack 
development; while at ultimate load phase, the load capac-
ity and midspan displacement decreased by 3% and 6% 
respectively. In ordinary UHPFRC beams, the elimination 
of stirrups also have no serious influence on the ultimate 
load of the UHPFRC beam as reported by Baby et al. [27]. 
This high load capacity exhibited by the UHPFRC-CA 
beam without stirrups may come from the additional diag-
onal cracks that helped in redistributing internal stresses 
within the internal structure of the beam [31]; while the 
increased resistance to midspan displacement is caused 
by the high shear stiffness of the UHPFRC-CA beam [38]. 
Analysis of this UHPFRC-CA beam without stirrups also 
revealed that there was only slight reduction in the ulti-
mate load of the beam; which means that other factors 
must have indirectly contributed to the shear resistance of 
the beam. One of these factors may be the concrete fcu as 
the beam with stirrups and that without stirrups both have 
the same fcu of 154.6 N/mm2. So its high shear resistance 
can be attributed to the combined contribution of high fcu 
and the bridging mechanism of steel fibre.

B4b with a/d ratio of 2.08 at the time of shear crack 
appearance has 6% and 35% higher applied load and mid-
span displacement respectively than B(1-6)a with a/d ratio 
of 2.82; while at ultimate load stage, its applied load and 
midspan displacement increased by 32% and 6% respec-
tively. The ultimate load of UHPFRC-CA beam decreased 
with increase in a/d and this performance characteristic 
is in agreement with existing literatures [39, 40] on ordi-
nary UHPFRC. This ultimate load reduction when the 
value of a/d is increased may be caused by the developed 
compound tensile stress in the beam's critical region which 
combined with the beam's bending moment to form diag-
onal crack at lower load value. With B4b and B(1-6)a hav-
ing the same properties and shear parameters except a/d, it 
can be conveniently put that a/d has a direct influence on 
the shear capacity of the UHPFRC-CA beam. This type 
of UHPFRC-CA beam with a/d of 2.08 is classified under 
short beams and it is naturally expected to fail in shear 
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tension at the anchorage or shear compression through 
concrete crushing like normal concrete beams however, it 
has high tensile resilience and ultra-high fcu like ordinary 
UHPFRC beams that only favours failure through diagonal 
failure. So this UHPFRC-CA beam behaved in a similar 
way to ordinary UHPFRC beam when the a/d was reduced. 

The reduction of s from 175 mm to 116.5 mm caused 
3% decrease in the UHPFRC-CA beam's ultimate load 
and 4% increase in its midspan displacement. This ulti-
mate load reduction with decrease in stirrup spacing of the 
UHPFRC-CA beam is an opposite performance character-
istic when compared with ordinary UHPFRC [18, 34] but 
the reason for this behaviour is because the beam failed in 
flexure and not in shear. The increased midspan displace-
ment as the stirrup spacing was reduced may be due to the 
distribution of the applied load over a small area avail-
able within two stirrups. The inclusion of coarse aggre-
gate in UHPFRC mix resulted in 9% decrease in applied 
load and 49% increase in midspan displacement at the 
appearance of shear crack in the beam; while at the ulti-
mate load phase, the applied load and midspan displace-
ment of the beam reduced by 7% and 20% respectively. 
The ultimate load of the UHPFRC-CA beam (B4b) is less 
than that of the UHPFRC (B6b) probably because the steel 
fibre was unable to overlay the coarse aggregate due to 
its size unlike when UHPFRC contains only fine aggre-
gates [2]. The UHPFRC-CA has lower midspan displace-
ment because coarse aggregate provided extra shear stiff-
ness to the beam to resist midspan displacement [38].

3.1.6 Effect of coarse aggregate on elastic modulus, 
compressive strength and tensile stress-strain; and their 
relationship to the UHPFRC-CA beams' shear load
Table 3 showed that the elastic modulus of UHPFRC-CA with 
coarse aggregate (B4b) was 8% higher than the UHPFRC 
without coarse aggregate (B6b); and this increased elastic 
modulus resulted in 9% and 8% decrease in shear crack-
ing load and ultimate load respectively of the UHPFRC-CA 
beam under shear loading. Aso, there was 15% decrease in 
both the elastic modulus of UHPFRC-CA with hooked-end 
steel fibre (instead of straight steel fibre) and 3% straight steel 
fibre (instead of 2%). Further analysis of Table 3 showed 
that the 7% decrease in ultimate compressive strength (fcu) of 
the UHPFRC (B6b) on addition of coarse aggregate to pro-
duce UHPFRC-CA (B4b) also translated to 5 kN decrease in 
shear cracking load and 27 kN decrease in the ultimate load 
of the UHPFRC-CA beam.

Fig. 6 revealed that the inclusion of coarse aggregate 
into the UHPFRC (B6b) to make UHPFRC-CA (B4b) 
resulted in 9.8% and 22.2% decrease in the ultimate ten-
sile strength ( ft ) and ultimate tensile strain respectively. 
Fig. 6 also showed that UHPFRC-CA with straight steel 
fibre (B4b) has 3.6% higher ultimate tensile strength than 
UHPFRC-CA with hooked-end steel fibre (B1b). The ulti-
mate tensile strength of the UHPFRC-CA (B4b) with 2% 
straight steel fibre was not affected when it was increased 
to 3%. As the ultimate tensile strength of the UHPFRC 
(B6b) decreased as a result of coarse aggregate inclusion 
(B4b), the beam's shear cracking load and ultimate load 
also decreased by 9% and 8% respectively.

3.2 Formulation of compression zone resistance 
equation and first shear cracking load equation
3.2.1 Compression zone resistance equation
This compression zone resistance equation can also be 
described as shear strength-fcu/fibre factor (Ff ) term. 
The analysis of the effect of research parameters on 
the beams' load-midspan displacement discussed in 
Section 3.1.5 showed that the fcu of the UHPFRC-CA must 
have influenced the ultimate load or shear strength of beams 
B1b and B3b. Most researchers ignore the influence of fcu 
on the shear strength of UHPFRC (and focus more on steel 
fibre parameters like Vf , lf and df ) because it is not a direct 
shear influencing factor but based on the difference in ulti-
mate load behaviour between B1b and B(1-6)a with differ-
ent type of steel fibre (of which B1b according to litera-
tures should have had higher ultimate load than B(1-6)a) 
and between B3b and B(1-6)a with the same parameters 
except stirrup (and only had small difference in ultimate 

Fig. 6 Tensile stress-strain of the UHPFRC-CAs/UHPFRC



Smith and Xu
Period. Polytech. Civ. Eng., 68(4), pp. 1378–1392, 2024|1387

load), it is important to develop an analytical model that 
combines the joint effect of Ff and fcu on the shear strength 
of UHPFRC-CA/UHPFRC beams. So, the contribution 
to the shear strength of the UHPFRC-CA beam from the 
combination of steel fibre and fcu of the UHPFRC-CA cube 
specimen is hence termed Fcu/sf (i.e. the force contribution 
of fcu and Ff in resisting the applied shear load). The lf , df , 
Vf and α have been reported in literatures [15–17] to have 
great effects on UHPFRC beam's shear strength; and have 
been modelled into Eq. (1) as Ff . According to Narayanan 
and Darwish [22], α for round, crimped and indented steel 
fibres are 0.5, 0.75 and 1.0 respectively.

F
l
d

Vf
f

f
f� � ��  (1)

The respective Ff (0.65, 0.733 and 0.975) and fcu (154.6, 
142.4 and 165.2 N/mm2) of B(1-6)a, B1b and B2b were 
utilized to model the contribution of Ff and fcu to the 
shear strength (Vu) of UHPFRC-CA beam as presented in 
Fig. 7 (a) and Fig. 7 (b). Fig. 7 (a) being a quadrilateral 

curve and Fig. 7 (b) being a linear curve based on Smith 
and Sam [41] were used to formulate the compression zone 
resistance equation represented by Fcu/sf as in Eq. (2):

F Q F R F f S Acu sf f f cu c� � � � �� � ��
�

�
�

2 2 , (2)

where Q, R and S are constants determined as 0.1, 0.53 and 
27 respectively using regression analysis; Ac is area of the 
beam (i.e. breadth x height (bh)).

The constants in Eq. (2) were replaced with their numer-
ical values and expressed as:

F F F f Acu sf f f cu c� � �� � ��� ��0 1 0 53 54
2

. . . (3)

The effectiveness and detail validation of Eq. (3) is 
extensively carried out in Section 3.2.2 where it was uti-
lized to propose the first shear cracking load equation for 
UHPFRC-CA beams.

3.2.2 First shear cracking load equation
The analysis of the first shear cracking load in UHPFRC-CA/
UHPFRC beams is important because it gives researchers 
the idea on how to readjust the loading step (based on exper-
imental procedures) during experiment of UHPFRC-CA/
UHPFRC beams subjected to shear loading. Also, the two 
most important stages where the performance of a struc-
tural member undergoing shear loading is usually evaluated 
are the shear cracking load stage and ultimate load stage; 
and if the shear cracking load of UHPFRC-CA/UHPFRC 
beam is not correctly determined, any experimental result 
(midspan deflection, crack width, crack angle, strains, num-
ber of cracks, etc.) reported at shear cracking load phase 
will be wrong. So far, it is hard to find equations developed 
for estimating the shear cracking load of UHPFRC beams 
as most researchers [18–21] only concentrate on develop-
ing equations for predicting the ultimate shear capacity 
of UHPFRC beams. This means that there is no guaran-
tee at all in knowing the true first shear cracking load of 
a UHPFRC-CA/UHPFRC beam, as there is no estimated 
value that can be used to guide researchers in readjusting 
the loading through small percentage increments when the 
loading is close to the estimated shear cracking load. It is 
therefore very important during experiment to have an esti-
mated first shear cracking load to help researchers to obtain 
the correct performance of UHPFRC-CA beam at the right 
shear cracking load phase.

This analysis is based on the internal shear mechanisms 
that contributed the most in resisting shear load applied to 
UHPFRC-CA/UHPFRC beams before crack appearance. 

Fig. 7 Shear strength - Ff / fcu relationship: (a) Shear strength - Ff curve, 
(b) Shear strength - fcu curve

(b)

(a)
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There are three internal shear mechanisms (UHPFRC-CA 
compression zone, aggregate interlock and dowel action) 
that resist shear load application in UHPFRC-CA beam 
before crack appearance. Critical analysis of the load dif-
ference between B4b and B6b at first crack appearance 
showed a 5 kN difference (a difference that is significant 
because it is more than the load increment of 2 kN at the 
loading stage before crack appearance). This means that the 
influence of coarse aggregate in form of aggregate inter-
lock contribution to the internal shear mechanism before 
crack appearance is significant and a coarse aggregate 
parameter in terms of maximum aggregate size (dca) has 
to be included when formulating this first shear cracking 
load equation. Since the cracking load of B4b with coarse 
aggregate was lower than B6b without coarse aggregate, 
the force contribution of coarse aggregate (dcaAc) repre-
sented as (Fca) must carry subtraction sign in the equation. 
Also, to account for the fact that UHPFRC-CA with larger 
aggregate size have lower ultimate load than UHPFRC-CA 
with smaller aggregate size, the coarse aggregate param-
eter (dcaAc) must carry an inverse coefficient (Z−1). So the 
force contribution of coarse aggregate to the cracking 
resistance of UHPFRC-CA beam is expressed as:

F Z d Aca ca c� � �1 . (4)

Dowel action contribution to the internal shear mecha-
nism has been reported by several researchers [5, 20, 42] 
and have opined that dowel action (represented as Fd) con-
tribution can be expressed as:

F d
a
Ad c� �

�
�

�
�
�� . (5)

For the UHPFRC-CA compression zone's contribution 
to the internal shear mechanism, the factors controlling 
this contribution are the fcu and steel fibre. Steel fibre's 
contribution at this stage is only provided through Ff and 
not fibre pull out as fibre pull out strength only comes to 
play during post cracking behaviour. So, the UHPFRC-CA 
compression zone's contribution to the internal shear 
mechanism before crack appearance can be evaluated 
using Eq. (3). Narayanan and Darwish [22] developed 
an equation in the past for estimating the shear crack-
ing load of SFRC beams and the predicted loads were in 
good agreement with the experimental loads. Narayanan 
and Darwish equation, when employed for estimating the 
shear cracking load of UHPFRC-CA/UHPFRC yielded 
higher values and this is technically bad for such delicate 
property during shear behaviour test. These higher values 

when used to calibrate the load increment in this load-
ing stage may result in the determination of higher shear 
cracking load which may not be the true shear cracking 
load of the beam. The reason why Narayanan and Darwish 
equation predicted higher values of shear cracking load 
may be due to one or all of the following: 

1. use of SFRC's fcu in formulating the compression 
zone contribution to the resistance of shear crack 
appearance, 

2. over representation of Ff in the equation, 
3. use of SFRC beams parameters in determining the 

constants in the equation. 

So Narayanan and Darwish equation as expressed in 
Eq. (6) was modified to develop the first shear cracking 
load equation for UHPFRC-CA/UHPFRC beam.
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0 7 20 0 5. . .�  

(6)

Equation (6) can be said to comprise three different 
parts: Part A is the compression zone part represented by 

0 24 20 0 7. .f F Fcu f f�� � � �� �  and will be replaced 

with this UHPFRC-CA's compression zone contributing 
force (Fcu/sf ) presented earlier in Eq. (3). Part B is the dowel 
action factor represented by 20ρd/a and this will not be 
changed in the new equation. Part C is the extended Ff rep-
resented by 0.5Ff which will also remain unchanged in the 
new equation. So, the modified Narayanan and Darwish 
equation is expressed as:

V
F F f

d
a

F Z d
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f f cu
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�

�
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bh . (7)

Since the coefficients (0.24, 20 and 0.5) in Eq. (7) 
were determined by Narayanan and Darwish using SFRC 
beams' parameters and properties, they will be replaced 
with constants (L, M and N) as shown in Eq. (8) and re-de-
termined using these UHPFRC-CA beams parameters.

V
L F F f

M d
a

NF Z d
bhcs

f f cu

f ca

�
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�

�

�
�
�

�

�

�
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�

0 1 0 53 54
2

1

. .

�
 (8)

The constants (L, M, N, and Z) were determined using 
excel solver through best-fitting the experimental data of the 
UHPFRC-CA beams presented in Table 5 to give Eq. (9).
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The first shear cracking load equation developed in 
Eq. (9) was validated by comparing its results with this 
research's experimental results, results obtained using 
Narayanan and Darwish [22] equation and experimen-
tal results from existing literatures. The beams from 
literatures used for this validation include: Beam A2 
from Ahmad et al.'s [18] research; beam BS-100-2.0 
from Son et al.'s [32] study; beams SB2 and SB5 from 
Voo et al.'s [36] investigation; beams X-B7 and X-B8 
from Voo et al.'s [43] research. The variables of the dif-
ferent beams used in validating Eq. (9) are presented in 
Table 6 and the results predicted using the new equation 
are shown in Table 7.

The first shear cracking load estimated using the devel-
oped equation as observed in Table 7 showed a fair degree 
of accuracy when compared with the experimental results 
from this study's beams, experimental results from other 
researchers' beams and results predicted using Narayanan 

and Darwish equation. The widest deviation of Vcs pre-
dicted by the developed equation was 11% and this occurred 
because the beam's (X-B7) fcu was lower than the minimum 
UHPFRC-CA/UHPFRC's fcu of 150 N/mm2. On compari-
son of the new equation's predicted values with Narayanan 
and Darwish equation's predicted values, it can be clearly 
seen that the developed equation has much lower devia-
tions (except for BS-100-2.0 and X-B8) than Narayanan 
and Darwish equation. The reason why Narayanan and 
Darwish had lower deviations for beams BS-100-2.0 and 
X-B8 is because those beams have lower fcu like SFRC 
beams that Narayanan and Darwish equation was specif-
ically proposed to predict. On a general scale, the newly 
developed equation performed better than Narayanan and 
Darwish equation as it has all round lower deviations from 
the experimental values with the widest deviation of 11% 
unlike Narayanan and Darwish whose deviation was as 
wide as 30%. Narayanan and Darwish estimations were 
mostly higher than the experimental values and this is not 
technically good as it can lead to experimental error of 
missing out on getting the true first shear cracking load of 
the UHPFRC-CA/UHPFRC beam.

It should be noted that the use of this developed first 
shear cracking load equation is at the moment limited to 
the thirteen sample beams from this study's experiment 
and existing literatutres; and there is need for the valida-
tion of more samples from existing/future literatures in 
order to increase its reliability. The reason why only thir-
teen beam samples were used for this validation is because 
one or more parameter values needed to evaluate the first 
shear cracking load of the beams in most existing litera-
tures were not reported due to the negligence of first shear 

Table 5 Experimental data for best-fitting of the developed Vcs equation

Beams fcu (N/mm2) Ff

B(1-6)a 154.6 0.65

B1b 142.4 0.733

B2b 165.2 0.975

B3b 154.6 0.65

B4b 154.6 0.65

B5b 154.6 0.65

B6b 166.8 0.65

Table 6 Variables used in estimating the different beams' first shear cracking load

Beams fcu (N/mm2) Ff ρ d (mm) a (mm) b (mm) h dca (mm)

B(1-6)a 154.6 0.65 0.0373 168.5 475 100 200 10

B1b 142.4 0.733 0.0373 168.5 475 100 200 10

B2b 165.2 0.975 0.0373 168.5 475 100 200 10

B3b 154.6 0.65 0.0373 168.5 475 100 200 10

B4b 154.6 0.65 0.0373 168.5 350 100 200 10

B5b 154.6 0.65 0.0373 168.5 475 100 200 10

B6b 166.8 0.65 0.0373 168.5 475 100 200 10

A2 150 0.59 0.01935 182.5 328.5 150 225 0

BS-100-2.0 100 0.4 0.032 300 600 200 350 0

SB2 178 0.8125 0.0134 620 2000 250 650 0

SB5 187 0.75 0.0134 620 2000 250 650 0

X-B7 122 0.75 0.00335 620 1550 500 650 0

X-B8 122 0.375 0.00335 620 1085 500 650 0
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cracking load equation by researchers. However extra 
efforts were also made to validate the equation by com-
paring its predicted results with an existing equation for 
estimating the first shear cracking load of SRFC beam; 
and the results were promising. So this newly developed 
equation can be used to adequately predict the first shear 
cracking load of UHPFRC-CA/UHPFRC beams whose fcu 
ranges from 150 N/mm2 to 190 N/mm2.

4 Conclusions
This research investigates the shear performance of 
UHPFRC-CA beam using steel fibre shape, Vf , a/d, s, pres-
ence/absence of stirrups and type of UHPFRC as exper-
imental parameters. It also utilized the study's fcu, first 
shear cracking load and Ff data to propose two equations 
for estimating UHPFRC-CA beam's compression zone 
resistance and first shear cracking load. The conclusions 
deduced from this investigation are as follow:

• UHPFRC-CA beams exhibit four distinct and unique 
failure mode of cable stayed failure, shear partial 
compression failure, cable stayed-diagonal tension 
failure and cable stayed-partial shear tension failure 
with the formation of many micro cracks and a major 
diagonal crack which usually causes failure.

• The shapes of steel fibre, Vf , a/d and stirrup spacing 
have great influences on the shear failure mode of 
UHPFRC-CA beams. The a/d is the most influential 
factor that affects the failure mode of UHPFRC-CA 
beam; and for UHPFRC-CA beams with the same 
a/d values, fcu is the main factor that determines the 
type of cable stayed failure.

• UHPFRC-CA beam's performance in terms of defor-
mation under four points loading configuration is 
both elastic and plastic deformation; and hooked-
end steel fibre is the most influential shear factor 
that improves its deformation resistance (in terms of 
crack width and midspan displacement at failure).

• The ultimate load capacity and the corresponding 
midspan displacement resistance of UHPFRC-CA 
beam improved with increase in Vf ; and the absence 
of stirrups in UHPFRC-CA beam has no significant 
influence on the beam's ultimate load.

• A higher value of a/d ratio leads to lower values of 
the beam's ultimate load and midspan displacement. 
Lower stirrup spacing leads to higher midspan dis-
placement and changed UHPFRC-CA beam's failure 
mode from shear to flexure.

• Coarse aggregate in UHPFRC-CA prevents struc-
tural beams from undergoing excessive deformation 
(in terms of crack width and midspan displacement 
at failure) even after attaining its ultimate strength; 
and it also greatly minimises the growth rate of crack 
width when structural beams' applied load increased 
from one loading stage to another.

• The newly formulated first shear cracking load equa-
tion has the capability of adequately capturing the true 
first shear cracking load of UHPFRC-CA beam; and 
the developed equation for the joint contribution of fcu 
and Ff to UHPFRC-CA beam's shear resistance can 
be conveniently used to represent the contribution of 
UHPFRC-CA's compression zone to shear resistance.

Table 7 Estimation of the first shear cracking load of UHPFRC-CA/UHPFRC beams

Beam
Vcs (kN)

P 's Deviation (%) N 's Deviation (%)
Experiment (E) Present equation (P) Narayanan and Darwish (N)

B(1-6)a 49 47 59 −4 20

B1b 51 48 56 −6 10

B2b 50 52 65 4 30

B3b 46 50 59 9 28

B4b 52 52 60 −2 15

B5b 54 50 59 −7 9

B6b 57 52 62 −9 9

A2 78 82 94 5 21

BS-100-2.0 153 144 150 −6 −2

SB2 400 422 509 6 27

SB5 400 432 518 8 30

X-B7 600 667 758 11 26

X-B8 700 667 694 −5 −1
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