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Abstract - In this present paper, four point loading configuration was used to assess the effect of steel fibre volume (Vy), type of steel
fibre, presence/absence of stirrup and shear span to depth ratio (a/d) on the ductility and strain behaviour of the UHPFRC-CA beam.
Findings from the study revealed that a/d has the most influence on the ductility of UHPFRC-CA beam as it favours the development
of new cracks, propagation of existing cracks and the realization of high shear capacity. Vs of up to 2% improves UHPFRC-CA beam’s
ductility beyond which leads to ductility reduction. Shear reinforcement in form of stirrups does not have significant impact on the
ductility of UHPFRC-CA beam. UHPFRC-CA beam has lower compressive strain and higher tensile strain than the compressive strain
and tensile strain of its cube specimen and dogbone specimen respectively. The use of hooked-end steel fibre and increase in Vi from
2% to 3% in the beam resulted in strain reduction in the compression zone of the UHPFRC-CA beam. The strain in the tension zone of
UHPFRC-CA beam increased with the use of hooked-end steel fibre, increase in Vi from 2% to 3%, exclusion of stirrups and decrease
in a/d from 2.82 to 2.08. The shear zone of UHPFRC-CA beam is characterized with low strain growth rate from the appearance of
diagonal crack to failure; and the shear zone of UHPFRC-CA beam experienced strain reduction with the use of hooked-end steel fibre
and increase in Vi from 2% to 3%. Finally, findings from the ductility and strain behaviour of this UHPFRC-CA beams can be utilized
during research design and experimental stages to forecast the crack pattern and failure mode of UHPFRC-CA beam in terms of
concrete crushing.
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1. Introduction

Can concrete beams reinforced with high strength longitudinal steels be both ultra-strong and remarkably ductile?
Engineers often face a trade-off between strength and flexibility in structural design but the use of ultra-high-performance
fibre reinforced concrete with coarse aggregate (UHPFRC-CA) has changed that narrative. However, questions remain
about how to optimize materials to give UHPFRC-CA beam the best ductility and strain performance under real-world
loads.The ductility property of UHPFRC-CA beam gives it the ability to resist deformation as it undergoes elastic and
plastic phases of deformation before eventual failure. Studies [1, 2] have shown that ultra-high performance concrete
(UHPC) without fibre is highly brittle, prompting researchers to solve UHPC brittleness problem with the use of fibres in
UHPC [2]. Wille et al. [3] reported that the introduction of fibres in UHPC changed its mode of failure from brittle to
ductile with strain hardening curve. Yan et al [4] in their study found that the ductility of UHPC was improved with fibre
addition as it altered the crack path due to the increased crack length. Bae et al. [5] investigated the correlation between
ductility and tensile strength of ultra-high performance fibre reinforced concrete (UHPFRC) and findings revealed that
while increased steel fibre volume in UHPC leads to increase in ductility, increase in tensile strength leads to decrease in
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ductility. Fracture energy of UHPFRC has direct correlation to its ductility as increase in fracture energy due to
increased volume of glass fibre leads to increase in ductility [6]. It was reported that the anchorage pattern involving
the external bonding of carbon fibre reinforced polymer in UHPC leads to improvement in its flexural ductility [7]. In
a study involving the ductility and flexural toughness of UHPFRC beams under bending load, Yang et al. [8]
explained that the inclusion of steel fibre volume up to 1.5% in UHPC led to increased ductility but the use of 2.0%
volume of steel fibre did not lead to any significant increase in the beams’ ductility.

The high tensile strength of UHPFRC allows its beam to resist cracking even when the beam experiences large
strains beyond 0.0025, making it to exhibit a strain-hardening behaviour [9]. The strains in UHPFRC beams are
usually evaluated using internet of things (I0Ts) sensors like strain gauge or displacement gauge; and then illustrated
graphically through strain profiles [10]. Hussein [10] in his study discovered that the development of cracks around
the vicinity of a strain gauge usually lead to increase in strain on the UHPFRC member. Strain gauges attached to the
extreme compression and tension fibres of UHPFRC beams subjected to flexural loading are usually used to study its
strain behaviour; while for beams subjected to shear loading, strain gauges attached to the shear zone where inclined
cracks occur are used for investigating their strain behaviour [11].

So far, research delving deep into the study of the ductility and strain behaviours of UHPFRC structural members
has been very limited, with research focus usually directed towards mechanical and other structural performances. For
ultra high performance fibre reinforced concrete beams containing coarse aggregate (UHPFRC-CA), literature on the
ductility and strain behaviour of such beams under flexural or shear loading is rare to find, despite the importance of
understanding ductility and strain profiles in UHPFRC/UHPFRC-CA beams' experimental procedures. This study
therefore aims to evaluate the effect of steel fibre volume (Vi), type of steel fibre, presence/absence of stirrup and shear
span to depth ratio (a/d) on the ductility and strain behaviour of UHPFRC-CA beam under shear loading. This
research will as well equip Engineers with practical strategies to design UHPFRC-CA beams that balances strength
and ductility, paving the way for safer and more durable structures.

2. Experimental Methods

The materials presented in Table 1 were used for this study and Funk and Dinger [12] model presented in Eq. (1)
was used to design the two UHPFRC-CA mixes, with one containing 2% volume of straight steel fibre and the other
containing 3% volume of straight steel fibre.

pa-p1

P(D) = 100 x ——mr— 1)

max_Dgu'n
where P(D) is the volume fraction of the total solids smaller than size D, D is the particle size, Dmax is the optimum particle
size, Dmin is the smallest particle size, g is the distribution modulus.

Table 1: Mix ratio of the UHPFRC-CA

Materials UHPFRC-CA (2% vol.) UHPFRC-CA (3% vol.)

P.0 52.5 Cement 1 1
P.C 42.5 Cement 0.6999 0.6999
Quartz sand (<Imm) 1.9999 1.9999
Gravel (5-10mm) 0.8948 0.8948
Silica fume 0.2999 0.2999
Steel fibres 0.2895 0.4387
Super plasticizer 0.0488 0.0488
Water 0.3606 0.3606

The UHFRC-CA beam presented in Figure 1 was designed based on EN 1992-1-1 [13], BS 8110-1 [14],
Merchand [15] and Narayanan and Darwish [16] to have 1200mm length, 200mm height, 100mm breadth, 15mm
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cover, 0.0373 longitudinal reinforcement ratio (p), 2020 high strength tensile reinforcement steel, 206.5 high strength
compressive reinforcement steel and ©6.5 high strength shear reinforcement steel.

Five beam specimens with the following descriptions as presented in Table 2 were tested for ductility and strains
under four point loading configuration [17]: ASS-2-2.82 represents Beam A with straight steel fibre, stirrup, 2% volume of
fibres and a/d of 2.82 (taken as the control beam). AHS-2-2.82 represents Beam A with hooked-end steel fibre, with
stirrups, 2% vol. of fibres and a/d of 2.82. ASS-3-2.82 represents Beam A with straight steel fibre, stirrup, 3% vol. of
fibres and a/d of 2.82. ASSw-3-2.82 represents Beam A with straight steel fibre, 3% vol. of fibres, a/d of 2.82 and without
stirrups. ASS-2-2.08 represents Beam A with straight steel fibre, with stirrups, 2% vol. of fibres and a/d of 2.08.
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Fig. 1: Beam’s longitudinal-cross section

Table 2: Beam specimens with research parameters

Beam specimen Steel fibre Vs (%) Stirrups a/d
ASS-2-2.82 Straight 2 Yes 2.82
AHS-2-2.82 Hooked-end 2 Yes 2.82
ASS-3-2.82 Straight 3 Yes 2.82
ASS,-2-2.82 Straight 2 No 2.82
ASS-2-2.08 Straight 2 Yes 2.08
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Fig. 2: Beam’s set up
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Strain gauges were attached to the beams to study their strain behaviour and dial gauges were attached to the
beams to help in their ductility evaluation (as illustrated in Figure 2) using the following equation [18]:

A
==u 2
Mu =3, 2)

where p, is the deflection ductility index, Ay is the deflection at the ultimate load and Ay is the deflection at yielding of
tensile steel reinforcement.

CSG1, CSG2, CSG 5 and CSG6 are concrete strains in the beams’ shear zone; while CSG3 and CSG4 are the
concrete strains around the beams’ compression zone and tension zone respectively.

3. Results and Discussions
3.1 Ductility of the UHPFRC-CA Beams

The ductility of the beams as presented in Figure 3 showed that ASS-2-2.82, AHS-2-2.82, ASS-3-2.82, ASSy-2-
2.82, ASS-2-2.08 have ductility index of 1.54, 1.3, 1.41, 1.49, 1.79 respectively. These beams, even with their low
ductility indices, can be said to have better ductility than some high performance concrete and reinforced concrete
beams reported in other studies [19-21]. ASS-2-2.08 has better ductility performance than all the other beams and this
is due to the reduced a/d value. This better ductility performance for ASS-2-2.08 means that it has the capability of
absorbing high fracture energy; the property which favours the development of new cracks, propagation of existing
cracks and the realization of high shear capacity. This better ductility performance allowed ASS-2-2.08 to undergo
pure shear failure with double diagonal cracks as reported in Smith and Xu [22].

W ASS-2-2.82 W AHS-2-2.82 ASS-3-2.82
B ASSw-2-2.82 W ASS-2-2.08

1.49

Fig. 3: Ductility of the beams

The ductility indices of the beams can also be comparable with the ductility indices of some UHPFRC beams
having similar longitudinal reinforcement ratios and subjected to the same loading conditions reported by other
researchers [18, 23]. These UHPFRC-CA beams exhibit low ductility indices because they were all reinforced with
high strength steels in their tensile zones; which in turn have high yield strengths [24]. By implication, these steels
yield at high applied loads resulting in high deflection values that have no serious difference with the deflection at
ultimate loads. So this high deflection at yielding of steel reinforcement eventually leads to low ductility of the beams.
The beams’ low ultimate strains in the compression fibre also have direct impact on their low ductility indices.

In terms of the influence of the various research parameters on the UHPFRC-CA beam’s ductility and their
corresponding ultimate load and crack width, Figure 3 showed that the beam with straight steel fibre (ASS-2-2.82) has
better ductility than the beam made with hooked-end steel fibre (AHS-2-2.82) as its ductility index decreased by about
16% when hooked-end steel fibre was used. Table 3 showed that ASS-2-2.82 has a lower crack width (1.4mm) than
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AHS-2-2.82 (1.6) at the ultimate load of 273kN and 258kN respectively in which the ductility indices were estimated. The
analysis of the beams revealed that increase in percentage volume of steel fibre from 2% (ASS-2-2.82) to 3% (ASS-3-2.82)
reduced the beam’s ductility by 8%; meaning that higher percentage volume of straight steel fibre beyond 2% does not
improve the ductility of UHPFRC-CA beam; and Table 3 also revealed that ASS-3-2.82 has a wider crack (1.8mm) at
ultimate load of 283kN than ASS-2-2.82’s crack width of 1.4mm at 273kN. More so, the reduction in ductility of the beam
with higher percentage volume of steel fibre was probably because the increased steel fibre contributed to the reduction in
deflection of the beam at ultimate load phase. Further analysis of Figure 3 showed that the exclusion of stirrup
reinforcement from ASS-2-2.82 to produce ASSw-2-2.82 does not lead to any significant decrease (only about 3%
reduction) in the ductility of the beam; and this proved that stirrup contribution to UHPFRC-CA beam’s ductility is almost
insignificant. Table 3 also revealed that ASS\-2-2.82 has a higher crack width (2.9mm) than ASS-2-2.82 at the ultimate
load of 265kN in which the ductility was evaluated. In addition, Figure 3 illustrated that decrease in a/d from 2.82 (ASS-2-
2.82) to 2.08 (ASS-2-2.08) resulted in 16% increase in the beam’s ductility with corresponding crack width of 3.6mm and
ultimate load of 360kN as presented in Table 3.
Table 3: Ultimate load and crack width corresponding to the UHPFRC-CA beam’s ductility

UHPFRC-CABeam type  Load (kN) Ductility Crack width (mm)

ASS-2-2.82 273 1.54 1.4
AHS-2-2.82 258 13 1.6
ASS-3-2.82 283 141 1.8
ASS,-2-2.82 265 1.49 2.9
ASS-2-2.08 360 1.79 3.6

3.2 Load-Strain Relationship of the UHPFRC-CA Beams

CSG3 and CSG4 were respectively used to study the compressive strain and tensile strain of the beams; while the
average of either CSG1 and CSG2 or CSGS5 and CSG6 was used to investigate the inclined strains in the beams’ shear zone
where diagonal cracks developed and caused shear failure of the beams. So the load-strain relationship of the beams is
discussed based on its location in the UHPFRC-CA beam and material (i.e. compression zone (CSG3), tensile zone
(CSG4), shear zone (CSG1/CSG2 or CSG5/CSGH).
3.2.1 Strains in the UHPFRC-CA Beams’ Compression Zone

ASS-2-2.82’s CSG3 as presented in Figure 4 exhibited linear behaviour with its value at shear cracking load and
ultimate load as 0.00043 and 0.0019 respectively. The compressive strain of ASS-2-2.82 was 27% lower than the ultimate
strain from compressive strength test [25]; and this lower compressive strain may be the reason why there was no concrete
crushing of the beam at failure. CSG3 of AHS-2-2.82 increased non-linearly with increase in the applied load and its value
at shear cracking load and ultimate load was 0.00027 and 0.0015 respectively. This AHS-2-2.82’s strain was 21% lower
than that of ASS-2-2.82 at ultimate load phase and 46% lower than the ultimate strain from compressive strength test [25].
CSG3 of ASS-3-2.82 shown in Figure 4 increased non-linearly with increase in the applied load up to a load ok 242kN
with shear cracking load and ultimate load of 0.000033 and 0.0018 respectively; and it was 5% lower than that of ASS-2-
2.82 at ultimate load phase and 49% lower than the ultimate strain from compressive strength test [25]. ASSw-2-2.82’s
CSG3 increased linearly with increase in the applied load with strains of 0.000033 and 0.0025 at shear cracking load and
ultimate load respectively; and its value was 32% higher than that of ASS-2-2.82 at ultimate load phase and 3.8% lower
than the ultimate strain from compressive strength test [25]. This increment between ASS-2-2.82 and ASS.-2-2.82 was as
a result of the absence of stirrups which subjected the concrete to bear more load. The CSG3 of ASS-2-2.08 shown in
Figure 4 also increased non-linearly with increase in the applied load and its value at shear cracking load and ultimate load
was 0.00028 and 0.0021 respectively. This ASS-2-2.08’s CSG3 was 11% higher than that of ASS-2-2.82 at ultimate load
phase and 19% lower than the ultimate strain from compressive strength test [25]. This increase in strain between ASS-2-
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2.82 and ASS-2-2.08 may be due to the increased number of cracks formed within the flexural zone of the beam where
the strain gauges were located.
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Fig. 4: Load-strain relationships of the beams in compression zone
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3.2.2 Strains in the UHPFRC-CA Beams’ Tension Zone

ASS-2-2.82’s CSG4 based on Figure 5 was linear up to the load of 233kN and has the value of 0.0047, after
which it became non-linear. At shear cracking load and ultimate load, the beam has a strain of 0.00078 and 0.0051
respectively. The tensile strain at ultimate load was about 47% higher than the ultimate strain from direct tensile test;
and this higher strain may be due to localized effect resulting from the development of cracks within the tensile zone
of the beam. CSG4 of AHS-2-2.82 based on Figure 5 only exhibited linear increment up to the cracking load of 28kN
with a strain value of 0.00035, after which it became non-linear.
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Fig. 5: Load-strain relationships of the beams in tension zone

AHS-2-2.82’s CSG4 at shear cracking load and ultimate load phase were 0.0011 and 0.0081 respectively; and
these strain values were higher than the shear cracking strain and ultimate strain of ASS-2-2.82 by 41% and 59%
respectively. Figure 5 also showed that the ASS-3-2.82°’s CSG4 increased non-linearly with increase in applied load
and has a value of 0.000072 and 0.0084 at shear cracking load and ultimate load respectively. Figure 5 further showed
that CSG4 of ASSy-2-2.82 increased non-linearly with increase in applied load and has a value of 0.000076 and
0.0064 at shear cracking load and ultimate load respectively. ASSw-2-2.82°s CSG4 was 25% higher than that of ASS-
2-2.82 at ultimate load phase; and this increment was caused by the absence of stirrups which subjected the concrete to
bear more load. CSG4 of ASS-2-2.08 based on Figure 5 exhibited non-linear increment on increment of the applied
load with shear cracking strain and ultimate strain of 0.00064 and 0.0078 respectively; and this strain value at ultimate
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load phase has shown that lower a/d ratio in the beam leads to 53% strain increase in the beam. The reason for the 53%
increment may be due to the increased number of cracks formed within the flexural zone of the beam where the strain
gauges were located.
3.2.3 Strains in the UHPFRC-CA Beams’ Shear Zone

ASS-2-2.82’s CSG1/CSG2 as shown in Figure 6 was only linear up to the first crack load of 28kN with a low strain
value of 0.0000265. Beyond the cracking load, CSG1/CSG2 was non-linear until the failure load of the beam; and the
strain at ultimate load was 0.0014. The non-linear behaviour of the shear zone’s strain may be due to the change in
direction and the stop in growth and propagation of some existing micro diagonal cracks near CSG1/CSG2. The
development of shear failure mechanism of beam ASS-2-2.82 as studied through the growth of CSG1/CSG2 showed that
although the rate of CSG1/CSG2 growth was not constant after the appearance of the main diagonal crack, there was no
sudden and high increase in growth rate before failure of the beam; and the maximum strain growth rate was 0.00027. The
CSG1/CSG2 of AHS-2-2.82 as shown in Figure 6 increased non-linearly with increase in applied load; and it has shear
cracking strain and ultimate strain of 0.000011 and 0.0012 respectively. The CSG1/CSG2 of ASS-3-2.82 shown in Figure
6 has shear cracking strain and ultimate strain of 0.0000052 and 0.00088 (about 37% decrease when compared with ASS-
2-2.82) respectively; and the 37% decrease in strain is due to the higher resistance to deformation provided by the
increased percentage volume of steel fibre. The result of ASS,-2-2.82°s CSG1/CSG2 shown in Figure 6 revealed that it has
shear cracking strain and ultimate strain of 0.0000092 and 0.0016 (about 14% higher than ASS-2-2.82 at ultimate load
phase) respectively; and the 14% increase is due to the multiple diagonal cracks formed around CSG1/CSG2. The analysis
of Figure 6 showed that ASS-2-2.08’s CSG1/CSG2 or CSG5/CSG6 increased non-linearly with increase in applied load
and was broken by diagonal cracks at a strain and load value of 0.00098 and 164kN respectively. The strain of ASS-2-2.08
at shear cracking strain was 0.00012.
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Fig. 6: Load-strain relationships of the beams in shear zone

4. Conclusion

This study investigates the ductility and strain properties of UHPFRC-CA beam subjected to shear loading using Vs,
type of steel fibre, presence/absence of stirrup and a/d as research parameters. The following conclusions were drawn from
the study:

The ductility of UHPFRC-CA beam is most influenced by a/d which favours new cracks formation, propagation of
existing cracks and the realization of high shear capacity. The optimum V; that improves UHPFRC-CA beam’s ductility is
2%; and shear reinforcement in form of stirrups does not have significant impact on the ductility of UHPFRC-CA beam.

UHPFRC-CA beam has lower compressive strain and higher tensile strain when compared with the compressive strain
and tensile strain of its cube specimen and doghbone specimen respectively. At the compression zone of UHPFRC-CA
beam, the use of hooked-end steel fibre and increase in Vi from 2% to 3% in the beam cause strain reduction in the beam;
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while the exclusion of stirrups and decrease in a/d from 2.82 to 2.08 cause strain increment in the beam. The use of
hooked-end steel fibre, increase in Vi from 2% to 3%, exclusion of stirrups and decrease in a/d from 2.82 to 2.08 in
UHPFRC-CA beam cause strain increment in its tension zone.

UHPFRC-CA beam exhibits low strain growth rate in its shear zone after diagonal crack appearance until failure.
The strain in the shear zone of UHPFRC-CA beam undergo reduction with the use of hooked-end steel fibre and
increase in Vi from 2% to 3%; while the exclusion of stirrups and decrease in a/d from 2.82 to 2.08 cause strain
increment in the beam’s shear zone.

Findings from the ductility of this UHPFRC-CA beams can be utilized during research design stage to forecast the
crack pattern of its beam subjected to flexural or shear loading. The findings obtained from the strain behaviour of this
study’s beams are vital during flexural or shear strength experiment as they determined the failure mode of the
UHPFRC-CA beam in terms of concrete crushing.
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