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Abstract. This experimental study comprehensively analyzes the flexural performance of ultra-high
performance concrete (UHPC) beams with combined rebar and fiber reinforcement. The study examines

the synergistic effects of longitudinal reinforcement ratio p, (varying from 0.31 to 5.13 %), steel fiber

content (0-2 % by volume), and fiber geometry (comparing straight and wavy shapes) through testing of
seventeen beam specimens under four-point bending conditions. Results demonstrate that steel fiber
incorporation significantly enhances structural performance by improving crack control, with maximum
crack widths remaining below 0.25 mm at service load levels (65-70 % of ultimate capacity). The benefits
of fiber reinforcement show strong dependence on longitudinal rebar reinforcement ratio, with maximum
strength improvements reaching 47 % for beams containing 2 % fibers at the lowest reinforcement ratio
(0.31 %). Comparative analysis reveals the superior performance of wavy fibers, which provide up to 25 %
greater strength enhancement compared to straight fibers in lightly reinforced specimens. The study
identifies two distinct failure modes: abrupt failure after crack localization in lightly reinforced beams

(ng == 0.87 %) versus gradual strength gain at post-localization stage in highly reinforced specimens

(ng 22 2.56 %). Fiber effectiveness diminishes significantly in highly reinforced beams due to rebar

dominance and fiber distribution challenges in congested tensile zones. These findings provide quantitative
evidence for optimizing fiber-rebar combinations in UHPC design, particularly highlighting the importance
of fiber geometry selection and dispersion quality. The research establishes clear relationships between
reinforcement parameters and structural performance, offering practical guidance for engineers while
identifying key areas for future investigation, including advanced fiber dispersion techniques and hybrid
reinforcement strategies for improved structural efficiency.
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1. Introduction

Ultra-high-performance concrete (UHPC) is an advanced cementitious composite known for its
exceptionally high strength, ductility, and durability [1]. The addition of steel fibers to the UHPC matrix
further enhances its tensile properties and enables ductile behavior. Over the past two decades, UHPC has
emerged as a significant innovation in concrete technology, offering outstanding mechanical performance
and strong resistance to environmental deterioration [2]. To enable broader implementation, it is essential
to thoroughly investigate and understand the structural performance of UHPC elements under various
loading and environmental conditions.

© Abuizeih, Y.Q.Y., Tamov, M.M., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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The fibers bridge developing cracks in UHPC and limit their width, leading to the formation of
numerous closely spaced, fine cracks, a phenomenon often referred to as multiple cracking [3, 4]. This
behavior enhances stress redistribution across the beam, improves ductility, and contributes to greater
overall durability by limiting the ingress of aggressive agents. As the applied load approaches the ultimate
level, one or more cracks begin to open significantly more than the rest, marking the onset of crack
localization [5, 6]. This occurs due to intensive fiber pull-out from the concrete matrix in the affected
sections. At this stage, the longitudinal reinforcement typically yields at the locations where it intersects
these dominant cracks. Thus, the reinforcement parameters are a key factor determining the behavior of
UHPC beams under loading. Investigation of beam behavior under different combinations of bar and fiber
reinforcement ratios is essential for developing more efficient and structurally reliable UHPC beam
designs [7].

The influence of longitudinal reinforcement on the behavior of UHPC beams has been examined in
several experimental studies [5, 8-15]. In the tests conducted by Li [8], the ductility index fp/fy as well

as the strength and stiffness of UHPC beams, increased with the reinforcement ratio |, up to 5 %, which
significantly exceeds the maximum permissible value specified by design codes. Somewhat different results
were obtained by Chen et al. [13], who observed that, within a similar range of L., ductility was highest in
beams with intermediate reinforcement ratios. In the experiments by Zhang et al. [16], at a constant fiber
volume fraction 4, =2 %, the ductility of a beam with L, =2.83 % was 27.6 % less than that of a beam

with W, = 1.48 %.

The addition of steel fibers leads to a significant increase in the bearing capacity of UHPC beams. In
the study by Yoo & Yoon [10], fiber reinforcement Hyp = 2 % increased the beam strength by 27-54 % and

reduced the ductility index by 13-73 %. Khalil & Tayfur [17] observed up to a 27 % increase in capacity for
beams reinforced with crimped and hooked steel fibers at Ky = 2 %. The strength gain from fibers tends

to be more pronounced in beams with a lower amount of longitudinal rebar reinforcement [18]. In the work
of EI-Din et al. [19], the inclusion of fibers at Hp = 3 % resulted in a 32.9 % increase of strength for beams

with g =1.33 %, and only 8.1 % for beams with i, = 5.36 %.

However, varying the fiber volume fraction K does not always have a significant effect on the

strength of UHPC beams [20-22]. For example, in [16], when U5 was increased from 1.5 to 3.0 %, the

maximum load increased by 11.87 % for the beams with the reinforcement ratio of 2.33 %. In the
experiments by Feng et al. [23], an increase in Hp from 2 to 3 % had a noticeable positive effect on the

strength of the beams only when i, =112.9 %, whereas at i, =4.8 and 7.1 %, the beams with different

fiber contents failed under nearly identical loads. This is explained by the fact that the contribution of the
fibers to the strength of the beam becomes insignificant compared to the contribution of the reinforcing bars

[21]. In addition, in the case of beams with high [ it is likely that the researchers were unable to achieve

uniform fiber distribution. From this, it can be concluded that using an effective fiber dispersion technology
is a crucial condition for ensuring their contribution in the bending strength of UHPC beams. In addition,
stirrups can prevent the proper fiber distribution during casting of beams [3].

Several studies have focused on evaluating the effectiveness of various fiber types used as
dispersed reinforcement of UHPC beams. The study of Khalil et al. [17] showed that using twisted fibers
and increasing the length of straight fibers had little effect on the strength and stiffness of the beams. In the
experimental study of Yoo & Yoon [10], the variable parameter in the series of UHPC beams was the fiber

length, while the fiber volume fraction was kept constant at Hp = 2 %. Strength, stiffness, and the energy

absorption capacity of beams increased with fiber length up to 19.5 mm. Further increasing the fiber length
to 30 mm reduced its effectiveness, which is attributed to the decreased number of fibers bridging the
cracks. The authors [17, 10] note that neither the presence of fibers in the concrete mix nor their shape or
concentration has a significant impact on the cracking load of beams or the corresponding deflections.

The experimental database of flexural tests on UHPC beams requires both qualitative and
quantitative expansion. Currently, it does not allow for a clear understanding of the influence of fiber and
rebar reinforcement parameters behavior of beams. Conclusions drawn by different researchers in this area
are often contradictory. This is due to the complex nature of the stress-strain state in the tensile zone of
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UHPC beams, as well as the variability in UHPC strength characteristics, which depend not only on the mix
composition but also on the quality of fiber distribution. In most existing studies, UHPC beams were
reinforced with straight fibers. Meanwhile, dispersed reinforcement of UHPC beams with wavy fibers —
widely used in Russia and Belarus and known for significantly enhancing the tensile strength of UHPC [24,

25] — is of particular interest. In most studies, the effects of L4 and p on beam performance are

considered separately. However, in the few studies where both parameters were varied, it was clear that
the influence of one depended on the value of the other [16, 22, 26]. Tests on beams with low i, are rare,

yet it is precisely under low reinforcement conditions that the properties of UHPC have the most influence.
The aim of this study was to experimentally assess the influence of bar and fiber reinforcement ratios
varying in wide ranges, as well as fiber type, on the flexural behavior of UHPC beams.

2. Methods

According to the experimental plan, seventeen UHPC beams were tested, divided into four series
based on the value of p, (Table 1). Within each series, Ky and fiber type were varied. Each series

included specimens without fiber reinforcement (specimens FO-...). Beams in Group 4, with a high
reinforcement ratio, were tested to investigate the behavior under load and failure characteristics of UHPC

beams at 1, values close to or exceeding the limits of balanced sections (& >&p )

Beams No. 1-15 had a rectangular cross-section of 100 x 200 mm (Fig. 1b). Beams No. 16 and 17
were designed with a flange in the tensile zone due to the need to enable placement of a large amount of
longitudinal reinforcement (Fig. 1c).

The longitudinal reinforcement of the beams consisted of 2 to 6 bars of A500 reinforcement with
diameters ranging from 6 to 14 mm (Fig. 1b, 1c). Dispersed reinforcement of UHPC beams in most of
previous studies consisted of straight fibers (SFs), with hooked and twisted fibers used only in rare cases.
At the same time, dispersed reinforcement of UHPC beams with wavy fibers (WFs), which have become
widely used in Russia and Belarus, is of particular interest. Therefore, samples with WFs produced by JSC
“BMZ” (Zhlobin, Belarus) were included in the experimental plan.

Table 1. The experimental program for flexural testing of UHPC beams

Group Beam ID Ms (%)  uw (%) sFr:g:re (MRI,:a) (l\:l?;,ela) (knl:,'r)n)
F0-030 0 - 115 - 7.6
SF1-030 1 SF 130.5 4.25 11
1 SF2-030 0.31 2 SF 133.2 9.5 16.6
WF1-030 1 WF 135 6.94 14
WF 2-030 2 WF 140.4 12 20.1
®0-085 0 - 115 - 18.3
SF1-085 1 SF 130.5 4.25 20.16
2 SF2-085 0.87 2 SF 133.2 9.5 26.22
WF1-085 1 WF 135 6.94 22.75
WF2-085 2 WEF 140.4 12 30.8
F0-250 0 - 115 - 411
SF1-250 1 SF 130.5 4.25 46.4
3 SF2-250 2.56 2 SF 133.2 9.5 459
WF1-250 1 WF 135 6.94 47.4
WF2-250 2 WF 140.4 12 50.14
FO0-500 513 0 - 115 - 66.2
WEF1.5-500 1.5 WF 137 9.4 74.5
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Figure 1. Side view of the beams, their loading scheme (a), cross-sections of rectangular (b),
and T-shaped beams (c).

The UHPC mixtures included Portland cement 600-DO (CEM | 52.5 N), condensed silica fume MK-
85, a blend of coarse (fineness modulus 2.56) and fine (fineness modulus 0.78) sand, and a
polycarboxylate-based superplasticizer [24]. Steel brass-coated straight and WFs with a diameter of
0.4 mm and length of 14 mm, and a tensile strength of 2800 MPa were used as dispersed reinforcement.
During casting of the beams, the concrete was placed sequentially along the length of the formwork and
consolidated using mechanical vibration to ensure adequate compaction and a uniform distribution of the
steel fibers throughout the cross-section. The compressive strength of UHPC was determined by testing
cubes (70 x 70 x 70 mm) and prisms (100 x 100 x 400 mm). For UHPC containing fibers, the tensile

strength values Ry, were evaluated following the SP 360.13330 procedure through three-point bending

tests on notched prisms with dimensions 150 x 150 x 550 mm. The obtained concrete strength
characteristics of the beams are given in Table 1.

The beams were subjected to two point loads, spaced 500 mm apart and symmetrically positioned
about the midpoint (Fig. 1a). The applied load was controlled by a gauge installed under one support of the
beam. Deflections were measured using strain gauge displacement sensors positioned at five points — at
the beam midpoint, at the load application points, and at the supports (Fig. 1a). Local concrete strains were
measured with strain gauges, and average strains in the tensile zone were recorded using LVDT
sensors (Fig. 2).

P P
t6 7 18 19 f10

175
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\e
Figure 2. Investigated zone of pure bending (the test load is applied upwards):
sensor layout diagram (a) and its actual implementation (b)

3. Results and Discussion

Strain gauge readings recorded during the tests indicate that the failure of beams in Groups 1-3
occurred due to crushing of the concrete in the compressed zone after yielding of the longitudinal
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reinforcement. In fiber-reinforced UHPC beams from Groups 1 (u; =0.31 %) and 2 (u, =0.87 %), one or

several of the flexural cracks began to open more intensively than the others at later loading stages — this
marked the onset of the previously described strain localization in the tensile zone, caused by progressive
fiber pull-out. Near failure, the critical crack in these beams extended to a depth of up to 0.9 h. In fiber-

reinforced UHPC beams of Group 3 (1, =2.56 %), failure also occurred in a sections with localized cracks;

however, its depth did not exceed 0.7 h. In both beams from Group 4 (with and without fibers), as expected,
the reinforcement did not reach yielding stress.

1.

From the analysis of the moment—deflection curves (Fig. 3), the following conclusions can be drawn:

The presence of fiber reinforcement influences the performance of the beams for all the studied
values of n.. A consistent effect observed across all four groups is that the addition of fibers

increases both the strength and stiffness of the beams.

The most pronounced impact of fiber addition was observed in beams with a low p, (Group 1).

The deflections of the fiber-reinforced concrete beams at the point of failure were approximately
3—4 times smaller than that of the beam F0-030 without fibers.

In Groups 1 (p, =0.31 %) and 2 (u, = 0.85 %), increasing Ky and/or replacing straight fibers

with wavy ones led to an upward shift of the curves —i.e., an increase in strength and stiffness. In
contrast, in Group 3 (L, = 2.56 %), the deformation curves for beams reinforced with different

quantities and types of fibers nearly coincided.

In Group 3 (p, = 2.56 %), beams with fibers exhibited continued growth in moment capacity
beyond crack localization. In Group 2 (1, = 0.87 %), this post-cracking capacity gain was minimal,
and in Group 1 (u1, = 0.31 %), strength of beams dropped immediately after crack localization.

Thus, for beams with 1, =0.31 % and 0.87 %, the load at which crack localization occurred was

the failure load. In these beams, the tensile force carried by the fiber-reinforced concrete exceeded
the capacity of the rebar reinforcement in its strain-hardening stage.
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Figure 3. Moment-deflection diagram of beams.
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Within Groups 1 (pg = 0.31 %), 2 (p, =0.87 %), and 4 (u, = 5.1 %), the cracking moment M ...

increased with the fiber volume fraction L 4. In Group 3, however, no such trend was observed based on

the obtained M .. values. It should be noted that the beams were inspected only during the constant-load

holding phase, which may have led to inaccuracies in identifying the exact moment of crack initiation. The
most significant influence of fibers on the cracking load was observed in Group 4 (over-reinforced beams),

where the difference in M . values between beams with and without fibers reached a factor of four.

The width of critical (localized) cracks increased at the same rate as that of other cracks prior to the
onset of rapid widening (see Fig. 4). In other words, until the ultimate stage was reached, the critical cracks
did not stand out from the rest. In many cases, the formation of the critical crack occurred during the final
stages of loading.

Up to the localization of critical cracks, i.e., practically until the ultimate load capacity was reached,
crack openings remained small — no more than 0.25 mm. Thus, the results of our tests indicate that under
service loads of about 65-70 % of the ultimate loads, the crack width in UHPC beams will not exceed the
permissible limits of 0.3—0.4 mm adopted in design codes.
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Figure 4. Crack pattern (a) and crack opening diagram (b) for beam SF2-250.

Concrete strains on the compressed side of the beams were measured at five points uniformly
distributed within the pure bending zone over a distance of 300 mm. In beams from Groups 3 and 4, as
well as in plain UHPC specimens from Groups 1 and 2, concrete strains at failure, SZfinaX were about (260-

370) 10-° and mostly significantly exceeded the ultimate compressive strain €, of UHPC determined from

It ult

prism tests. Moreover, the difference between the average strain 81;” and the maximum strain € .

did not exceed 20 %, which is consistent with results reported by other researchers for beams made of
conventional normal strength concrete. In fiber-reinforced UHPC beams from Groups 1 and 2, which failed
immediately after the formation and opening of a localized crack, the measured compression strains

ult It

showed greater variability €, .., ranged from (60-310)-10-°, and the difference between g, and

SZ{inaX
the compressed concrete strain in the section. Higher strain values were recorded when the critical crack
was located in the same section as the strain gauge (see Fig. 5). In other sections, compressive strains
were significantly lower.

varied between 5 and 100 %. This scatter is due to the significant influence of the critical crack on
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Figure 5. Ultimate values (a) and diagram of the strains on the compressed face (b)
of beam SF1-085.
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Fig. 6 shows examples of strain profiles of the cross-sections constructed for different loading stages
based on readings from strain gauges and LVDT sensors. As can be seen, for beams from all groups, the
strains correspond to the assumption of plane sections, including at the ultimate stage. During the test of
beam SF1-030, the critical crack formed in the area covered by both LVDT sensors and strain gauges. This
made it possible to obtain the strain profile in the section with the critical crack at all stages of the beam
behavior. The strain profile at the maximum moment of 11 kNm (development of the critical crack) is shown
by the gray line in Fig. 6 SF1-030, while the dashed blue line represents the strain profile at the moment of
failure. As loading progresses, the depth of the compressed zone in all beams decreases, with a
significantly higher rate observed after the reinforcement yields.
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Figure 6. Strain profiles in cross-sections of the beams SF1-030, SF1-085, SF1-250, F0-500.

The beam flexural strength Mp is defined as the value of the bending moment corresponding to the

peak point on the moment—deflection diagrams (Table 1, Fig. 3). For clarity, the beam strength values are
presented in a summarized bar chart in Fig. 7.
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Figure 7. Relationship between beam flexural strength and fiber content
and longitudinal reinforcement ratio.
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The addition of fibers to the UHPC mix increased the flexural strength of beams across all
groups. However, the strength gain from increasing fiber content decreases as the longitudinal

reinforcement ratio increases. In Group 1 (n, = 0.31 %), the difference in beam strength between fiber

volume fractions L 4, =112 % was approximately 47 %. At |1 = 0.87 %, increasing L 4, led to a strength

increase of up to 32 %, while at p; =2.56 %, the effect was negligible. The lack of influence of Ky on the

strength of beams with high reinforcement content has also been reported in several other studies. For
example, in experiments by Feng et al. [23], increasing the content of straight fibers from 2 go 3 % did not

result in any significant effect on beams with 1, =2 2.9 %. Researchers attribute this to the possibility that

at high reinforcement ratios, the uniform distribution of fibers in the tensile zone may be hindered due to
congestion caused by the reinforcing bars.

WFs enhance the flexural strength of UHPC beams more effectively than SFs. In Groups 1 (u, =
0.31 %) and 2 (n, =0.87 %), replacing SFs with WFs resulted in a 12-25 % increase in beam strength. In
contrast, in Group 3 (i1, = 2.56 %), the influence of fiber shape on beam strength was almost negligible.
As with the effect of increasing Ky in this group, the potential gain due to using WFs might have been

reduced by poor distribution in the tensile region, where the high reinforcement ratio limited available space.

4. Conclusions

This study experimentally evaluated the influence of longitudinal reinforcement ratio, fiber content,
and fiber shape on the flexural performance of UHPC beams. Based on the results, the following
conclusions can be drawn:

1. Crack localization was the governing failure mechanism in under-reinforced beams, while in over-
reinforced beams, failure occurred by concrete crushing without yielding of steel rebars. Beams
with low reinforcement ratios failed abruptly after crack localization, while highly reinforced beams
exhibited post-localization strength gains.

2. Width of cracks in fiber-reinforced UHPC beams remained small (< 0.25 mm), ensuring
serviceability under typical working loads (65—70 % of ultimate capacity).

3. The addition of steel fibers enhanced the flexural strength and stiffness of UHPC beams across all
reinforcement levels. In beams with low reinforcement ratios, increasing fiber content from 1 to 2 %
resulted in up to a 47 % strength increase. In highly- and over-reinforced beams, the contribution
of fibers was reduced due to rebar dominance and potential non-uniform fiber distribution in
congested tensile zones.

4. WFs outperform SFs in enhancing beam strength, especially at low reinforcement levels, with gains
of up to 25 %.

The results highlight the need to optimize the balance between rebar and fiber reinforcement to
achieve desired performance in UHPC beams. Future research should address fiber dispersion techniques
and hybrid reinforcement strategies to maximize synergies between these components.
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