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ABSTRACT
Ultra-high performance concrete (UHPC) is used for the construction of resilient structures that can
sustain dynamic loadings such as blast, impact, and earthquake loadings, among others. In structural
components subjected to such loading, it is essential to ensure the formation of a ductile plastic hinge
mechanism for suitable load transfer mechanisms and global stability of the structure. Experimental
research is needed to understand the formation of plastic hinges in UHPC materials and the impact of
plastic hinges on the rotation capacity of reinforced UHPC structural components. The study presented
herein aims to understand the spread of plasticity and formation of plastic hinge regions in reinforced
UHPC flexural members. Two reinforced UHPC beams with variation in fiber volume fraction (i.e., 𝑉𝑓
= 1% and 2%) were subjected to monotonic loading. The test results demonstrated that the
reinforcement plasticity length increased by 26% with a decrease in fiber volume fraction from 2% to
1%. The plastic hinge region of specimens with 2% fiber content had crack localization within the
maximum moment region, whereas the specimen with 1% fiber content had a more uniformly
distributed localized crack pattern. Further, analytical models and a recently proposed equivalent plastic
hinge length equation were used to predict and compare the flexural strength and rotation values at
various damage states.
KEYWORDS: plastic hinge length, fiber content, reinforced UHPC, ultimate rotation capacity

1. INTRODUCTION & BACKGROUND
Ultra-high performance concrete (UHPC) is an advanced cement-based composite material designed
with optimal particle packing density, such that, it possesses extremely high compressive strength (>
120 MPa without heat treatment) and enhanced durability properties [1]. When combined with short
discontinuous fibers, UHPC materials have high tensile strength (> 5 MPa), tensile fracture toughness,
and ductile strain-hardening behavior under uniaxial tension tests [1]. The mechanical properties of
UHPC have led researchers and engineers to perform a large number of proof-of-concept investigations
under extreme loading conditions such as blast, impact, earthquake, and fire [2]. In high seismic zones,
researchers are especially interested in the applicability of UHPC in plastic hinge regions of structural
components undergoing large inelastic deformations [3]. Various classes of high performance fiber
reinforced cementitious composites (HPFRCCs) have already been effectively used in plastic hinge
region of structural components such as coupling beams, columns, and bridge piers in recent years [4].
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The use of UHPC in the plastic hinge regions of structural components can enhance the load carrying
capacity, ductility, and energy absorption capacity because the mechanical properties of UHPC can
prevent premature failure associated with damage in plastic hinge regions, as is typically observed in
structural components made with conventional concrete (e.g., spalling of cover, buckling of rebar, shear
cracks, etc.).
Structural components can be engineered to improve the damage tolerance of structures by using UHPC
in plastic hinge region, while using conventional concrete in the remaining portions of the component
[3]. Such an approach can minimize the high cost associated with UHPC while reducing the overall life
cycle cost (i.e., maintenance and repair cost) of the structure. To optimize the initial construction cost,
the fiber volume fraction used in a UHPC material can be reduced; however, the influence of such a
reduction on structural ductility and performance of plastic hinge regions is not well understood. A
previous numerical study conducted using a wide range of HPFRCC materials indicated that the tensile
strength and ductility of the matrix can significantly alter the amount of damage and the length of the
plastic hinge region in reinforced HPFRCC flexural members [5,6]. Therefore, the use of low fiber
content in regions undergoing large displacement reversals may result in an undesired failure
mechanism (e.g., shear cracking) without the formation of a ductile plastic hinge mechanism.
Other experimental and numerical studies have shown that the flexural behaviour of reinforced
HPFRCCs (including UHPC) in terms of crack progression, reinforcement plasticity, and failure
mechanism is significantly different than conventional reinforced concrete structural components [710]. Specifically, the failure mode of flexural members is found to be predominantly through the
fracture of longitudinal reinforcement rather than compression crushing of an HPFRCC matrix. This is
due to a crack localization phenomenon observed in reinforced HPFRCC structural components,
wherein the plastic damage concentrates in the vicinity of a single or few flexural cracks. Several bond
experiments with lap splice beam specimens have shown that higher bond strength of HPFRCC matrix
restraints the formation of splitting cracks which leads to such a phenomenon [11-13]. Further, tension
stiffening experiments of reinforced HPFRCC prisms have shown that there is localized strain
hardening in longitudinal reinforcement at such localized cracks [14,15]. Localized hardening of steel
reinforcement can provide a strengthening mechanism at the critical section of reinforced HPFRCC
flexural members, until the member loses its load-carrying capacity by reinforcement fracture.
Shao and Billington [16] recently conducted an experimental study with reinforced UHPC beams
consisting of two different reinforcement ratios (𝜌 = 0.96% and 2.10%). The study showed that there
can be two different failure paths in reinforced UHPC beams depending on the amount of longitudinal
reinforcement used. The use of low reinforcement ratio led to failure after crack localization failure
path in which there were three major damage states: yielding, crack localization, and rebar fracture.
The use of a high reinforcement ratio led to failure after gradual strain hardening failure path in which
the intermediate damage state changed from crack localization to compression crushing (or softening).
Compared to specimens that fail after crack localization, specimens that fail after gradual strain
hardening show higher ductility and more failure warnings. The flexural failure paths and various
damage states are found to be pre-dominantly dependent on longitudinal reinforcement and matrix
property based on similar experimental studies carried out on other HPFRCC materials [10,17].
Although many experimental studies have investigated the flexural behavior of reinforced UHPC
beams, their specimens mostly fail after crack localization [16, 17]. There is limited experimental study
in the literature dedicated to investigate the reinforcement plasticity distribution, curvature distribution,
UHPC surface strain variation, and damage propagation in plastic hinge region of UHPC beams that
fail after gradual strain hardening. Further, the influence of fiber content variation on various
parameters, as mentioned above, is important to understand the component flexural behaviour,
especially the maximum load carrying capacity, deformation capacity, and structural stability of
components constructed with such material and cross-section property. Moreover, a mechanics-based
analytical approach is adopted in the study, to predict strength and rotation capacity of the such
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specimens, which provides a simplified way for the practicing engineers to model and design such
components in large structural systems.
To that end, an experimental study consisting of two reinforced UHPC beams with 1% and 2% fiber
volume fraction (𝑉𝑓 ) were tested under a four-point bending test setup. Based on recent experimental
studies [16,17], these two beams were designed to fail after gradual strain hardening by adopting a high
reinforcing ratio of 2.10%. The flexural response, length of reinforcement yielding, inelastic curvature
distribution, crack distribution, and strain variation within the maximum moment region were
investigated. Analytical models and a recently proposed equivalent plastic hinge length equation for
ductile concrete composites were used to predict flexural strengths and rotation values at various
damage states.
2. EXPERIMENTAL PROGRAM
3.1. Materials, mixture proportions, and mechanical tests
Two types of mixture proportions were used in the experiment as listed in Table 1. The propriety premix blend contained a mixture of cement, quartz, and silica fume. There were three types of admixtures
used to improve the workability of UHPC during the casting period. Standard smooth steel fibers with
a diameter of 0.2mm and length of 13 mm were used in both mixtures. The naming convention of the
beam specimens were based on the percentage of fiber volume fraction used in each specimen.
Therefore, UHPC-1% denotes the specimen with a fiber volume fraction of 1% and UHPC-2% indicates
the specimen containing a fiber volume fraction of 2%. The materials were mixed in a horizontal shear
mixer and poured from one end of the beam mold until the mold was filled up to the full height.
Table 1. Mixture proportions (per 𝒎𝟑 )
Specimen

Premix Blend
[kg]

Water
[kg]

Fibers
[% Vol.]

Admix. A
[kg]

Admix. B
[kg]

Admix. C
[kg]

UHPC-1%

1939

194

1.0

20

26

28

UHPC-2%

1960

196

2.0

20

26

28

All UHPC specimens were moist cured and tested at 56±3 days of casting. The representative results
of mechanical tests have been tabulated in Table 2. Both compression and flexural tests of the two types
of UHPC mixtures were conducted in accordance with ASTM C1856-17 [18]. Cylindrical specimens
of diameter 75 mm and height 150 mm were prepared and tested to obtain compressive strength and
modulus of elasticity. Four-point bending tests were performed on UHPC prisms with a cross section
dimension of 75 x 75 mm and a length of 300 mm to obtain the equivalent bending stress versus
displacement response as shown in Figure 1 (a).
Table 2. Mechanical properties
[MPa-mm]

𝑓𝑐′
[MPa]

𝐸
[GPa]

𝑓𝑦
[MPa]

𝑓𝑢
[MPa]

𝜀𝑢
[%]

[%]

5.2

6.4

170

41.6

-

-

-

-

9.2

6.7

180

42.5

-

-

-

-

-

-

-

190

470

780

10

182

-

-

𝑓𝑡
[MPa]

UHPC-1%
UHPC-2%

Description

Longitudinal Rebar (#6)

1

𝐺𝑓 1

Transverse Rebar (#3)
2003
5103
2
3
using inverse analysis; Extrapolated value; Manufacturer listed value

1Obtained

𝜀𝑓
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A series of inverse analyses were conducted using two-dimensional finite element simulations to
estimate the tensile properties of the two UHPC mixtures. The inverse analysis scheme adapted in this
study has been successfully implemented by other researchers in the past to characterize the tensile
stress-strain curve without resorting to the direct tension test [9,10,17]. A total strain-based fixed-crack
constitutive model was used with trial multilinear tensile stress-strain curve as an input to the numerical
model. It can be observed from Figure 1 (a) that the simulated flexural response from inverse analysis
closely approximates the experimental flexural behaviour of unreinforced UHPC prisms. The
corresponding tensile strength (𝒇𝒕 ) and tensile fracture energy (𝑮𝒇 ) of the mixtures are listed in Table
2, which can be used in lieu of tensile parameters obtained from direct tension test to investigate the
flexural behavior and plastic hinge region of reinforced UHPC beams tested in this study. ASTM A615
Grade 60 steel with a diameter of 19 mm was used as longitudinal reinforcing bar in both UHPC-1%
and UHPC-2% specimens. A uniaxial tension test was conducted using an extensometer of gauge length
50 mm to obtain characteristic tensile properties of the longitudinal reinforcement as listed in Table 2.
Transverse reinforcement of Grade 60 steel with manufacturer listed yield strength of 510 MPa was
used in both specimens.
80
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Figure 1. (a) Equivalent bending stress vs. mid-span displacement of unreinforced UHPC beams
(b) Applied moment vs. drift response of two reinforced UHPC beams with different damage states
3.2. Test specimens, setup and instrumentation
Two reinforced UHPC beam specimens were tested using a four-point bending setup as shown in Figure
2(a). A digital image correlation (DIC) system was used to assess variations in strain in the constant
moment region of 200 mm between the two point loads. Since the DIC system could not be extended
further due to laboratory constraints, a series of linear variable displacement transducers (LVDTs) were
used to measure the vertical displacement along one side of the beam to a distance of 200 mm from the
center line of the right point load towards the roller support.
Figure 2 (b-c) shows the design of the beam with longitudinal reinforcement layout, transverse
reinforcement layout, location of strain gauges, and cross-section details. The strain in the bottom
longitudinal reinforcement was measured at five locations by attaching post-yield strain gauges
(YEFLA-2-3LJC-F from Tokyo Measuring Instruments Lab) with a maximum measurement capacity
of 10%. Two longitudinal reinforcing bars of diameter 19 mm were used in the top and bottom sides of
the cross section resulting into a tensile longitudinal reinforcement ratio of 2.10%. Transverse
reinforcement was provided at a spacing of one-half of the effective depth (i.e., 𝑑/2) with bars of
diameter 9.5 mm. The specimens were subjected to a monotonic loading at the rate of 0.097 mm/s until
they lost their load carrying capacity by fracture of the tensile longitudinal reinforcement.
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Figure 2. (a) Test setup of reinforced UHPC beams with location of DIC surface and LVDTs
(b) Specimen design detail with location of strain gauges (c) cross section at A-A
3. RESULT & DISCUSSION
3.1. Moment-drift response
The applied moment versus drift response of the two specimens with various damage states is shown
in Figure 1 (b). Drift is expressed in percentage (%) and is calculated by normalizing the vertical
displacement at mid-span by the shear-span length (𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 ). The initial elastic response of both
beams including stiffness, moment at yield and drift at yield are similar. The beams were assumed to
yield when the strain in the tensile reinforcement at mid-span reached the yield strain (𝜀𝑦 ) of 0.2772%.
At yield, the moment and drift capacities are similar because of the use of the same reinforcement ratio
(𝜌 = 2.10%) in both beams. The strength and drift capacities at yield are less sensitive to variations in
tensile strength of the matrix (or fiber volume fraction) in specimens with higher reinforcement ratios
compared to specimens with lower reinforcement ratios [5]. After yield, the flexural load carrying
capacity increased in both specimens due to the combination of fiber bridging action and localized
hardening of the tensile reinforcement. The post-yield stiffness of both beams were similar; however,
the nominal moment (𝑀𝑛 ) capacity (i.e., peak moment capacity) of UHPC-2% (72.2 kNm) was found
to be lower than UHPC-1% (75.9 kNm). It was anticipated that the UHPC-2% specimen, which has
twice the fiber content and a higher tensile strength than UHPC-1% beam, would have a higher nominal
moment capacity than UHPC-1% specimen. However, a higher rate of post-yield strain accumulation
in the compression zone of UHPC-2% specimen was observed (Figure 5 (a)). This led to earlier
softening of the compression matrix and a lower flexural load carrying capacity in UHPC-2% specimen
than in UHPC-1% specimen. The drift of UHPC-2% specimen at the nominal level is lower than the
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drift of UHPC-1% by 31% because of the rapid strain concentration in the compression zone of the
UHPC-2% specimen. For example, at 2.2% drift level, the compression zone strain (𝜀𝑐 ) in UHPC-2%
beam was found to be 35% higher than in UHPC-1% beams (i.e., (𝜀𝑐 )UHPC-2% = 0.42% whereas
(𝜀𝑐 )UHPC-1% = 0.31% as shown in Figure 5 (a)) as further discussed in Section 3.5. Both specimens were
able to achieve large deformations without significantly losing load carrying capacity because the
hardened bottom longitudinal reinforcement acted as the tensile component of the flexural couple
before reaching the fracture point. This failure mechanism with gradual strain hardening of tensile
reinforcement is mostly found in reinforced HPFRCC flexural members with high reinforcement ratios
[17]. It is interesting to note that the variation of fiber content did not influence the value of ultimate
drift capacity ((𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-1% = 10.02% and (𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-2% = 10.15%). The results
indicates that the ultimate rotation or drift capacity of reinforced UHPC beams with high longitudinal
reinforcement (i.e., 𝜌 > 2%) is not sensitive to variation in fiber volume fraction compared to the beams
with low to moderate reinforcement ratio (i.e., 1% < 𝜌 < 2%).
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Figure 3. Longitudinal reinforcement tensile strain vs. distance from mid-span at various drift levels
for (a) UHPC-1% specimen and (b) UHPC-2% specimen Curvature vs. distance from mid-span at
various drift levels for (c) UHPC-1% and (d) UHPC-2% specimens
3.2. Strain distribution
Figure 3 (a-b) presents the variation of reinforcement tensile strain from mid-span to the right side of
the specimens (up to 250 mm). At 1% drift, it can be observed that the UHPC-1% specimen had a
reinforcement yielding length, 𝐿𝑝𝑦 , of 50 mm, whereas the longitudinal reinforcement yielded over a
length of 90 mm in UHPC-2% specimen. However, 𝐿𝑝𝑦 in the UHPC-1% specimen increased at higher
drift level compared to UHPC-2% specimen because of the opening of flexural cracks along a longer
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span length as shown in Figure 4. The fiber bridging action and matrix tensile strength of UHPC-1%
specimen is lower than the UHPC-2% specimen. The lower strength of UHPC-1% allowed cracks top
easily open at high drift levels and plasticity distributed uniformly over a longer length of
reinforcement. The length of reinforcement yielding remained constant at higher drifts in both
specimens as the inelastic strain concentration mostly occurred near a dominant crack location as was
observed in previous studies involving reinforced HPFRCC flexural members [9,19]. At 8% drift level,
the length of reinforcement yielding region in UHPC-1% specimen (𝐿𝑝𝑦 = 290 𝑚𝑚) was longer than
UHPC-2% specimen (𝐿𝑝𝑦 = 230 𝑚𝑚). These results suggest that the plastic hinge length in beams
with higher fiber content (or higher tensile strength and matrix toughness) are shorter than those with
lower fiber content (or lower tensile strength and matrix toughness). This is also in agreement with the
length and type of cracking pattern shown in Figure 4 and further discussed in Section 3.4.
3.3. Curvature distribution
Curvature distribution along the span of the specimens were calculated using the vertical displacements
data obtained from the six LVDTs. Mathematically, curvature at a section can be approximated using
the elastic deflection theory as shown in Eq. (1).
ϕ=

𝑑𝜃 𝑑𝜃
𝜃𝑖+1 − 𝜃𝑖
≅
=
𝑑𝑠 𝑑𝑥 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐿𝑉𝐷𝑇𝑠

(1)

Where 𝜃𝑖 and 𝜃𝑖+1 are the angles at sections 𝑖 and 𝑖 + 1. These angles can be computed using the
vertical displacements obtained from LVDTs along the span of the beam. Due to the opening of
localized cracks at higher drifts, the recorded vertical displacement data at some locations were
estimated using a trendline. Figure 3 (c-d) shows curvature distribution from mid-span to the right side
of the specimens at incremental drift levels. At a lower drift level (1% or 2%), the curvature is maximum
below the point load, which is the assumed hinge location under four-point bending setup. However, at
larger drift levels (4% or more) the curvature is larger at mid-span because of the opening of a major
crack at mid-span, such that the section at mid-span deforms more than the section below the point load
as seen from the crack pattern at in Figure 4. The overall trend of the curvature is similar to the
theoretical curvature under four-point bending test where the curvature is maximum near the mid-span
and sharply decreasing away towards the support. The curvature localization region (𝐿𝑐𝑙 ) was 150 mm
in both the specimens indicating there was no substantial effect of fiber content variation in curvature
distribution of reinforced UHPC flexural members with high reinforcement ratios.
3.4. Crack pattern in plastic hinge region
Figure 4 shows the crack pattern and location of reinforcement fracture in UHPC specimens at
impending collapse level drift (i.e., (𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-1% = 10.02% and (𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-2% =
10.15%). Both specimens contained multiple fine distributed cracks without any flexural crack
localization up to 1% drift level. However, after yielding of tensile reinforcement, flexural cracks
slowly began to open as the fiber-bridging action declined in some of the cracks. Four major flexural
cracks widened in both specimens, but the major cracks were evenly spaced in UHPC-1% specimen
compared to UHPC-2% specimen as shown in Figure 4. Major cracks widened in the region away from
maximum moment in the UHPC-1% specimen because the cracks could open at lower flexural load
due to a lower tensile strength and fracture energy of UHPC-1% matrix. In UHPC-2% specimen, major
cracks were confined to the maximum moment region and damage was pre-dominantly localized in a
single crack (i.e., crack number 3). As crack number 3 widened, rebar plastic strain in the vicinity of
that crack concentrated at a higher rate in the UHPC-2% specimen as compared to the UHPC-1%
specimen (Figure 5 (b)) as further discussed in Section 3.5. The distance between the extreme minor
and major cracks were found to be longer in UHPC-1% specimen (𝐿𝑚𝑖𝑛𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 1350 mm and
𝐿𝑚𝑎𝑗𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 420 mm) compared to UHPC-2% (𝐿𝑚𝑖𝑛𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 935 mm and 𝐿𝑚𝑎𝑗𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 240
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mm) which can be attributed to the comparatively weaker matrix and fiber-bridging action in UHPC1% specimen compared to UHPC-2% specimen.
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1

(a)
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4

Lmajor cracks= 420 mm
Lminor cracks= 1350 mm

UHPC-2%
200 mm

1

(b)

2

3

4

Lmajor cracks= 240 mm
Lminor cracks= 935 mm

Figure 4. Crack pattern in (a) UHPC-1% and (b) UHPC-2% specimens at impending collapse
3.5. Variation of strain in maximum moment region
Figure 5 shows the variation of compression and tension strain at mid-span with incremental drift levels.
The slope of the lines indicates the rate of strain accumulation in the compression zone (Figure 5 (a))
or in the tensile reinforcement (Figure 5 (b)) at mid-span. After yielding of the specimens, the rate of
compression strain accumulation in the UHPC-2% specimen became marginally higher compared to
the UHPC-1% specimen because the high tensile strength matrix attracts larger forces at smaller
deformation level. Further, higher bond strength in UHPC-2% specimen restricted the formation of
splitting cracks, causing early rebar hardening over a small deboned length. The hardening led to
widening of a mid-span crack and rapid strain concentration in the tensile longitudinal reinforcement
in UHPC-2% specimen at a lower drift level as shown in Figure 5 (b). For example, the strain in the
tensile reinforcement at 2% drift level in UHPC-2% specimen was 2.00% and that in UHPC-1%
specimen was 1.16%. The effect of this rapid strain variation caused softening of UHPC-2% beam at a
lower drift level compared to UHPC-1% beam ((𝛥/𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-1% = 3.2% and (𝛥/
𝐿𝑠ℎ𝑒𝑎𝑟−𝑠𝑝𝑎𝑛 )UHPC-2% = 2.2%). After softening of the specimens, the compression strain accumulation
rate in the UHPC-1% specimen increased compared to the UHPC-2% specimen. The difference in
compression strain at the same drift level decreased progressively at higher drift levels. The localized
hardening strain in tensile reinforcement at mid-span of the UHPC-2% specimen was much higher
compared to the UHPC-1% specimen at the same drift levels. For instance, the strain in tensile
reinforcement at 4% drift level in UHPC-2% specimen was 4.72% and that in UHPC-1% specimen was
2.91%. It was anticipated that the UHPC-2% would fail earlier by fracture of reinforcement based on
this trend. However, UHPC-2% had a similar deformation capacity as UHPC-1% as discussed in
Section 3.1. Further investigation is required to understand the failure mechanism at higher strain levels
using post-yield strain gauges of a larger strain capacity.
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Figure 5. (a) Mid-span compression strain vs. drift and (b) mid-span longitudinal tensile
reinforcement strain vs. drift
3.6. Prediction of flexural strength and rotation capacity
The flexural behavior and failure mechanism of reinforced HPFRCC is significantly different than the
conventional reinforced concrete as demonstrated by several experimental studies [7-10]. A recently
proposed analytical model (Figure 6) was used to predict flexural strength and rotation capacity at
different damage states [10,20]. The predictability of the analytical model was measured by comparison
with the experimentally obtained values. The flexural strengths and curvatures at various damage states
were computed assuming linear strain distribution and using cross section properties of the specimens.
The beams were assumed to reach the yield level when the tensile reinforcement strain reached the
yield value (i.e., 𝜀𝑦 ). The analytical model shown in Figure 6(b) considers a tensile stress block
contribution which is ignored in the flexural calculation of conventional concrete components. Elastic
deflection theory was used to compute yield rotation using the yield curvature value as shown in Eq.
(2). It can be observed from Table 3 that the prediction ratio of both the parameters are close to 1.00,
which indicates that the analytical formulation can be successfully used to compute yield rotation and
moment capacity of reinforced UHPC flexural members.
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Figure 6. Analytical model for section analysis (a) cross-section (b) stress distribution at yield level
[20] (c) stress distribution at nominal level using modified Hognestad stress block [10] (d) simplified
stress distribution at nominal and ultimate level using Whitney stress block [20].
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Table 3. Comparison of experimental and analytical results at yield level
Specimen

Yield Rotation [rad]

Yield Moment [kNm]

Exp.

Ana.

Ana./Exp.

Exp.

Ana.

Ana./Exp.

UHPC-1%

0.0098

0.0095

0.97

58

53

0.92

UHPC-2%

0.0095

0.0098

1.03

60

60

1.00

Two analytical models were used to estimate the nominal moment capacity: one with modified
Hognestad compression stress block (Figure 6(c)) and the second with simplified Whitney compression
stress block (Figure 6(d)). Both models considered localized hardening of the reinforcement bar as
observed in tension stiffening experiments [14,15]. The beams were assumed to the reach nominal level
when the strain in the compression zone reached 3% [10] or tensile reinforcement strain reached
ultimate value (𝜀𝑢 ) [20]. It can be observed from Table 4 that the nominal moment predictability using
a modified Hognestad stress block is better compared to the use of simplified rectangular Whitney stress
block; however, both give reasonable estimates of strength.
Table 4. Comparison of experimental and analytical results at nominal and ultimate level.
Specimen

Nominal Moment [kNm]

Ultimate Rotation [rad]

Exp.

Ana.1

Ana.2

Ana./Exp.1

Ana./Exp.2

Exp.

Ana.

Ana./Exp.

76

75

80

0.98

1.06

0.1002

0.083

0.83

72
75
81
1.03
1.12
1Figure 6(c) [10]; 2Figure 6(d) [20]
The ultimate rotation capacity was computed using Eq. (2).

0.1015

0.060

0.59

UHPC-1%
UHPC-2%

𝜃𝑢 = 𝜃𝑦 + 𝜃𝑝 =

1
𝜙 𝐿 + (𝜙𝑢 − 𝜙𝑦 )𝐿𝑝
2 𝑦 𝑠

(2)

Where 𝐿𝑠 is the shear span length (mm), 𝜙𝑦 and 𝜙𝑢 are the section curvatures of the structural member
at yield level (mm-1) and collapse level (mm-1), respectively. In the above equation, 𝐿𝑝 is the equivalent
plastic hinge length (mm), which was computed using a recently developed expression based on a range
of HPFRCC materials as shown in Eq. (3) [20].
𝐿𝑝 = 0.02𝐿𝑠 +

0.24𝜌𝑓𝑦
𝑓𝑡

(3)

Where 𝜌 is the longitudinal reinforcement (%), 𝑓𝑦 is the yield stress (MPa), and 𝑓𝑡 is the tensile strength
of UHPC mixture (MPa). The analytical framework underestimated the ultimate rotation capacity in
both specimens (Table 4). The reason for this discrepancy is the underestimation of equivalent plastic
hinge length values for reinforced UHPC specimens tested in this experiment. The expression shown
in Eq. (3) was developed using reinforced HPFRCC beams with typical reinforcement ratio (i.e.,
0.70% < 𝜌 < 1.90%) and a maximum tensile strength of 8 MPa. As such, the majority of the
specimens followed the failure after crack localization path with damage localization in a dominant
crack. In the current experiment, both the specimens followed failure after gradual strain hardening
failure path due to the use of a high reinforcement ratio. The damage was uniformly distributed over
longer length as seen from the crack patterns. Therefore, there is a need to further improve the plastic
hinge length expression for highly reinforced UHPC beams (i.e., 𝜌 > 2.0%) using a more rigorous
parametric investigation.
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4. CONCLUSIONS
This study provides valuable insight about the formation of plastic hinges with variation in fiber volume
fraction. The following conclusions can be drawn from this study:
•

The variation in fiber content does not impact ultimate rotation capacity in reinforced UHPC
beams with high longitudinal reinforcement ratio (𝜌 > 2.0%).

•

The length of plasticity in the longitudinal reinforcement increases with a decrease in fiber volume
fraction because of the formation of multiple distributed flexural cracks along the plastic hinge
region.

•

Distribution of visible cracks in the specimens indicated that the damage is much more localized
in specimens with higher fiber content (𝐿𝑚𝑎𝑗𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 240mm) than those with low fiber content
(𝐿𝑚𝑎𝑗𝑜𝑟 𝑐𝑟𝑎𝑐𝑘𝑠 = 420mm) because the UHPC matrix with high fiber content had higher tensile
strength, bond strength, and fracture energy which restrained the formation of splitting cracks and
prevented opening of additional flexural cracks.

•

A parametric study with a wider variation in fiber content at high reinforcement ratios is necessary
to further improve a recently developed plastic hinge length expression such that ultimate rotation
capacity can be computed with higher accuracy.
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