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ABSTRACT: High performance fiber-reinforced cement-based composites (HPFRCCs) exhibit pseudo-strain
hardening behavior in tension and little to no spalling in compression. HPFRCC has been proposed for use in
earthquake- and blast-resistant structural design due to its high damage tolerance. Tension-stiffening, bond-slip
behavior, and reinforcement fracture failure in reinforced HPFRCC components have been experimentally investigated. Numerical modeling approaches to predict these unique experimental responses have also been developed and are further explored and validated here with a cyclically loaded cantilever beam experiment. Simulation results are able to capture the test strength, stiffness, and hysteretic energy dissipation with reasonable
accuracy. With the help of a recently developed bond-slip model for reinforced HPFRCCs, reinforcing strains
are also well simulated up to drifts of 6%. At large drifts of 12% when the experiment fails, the simulated steel
strains are below the expected failure strain of the reinforcing bar, and two possible causes are discussed.
1 INTRODUCTION
High-performance fiber-reinforced cement-based
composites (HPFRCCs) are ductile cementitious materials that exhibit multiple cracking in uniaxial tension, retain residual strength in compression, and
show high levels of damage tolerance when subjected
to large deformations in reinforced structural members. These materials have been proposed for use in
building and infrastructure systems to improve the
seismic performance of reinforced concrete structures
in a range of flexure-dominated and shear-dominated
designs as well as seismic retrofit applications.
While many proof-of-concept applications have
shown that reinforced HPFRCC systems have higher
ductility and strength compared to that of ordinary reinforced concrete members, limited data is available
on fundamental reinforced composite behavior from
which to develop design guidelines and advance their
use in practice. Some design codes have adopted approaches for the design of reinforced HPFRCC using
models similar to those for reinforced concrete. However, there are several modes of failure observed in
experiments that are not accurately modeled by traditional reinforced concrete mechanics. For example,
the strain hardening and fracturing of reinforcing steel

prior to concrete crushing was observed in 16 out of
25 reported experiments on cyclically-loaded reinforced HPFRCC components summarized in Bandelt
& Billington (2016a). This failure mode is not accurately represented by strength predictions that assume
steel yielding is maintained up to crushing of the cementitious material.
This paper presents several recent experimental investigations and the development of numerical modeling tools and approaches to predict the unique performance of reinforced HPFRCC materials, including
reinforcement strain hardening and fracture, to support the development of new design approaches for
reinforced HPFRCC materials. Modeling methods
are needed to capture the experimentally observed
hardening of reinforcement that is not considered in
traditional reinforced concrete strength predictions.
2 BACKGROUND
In reinforced HPFRCC components, compression
failures are significantly less common than fracture of
the reinforcing steel, due to the damage tolerance and
residual strength of HPFRCC materials in compression (summary in Bandelt & Billington 2016a).

investigations into the impact of cyclic loading protocol on failure (Frank et al. 2017) in reinforced
HPFRCC components. These experiments are briefly
summarized here followed by modeling methods proposed to assist in predicting the cyclic behavior of reinforced HPFRCC components.
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Figure 1. Deformation vs. reinforcement ratio of reinforced
HPFRC components indicating high rates of failure by fracture
of tension reinforcement.

Flexural failure of reinforced HPFRCC members is
more likely to occur due to reinforcement fracture,
and as members become more tension controlled (i.e.,
members with lower reinforcement ratios), deformation capacity appears to decrease (Fig. 1). Although members with high reinforcement ratios, such
as bridge columns, and those with diagonal reinforcement, such as coupling beams, are not presented in
Figure 1, reinforcement fracture has occurred in these
types of members as well.
Understanding the mechanics of the strain-hardening and fracture response of reinforced HPFRCC
flexural elements has been the subject of several recent experimental investigations, including tensionstiffening experiments (Moreno et al. 2014), bondslip experiments (Bandelt & Billington 2016b) and

Tension stiffening experiments have demonstrated a
unique tension-stiffening effect provided to mild steel
reinforcement by HPFRCC materials in tension and
flexure, wherein the HPFRCC materials carry tension
beyond the yield strain of the mild steel reinforcement
(Fischer & Li 2002, Bischoff 2003, Blunt & Ostertag
2009, Jansson et al. 2012, Moreno et al. 2012, Lee et
al. 2013). Moreno et al. (2014) demonstrated that the
multiple cracking of various HPFRCC materials led
to uniform bar yielding and early hardening of the reinforcement at the location of dominant cracks relative to reinforced concrete. The reinforcement fractured within the HPFRCC at lower specimen strain
levels than when embedded in traditional concrete
(Fig. 2, left).
The ultimate fracture strain of the tension stiffening experiments was found to be a function of the
HPFRCC’s ability to resist or restrain splitting cracks
and to prevent or allow additional dominant transverse cracks to form at specimen strains beyond 1%.
The formation of transverse and splitting cracks at
failure in reinforced concrete, and three HPFRCC
materials (Hybrid Fiber Reinforced Concrete
(HyFRC), Self-compacting Hybrid Fiber Reinforced
Concrete
(SC-HyFRC),
and
Engineered

Concrete

HyFRC

SC-HyFRC

ECC

Figure 2 Uniaxial load vs. specimen strain for three reinforced HPFRCC materials, traditional reinforced
concrete, and a bare reinforcing bar (left) and failure of the tension stiffening specimens (right).

to a combination of splitting cracks near the longitudinal tension reinforcement, and internal crushing of
the interface between the reinforcement and cementitious matrix.
3.3 Reinforcement fracture failure

Cementitious Composites (ECC)) are shown in Figure 2 on the right. If the formation of splitting cracks
is prevented and if no additional transverse cracks are
formed along the length of the specimen, strain will
localize in the first dominant transverse crack leading
to fracture of the steel reinforcement at low overall
specimen strains, as exhibited in the reinforced ECC.
If splitting cracks occur before the fibers are pulled
out in a transverse crack, as with HyFRC materials,
strains are more evenly spread and several of the multiple transverse cracks can grow wider together, delaying reinforcement fracture and exhibiting higher
specimen deformation levels.
3.2 Bond-slip behavior
Bond-slip experiments have demonstrated that
HPFRCC normalized bond strengths of mild reinforcement are on average 37% higher than those in
traditional reinforced concrete. Furthermore, the
bond-slip behavior of reinforcement in HPFRCCs
have a higher toughness than observed for traditional
concrete specimens (Fig. 3) (Bandelt & Billington
2016b). Under cyclic loading, it has been found that
cyclic displacement reversals cause the interface between the reinforcement and an HPFRCC material to
degrade significantly, resulting in a more rapidly degrading bond strength relative to monotonic bond-slip
response (Fig. 4). This bond degradation is attributed
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Figure 3. Normalized Bond stress vs. reinforcement slip of mild
reinforcement in four cementitious materials determined by lap
splice beam tests in flexure. CON = Concrete; ECC = Engineered Cementitious Composites; SC-HPFRC = Self-compacting High Performance Fiber Reinforced Concrete; SC-HyFRC
= Self-compacting Hybrid Fiber Reinforced Concrete. (From
Bandelt & Billington 2014)

Fracture failure in reinforced HPFRCC component is
reviewed in Bandelt & Billington (2016a) where it is
noted that failure due to reinforcement fracture rather
than crushing of the HPFRCC material is common.
This behavior has been observed in flexure and sheardominated elements as well as members with large
axial loads such as bridge columns. Their review of
literature also identified that reinforcement fracture
failure has also occurred in members with varying
drift capacities (i.e., from 2.5 to 15% drift) with the
deformation capacity strongly affected by longitudinal reinforcement ratio. Adding to this literature review, a new study confirmed that the impact of load
cycling on deformation capacity is strongly affected
by changes in longitudinal reinforcement ratio. Unlike traditional reinforced concrete, deformation capacity is shown to increase under monotonic and cyclic loading by increasing the reinforcement ratio of a
reinforced HPFRCC flexural element. In addition, it
was found that load cycling can decrease deformation
capacity of flexural members by up to 67% when
compared to their monotonic deformation capacity
(Bandelt & Billington 2016a).
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Figure 4. Monotonic and cyclic bond-slip response from flexural
beam-end experiments for ECC. M = monotonic loading and, C
= Cyclic loading (From Bandelt et al. 2017).

Figure 5. Bond stress vs. reinforcement slip (a) material model
envelope, and (b) calibration for cyclic simulations

4 MODELING CYCLIC RESPONSE OF
REINFORCED HPFRCC COMPONENTS TO
CAPTURE STEEL FRACTURE
The combination of the unique tension stiffening response as well as bond-slip response of reinforced
HPFRCC materials necessitates design methods that
represent the expected failure mechanisms. Traditional methods based on mechanics of slender beams
often underestimate the strength of reinforced
HPFRCC components subjected to bending, even
when accounting for the tensile capacity of the
HPFRCC material. Most importantly, the high compressive strains reached by flexural reinforced

HPFRCC elements allow the reinforcement to strain
harden and fracture before the matrix material fails in
compression. Significant differences in monotonic
vs. cyclic response particularly at low reinforcement
ratios also requires careful attention for accurate simulation. Simulation tools that can predict how the
HPFRCC and reinforcement interface deteriorates
under cyclic loading are needed to design, detail, and
predict the behavior of reinforced HPFRCC components.
To capture the experimentally observed behaviors
described above requires simulation of the bond behavior between reinforced HPFRCC both under monotonic and cyclic loading. A 2D bond-slip model for
both monotonic and cyclic simulations was developed by Bandelt (2015) based on the bond-slip experiments described in Section 3. The envelope of the
bond-slip response serves as the basis for the model
development, and the calibrated cyclic bond-slip
curve for the simulations to be presented are shown
in Figure 5. The ascending portion of the bond-slip
curve is defined by a power law function based on experimental observations. A secant unloading and reloading path through the origin is used to simulate the
cyclic behavior during the ascending portion of the
bond-slip function. Details and demonstrations of
predicting monotonic and cyclic response of reinforced HPFRCC beams are given in Bandelt (2015).
It was found that this bond-slip model improved predictions of deformations at which fracture of the reinforcement occurred relative to models simulating perfect bond between the HPFRCC and reinforcement.
Hysteretic response of the cyclically loaded beams
was also well simulated.
This bond-slip modeling approach was applied
herein to another cyclically loaded type of reinforced
HPFRCC specimen. The specimen geometry is a vertical cantilever with an enlarged base clamped to a
strong floor. The numerical model geometry is shown
in Figure 6. The ECC and steel plates were modeled
with eight-noded plane stress elements using a 3x3
Gaussian integration scheme. The ECC was modeled
using a total strain based fixed crack model in tension,
and a total strain based parabolic model in compression. The steel reinforcement was modeled with directly integrated two-noded truss elements. The transverse steel was modeled as perfectly bonded,
embedded reinforcement in the eight-noded ECC

Table 1. Material Properties and Model Parameters
ECC
Variable
Description
E
Young’s modulus
f′c
Compressive strength
Compressive fracture energy
Gc
Cracking strain
εto
ft
Tensile strength
Stress at onset of softening
σtp
εtp
Strain at onset of softening
Tensile fracture energy
Gf
ν
Poisson’s ratio
β
Shear retention factor
13 mm Longitudinal steel
Variable
Description
E
Young’s modulus
Fy
Yield strength
Ultimate strength
Fu
εsh
Strain at onset of strain hardening
Strain at fracture
εu
ν
Poisson’s ratio
Transverse steel
Variable
Description
E
Young’s modulus
Fy
Yield strength
ν
Poisson’s ratio

elements. The bond-slip behavior between the longitudinal steel reinforcement and ECC was modeled
with four-noded interface elements with zero thickness. A two-point Newton-Coates integration scheme
was used for the interface elements.
Material properties and model parameters are
shown in Table 1 and were selected based on values
used in previous numerical studies or the results of
material property test results reported in Frank

Figure 6. Finite element mesh for cyclically loaded cantilever
reinforced HPFRCC beam (Frank 2016)

Value
7.0
46
52.5
0.000571
4.0
4.0
0.011
2.3
0.15
0.1

Units
GPa
MPa
MPa-mm
mm/mm
MPa
MPa
mm/mm
MPa-mm
---

Value
200
455
675
0.014
0.18
0.3

Units
GPa
MPa
MPa
mm/mm
mm/mm
--

Value
200
690
0.3

Units
GPa
MPa
--

(2016). Initial tensile strength (ft), cracking strain
(εto), Young’s modulus (E), and fracture energy (Gf)
of the ECC were estimated from an inverse analysis
of four monotonic third point bending tests on ECC
beams wherein a multi-linear material model was assumed. The compressive fracture energy was determined from experimental results of Moreno et al.
(2014), and the compressive strength was determined
from experimental results in Frank (2016). Steel
properties were determined experimentally (Frank
2016) and cyclic behavior, which included the
Bauschinger effect, was governed by a set of rules
calibrated through experimental results and described
in (Shen et al. 1993).
The hysteretic responses of the specimen and the
simulation are shown in Figure 7. In both cases the
beam has been subjected to a cyclic protocol proposed by the Federal Emergency Management
Agency in FEMA (2007). This protocol consists of
two cycles at each amplitude beginning with 0.15%
drift and increasing by 40% with each subsequent
drift up to failure of the specimen. As seen in Figure
7, the strength and stiffness simulated were within
10% of that recorded experimentally. Hysteretic energy dissipation in the simulation was within 17% of
that observed experimentally. In the experiment, the

Figure 7. Hysteretic response of the experiment and simulation
(Frank 2016).

steel fractured in a negative drift cycle after having
reached 12% drift in the positive direction. Fracture
strains were not reached in the simulated reinforcement.
As a goal of the simulations is to predict the fracture failure of the reinforcement, the strains in the reinforcement are compared across the experiment and
the simulation. Using numerical models, strain in the
steel reinforcement could be monitored at 6.5 mm intervals (i.e., the distance between integration points).
In the experiment, there were three strain gages affixed to the steel reinforcing bars roughly 100mm
apart centered at 50mm above the joint.
Figure 8 shows reinforcement strain profiles of the
simulation from 200 mm below to 200 mm above the
joint face along the longitudinal steel in tension at the
peak of the first excursion to four levels of drift: 4.3%,
6.1%, 8.5%, and 12%. Strain in the steel reinforcement was highest near the base of the beam where the
applied moment was highest. Both the magnitude of
strain and the length of reinforcing bar that underwent
strain hardening increased with drift. In the simulation, the steel reinforcement strain 150 mm above the
joint remained at or below yield strain through 8.5%
drift, in agreement with reinforcement strain experimentally observed at 6.1% drift. The magnitude of the
reinforcement strains simulated at 50 mm above and
50 mm below the joint face were reasonably close to
experimentally observed strain gage data. A vertical
shift up in the beam of the experimentally observed
reinforcement strain data, as opposed to inaccuracies
in the model, likely account for the difference between observed and simulated reinforcement strains.
Overall, the trends observed in the simulation were
similar to those in the experiment in terms of measured strains and cracking behavior. It is noted that at

12% drift the simulated strains did not exceed 8%
strain, well below the anticipated strain at which fracture of the steel would occur.
Figure 9 shows the relationship of the reinforcement strain versus drift in the experiment and simulation. The recorded strain history from the strain gauge
located 5mm below the joint face is compared with
the simulated strain extracted from the integration
point 6.5mm below joint face. In the experiment, the
strain gauge failed during the cycles of 6.0% drift.
The simulated strain in the reinforcement approximates the overall behavior of recorded strain up to
~6.0% drift. The strain accumulation during cyclic
load is also well captured by the finite element model.
In the experiment, the specimen fails due to reinforcement fracture during the cycles of 12% drift. At 12%
drift, the simulated reinforcement strain reaches
0.061, which is below the anticipated fracture strain
of 0.14-0.18. Two possible causes may lead to this
low value simulated when fracture is expected. First,
very low cycle fatigue may have occurred during the
cyclic loading of the experiment, which was loaded at
a quasi-static strain rate of 0.00002/s. According to
Mander et al. (1994), strain amplitudes around 0.03
caused early fracture to mild steel reinforcement bars
within 2-5 cycles at strain rates of 0.005/s. In the simulation reported here, the strain amplitude exceeds
0.03 when the drift exceeds 8.5%, so it is possible that
very low cycle fatigue could have occurred. Second,
in the current model, the reinforcement is simulated
using truss elements. Shear sliding of ECC along the

Figure 8. Reinforcement strain profile in the experiment and
simulation around the joint face.

5 DISCUSSION
Finite element modeling of individual designs to predict their performance under over loads, is always
possible yet may be impractical. For design purposes,
an approach that replicates that of ultimate strength
design for reinforced concrete will be more acceptable. An approach that uses numerical modeling to
simulate the tension stiffening of the reinforcement
and combines this information with a traditional reinforced concrete mechanics approach for calculating
ultimate strength is proposed (Moreno et al. 2014).
Others have proposed to use mechanics of traditional
fiber rein forced concrete to predict ultimate strength.
These methods do not account for the strain hardening of the reinforcement often observed prior to matrix crushing. Currently, a design approach that accounts for reinforcing ratio is being developed.
Reinforcement ratio impacts whether the ultimate capacity is reached prior to crack localization, wherein
matrix strength and steel yield strength dominate the
ultimate capacity of a flexural member, or after crack
localization wherein strain hardening of the reinforcement will dominate the ultimate capacity of the flexural member.
Figure 9. Specimen drift vs. reinforcement strain for the (a) experiment and (b) simulation.

dominant crack was observed and would likely cause
bending in the reinforcement, which is not captured
in truss elements. This bending would cause additional strain accumulation leading to fracture. Generally, the simulation captures the reinforcement strain
behavior up to 6.0% drift. Future research is needed
to explore the effect of very low cycle fatigue of reinforcement in ECC and the effect of shear sliding.
In the larger set of experiments conducted by
Frank (2016), it was also observed that strain increases in the steel occurred in some cases before or
after splitting cracks, leading to a hypothesis that
bond degradation can be caused by two different
mechanisms, not individually captured by a 2D analysis. While it was found that altering the bond-slip
model in 2D did not capture these differences well
phenomenologically (Frank 2016), 3D modeling of
this behavior was captured with reasonable accuracy
(Bandelt et al. 2017). Further investigation is needed
to evaluate steel fracture strain prediction in 3D modeling approaches.

6 SUMMARY AND CONCLUSIONS
The unique behavior of reinforced HPFRCC in terms
of tension stiffening and bond-slip that has been observed to lead to strain accumulation and fracture in
reinforcing steel necessitates design methods that represent the expected failure mechanisms. Most importantly, the high compressive strains reached by
flexural reinforced HPFRCC elements allow the reinforcement to strain harden and fracture before the matrix material fails in compression. Significant differences in monotonic vs. cyclic response particularly at
low reinforcement ratios also require attention for accurate simulation of reinforcement strain. Simulation
tools that can predict how the HPFRCC and reinforcement interface deteriorates under cyclic loading
are needed to design, detail, and predict the behavior
of reinforced HPFRCC components.
A new bond-slip model has been applied to a cantilever beam test of reinforced HPFRCC subjected to
a cyclic loading protocol with stepwise increasing deformations. By adopting experimentally observed
material properties both directly and through inverse
analysis, hysteretic response of the beam was simulated within 10% of the strength and stiffness of the

experiment and within 17% of the hysteretic energy
dissipation. Reinforcing strains are also well simulated to moderate drifts (6%, or half the ultimate drift
capacity). The simulations are able to reach the drifts
when the experiments failed by reinforcement fracture without the simulated steel strains being in the
range expected for fracture. Two possible reasons for
this under-prediction of strain that are not captured in
the simulations are very low cycle fatigue of the reinforcing bars and bending of the reinforcement due to
shear sliding.
Finite element modeling of individual designs to
predict their performance under over loads may be
impractical for design purposes. An approach that
replicates that of ultimate strength design for reinforced concrete is needed that accounts for reinforcing ratio as the reinforcing ratio impacts whether the
ultimate capacity is a function of matrix strength and
steel yield strength or rather a function of strain hardening of the reinforcement.
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