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ABSTRACT: To study the bond behavior of steel bar and High Strength Cementitious Composites (HSCC)
or High Strength Fiber Reinforced Cementitious Composites (HSFRCC), finite element simulations of Direct
Tension Pull-out Bond Test (DTP-BT) are conducted. Default tensile strain softening relation in FE program
ATENA is used to model HSCC. Satisfactory agreement between simulated and experimental
load-displacement curve can be obtained by taking specific fracture energy of HSCC to be 50 N/m. Similar to
experimental observations, tensile splitting failure is shown to be the dominate failure mode. To simulate the
behavior of HSFRCC members, either the homogenization based approach (H-model) or individual crack
based approach (I-model) can be employed to describe the tensile strain hardening behavior. In this paper,
both approaches are first presented and discussed. Numerical results are compared to experimental results
obtained in our laboratory. According to our findings, the pre-peak behavior of DTP-BT can be properly
simulated by the I-model. On the other hand, H-model shows overestimation of pre-peak stiffness. Similar to
HSCC, tensile splitting failure is the dominate failure mode of HSFRCC DTP-BT member. From the tests, the
width of the splitting crack is wider at the surface than at the steel level. This can be explained by the
numerical simulation which shows very high tensile stress at the surface of the DTP-BT specimen.
1 INTRODUCTION
High strength fiber reinforced cementitious composites
(HSFRCC) are cementitious materials with high
stiffness (Elastic modulus: 38-45GPa) and compressive
strength (150-200MPa). Due to the high brittleness
of the cementitious matrix in this kind of material,
micro steel fiber is added to enhance ductility and to
prevent sudden failure. With sufficient amount of
fiber (2% in volume fraction), HSFRCC exhibits
strain hardening behavior under uniform tensile
stress. Unlike ECC, a very ductile cementitious
composite, which can sustain increasing tensile load
for tensile strain beyond 5%, HSFRCC may exhibit
hardening behavior up to a strain of 0.5%. With
crack bridging fibers transmitting stress back into
the matrix, some multiple cracking can be observed.
With high mechanical strength and toughness,
HSFRCC can be used as a joining material to
shorten the width of joint between precast concrete
beam/slabs. Bond behavior of steel bar embedded in
HSFRCC has been experimentally investigated by
Cheung & Leung (2008) with the Direct Tension
Pull-out Bond Test (DTP-BT), and tensile splitting
failure was found to be the dominant failure mode
for embedment lengths of 5d and 8d. Due to tensile
load transfer of the pulled bar, compressive stresses

is generated in the cementitious composite bordering
the load bearing area of the bar. As a result, tensile
hoop stresses are generated to induce splitting
failure. Prediction of the splitting failure load is
complicated as it is affected by many parameters,
including concrete compressive strength, diameter
and embedment length of the steel bar, as well as the
distance of bar to the member surface (Hüer &
Eligehausen 2007).
Numerical simulation can be a useful aid to
analyze the bond failure process and to predict the
ultimate failure load. For nonlinear analysis of bond
failure, the finite element method (FEM) is most
commonly used in conjunction with proper
constitutive models representing the mechanical
behavior of corresponding materials. In this study,
finite element analysis of bond behavior between
steel bar and HSCC/HSFRCC is investigated (Note:
HSCC stands for high strength cementitious
composites without fiber). DTP-BT with embedment
length 5d is modeled. Default concrete model in
ATENA is used for HSCC. Using fracture energy of
75N/m and 50N/m, the simulated load-displacement
behavior and failure mode are compared to
experimental result. HSFRCC is a strain hardening
cementitious composites, so a constitutive model
that can describe the tensile pseudo-strain hardening

as well as subsequent localized fracture and
softening is required. During strain hardening,
multiple cracks will form along the member. In the
homogenization based approach, the multiple cracks
are not explicitly considered and the stress vs strain
behavior is simply fitted with a multilinear relation
as shown in Figure 1. However according to Kabele
(2009), the homogenization based approach may
sometimes overestimate the prepeak stiffness
especially when the strain hardening cementitious
composites is exposed to a complex non-proportional
loading history. An individual crack based approach
was therefore proposed to enable a more accurate
simulation of experimental results. In this study,
experimental results from HSFRCC members are
simulated by both homogenization based model and
individual crack based model.

Figure 1. Tensile stress strain curve of HSFRCC and
monotonic hardening model.

2 FINITE ELEMENT CODE
The finite element (FE) program ATENA (Červenka,
2008) employed in this study uses the fracture-plastic
model to represent cementitious materials with low
tensile strength and high compressive strength. The
fracture-plastic model is a combination of constitutive
models for tensile (fracturing) and compressive
(plastic) behavior (Červenka & Papanikolaou 2008).
In tension, the fracture model is based on the
classical orthotropic smeared crack formulation and
crack band model. It employs Rankine failure
criterion, exponential softening, and can incorporate
both rotated and fixed cracks. In compression, the
hardening/softening plasticity model is based on
Menétrey-Willam or Drucker-Prager failure surface.
Similar to other FE programs, default concrete
model is available in ATENA. However, for some
newly developed cementitious composites such as
ECC (Li 2003) or HSFRCC, the stress-strain
relationship differs from conventional concrete as
significant strain hardening occurs under tensile
loading. To simulate the strain hardening behavior
of HSFRCC in tension together with its strain
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direction, will form once the maximum principal
stress goes beyond the first cracking strength. The
overall material response normal to the crack is
governed by a linear hardening relationship until the
ultimate tensile strength is reached.
3.2.3 Individual crack based model (I-Model)
The response of an opening crack in the HSFRCC is
governed by the cohesive effect of matrix and the
bridging effect of fibers. Due to the high brittleness
of the matrix of HSFRCC, a linear tension-softening
relationship is usually assumed to describe crack
opening response of the matrix. The linear tension
softening relationship is determined by two
parameters which are the cracking strength σΜc and
the COD δM0 at which the matrix cohesion is
completely lost:
σ
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Before the bridging of fiber become effective, σΜ
keeps decreasing according to equation (1). With
higher brittleness, the decrease of stress for high
strength matrix is more rapid than that for normal
strength concrete. Based on the deduced σ-δ
relationship in Zhang et al. (2005), dσ/dδ for the
matrix in HSFRCC is estimated to be -187 N/mm3.
Strain hardening behavior of HSFRCC in tension
is resulted from fiber bridging at the cracks. To
consider each crack individually, a bridging stress vs
crack opening relationship can be derived from
micromechanics. According to Li (1992), the
bridging stress for opening cracks can be related to
the COD δ by following equation:
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where σ0 is the maximum stress that can be carried
by fiber bridging and δ0 is the COD at the maximum
bridging stress. In this study, δ0 of fiber reinforced
cementitious composites is estimated to be about
100μm. With equation (2) describing the behavior
at each crack, the bridging stress strain relationship
in tension can be calculated. The post-peak σ-δ
law can be calculated as described in the previous
section. Based on the above discussions, the
complete σ-δ relationship for the individual crack
based model can be obtained by combining the
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The material parameters k vg and k vg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).

2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

Figure
crack T
pattern
load of
where5. qCrack
is width
the plot
heatandflux,
is atthepeakabsolute
HSCC DTP-BT-75N/m model.

temperature, and λ is the heat conductivity; in this

Figure 6. Crack width plot and crack pattern at peak load of
HSCC DTP-BT-50N/m model.

4.2 HSFRCC DTP-BT model
The load-displacement curves of H-model and
I-model as well as the experimental result for
HSFRCC specimen are shown in Figure 7.
Nonlinear behavior before yielding of steel pull-out
bar was observed from experimental load-displacement
curve. The load stayed constant after yielding of
steel bar and finally a drop of load was recorded due
to splitting failure of the HSFRCC specimen. The
FE analysis using H-model to simulate the strain
hardening of HSFRCC shows an almost linear
elastic behavior before the yielding of steel pull-out
bar. Similar to the conclusion from Kabele (2009),
overestimation of pre-peak stiffness and load (for a
given displacements is resulted if H-model is used to
represent the strain hardening behavior. The
load-displacement of I-model shows a good
agreement to the experimental result. Non-linear
behavior before yielding of steel pull-out bar can be
captured. Unlike H-model, I-model shows a good
estimation of pre-peak behavior of DTP-BT by
deriving the tensile stress strain relation according to
the fiber bridging relation at a crack when the strain
hardening behavior of HSFRCC is developed.

Figure 7. Load-displacement curves of H-model, I-model and
experimental results.
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J

= − D ( h , T ) ∇h

(1)

The proportionality coefficient D(h,T) is called
moisture permeability and it is a nonlinear function
of the relative humidity h and temperature T (Bažant
& Najjar 1972). The moisture mass balance requires
that the variation in time of the water mass per unit
volume of concrete (water content w) be equal to the
divergence of the moisture flux J
− ∂ = ∇•J
∂

(2)

w
t

The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
vapor, and adsorbed water) and the non-evaporable
1966,
(chemically
bound)
water
wn (Mills
Figure
9. Crack width
plot and
crack pattern
at peak load
of
Pantazopoulo & Mills 1995). It is reasonable to
H-model.
assume that the evaporable water is a function of
relative humidity, h, degree of hydration, αc, and
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs)
= age-dependent sorption/desorption isotherm
(Norling Mjonell 1997). Under this assumption and
by substituting Equation 1 into Equation 2 one
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h
∂α
∂h ∂t

∂w
α&c + e α&s + w&n
∂α
c
s

(3)

where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water
and relative humidity is called ‘‘adsorption
Figure 10. Crack width plot and crack pattern at peak load of
isotherm”
if measured with increasing relativity
I-model.
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
By the way, if the hysteresis of the moisture
isotherm would be taken into account, two different
relation, evaporable water vs relative humidity, must
be used according to the sign of the variation of the
relativity humidity. The shape of the sorption
isotherm for HPC is influenced by many parameters,
especially those that influence extent and rate of the
chemical reactions and, in turn, determine pore
structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
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paper the semi-empirical expression proposed by
Norling Mjornell (1997) is adopted because it
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accounts
5explicitly
CONCLUSION

for the evolution of hydration
reaction and SF content. This sorption isotherm
reads element analysis of bond behavior between
Finite
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
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