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ABSTRACT: The inﬂuence of modeling of rebar bond slip on diagonal tension failure of reinforced concrete
beams in ﬁnite element analysis is examined through calculations with several modeling strategies for bond
slip and bond splitting fracture. The elasto-plastic constitutive model with dilatancy in bond interface elements
results in extensive bond splitting cracking and further propagation of the diagonal cracks connected to the
bond splitting cracks. The partial debonding model between concrete and rebar beam elements can simulate
the diagonal tension failure mode depending on the conﬁguration of debonding nodes.
1 INTRODUCTION
Diagonal tension failure of reinforced concrete
structures is inf luenced by many factors such as
mixed mode fracture of concrete, localization and
propagation of diagonal cracks, longitudinal splitting
cracks along tension rebars, fracture bifurcation,
constitutive relations of concrete, rebar bond slip, and
dowel action of rebar. Those factors have to be taken
into account to simulate the failure mechanism of
the structures for rational shear design of reinforced
concrete structures. In previous studies (Hasegawa
2004 and Hasegawa 2007a) finite element analysis
of diagonal tension failure in a reinforced concrete
beam was performed using the Multi Equivalent
Series Phase Model (MESP Model; Hasegawa
1998), and the failure mechanisms were discussed
by analyzing the numerical results. In the analysis,
branch-switching for fracture bifurcation, inﬂuence
of concrete crack models, mixed mode fracture, and
mesh dependency were focused on and examined.
Among the other influencing factors not examined
in the previous studies, in particular rebar bond slip
and longitudinal splitting fracture are considered to
be quite important and difﬁcult to examine in both
experimental and numerical investigations. The bond
slip of reinforcing bars is considered to influence
the failure through the mechanism that the bond slip
increases the width of diagonal cracks and changes
the propagation of the cracks to unstable propagation.
The bond slip also causes splitting cracks of concrete
cover along the reinforcing bar, that connect with
diagonal cracks, and it results in a trigger of diagonal
tension collapse of the beam in an unstable manner.
In this study (Hasegawa 2007b, 2008, and 2009) the
inﬂuence of modeling of rebar bond slip on diagonal

tension failure of reinforced concrete beams in ﬁnite
element analysis is examined through calculations
with several modeling strategies for bond slip and
bond splitting fracture.
2 BOND STRESS-SLIP MODELS
Rebar bond slip is usually simulated by using
interface elements with a bond stress  - slip
S relationship such as Eq. 1 (Witte & Kikstra
2007) in f inite element analysis of reinforced
concrete structures. However, the bond stress-slip
relationships obtained from pullout test experiments
of reinforced concrete are known to be not unique
but strongly depend on the boundary conditions
in the experiments, such as embedded length of
the rebar, distance of the measurement position

L/2=600mm L=120mm
L=210mm

Figure 1. Experimental cracking pattern of BN50 after failure.
Table 1. Models for bond stress-slip relationship.
Model Length L of
pullout specimen
(mm)
b-1
Non
b-2
120
b-3
210
b-4
210
b-5

120

Bond
Location  - S or
strength
2x L
  S  s
equation
( Nmm 2 )
Non
Eq. 1
3.80
0.50
Eq. 2
2.90
0.50
Eq. 2
4.81
0.50
quarter stiffness 4.81
of model b-3
0.75
Eq. 2
1.47
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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
isotherm” if measured with increasing relativity
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
found to describe the sorption isotherm of normal
concrete (Xi et al. 1994). However, in the present
paper the semi-empirical expression proposed by
Norling Mjornell (1997) is adopted because it
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
c α c+ ks α s
G (α c α s ) = k vg
c vg s

(5)
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
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w

0

K (α c α s ) =
,

1

⎡
⎢
−
⎢1 −
1
⎢
⎣

α s + 0.22α s G

− 0.188

c

s

⎛
10⎜
⎝

e

⎛

10⎜

e

g αc − αc h
−
∞

1

⎞
⎟
⎠

⎝

g α c∞ − α c ⎞⎟h ⎤⎥
1

⎠

⎥
⎥
⎦

(6)

1

The material parameters kcvg and ksvg 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)

where q is the heat flux, T is the absolute
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