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ABSTRACT: This paper is to investigate the fracture behavior characteristics of box culvert and incremental
crack width of upper slab for the applied loading by the 3-axis loading system. In the 3-axes loading system,
loading directions are upper side, left and right side which simulate static traffic load and earth pressure, respectively. With the applied load, crack patterns are investigated on the upper slab, left and right wall. Especially, on the upper slab, crack width is measured by crack gage. Based on the experimental results, structural
internal force indices of box culvert are estimated quantitatively.
1 INTRODUCTION
Various factors including vehicle movement, adjacent structure construction, and sinking foundation
ground increase the external stress on the top and
bottom as well as on the sides of underground structures such as electric cable culverts and tunnels,
causing them to undergo structural deformation.
Such deformation not only produces structural damages like cracks within underground structures
which reduce structural durability, but also significantly impacts the related facilities housed inside the
underground structures. (e.g. Yokoyama et al. 1997,
Honda et al. 1999, Kwon et al. 2008)
Additionally, in the case of box culvert which is a
reinforced concrete structure, the micro cracks contained in the material at the initial stage of concrete
curing are expanded in numbers as the external load
increases, and the cracks arising from these provide
channels of penetration for moisture which lead to
corrosion of the reinforcement rods and cause fatal
damage to the structure. Increase of such damage
leads to rapid deterioration of the structural rigidity
and reduces the life of the structure. (e.g. Choo et al.
2008) Therefore, the occurrence and the degree of
progress of cracks following increase in external
load are recognized as very important factors not only in determining the degree of damage suffered by a
structure and predicting its current rigidity but also
in planning measures to prolong the life and strengthen the reinforcement of the structure.

The aim of this study is to develop a quantitative
evaluation method to determine the current degree of
damage and the reduction of structure’s rigidity that
is applicable to the underground structure of reinforced concrete box culvert. To do so, this paper implemented ultimate failure tests of box culverts under 3-axes loading state. Based on the test results,
determined the failure behavior characteristics of the
box culvert and measured the crack width changes
following increasing loads. Through this process, the
degree of structural damage resulting from increase
in crack width was experimentally quantified and
from this, the structural internal force reduction index(D(ω)) of the box culvert was experimentally
estimated.
In order to simulate realistic external load conditions, loads were applied using a 3-axes loading system that could simultaneously apply loads to the top
and the left and right sides. The formation of cracks
on the top slab and the left and right walls following
load increases were observed, and the increases in
the crack width on the top slab were quantitatively
measured. Based on these measurements, the relationship between the behavior and the top slab crack
width of the box culvert until the point of ultimate
failure was observed and analyzed.
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Ordinary Portland Cement (OPC or type 1) was used
to manufacture the test specimen. The 28 days compressive strength of concrete targeted for the mixture
was fixed at 24Mpa, which is the standard strength
for a box culvert in Korea standard code for concrete. A total of 9 compression specimens were
manufactured along with the concrete pouring to
measure the strength on the 7th and the 28th day of
concrete age, as well as on the day of the test, and
water curing was implemented 3 days after the concrete pouring. The compressive strength of the concrete at age 28 days was found to be 26Mpa, surpassing the targeted mixture strength. For
reinforcements, D13 mild steel with yield strength of
400Mpa was used.
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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
Figure 4. Applied vertical load – average vertical displacement
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where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this
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Figure 5. Relationship of horizontal load – displacement.
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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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(evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
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2.2 culvert
Temperature
evolution
box
structure,
which is needed for the goal of
developing
system for
underNote that, ata structural
early age, evaluation
since the chemical
reactions
ground
structures.
For this
end, failure
tests
using
associated
with cement
hydration
and SF
reaction
static
3-axes loading
system were
3 box
are exothermic,
the temperature
fielddone
is notonuniform
culvert
model specimens.
In order
measure the
for non-adiabatic
systems even
if thetoenvironmental
width
of the cracks
in the lower
part of the top
temperature
is constant.
Heat conduction
canslab
be
caused
by vertical
load increase,
a preliminary
described
in concrete,
at least for
temperaturecrack
not
of
2mm width
and 8mm
depth&was
made in
the lowexceeding
100°C
(Bažant
Kaplan
1996),
by
er
part
of
the
top
slab
and
the
crack
widths
were
Fourier’s law, which reads
measured with crack gauges.
q =Based
− λ∇T on the test results, the relationship of hori(7)
zontal crack width change in the top slab to vertical
load was obtained, and from this, the degree of
where q is the heat flux, T is the absolute
structural internal force reduction due to increase in
temperature,
and λ is the heat conductivity; in this
crack width could be determined. In addition, by in-

troducing the concept of structural internal force index to enable prediction of change of internal force
relative to crack width, which is needed for structural internal force evaluation, the structural damage
index of reinforced concrete structure for the crack
width of the top slab was developed and the formula
for calculating the structural internal force index was
proposed. Based on these, the structural damage level of electric culvert structure was divided into 5
stages and the crack widths of the top slab were proposed for each stage.
For quantitatively evaluating the current internal
force state, a damage estimation function applicable
in an interpretative method was newly defined for
crack width. When current internal force is evaluated by an interpretative method based on this, it is
deemed possible to express the degree of internal
force reduction of the localized area as well as the
whole structure just by using the current crack width
and the damage estimation function.
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J

= − D ( h , T ) ∇h

The proportionality coefficient D(h,T)
moisture permeability and it is a nonlinea
of the relative humidity h and temperature
& Najjar 1972). The moisture mass balanc
that the variation in time of the water mas
volume of concrete (water content w) be eq
divergence of the moisture flux J
− ∂ = ∇•J
∂
w
t

The water content w can be expressed a
of the evaporable water we (capillary wa
vapor, and adsorbed water) and the non-e
(chemically bound) water wn (Mil
Pantazopoulo & Mills 1995). It is reas
assume that the evaporable water is a fu
relative humidity, h, degree of hydration
degree of silica fume reaction, αs, i.e. we=w
= age-dependent sorption/desorption
(Norling Mjonell 1997). Under this assum
by substituting Equation 1 into Equati
obtains
−

∂w ∂h
e + ∇ • ( D ∇h) = ∂we
h
∂α
∂h ∂t

∂w
α&c + e α&s + w
∂α
c
s

where ∂we/∂h is the slope of the sorption/
isotherm (also called moisture capac
governing equation (Equation 3) must be
by appropriate boundary and initial conditi
The relation between the amount of e
water and relative humidity is called ‘‘
isotherm” if measured with increasing
humidity and ‘‘desorption isotherm” in th
case. Neglecting their difference (Xi et al.
the following, ‘‘sorption isotherm” will be
reference to both sorption and desorption c
By the way, if the hysteresis of the
isotherm would be taken into account, two
relation, evaporable water vs relative humi
be used according to the sign of the varia
relativity humidity. The shape of the
isotherm for HPC is influenced by many p
especially those that influence extent and
chemical reactions and, in turn, determ
structure and pore size distribution (waterratio, cement chemical composition, SF
curing time and method, temperature, mix
etc.). In the literature various formulatio
found to describe the sorption isotherm
concrete (Xi et al. 1994). However, in th
paper the semi-empirical expression pro
Norling Mjornell (1997) is adopted b
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