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Detection of cracks in concrete and evaluation of freeze-thaw resistance
using contrast X-ray

M. Takeda & K. Otsuka
Tohoku Gakuin University, Miyagi, Japan

ABSTRACT: With the aim of developing a technique of evaluating the freezing and thawing resistance of existing concrete structures by contrast X-ray radiography, a method of quantifying cracks and voids in concrete
is proposed, and the relationship between the quantified values (transmission dose difference) and the degree
of deterioration by freezing and thawing is determined. The relationship between the transmission dose difference and scaling of concretes with different strengths is also determined to examine if the transmission
dose difference can serve as an index to freezing and thawing resistance. Experiment results show relative
dynamic modulus and scaling are closely related to transmission dose difference, suggesting the possibility of
evaluating the freezing and thawing resistance of concrete by this technique.
1 INTRODUCTION
In the Tohoku district in Japan, concrete structures
are prone to deterioration under freezing and thawing action in winter. Concrete with an entrained air
content of 4% or more is generally regarded as being
resistant to freezing and thawing. However, a 4% air
content and its dispersion while fresh can greatly
change after hardening depending on the placing and
curing methods. Also, the freeze-thaw resistance of a
completed concrete structure has been judged by
whether or not the air content at the time of placing
and subsequent compressive strength of the concrete
exceed the specified values. If the freeze-thaw resistance of a concrete structure after being put into service can be evaluated by examining the properties of
drilled cores including early defects and cracks, such
evaluation will greatly enhance the reliability of its
durability evaluation. With the aim of developing a
technique of evaluating the freezing and thawing resistance of existing concrete structures by contrast
X-ray radiography, a method of quantifying cracks
and voids in concrete is proposed, and the relationship between the quantified values (transmission
dose difference) and the degree of deterioration by
freezing and thawing is determined. The relationship
between the transmission dose difference and scaling of concretes with different strengths is also determined to examine if the transmission dose difference can serve as an index to freezing and thawing
resistance. Experiment results show relative dynamic modulus and scaling are closely related to
transmission dose difference, suggesting the possibility of evaluating the freezing and thawing resistance of concrete by this technique The authors have

conducted studies using a contrast X-ray technique
. In these
to detect micro-cracks in concrete
studies, cores were drilled from deteriorated concrete structures and cut into slice specimens 10 mm
in thickness. After impregnating these specimens for
a certain period with a liquid originally developed
by our laboratories to serve as a contrast medium,
their X-ray images were taken to compare the
transmission dose with the dose before immersion.
Based on the transmission dose differences, the
amounts of voids and micro-cracks in specimens
were quantified, thereby quantifying their deterioration. This method is characterized by the following
points: The state of voids and micro-cracks can be
visually confirmed; the progress of deterioration
along the depth can be recognized together with
quantitative changes at different depths; and the
permeability, which is closely related to durability,
is reflected on the test results. The authors considered that, if the state of voids and micro-cracks in
concrete is quantified by this method, then the properties of surface and inner concretes can be compared, and that the quantified values may be closely
related to the resistance of concrete to freezing and
thawing action. With this as a background, tests
were conducted in the present study with the aim of
developing a technique of determining the freezing
and thawing resistance of existing concrete structures using contrast X-ray radiography as follows:
Take contrast X-ray images of seven types of airentrained concrete specimens, which were deteriorated to different relative dynamic moduli, to visualize micro-cracks and voids resulting from freezing
and thawing action. Quantify their amounts to determine their relationship with the relative dynamic
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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
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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)
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Figure
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temperature, and λ is the heat conductivity; in this

2.3 Method of quantifying voids and micro-cracks
Radiographic films of a type photosensitive to X-rays
(non-screen type), such as IX #50 manufactured by Fuji
Photo Film Co., are characterized by their optical density changing in proportion to the level of X-ray irradiance. The optical density of X-ray films was therefore
determined to quantify the amount of voids and microcracks. A densitometer is normally used for measuring
the optical density of X-ray films. It determines the density from the amounts of incident light and light received through the X-ray film using Equation (1).

D = log ( I / I )
o

t

(1)

where D is the X-ray film density, I0 is the incident
light amount at the measuring area, and It is the
amount of light passing through the film. Due to the
small area measurable at a time, however, it is difficult to measure initial defects and voids including
micro-cracks of the entire specimen in an averaged
and quantitative manner using a densitometer. This
method can thus lead to serious errors.
For this reason, it was decided to employ an illuminometer for the measurement of the optical density of X-ray films in this study. Illuminance refers
to the amount of light flux per unit area of a surface
exposed to light. The authors considered that the average density of X-ray films of an entire specimen is
measurable by using an illuminometer as follows:
First, measure the illuminance through a dark box
placed on a ‘schaukasten’ (X-ray film viewing device) to determine the incident illuminance, I0. Then
insert an X-ray film between the schaukasten and the
dark box to measure the transmitted illuminance, It,
and determine the optical density of the X-ray film,
D, using these illuminance values by Equation (1).
The density of an X-ray film before impregnation
with the contrast medium (hereafter referred to as
‘before impregnation’), DB, and the value after impregnation with the contrast medium (‘after impregnation’), DA, were then determined to calculate the
difference between the transmission doses before
and after impregnation, T, as given in Equation (2),
as an index to the amount of voids and micro-cracks.

T = DB − DA

(2)

Note that the sensor of the illuminometer used in
the measurement comprises a silicon photodiode (electrical performance: 200 to 2.0 × 105 Lux, resolution: 0.1
to 100). The measurement setup is shown in Figure 3.
2.4 Test results
Photo 1 shows typical X-ray images of specimens
with relative dynamic moduli reduced to 90%, 60%,
and 40% taken before and after impregnation with
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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
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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
(chemically bound) water wn (Mills 1966,
Pantazopoulo & Mills 1995). It is reasonable to
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
obtains
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explicitly accounts for the evolution of hydration
reaction and SF content. This sorption isotherm
reads
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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)

,

1

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
can calculate K1 as one obtains
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freezing and thawing with chlorides. Similar tests were
also conducted on seven types of air-entrained concrete specimens with reduced dynamic moduli used in
section 2 above for quantifying concrete deterioration.
This was done to determine the relationship between
the transmission dose difference, which quantifies micro-cracks due to initial cracks and voids as well as
those resulting from repeated freezing and thawing,
and the resistance to combined deterioration involving
freezing and thawing and chlorides.
3.1 Outline of specimens
Test specimens included the following: Six types of
non-air-entrained concrete specimens with W/Cs
varying from 45% to 75% and2compressive strength
varying from 60 to 13 N/mm ; seven types of airentrained concrete having W/Cs ranging from 40%
to 70% and
compressive strength ranging from 60 to
20 N/mm2; and seven types of specimens used for
quantifying concrete deterioration in section 2
above. Note that the compressive strength was determined by uniaxial compression tests conducted
immediately before the experiment.
Tables 3 and 4 give the mixture proportions of
non-air-entrained and air-entrained concretes, respectively. Cement was high-early-strength portland
cement. Crushed stone and river sand were used as
coarse and fine aggregates, respectively. These concretes were fabricated into cylindrical specimens
100 mm in diameter, and three each cylinders were
used for each strength, totaling 39. After placing,
specimens were water-cured at 20°C for two weeks
and then cut into disks 10 mm in thickness. These
were left to stand for 24 hours in a thermohygrostatic
room at 20°C and 60% R.H. before being subjected to
testing. The disks were taken from the mid-height portion of each specimen to eliminate the effect of bleeding after placing. As to beam specimen used for quantifying concrete deterioration in section 2 above, slices
were taken from the remaining portions.
3.2 Methods of contrast X-ray radiography and
calculating transmission dose difference

Contrast X-ray images of all specimens were taken
under the conditions given in Figure 1, 2 and Table 2
before and after impregnation with the contrast medium. The transmission difference was calculated by
Equation (2) from the optical densities of X-ray
films before and after impregnation measured under
the conditions shown in Figure 3.
3.3 Method of measuring scaling due to freezing
and thawing

Ten millimeter-thick specimens used for X-ray radiography were subjected to repeated freezing and
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creased, and vice versa. The high resistance to
freezing and thawing of air-entrained concrete
was also expressed by the transmission dose difference. It is thus considered that the freezing
and thawing resistance of concrete can be
judged by determining its transmission dose difference.
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