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ABSTRACT: This study develops a method for measuring the distribution of chloride concentration in
concrete by Prompt Gamma-ray Analysis (PGA). PGA is a multi-elemental analysis technique based on
nondestructive neutron technology. When the chloride concentration near the surface is known and its
distribution profile is assumed by an error function, the distribution of the chloride concentration can be
comparatively evaluated with good accuracy using PGA as already reported. However, under conditions
such as rainfall or carbonation, the peak of chloride concentration is located at a certain depth inside the
concrete and not near the concrete surface. To detect chloride concentrations at various depths below the
surface, the present study proposes varying the incident angle of the neutron irradiation beam on the sur-

face of the object. This method proves to be successful in measuring the arbitrary distribution of chloride

concentrations in concrete.

1 INTRODUCTION

Japan has seen significant growth in the last fifty
years"in the construction industry. It has been
reported that within the next several decades, 50%
of residential buildings will be fifty years old or
more (MLIT 2009). Considering such a forecast,
efficient maintenance within the budget limits are
needed, and the infrastructure management is
shifting from corrective preservation to preventive
preservation. Preventive maintenance is advanta-
geous because detailed inspections are performed
before the manifestation of deterioration, and
appropriate measures are taken for maintaining
the structure.

The corrosion of steel reinforcements by chlo-
rides is of utmost concern in the degradation
phenomena of concrete structures. Advanced
chloride-induced deterioration is visually detected
by the presence of corrosion cracks. To implement
a preventive maintenance strategy, chloride ions
have to be monitored in the concrete structures
before cracks appear.

Steel reinforcement bars in concrete structures are
protected from corrosion by passivating films, which
formaround the surface of steel reinforcement under
alkaline conditions in concrete. However, when the
threshold chloride ion concentration is exceeded,
film depassivation occurs and active corrosion
takes places through the fractured film. Therefore,
for predicting the progress of chloride-induced
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deterioration before the onset of . reinforcement
corrosion, it is essential to monitor the chloride ion
concentration in concrete around steel reinforce-
ment. The following outlines the currently used
method for measuring the chloride ion content in
concrete: Concrete cores are drilled from the struc-
tures and then divided into different sections cor-
responding to different depth profiles. Each section
is powdered and the chloride ion content is deter-
mined from potentiometric titration measurements.
This method is disadvantageous because it is time
consuming and expensive; core drilling damages
the building structure, and multiple core samples
for repeated measurements cannot be taken at the
same position in the structure.

The present study is a fundamental investigation
necessary for the development of a non-destructive
method to measure the distribution of chloride ion
concentration in cover concrete via prompt gamma-
ray analysis (PGA). PGA is a multi-elemental, non-
destructive analysis technique. A nondestructive
method for measuring the distribution of chloride
ion concentrations in surface layers of concrete
using PGA has been reported (Ujike et al., 2010).
Using this method, the estimation of chloride
concentration distribution in concrete is accu-
rately determined when the chloride concentration
gradually decreases from the surface. However, the
estimation is poor when the chloride concentra-
tion is arbitrary and does not follow a decreasing
trend. This study proposes a method of varying



the angle of neutron irradiation on the surface for
measuring the arbitrary distribution of chloride
ion concentrations.

2 EXPERIMENTAL METHODS

2.1 Prompt Gamma-ray analysis

Prompt gamma-rays are characteristic high energy
gamma-rays emitted from a subject, when thermal
neutrons are captured by the nucleus of the ele-
ments contained in the subject (Yonezawa 2003).
In PGA, the prompt gamma-rays are detected by
a radiographic detector. Because thermal neutrons
with high transmission are irradiated, no pretreat-
ment (such as powdering) of the sample material is
required. The energy of the emitted prompt gam-
ma-rays is dependent on the intrinsic energy of the
processes occurring in the nucleus; therefore, many
elements in the subject can be analyzed simultane-
ously according to the measurement of count by
energy. Figure 1 is an example of prompt gamma-
ray spectrum of concrete with chloride. The ele-
ments are analyzed quantitatively from position
and height of the energy peaks. For example, the
peak at 1163 keV in Figure 1 is due to chloride
ions. The sensitivity to chloride ions is high using
PGA,; therefore, low concentrations, in the range
of hundreds ppm, can be measured.

2.2 Equipment

In this study, the research reactor JRR-3 at Japan’s

Atomic Energy Agency (JAEA) was installed with
PGA equipment. The neutron beam (flux 108
neutrons/cm?s, width 5 mm) from the reactor is
applied to the samples. Prompt gamma rays emit-
ted from the sample are detected by a high-purity
germanium detector, which is aligned perpendicu-
lar to the incident direction of the neutron beam.
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Figure 1. Example of gamma-ray spectrum of concrete
with chloride.
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Figure 2. Gamma-ray spectrum near the object energy.

To quantitatively analyze the chloride ion
concentration, the internal standard method was
used in this study. Calcium was selected as the
internal standard element, because it is present in
cement in large amounts. The ratio of the counts
for prompt gamma-rays for chloride to that of cal-
cium was used as the index; hereinafter, it is referred
to as the counting ratio. For this study, 1951 and
1942 keV are the energies of the prompt gamma-
rays from chloride and calcium, respectively. The
reactivity of these elements at these energies is rela-
tively high, and because their prompt gamma-ray
energies are close to each other, any fluctuations in
prompt gamma-ray counts will affect both energies
to the same extent. Figure 2 shows an example of
the prompt gamma-ray spectrum near the energy
of interest for this study. The counts for chloride at
1951 and 1959 keV increase with increasing chloride
concentration in the concrete samples. However,
the count for calcium at 1942 keV is almost con-
stant. The fluctuations in the calcium gamma-ray
count mainly depend on the amount of cement in
the sample. For samples containing a large amount
of aggregate, the peak counts for calcium and chlo-
ride decrease because of the decrease in the cement
content in the sample. However, because we use
the counting ratio, which remains constant in our
analysis, PGA is advantageous in that no adjust-
ment is necessary to account for varying aggregate
contents in the samples.

2.3  Mortar boa_rds

In this study, two types of mortar boards were used.
Mortar boards with dimensions of 40 x 40 x 50 mm
and made from Ordinary Portland cement and sil-
ica sand are used for examining the influence of
the concrete mix with different water-cement ratio
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and different sand-cement ratio on the prompt
gamma-ray counts. The water-cement ratios were
40%, 50% and 60%. The sand-cement ratio was
changed from 0% to 200%. The chloride concen-
tration in the mortar boards was adjusted to 3 wt%
of chloride to cement. This value is the amount of
mixed-in chloride.

Another type of mortar board with dimensions
of 70 x 30 x 5 mm and made from Ordinary
Portland cement and silica sand was used for
evaluating the arbitrary concentration distribu-
tion of chloride. The water-cement and sand-
cement ratios were 40% and 100%, respectively.

The chloride concentration in the mortar boards ~

was varied from 0% to 3% in increments of 0.5%,
and ten mortar boards were combined in a set.
Figure 3 shows example of one set with ten mor-
tar boards. An arbitrary concentration distribu-
tion was established by combining the boards
with various chloride concentrations, because it
is difficult to produce by penetration a concrete
specimen with the arbitrary distribution of chlo-
ride ions in a short time. However, the chloride
does not mix with all of five mortar boards from
the sixth mortar board. For the PGA done in this
study, the detectable range was adjusted to be the
thickness of five mortar boards. The contributing
gamma rays emitted from chloride ions contained
in mortar boards beyond the fifth are defined as
noise, because it has been reported that the chlo-
ride concentration calculated from the counting
ratio varies at this depth and no reliable values
are obtained (Ujike et al., 2010). Mortar boards
without chloride ions are used in the sixth to tenth
mortar boards for maintaining consistent experi-
mental conditions. The following three cases were
considered for the chloride concentration in the
mortar boards:

beam

Figure 3. Example of combined mortar boards
in a set.
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Figure4. Combined chloride concentrations in the first
to fifth mortar boards for Cases A-C.

Case A: All five mortar boards have the same
chloride concentration. _

Case B: Only one mortar board contains chlo-
ride; the other four contain no chloride.

Case C: The chloride concentration in each
mortar board is mutually different.

Figure 4 shows examples of the combination
of five mortar boards used in cases A, B and C,
respectively. For case A, a numeral affixed to the
letter A represents the chloride concentration in
the mortar boards. For case B, the first number
indicates the chloride concentration in a given
mortar board while the second number indicates
the position of the given mortar board. For case C,
the sequential chloride concentration in all five
mortar boards are given and the number attached
to P indicates the position of the mortar board
with the maximum chloride concentration.

3 RESULTS AND DISCUSSION

3.1 Calibration curve for evaluating chloride
concentrations -

As shown in Figure 2, the gamma-ray counts for
chloride increases and that for calcium is almost
constant when the concentration of chloride ions
in the mortar board increases, indicating that
the counting ratio is proportional to the chloride
concentration.

Figure 5 shows the counting ratio versus chlo-
ride concentrations for cases A and B. The propor-
tionality constant (given by the slop of the lines in
Figure 5) for case A is larger than those obtained
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Figure 5. Relationship between chloride concentration
and counting ratio.

for all case B combinations. F urthermore, in case
B combinations, it is seen that the constant of pro-
portionality decreases when the chloride mortar
board is moved from the irradiated surface (first
position) of the specimen to the opposite side
(fifth position). This decrease is attributed to the
fact that the number of neutrons reaching the fifth
mortar board is less than the number impinging on
the first mortar board because of absorption and
scattering within the material. Thus, when evalu-
ating the chloride concentration, it is necessary to
consider the distance from the irradiated surface,
And, black squares in Figure 5 are sum of the
counting ratio of case B at each chloride concen-
tration. As shown in Figure 5, the counting ratios
of case A are in good agreement with the sum of
the counting ratios for case B at each chloride
concentration. That is, the principle of superposi-
tion consists between case A and case B. Thus, for
evaluating the chloride concentration in concrete
using PGA, we must consider a calibration curve
that accounts for the mortar board position of the
chloride.

Asthe number of transmitted neutrons decreases
exponentially because of scattering and absorption
in the material, the generation of prompt gamma-
rays also decreases exponentially. The semi-log
plot of Figure 6 shows the relationship between
the counting ratio and the position of the mortar
board that contains chloride. The straight lines in
Figure 5 are regression lines expressed with the
following equation obtained by a least squares
method.

R=aC.ebd )

where, R is the counting ratio, C is the chloride
concentration, d is the distance from the irra-
diation surface (i.e., distance from the irradiation
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Figure 6. Effect of position of mortar board contain-
ing chloride on counting ratio.

surface to the center of the mortar board with
chloride), a and b are regression coefficients, and
aC is the counting ratio at position p = 0. Coef-
ficient b gives the slope of the lines in Figure 6.
Because the counting ratio is proportional to the
chloride concentration, and if position P is con-
stant, the straight lines in Figure 6 should be paral-
lel. Although some data points are not on the lines,
the regression lines in Figure 6 can be considered
parallel for our purposes. The coefficients ¢ and
b depend on factors such as the neutron source,
detector, and measuring time; therefore, these val-
ues have to be kept constant in a set of measure-
ments. The calibration curves in Figure 6 are not
dependent on the thickness of the mortar boards,
If the calibration curve is obtained using' a 2 mm
mortar board, the evaluation of the chloride con-
centration at 2 mm intervals is performed as previ-
ously reported (Yamada, 2009).

3.2 Effect of mix proportions on counting ratios

The effect of varying the concrete mix on the count-
ing ratios is examined. Figure 7 shows the effect of
water-cement ratio on the counting ratio of chlo-
ride in mortar. The counting ratio hardly changes
with varying water-cement ratios. Figure 8 shows
the effect of sand-cement ratio on. the counting
ratio. In contrast, varying the sand—-cement ratios
(Figure 8) affects the counting ratio to a greater
extent; however, the variation coefficient on the
counting ratio is small at only 4.8%.

Because there are no significant differences in
the counting ratios on varying the water-cement
and sand—cement ratios, the effect of the concrete
mix on the calibration curves is not significant.
Therefore, samples with arbitrary water—cement
and sand—cement proportions can be used for the
calibration curves, and there is no problem in the
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Table 1. Relationship between irradiation angle and
detectable mortar boards.
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Figure 8. Effect of sand-cement rations on the count-
ing ratio.

application of the calibration curve for materials in
which the concrete-mix proportions are unknown.
However, when the limestone is used for the aggre-
gate, this method of utilizing the calcium as the
internal standard element cannot be used. For that
case, the counts of chloride may be used directly in
consideration of concrete mix.

3.3 Measurement of the distribution of chloride
concentrations in samples

3.3.1 Varying the irradiation angle

For the PGA in this study, the detectable range was
adjusted to be the thickness of five mortar boards
as mentioned above. We propose to evaluate the
arbitrary chloride distribution by measuring
gradual changes in the detectable range of prompt
gamma-ray emission. As shown in Figure 9, the
irradiation angle 8 of the neutron irradiation beam
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Figure 10. Change of counting ratio with the increase
of the irradiation angle of neutron beam.

on the sample surface is gradually varied at 80°,
65°, 50°, 35°, 0°.

Table 1 shows the relationship between the irra-
diation angle and the detectable penetrable range,
given by the depth in mm corresponding to the
first to fifth mortar boards. The incident irradia-
tion angle was set so that increments of one mortar
board are incorporated into the detectable range
with decreasing incident irradiation angle.

Figure 10 shows the change of the counting ratio
with varying incident neutron irradiation angles.
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The measured mortar boards were specifically
combined because the position of mortar board
with maximum chloride concentration is differ-
ent. When the irradiation angle is 80°, the count-
ing ratios of C-P3, C-P4 and C-P5 are almost the
same values because only the first mortar board is
in the detectable range, and the counting ratios of
C-P2 and C-P1 are approximately twice and thrice
this value, respectively. The relationship between
them corresponds to the chloride ion concentra-
tion of the first mortar board. For C-P1, when the
irradiation angle is reduced from 80°, the count-
ing ratio decreases gradually with decreasing irra-
diation angle because the mortar boards with low
chloride ion concentrations fall within the detect-
able range. Conversely, for C-P3, the counting ratio
increases gradually with decreasing irradiation
angle because the mortar board with high chloride
ion concentration is detected. For C-P2, C-P3 and
C-P4, when the irradiation angle is reduced from
80°, the counting ratio increases with decreasing
irradiation angle until the mortar board with the
maximum concentration of chloride is detected.
This fact indicates that the position of the mortar
board containing the maximum chloride ion con-
centration can be located by changing the irradia-
tion angle.

3.3.2  Evaluation of the distribution of chloride
concentrations in mortar boards

As illustrated in the previous section, on decreas-

ing the incident irradiation angle, chloride concen-

trations at an increased depth below the surface

can be detected. The evaluation of the chloride

concentration of mortar boards is as follows.

At an irradiation angle of 80°, only the first
mortar board is within the detectable range and the
chloride concentration in the first mortar board is
obtained from the measured counting ratio using
the following equation:

Ry
C= z
Za-e'bd'
i=1 #))
_ Ry
o o250 | 156 | 1256 | 1156 e—zzsb)

where C, is the chloride concentration in the first
mortar board, R, is the measured counting ratio
at irradiation angle 80°, d; = 5i-2.5 (distance from
surface to center of each mortar board), and @ and
b are the coefficients of the calibration curve.

At an irradiation angle of 65°, the chloride con-
centrations in the first and second mortar boards
are detected. The chloride concentration in the first
mortar board (C)) is a known from the measure-
ment at an irradiation angle of 80°. The chloride

concentration in the second mortar board (C,) is
calculated using the following equation:

256 , —7.5b
C. = Ry —aCi(e +e ) 3
2= o = =
a(e 1255 | 1756, 22.5b)

where R, is the measured counting ratio at an irra-
diation angle 65°.

Similarly, at irradiation angles 50°, 35° and 0°,
the chloride concentration in the mortar boards
are obtained using following equations (4), (5) and
(6), respectively.

- Ry —aCy(e2% + &5y~ aCye 125
3= = =
a(e T 4 25y

4

-2.56 156 , 125 -17.55
Ry —aCe —aC,(e +e )—aCse

C, =
4 26 2%
(5)
Ry—a(C™ 4 G 4.0 2% 4.0, 150)
G= 2756 6)

ae

where C,, C, and C; are the chloride concentra-
tions in third, fourth and fifth mortar boards
respectively, Ry, R,; and R, are the measured

“counting ratios at irradiation angles 50°, 35°

and 0°, respectively.

Figures 11-15 show the chloride concentra-
tion distribution obtained from varying the irra-
diation angle. As shown in Figures 11, 12 and 14.
this method accurately determines the position of
the mortar board containing the highest chloride
concentration in C-P1, C-P2 and C-P4. The evalu-
ated chloride concentrations for C-P1 and C-P2
agree qualitatively with the known concentrations.
For C-P3 and C-P5 shown in Figures 13 and 15.
respectively, although the peak position of the
chloride concentration does not correspond to the
correct mortar board, the distribution shape of the
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Figure 11. Evaluation of chloride concentration distr:-

bution in C-P1 by varying the detectable range.
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- chloride concentration roughly follows the correct

trend.

. The evaluated values on the first and sec-
ond mortar boards are overestimated. Overes-

timating the chloride concentration on the first

and/or second mortar boards can contribute to
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underestimating the concentration on other mor-
tar boards. The counting ratio calculated by the
overestimated chloride concentration is subtracted
from the measured counting ratio, as indicated in
equations (4)—(6).

This overestimation mentioned above is caused
by the noise generated outside the detectable range.
Figure 16 shows the comparison of the measured
counting ratio and the calculated counting ratio at
the irradiation angles of 0° and 80°, respectively.
The calculated counting ratio is the sum of the
values calculated by substituting a set value for
the chloride concentration of each mortar board
into the calibration curve. The measured values are
greater than the calculated values and the difference
between measured and calculated values is more
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remarkable in the case of irradiation angle 80°.
As shown in Figure 9, there are mortar boards that
contain chloride ions, which are undetected at the
80° irradiation angle measurement. The chloride
ions outside the detectable range contribute to the
noise and the noise is enlarged. The chloride con-
centration in the first mortar board is evaluated
using equation (2). Because the measured counting
ratio Ry, contains noise, the chloride concentration
in the first mortar board is overestimated.

Figure 17 shows the effect of the irradiation
angle on the ratio of noise to the measured count-
ing ratio. In this study, the difference between the
measured counting ratio and the calculated count-
ing ratio is defined as noise. The ratio of noise
tends to increase with an increase in the irradiation
angle roughly. Therefore, to improve the accuracy
in evaluating the chloride concentration using the
changing irradiation angle method, it is necessary
to subtract the noise from the measured counting
ratio appropriately.

4 CONCLUSIONS

This study investigates the nondestructive meas-
urement of the distribution of chloride concentra-
tions by prompt gamma-ray analysis in combined
mortar boards with different chloride ion concen-
trations. The following conclusions were drawn
within the scope of the study.

1. The counting ratio of chloride to calcium is
proportional to the chloride concentration and
decreases exponentially with increasing depth
from the surface.

2. The water-cement ratio and sand-cement ratio -
do not significantly influence the counting ratio:
therefore, the calibration curve can be applied -
to different concrete mixes.

3. The position of the peak of chloride ion con-
centration can be determined by varying the
irradiation angle.

4. Measuring arbitrary chloride ion distributions
is possible by changing the neutron beam irra-
diation angle, although the resulting chloride
ion concentration measured this way is overesti-
mated in the vicinity of the surface.

Because the present study is a basic research to
utilize the PGA for the non-destructive measure-
ment of concrete structures, the neutron beam
from the research reactor is used as neutron source.
As a research in the future, it is necessary to exam-
ine the applicability of the proposal method in this
study by using the portable neutron source like
californium used in a previous study (Saleh 2000).
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