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RESEARCH ARTICLE

Influence of Vacuum Condition on Rapid Chloride
Migration (RCM) Test for Chloride Penetration
Resistance of Concrete

Chih-Yen Lin, Chun-Fu Chang, Chung-Chia Yang*

Department of Harbor and River Engineering, National Taiwan Ocean University, 2 Pei-Ning Road, Keelung 20224, Taiwan

Abstract

NT Build 492 regulates that the pressure be set at 7.5e37.5 torr and be maintained for 3 h for vacuum processing. This
large range of acceptable vacuum pressure is awkward for research, and 3 h of pump-down time may be excessive. In
this study, vacuum conditions were divided into vacuum pressure and pump-down time groups: various vacuum
pressures and pump-down times were used to preprocess specimens to explore the effect of vacuum conditions on the
RCM test. The salt ponding test was also conducted to identify the optimal vacuum conditions. It is shown that the
relationship between vacuum pressure and the migration coefficient approximates an exponential function with vacuum
pressure group. Moreover, the vacuum pressure should be lower than 7.5 torr to obtain accurate results from RCM test.
For pump-down time group, using a vacuum pressure of 2 torr can shorten the pump-down time to 1 hour and improve
the test efficiency; vacuum pressures of 30 torr should not be used. Finally, this study indicates the most suitable vacuum
conditions for RCM test by establishing relationship between diffusion and migration coefficients: 1e2 torr of vacuum
pressure and 1 hour of pump-down time.

Keywords: Rapid Chloride Migration test, Vacuum condition, Salt ponding test

1. Introduction

T he migration coefficient of concrete can be
used as a basis for evaluating the service life of

structures and is thus a key quality control index.
Coastal structures are affected by chloride ions
carried on sea breezes. Chloride ions diffuse
through the pores and invade into concrete through
capillary action, ion diffusion, and osmosis in solu-
tion [4,5,15]. Chloride ions diffusing into the surface
of steel bars accelerate corrosion [6,24] and can
cause tensile failure in concrete [12,21]. Thus,
resistance to the effects of chloride ions is a key
indicator of concrete durability.
The rapid chloride migration (RCM) test involves

an electrochemical test, colorimetry [8], and the
calculation of the non-steady-state migration

coefficient [10]. RCM is a critical test for evaluating
concrete durability and has been used in numerous
studies. Hesong et al. used proportions of 15%, 30%,
and 60% ground granulated blast-furnace slag
(GGBFS) to replace cement in concrete specimens.
They explored the effect of GGBFS on the durability
and porosity of concrete by applying the RCM test,
mercury intrusion porosimetry, and scanning elec-
tron microscopy. The results revealed that GGBFS
can reduce the capillary porosity of concrete and
improve the resistance of concrete to erosion by
harmful ions [13]. Liu et al. conducted RCM tests on
concrete containing fly ash and reported that
including fly ash can substantially improve the
durability of concrete [14]. Emanuele et al. con-
ducted RCM tests on the specimens containing
healing agents and reported that the healing agents
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could form dense calcium carbonate to fill the cracks
in the specimens. However, the effect was limited
because cracks filled with calcium carbonate were
still the lowest barrier to the primary path for ion
migration. Accordingly, calcium carbonate cannot
effectively improve the durability of concrete [19].
Clay et al. conducted RCM tests to assess the chlo-
ride migration characteristics and reliability of
reinforced concrete highway structures in Pennsyl-
vania, United States. Specifically, 68 concrete sam-
ples with different ratios of mineral admixture and
aggregate were used for the RCM test. The test re-
sults were organized through reliability analysis,
and a mathematical model was established based on
Fick's Second Law [16]. Clay et al. reported that
reinforced concrete in highway structures had a 10%
chance of corroding within 15 years [16]. Shiu and
Yang [20] used the chloride profile established after
RCM tests to determine the migration coefficient,
the migration coefficient, which was obtained from
RCM test, correlates linearly with the migration
coefficient, obtained from the chloride profile. These
studies reveal that the RCM test has been applied
and discussed by numerous researchers, has satis-
factory experimental accuracy, and is efficient for
practical applications. The RCM test was standard-
ized in Northern Europe as NT Build 492 [17] in 1999
and in the United States as AASHTO-T357 [3] in
2019, further indicating the importance of RCM test.
In the RCM test, the migration of chloride ions

into concrete is accelerated by an external electric
field to reduce the excessive time required for the
diffusion of chloride ions in the salt ponding test,
increasing testing efficiency. However, compared
with the salt ponding test, RCM tests are subject to
additional variables such as the vacuum condition,
the applied voltage, test time of chloride migration,
and the concentration of the colorimetric color
boundary. These variables can reduce the reliability
of durability evaluation with the RCM test. Spiesz
and Brouwers applied different voltages to perform
RCM test. Applying different voltages did not affect
the migration coefficient [22]. Spiesz and Brouwers
discovered that, after vacuum preprocessing, the
porosity of the specimen was not unsaturated; they
suggested that this phenomenon required further
exploration [22]. Chiang used water immersion,
boiling, and vacuum to pretreating specimens in
rapid chloride permeability test (RCPT) to investi-
gate the saturation level of specimens caused by
various treatments as indicated by electric power
usage [7]. The research revealed that the boiling
treatment required the greatest electric power, fol-
lowed by vacuum and immersion. The water im-
mersion and boiling treatments thus produced

specimens with the lowest and highest saturation,
respectively. However, the boiling treatment accel-
erated the hydration of the specimens and affected
their material properties. Therefore, vacuum pre-
processing is a critical step in the RCM test.
NT Build 492 [17] regulates that the pressure be

set at 7.5e37.5 torr and be maintained for 3 h for
vacuum processing. This large range of acceptable
vacuum pressure is awkward for research and may
result in testing errors or misinterpretations of
concrete durability. Moreover, 3 h of pump-down
time may be excessive; reducing the pump-down
time could substantially improve the testing effi-
ciency. In this study, various vacuum pressures and
pump-down times were used to preprocess speci-
mens to explore the effect of vacuum conditions on
the RCM test. The salt ponding test was also con-
ducted to identify the optimal vacuum conditions.

2. Experimental program

In this study, RCM test and salt ponding test were
performed. Vacuum preprocessing parameters were
the main experimental variables, and vacuum con-
ditions were divided into vacuum pressure and
pump-down time groups. In the salt ponding test,
layer-by-layer grinding and the two-plate method
were adopted to sample the depth of the specimens.
Fig. 1 presents a flow chart of the experiment.

2.1. Concrete mix design and specimen preparation

In this study, concrete with waterecement ratios of
0.35, 0.45, 0.55, or 0.65 (C3, C4, C5, and C6, respec-
tively) were used. To reduce the number of testing
variables, the volume of coarse and fine aggregates
was fixed (coarse aggregates 35%, fine aggregates
30%). Water-reducing agents accounted for 0.65%
and 0.3%of the cementweight for the specimenswith
a waterecement ratio of 0.35 and 0.45, respectively.
The concrete mixes are listed in Table 1. Cylindrical
specimens with a diameter of 10 cm and a height of
20 cm were prepared and were cured in water for 28
days. A wet cutter was used to cut the specimens of
RCM test into pieces with a diameter of 10 cm and a
height of 5 cm and to cut the salt ponding test speci-
mens into pieces with a diameter of 10 cm and a
height of 10 cm.

2.2. Vacuum preprocessing

Fig. 2 displays the vacuum equipment used in this
study. The vacuum pump and specimen chamber
are presented on the left and right sides of Fig. 2,
respectively. While the vacuum pump is on, the
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pressure of the specimen chamber continues to
drop and pressure cannot be maintained. Therefore,
the time and vacuum pressure values were recorded
in this study during the vacuum process, as shown

in Fig. 3 (a). Trapezoidal rule of the time and vac-
uum pressure values was performed, as presented
in Fig. 3 (b). The area below the vacuum-
epressureetime curve is displayed in Fig. 3 (c). The
mean vacuum pressure was calculated by dividing
the total area under the curve by the time, as shown
in Fig. 3 (d). The vacuum pump was controlled
during the actual pumping pressure to approximate
the target value. When the vacuum conditions were
controlled, saturated calcium hydroxide solution
was added to the airtight specimen chamber until
the specimens were submerged, and 1 hour of wet
pumping was performed. Then, the specimens were

Fig. 1. The flow chart of the experiment.

Table 1. Concrete mix design.

Mix W/C Unit: kg/m3

Water Cement C.A. F.A. SP

C3 0.35 170 495 928 774 3.2
C4 0.45 192 430 928 774 1.3
C5 0.55 209 380 928 774 0
C6 0.65 222 341 928 774 0

Fig. 2. Vacuum equipment.
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immersed in saturated calcium hydroxide solution
for approximately 18 hours.

2.3. Migration test and non-steady-state migration
coefficient

The preprocessed specimens were placed into the
electrical equipment; the anode was 350 mL of 0.3 M
NaOH solution and the cathode was 7 L of 10%
NaCl solution, as presented in Fig. 4 (a). Migration
test was thus completed in accordance with the
specified electrification conditions by standard.
After electrification, the specimens were split axially
with a compression machine, and 0.1 N silver nitrate
was evenly sprayed on the split surface. After
chloride ions reacted with silver nitrate to form a
white precipitate, the penetration depth was

measured. The measurement method, presented in
Fig. 4 (b), is described as follows: The chloride
penetration depth xd was calculated by averaging
the values of seven points measured in the middle
of the sample; the outermost 1 cm on each side was
excluded from the measurement. The test parame-
ters such as voltage, duration, and penetration
depth were substituted into Equation (1) to calculate
the non-steady-state migration coefficient (M ):

M¼0:0239ð273þ TÞL
Ut

 
xd�0:0238

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð273þ TÞxdL

U

r !
:

ð1Þ
In Equation (1), M is the migration coefficient

(10�12 m2/s), U is the applied voltage (V), T is the
temperature (�C), L is the thickness of the specimen

Fig. 3. Vacuum time correspond to vacuum pressure during the vacuum process: (a) Vacuum time correspond to vacuum pressure; (b) Trapezoidal rule
of the time and vacuum pressure; (c) The area of vacuum pressure-time; (d) Real vacuum and average vacuum.
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(mm), xd is the penetration depths (mm), t is the test
duration (hour).

2.4. Salt ponding test

Concrete with waterecement ratios of 0.35, 0.45,
0.55, and 0.65 (Table 1) were used for the salt
ponding test. The specimens were coded using P
(ponding). The diffusion coefficient of each concrete
mix was averaged from the diffusion coefficients of
three specimens. The salt ponding test was con-
ducted by in accordance with AASHTO T259 [1];
thus, 3% saline was poured into the cofferdam (top
of the specimens) and the specimens were soaked
for 91 days (Fig. 5). Depth sampling for each con-
crete mix was performed by layer-by-layer grinding
for one specimen and the two-plate method was
used for two specimens.

2.4.1. Layer-by-layer grinding
The specimens were ground and sampled layer-

by-layer at 6 depths. The first four layers were
sampled with a grindingeboring machine and had
thickness of 0.3 cm. The fifth and sixth layers were
sliced for sampling at a depth of 2.5 cm and 3e4 cm,
respectively. The samples were ground into powder
with a pulverizer. After sampling, the chloride
content of each sample was analyzed in accordance
with AASHTO T260 [2], and a sample
depthechloride content diagram was produced.

2.4.2. Two-plate method
The two-plate method was conducted according

to the suggestions in Huang and Yang [11]. Huang
and Yang deduced that the chloride profile can be
expressed as Equation (2) [11]:

C¼Cs � exp
�
�pCs

2

4m2
x2
�
: ð2Þ

In Equation (2), C is the chloride content (%), Cs

is the chloride content on the surface (%), x is depth
of diffused (cm), and m is the total chloride content
(%).
According to Equation (2), the Cs and m are the

crucial parameters of the chloride profile. To mea-
sure Cs, the first 0.3-cm-think layer (the surface) was
sampled with a grinding-boring machine. The sec-
ond layer was sliced for sampling at a depth of
3e4 cm. All the chloride in the slices were included
in the sampled powder. The two-plate sampling
method was used to obtain the first-layer chloride
content (C1) at a sampling depth of L1 and the sec-
ond-layer chloride content (C2) at a sampling depth
of L2. Equation (3) was used to calculate the total
chloride content (m):

m¼C1L1 þC2L2: ð3Þ

Fig. 4. (a) Migration test equipment; (b) The measurement method of penetration depths.

Fig. 5. Salt ponding test.
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To obtain C, m and Cs are substituted into
Equation (2), and Cs was calculated by trial and
error.

3. Results and discussion

The effects of different vacuum pressures and
pump-down times on the non-steady-state migra-
tion coefficient were investigated. The diffusion co-
efficient used to identify the optimal vacuum
conditions was discussed.

3.1. Vacuum conditions

During the vacuum pretreatment of the speci-
mens, the system was controlled by turning on and
off the vacuum pump. The vacuum pressure for the
specimens in the vacuum pressure group and in the
pump-down time group are listed in Table 2 and
Table 3, respectively. For all specimens, the differ-
ence between the actual and target vacuum pres-
sures was below 3%, indicating that the vacuum
conditions were well-controlled.

3.2. Initial current in the RCM tests

The preprocessed specimens were assembled
with the electric equipment according to Fig. 4 (a) In
accordance with NT Build 492 [17], the initial current
(I30) was measured when the equipment was ener-
gized at 30 V. In Fig. 6, the x- and y-axes denote the
vacuum pressure and initial current, respectively,
and the initial current corresponding to each vac-
uum pressure was averaged from three currents.
For specimens of different waterecement ratios, an

increase in the initial current was correlated with a
decrease in the vacuum pressure, implying that
increased evacuation causes a reduction in the
saturation of the porosity in specimens, resulting in
a higher current when the equipment was
energized.
The initial currents for C3 and C6 were 76.5 mA

and 155.5 mA, respectively. Initial currents
increased as the waterecement ratio of the speci-
mens increased. The voltage of migration test was
determined according to the initial current data in
Fig. 6. Voltages of 25, 20, 15, and 10 V were applied
to C3, C4, C5, and C6, respectively, for 24 hours.
Chloride at the negative electrode were rapidly
migrated into the concrete specimens due to the
electric field.

3.3. Effect of vacuum pressure on the RCM test

Following migration test, specimens were split
axially with a compression machine, and 0.1 N silver
nitrate was sprayed on the split surface. Silver ions
undergo photochemical reactions with chloride ions
and with hydroxide ions [18], presented in Equa-
tions (4) and (5), which result in white and brown
precipitates, respectively (Fig. 7). Fig. 7 displays
colorimetric photos of C6 specimens with various
vacuum pressures; the red line indicates the mean
penetration depth of the chloride. The penetration
depth of chloride increased significantly with the
decrease in vacuum pressure. A 25% difference was
observed between the penetration depth of the
chloride at a vacuum pressure of 1 torr and 45 torr.
The chloride penetration depth, voltage, duration,
and other parameters were substituted into Equa-
tion (1) to calculate the migration coefficient; the
data are listed in Table 4.

AgþþCl�/AgClYðsilver whiteÞ ð4Þ

2Agþþ2OH�/2AgOH/H2OþAg2OYðbrownÞ
ð5Þ

The mean migration coefficient of C3 obtained
under a vacuum pressure of 1 torr and 45 torr
differed by 3.5 (10�8 cm2/s); those of C6 differed by
7.7 (10�8 cm2/s). As the vacuum pressure increased,
the migration coefficient was decreased less in spec-
imens with higher a waterecement ratio. Fig. 8 (a)
and (b) present the migration coefficient for C3 and
C6, respectively; the x-axis indicates vacuum pres-
sure and the y-axis indicates the migration coeffi-
cient. Curve fitting for Fig. 8 (a) and (b) revealed that
the relationship between vacuum pressure and the
migration coefficient approximates an exponential

Table 2. The actual vacuum pressure in the vacuum pressure group.

Mix Target vacuum in pump-down time 3 hours (torr)

1 2 3 7.5 15 30 45

C3 0.97 1.99 3.00 7.52 15.55 30.51 44.96
C4 0.98 2.00 2.99 7.47 15.35 30.72 44.53
C5 0.98 2.00 2.99 7.47 15.35 30.72 44.53
C6 0.97 1.99 3.00 7.52 15.55 30.51 44.96

Note: The unit of actual vacuum pressure is torr.

Table 3. The actual vacuum pressure in the pump-down time group.

Actual vacuum (torr)

Pump-down time (h) 1 1 2 2 3 3

Target vacuum (torr) 2.00 30.00 2.00 30.00 2.00 30.00

C3 2.02 29.13 2.02 29.41 2.01 29.90
C4 1.99 29.89 2.00 29.96 2.00 30.03
C5 1.99 29.89 2.00 29.96 2.00 30.03
C6 2.02 29.13 2.02 29.41 2.01 29.90
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function. The migration coefficient decreased as the
increase in vacuum pressure, implying a decrease in
the saturation of specimens. For vacuum pressures of
1e7.5 torr, the migration coefficient approximated the

fitting curve; for vacuum pressures of 15e45 torr, the
migration coefficient deviated from the fitting curve.
Thus, the vacuum pressure should be lower than 7.5
torr to obtain accurate migration coefficient.

Fig. 6. The vacuum pressure vs. the initial current: (a) 0.35 W/C (C3); (b) 0.45 W/C (C4); (c) 0.55 W/C (C5); (d) 0.65 W/C (C6).

Fig. 7. Colorimetric photos of C6 specimens with various vacuum pressures: (a)1 torr; (b)3 torr; (c)15 torr; (d)45 torr.
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3.4. Effects of pump-down time on the RCM test

Fig. 9 displays the colorimetric photos of C3
specimens with a vacuum pressure of 2 torr with
different pump-down times. For pump-down times
from 1 to 3 hours, the penetration depth of chloride
did not differ substantially (0.46%).
Fig. 10 presents the migration coefficient con-

ducted with different pump-down time; the x-axis
indicates pump-down time and the y-axis indicates
the migration coefficient. Fig. 10 (a) and (b) present
the migration coefficient for vacuum pressures of 2
and 30 torr, respectively. Fig. 10 (a) reveals that the
maximum errors of the migration coefficient for

specimens C3, C4, C5, and C6 with a vacuum
pressure of 2 torr and pump-down times of 1, 2, or 3
h were 3.37%, 4.80%, 2.73%, and 0.88%, respective-
lydall below 5%. As presented in Fig. 10 (b), the
maximum errors of the migration coefficient of
specimens C3, C4, C5, and C6 under a vacuum
pressure of 30 torr and a pump-down time of 1, 2, or
3 h were 1.31%, 1.81%, 6.76%, and 9.65%, respec-
tively. Accordingly, the error of the migration coef-
ficient at a vacuum pressure of 30 torr was large for
specimens C5 and C6. These errors reveal that, for a
vacuum pressure of 2 torr, pump-down times of 1e3
h do not substantially affect the migration coeffi-
cient. For a vacuum pressure of 30 torr, pump-down
time changes did not affect the migration coefficient
of specimens with a low waterecement ratio (C3,
C4), but had a greater effect for specimens with a
high waterecement ratio (C5, C6).
To further explore the effect of pump-down time

on the migration coefficient, the coefficient of vari-
ation (CV) of the migration coefficient was calcu-
lated for different pump-down times (Table 5); these
were no more than 2% for a vacuum pressure of 2
torr and reached 2.68% and 3.76% for C5 and C6,
respectively, at vacuum pressures of 30 torr (Table
5). A greater CV value for the migration coefficient
was obtained for specimens with higher
waterecement ratios (C5, C6) under a vacuum
pressure of 30 torr. The insufficient evacuation
under a vacuum pressure of 30 torr resulted in un-
even porous saturation of specimens, which was
affected by the pump-down time. Thus, using a
vacuum pressure of 2 torr can shorten the pump-
down time to 1 hour and improve the test efficiency;
vacuum pressures of 30 torr should not be used.

Table 4. The migration coefficient in the vacuum pressure group.

Migration coefficient (10�8 cm2/s)

Mix Test number Vacuum pressure (torr)

1.0 2.0 3.0 7.5 15.0 30.0 45.0

C3 1 13.8 13.0 13.2 12.2 11.9 11.1 10.2
2 14.6 12.9 12.7 12.9 12.1 10.5 11.5
3 14.0 13.0 12.8 12.2 11.7 11.6 10.1
average 14.1 13.0 12.9 12.4 11.9 11.1 10.6

C4 1 27.1 25.1 23.9 23.1 21.6 21.9 21.5
2 26.4 24.8 23.1 22.1 21.3 20.6 23.2
3 25.4 23.5 24.9 22.2 22.9 20.7 20.4
average 26.3 24.5 24.0 22.5 21.9 21.1 21.7

C5 1 36.5 35.0 35.1 34.1 34.5 31.7 31.8
2 36.8 35.4 35.8 33.2 33.6 33.2 33.4
3 36.3 35.7 34.9 33.3 33.6 32.6 32.7
average 36.5 35.4 35.3 33.5 33.9 32.5 32.6

C6 1 40.5 38.8 37.3 34.3 35.0 32.0 31.4
2 39.5 39.3 37.9 35.1 34.1 32.3 32.9
3 40.9 39.9 37.9 34.2 32.9 34.4 34.2
average 40.2 39.3 37.7 34.5 34.0 32.9 32.8

Fig. 8. The vacuum pressure vs. migration coefficient: (a) 0.35 W/C (C3); (b) 0.65 W/C (C6).
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3.5. Diffusion coefficient

In the salt ponding test, chloride enter the con-
crete specimens through diffusion and capillary
action. The diffusion phenomenon in the salt
ponding test can be expressed as Equation (6), a
mathematical equation based on Fick's Second Law:

vC
vt

¼D
v2C
vx2

: ð6Þ
In Equation (6), C is the chloride content (%), t

is the duration of test (s), x represents the diffusion
depth (cm), and D denotes the diffusion coefficient
(cm2/s).
Fick's Second Law describes time-dependent

concentration gradients and diffusion flux at a
certain depth. Crank [9] set the boundary conditions
(C ¼ Cs, x ¼ 0, t> 0; C ¼ 0, x> 0, t ¼ 0) and solved
the partial differential equation of Equation (6) to
obtain an explicit solution.

C¼Cs � exp
��x2

2Dt

�
: ð7Þ

In Equation (7), C is the chloride content (%), Cs

is the chloride content on the surface (%), x repre-
sents the depth of diffused, t is duration of test (s).

The two-plate chloride profile proposed by Huang
and Yang [11], Equation (2), was derived from
Equation (7). The two are equivalent, and Equation
(8) can be obtained by manipulating the terms of
Equations (2) and (7):

D¼ 2m2

pCs
2t
: ð8Þ

The salt ponding test was performed to obtain
chloride content corresponding to the depth of
sampled specimens, as illustrated by Fig. 11, in
which the x-axis is the depth of specimen and the y-

Fig. 9. Colorimetric photos of C3 specimens with various pump-down time: (a) pump-down 1h; (b) pump-down 3h.

Fig. 10. The migration coefficient with various pump-down time: (a) 2 torr; (b) 30 torr.

Table 5. The coefficient of variation (CV) of the migration coefficient
with various pump-down times.

Mix Vacuum pressure
(torr)

Migration coefficient
(10�8 cm2/s)

CV (%)

1h 2h 3h

C3 2 12.56 12.15 12.47 1.42
C4 23.73 24.61 24.87 2.00
C5 35.14 35.15 36.10 1.27
C6 38.85 38.79 38.51 0.38
C3 30 11.61 11.51 11.46 0.54
C4 21.32 20.94 21.02 0.78
C5 31.79 33.94 32.74 2.68
C6 38.96 37.45 35.53 3.76

Note: The CV is the coefficient of variation.
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axis is the chloride content. Layer-by-layer grinding
was applied for P1, whereas the two-plate method
was applied for P2 and P3 (Fig. 11). Equation (7) for
P1 were used for curve fitting to obtain the diffusion
coefficient (D). The distribution curve of the chloride
contents for P2 and P3 was fit based on Equation (2),
and the diffusion coefficient (D) was calculated
using Equation (8). As presented in Fig. 11, the
distribution curves of the chloride content treated
with layer-by-layer grinding and the two-plate

method were in good agreement. The diffusion co-
efficients of all specimens are listed in Table 6,
which reveals that increases in the waterecement
ratio result in deeper chloride diffused depth and
a greater diffusion coefficient. The durability of the
specimens decreased as the waterecement ratio
increased.

3.6. Relationship between diffusion and migration
coefficients

The durability of concrete can be measured with
both the diffusion and migration coefficients, which
are calculated through traditional diffusion test and
accelerated ion migration with an external electric
field, respectively. Thus, these coefficients are
related to a certain extent. The diffusion coefficient
closely resembles diffusion behavior in real-world
structures, whereas the migration coefficient can be

Fig. 11. The chloride profiles: (a) 0.35 W/C; (b) 0.45 W/C; (c) 0.55 W/C; (d) 0.65 W/C.

Table 6. Diffusion coefficient of all specimen.

Mix Diffusion coefficient (10�8 cm2/s)

P1 P2 P3 average

C3 6.94 6.22 7.21 6.79
C4 14.89 10.52 15.35 13.59
C5 26.04 24.26 33.68 27.99
C6 34.57 33.83 31.73 33.38
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affected by experimental variables such as the vac-
uum, electric field, and differences in discoloration.
The diffusion coefficient were used as the basis to
evaluate the migration coefficient in this study. Figs.
12 and 13 present the linear relationship between
the diffusion and migration coefficients; this rela-
tionship can be expressed with Equation (9):

M¼a�Dþ b: ð9Þ
In Equation (9), M is the migration coefficient

(10�8 cm2/s); a is the slope; D is the diffusion coef-
ficient (10�8 cm2/s); and b is the experimental con-
stant. Because the migration coefficient is composed
of two elements: diffusion and electromigration [23],

Yang et al. [25] indicated that the migration coeffi-
cient is higher than the diffusion coefficient. Based
on the experimental data (Figs. 12 and 13), the
regression analysis showed that the experimental
constants (b) are proximity 10�7 (cm2/s) in all
specimens.
Fig. 12 presents the relationship between the

migration and diffusion coefficients at various vac-
uum pressures. The slopes for 1, 2, and 3 torr are
0.96, 0.92, and 0.84, respectively [Fig. 12 (a)], and
those for 7.5, 15, 30, and 45 torr are 0.83, 0.79, 0.78,
and 0.76, respectively [Fig. 12 (b)]. These slopes are
also listed in Table 7, and reveal that as the vacuum
pressure increased, the migration coefficient

Fig. 12. The relationship between migration coefficient and diffusion coefficient in the vacuum pressure group: (a)1, 2, 3 torr; (b)7.5, 15, 30, 45 torr.

Fig. 13. The relationship between migration coefficient and diffusion coefficient in the pump-down time group: (a) 2 torr; (b)30 torr.
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decreased more for specimens with a high diffusion
coefficient than for those with a low diffusion coef-
ficient. Accordingly, the slope decreased as the
vacuum pressure increased; the slope for 1 torr was
the steepest. The slopes for 1 and 2 torr were similar,
with only a difference of 0.04; however, the differ-
ence between the slopes for 2 torr and 3 torr was
much larger at 0.08. At 3 torr, the migration coeffi-
cient for specimens with a high diffusion coefficient
decreased drastically, indicating that the degree of
saturation of specimens with a high waterecement
ratio decreased considerably for this pressure.
Thus, the optimal vacuum pressure was determined
to be 1e2 torr.
To determine the influence of migration coeffi-

cient with different pump-down time, this study
controlled two vacuum pressures: 2 torr (lower than
NT Build 492 specification) and 30 torr (conform to
NT Build 492 specification). Fig. 13 (a) and (b) pre-
sent the relationships between the migration and
diffusion coefficients for different pump-down time
groups with vacuum pressures of 2 torr and 30 torr;
the slopes are listed in Table 8. For 2 torr, the slopes
were 0.90, 0.95, and 0.92; for 30 torr, the slopes were
0.79, 0.79, and 0.82. The standard deviation of these
slopes for 2 torr and 30 torr were 0.02 and 0.01,
respectively. Thus, pump-down time did not
significantly affect the slope of the relationship be-
tween the migration and diffusion coefficients and
therefore does not affect the RCM test. This study
indicates that 1e2 torr of vacuum pressure and
1 hour of pump-down time are the optimal condi-
tions for maximizing the accuracy and efficiency of
the RCM test.

4. Conclusions

According the results of experiment, the following
conclusions can be drawn:

1. For RCM test with vacuum pressure group, as
the vacuum pressure increased, the migration
coefficient was decreased less in specimens with
higher a waterecement ratio. Furthermore, the
relationship between vacuum pressure and the
migration coefficient approximates an exponen-
tial function. The migration coefficient decreased
as the increase in vacuum pressure. Moreover,
for the migration coefficient in various vacuum
pressures approximated or deviated from the
fitting curve, the vacuum pressure should be
lower than 7.5 torr to obtain accurate results
from RCM test.

2. No matter the pump-down time is 1, 2 or
3 hours, the migration coefficients was approxi-
mated with each other for specimen of C3, C4,
C5, C6 with vacuum pressure 2 torr. For a vac-
uum pressure of 30 torr, pump-down time
changes did not affect the migration coefficient
of specimens with a low waterecement ratio (C3,
C4), but had a greater effect for specimens with a
high waterecement ratio (C5, C6). That result
could be applicable by CV analysis. Accordingly,
using a vacuum pressure of 2 torr can shorten
the pump-down time to 1 hour and improve the
test efficiency; vacuum pressures of 30 torr
should not be used.

3. This research used linear regression to establish
relationships between the diffusion and migra-
tion, and determined the most suitable vacuum
condition by the slope of linear equation. The
results indicate that 1e2 torr of vacuum pressure
and 1 hour of pump-down time are the optimal
conditions for maximizing the accuracy and ef-
ficiency of the RCM test.
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