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Abstract

To investigate the role of RH and temperature on the transport of chloride in the concrete, two groups of
spec1mens were configured. For both groups, mix design was based on w/c=0.45, 400kg/m® cement,
794kg/m’ fine aggregate and 858kg/m’ coarse aggregate. After specimen fabrication these were exposed to

_four different RH (35, 55, 75 and 95% RH) and temperature (0, 20, 30 and 40 °C) conditions. After 3 and 6

months 15% NaCl exposure Smm cores were taken. These cores were sliced and individual cores were
ground to powder. In addition, to evaluate the effect of temperature on the chloride binding some powder
samples were leached in the each of four temperature chambers. Chloride titration for these was performed
using FDOT acid titration method. Based upon the resultant data conclusions were reached regarding that 1)
effective diffusion coefficient, D,, increased with increasing exposure RH, suggesting that the size and num-
ber of water paths increased with elevated moisture content in the specimens, 2) D, increased with increasing
temperature in the range of 0 to 40°C possibly by elevated thermal activation of chloride ions and reduced
chloride binding at higher temperature, 3) water soluble chloride concentration, [CI'],, increased with increas-
ing temperature, and 4) chloride concentration profile for initially dry concrete specimens was higher than for
the initially wet ones indicating pronounced capillary suction (sorption) occurred for the dry concrete speci-

mens.
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1. Introduction

Chloride transport in concrete has been received much
attention due to the problem of chloride-induced corrosion
of reinforcement in concrete structures built at coastal area.
The mechanism of CI intrusion into concrete invariably
involves both capillary suction (sorption) and diffusion;
however, for situations where the depth to which sorption
occurs is relatively shallow compared to the reinforcement
cover, only diffusion alone is considered as the CI” transport
process.” That is, transport of Cl inside of concrete is
commonly assumed to be governed solely by Fick’s laws.
The following equation (1) shows the solution of Fick’s
second law for a one-dimensional system;
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C(x,t)=Cs l-elf[z—‘\/'l')i?j‘ (1)

where, C(x,t) is the chloride concentration at depth x after
time t, C, is the [CI'] at the exposed surface, and D, is the
effective diffusion coefficient. Assumptions involved in
arriving at this solution are, first, the initial [Cl'] in the con-
crete is negligible, second, C; and D, are constant with time
and, third, the diffusion is “Fickian”; that is, there are no CI’
sources or sinks in the system.

However, for atmospherically exposed concrete, C; is
likely to increase with time, although steady-state values
generally in the range 0.3~0.7 (percent of concrete weight)
have been six months.” Factors that effect include type of
exposure, mix design, and curing conditions.” The diffu-
sion coefficient that is calculated from Equation (1) is an
“effective” value since it is weighted over the relevant ex-
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posure period due, first, to the fact that C; may vary, second,
because of progressive cement hydration with time, and,
lastly, chemical and physical C1” binding. That is, the chlo-
ride diffusion may vary with concrete age,>®
ditions” ® and CI" binding.”

Further complications arise from the different aspect of
chloride diffusion and its binding between the surface layer

and the bulk of concrete.'®'® The surface layer of concrete

exXposure con-

is more porous than bulk of inside concrete due to excess
water bleeding at the surface region and relatively dry com-
pared to that of inside concrete.'” Therefore, chloride ions
move into concrete mainly in two consecutive mechanisms.
First, chloride ions move into concrete through the moving
water (sorption), and, second, diffused by concentration
gradient in non-moving water (diffusion). At the early ex-
posure, that is, relative fast water uptake occurs at the dried
shallow depth by typical capillary suction, however, the rate
decrease with time'”; chloride movement through moving
water becomes negligible with time and finally only diffu-
sion by concentration gradient becomes dominant. Thus,
most of the models currently available assume that chloride
transport is dictated by diffusion alone. However, such an
approach using Fick’s second law for a one-dimensional
system may not be valid for conditions which involve sig-
nificant initial sorption, time dependent surface concentra-
tion, and chloride binding by cement hydration.

When fresh concrete is exposed to the ambient air, the
moisture distribution of inside concrete becomes non-
uniform as a result of its diffusion and self-desication.' As
moisture content decrease in the concrete, the size and
number of water paths decrease, therefore, diffusion of
chloride ions decreases.'® Also, temperature has a major
influence on the diffusion coefficient; temperature elevation
increase diffusion rate by elevating thermal activation of

Table 1 List of the specimen configuration

diffusion process and reduce the binding capacity.'”'"*' Even
though the degree of relative humidity of exposure condi-
tion is crucial parameter for the moisture distribution of
inside concrete, very little work has been done to quantify
the its effect on the chloride diffusion. Also, few ddta are
available to show the effects of temperature on chloride
diffusion and binding. Thus, the objective of this reseurch is
to provide better understanding of the role of relative hu-
midity and temperature on the transport process of chloride
ions in the concrete and evolution of diffusion coefficient
with time at early exposure period.

2. Experimental procedures

2.1 Specimen configuration and exposure

To investigate the role of RH and temperature on I}, two
groups of specimens were configured. Table 1 describes
these and lists the exposure conditions. For both specimen
groups, mix design was based on w/c=0.45, 400kg/m’ ce-
ment, 794kg/m’ fine aggregate, and 858kg/m’ coarse ag-
gregate. And, Table 2 shows the compositional analysis of
used cement. For group 1 (RH exposure), four identical sets
of specimens were prepared. Each set has two identical
specimens for chloride exposure and one for RH measure-
ment inside the concrete.

Fig. 1 schematically describes the dimensions of the two
types of cylindrical specimens. As listed in Table 1, sets of
specimens were exposed to four different RH conditions (target
RH 35, 55, 75, and 95%). Fig. 2 schematically illustrates the RH
exposure chambers for group 1. Conditions of RH 35 and 55%
were achieved using the appropriate mix of RH ~20% and RH
~75% air. The RH 75 and 95% conditions were achieved by the
placement of saturated NaCl and tap water in the chamber

Group 1 : Relative humidity Group 2: Temperature
Specimen Exposure Chloride Chloride Specimen ID Exposure Concrete Chloride Chloride
ID RH (%) analysis exposure P T (°C) condition analysis exposure
RH35-6M 35 TOW-3M 0 Wet
Continuous
RH55-6M 55 Spray at every T20W-3M 20 Wet ondin
At6 other day At3 ponding
RH75- 6M 75 . T30W-3M 30 Wet using
months using 15% months 15% NaCl
RH95-6M 95 NaCl solution | T40W-3M 40 Wet o
solution
RHS-6M 35~95 TSW-3M 20~40 Wet
Table 2 Compositions of cement. »
Compound SiO; AlLO3 Fe,O; CaO, MgO SO, Na,O K,O
Wt% 21.88 5.64 3.87 64.42 0.98 2.87 0.164 0.54
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Fig. 1 Schematic illustration of the dimension of two types of cylindrical specimens
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bottom, respectively. Chloride exposures for these types of
specimens were performed every other day by spraying using
15% NaCl solution to accelerate corrosion process. For group 2
(temperature exposure), specimens were fabricated with dimen-
sions the same as in Fig. 1 (a). Four sets of two identical speci-
mens were prepared. One set of specimens was exposed to each
of four temperatures (0°C refrigerator, 20~23°C ambient labora-
tory air and 30 and 40°C constant temperature chambers). To
achieve the 30 and 40°C constant temperature conditions, spe-
cial chambers were fabricated based upon the wet and dry bulb
principal. Aluminum shielded heating plate and air circulat-
ing pump were mounted in the chambers to provide uni-
formly high temperature. Fig. 3 illus trates the configura-
tion of this type of chamber. These specimens for tempera-
ture exposure were continuously ponded with 15% NaCl
solution.

2.2 Chloride analysis

RH of the exposure chambers for group 1 and tempera-
ture for group 2 were monitored. RH inside the concrete
was measured using a Fisher Scientific digital RH meter
(Fig. 1 (b). After three and six month’s exposure, the speci-
mens listed in Table 1 were sliced and the individual slices
ground to powder. In addition, four identical specimens of
the same mix design and dimensions as the above two
groups were ponded with salt water; and powder sampling
and chloride analyses were performed after 1 and 10 days
exposure. To evaluate the effect of concrete surface mois-
ture condition on diffusion of chloride in concrete, two
specimens (designated as D) were exposed to laboratory air
(~60% RH) and two others (designated as W) were
ponded with tap water for one month before 15%
NaCl ponding.

To understand the effect of temperature on chloride bind-
ing and chloride diffusion, water sotuble chloride was measured
using the modified AASHTO method designated T 260-
94." For this crushed concrete particles which passed a
0.500mm (No. 35) sieve and were retained on a 0.355mm (No.
45) sieve were leached at 0, 20, 30 and 40°C temperatures.
In initial experiments, leaching took place for 1, 2, 3, 5 and
10 days to evaluate the effect of leaching time. Also, to
evaluate the effect of water-to-concrete powder ratio (g)
four different water-powder ratios (¢ = 0.5, 1.0, 2.0 and 4.0)
were assessed. The weight of the concrete particle samples
for the individual determinations was 3g. Subsequently, a
five day leaching period with € =1 was employed. At the
end of the leaching periods, samples were filtered using
Whatman No. 41 paper and titrated using FDOT acid titra-
tion method.”” Values for effective chloride diffusion coef-
ficient, D., were then calculated from the chloride concen-
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tration profile data using a least squares curve fitting algo-
rithm of equation (1). In cases where sorption was judged to
be significant, only the part of the chloride profile which
was judged to be “Fickian” was adapted to the curve-fitting,

3. Results and discussion

3.1 Effects of RH on the transport of chloride

RH monitoring results for the exposure chambers are
shown in Fig. 4 which indicates that the data are generally
scattered about the target RH levels. As shown in Fig. 1 (b),
the cover for RH measurement specimens was 3cm. This
relatively shallow cover probably enabled the RH here to
generally track to the chamber value. However, it must be
considered that RH at greater depths maintained relatively
high values with little effects of external RH change.*"

Thus, the RH data described below probably represent
variations for shallow cover depth. Fig. 5 shows the meas-
ured RH values indicated by the concrete embedded probe
for specimen in the four different chambers. After 120 days, when

100 ()

et

80 | e o—
< P@ F eooob%ge
2 A
2 60 fr-———-
£ QA AN .8
LR T N
2 40
5 By
[}
&

0

0 50 100 150 200 250
Exposure time, days

Fig. 4 data for chambers with target RH 35, 55,
75 and 95%

-.-0--- SRH-35C
. A - SRH-55C
<10 SRH-TSC
---EF - - SRH-95C

Relative Humidity, %

Exposure, days

Fi

g- 5 Internal RH of concrete specimens exposed
to RH 35, 55, 75 and 95% chambers

Journal of the Korea Concrete Institute (Vol.17 No.5, Oct., 2005)



the internal RH became stable, a 15% NaCl solution begun to
spray on the top surface every other day. RH of inside the concrete
began to increase thereafter; however, these changes remained
ordered according to chamber RH level. Fig. 6 shows the chloride
profiles for the first set of concrete specimens exposed to RH 35,
55, 75 and 95% after about six months of salt spraying. This indi-
cates that the chloride profile for RH 95% had the least concentra-
tion compared to the others. Surface of specimens exposed to the
lower RH chambers became relatively dry compared to the RH
95% one, facilitating chloride movement into the concretes by
water suction. In the case of RH 35 and 55% exposures the chlo-
ride concentration profiles dropped relatively sharply beyond the
sorption zone (about 3cm). Chloride concentration for the RH
75% specimen was highest at depth indicating a combined effect
of sorption and diffusion. Fig, 7 shows the chloride profile results
for the second set of specimens which were exposed in normal
laboratory air (RH ~ 75%) for about one month before being
placed in the RH chambers, at which time salt spraying com-
menced. Thus, RH of the concrete surface was similar in each
case at the beginning of spraying. This difference in initial expo-
sure condition changed the chloride profile of the RH 95% speci-
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Fig. 6 Chloride profiles of set 1 concrete
specmens exposed to RH 35, 55, 75 and
95% chambers after six months salt spray
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Fig. 7 Chloride distribution profile of concrete
specimens exposed to RH 35, 55, 75
and 95% chambers for 6 months

men compared to the condition in set 1. The great chloride con-
centration at shallow depth (set 2) suggests sorption played a great
role here. Fig. 8 presents a plot of effective chloride diffusion coef-
ficient, D,, versus exposure RH. As noted previously, where sorp-
tion is thought to have been significant only the part of chloride
profile which was “Fickian” was adapted to the curve-fitting. The
resultant data indicate that D, increased with increasing RH for
both specimen sets, suggesting that the size and number of water
paths increased with elevated moisture content in the specimens.

3.2 Effects of temperature on transport of chlorides
in concrete

The results of temperature monitoring for the exposure
chambers are displayed in Figs. 9~11 show the chloride
profile and diffusion coefficient plots, respectively, that
resulted from these exposures. The latter data indicate that
the chloride diffusion coefficient increased approximately
exponentially with temperature. The reason for this is that
increasing temperature increased diffusion rate by elevating
thermal activation of chloride ions. An additional effect was
reduced chloride binding with increasing temperature, as
discussed subsequently. In addition, these data were ana-
lyzed using Arrhenius equation and the resultant plot
showed that Log D, values were almost linear (R-squared
was 0.904 and activation energy was 14.91KJ/mol) in the
designated temperature range (0~40°C) indicating that
probably one transport mechanism was involved in chloride
diffusion process in this temperature range.

Additional experiments were also performed to better
understand the effect of temperature on chloride binding
and diffusion. Initially, several tests were performed to
qualify the modified AASHTO water soluble chloride
measuring procedures. Fig. 12 shows the total chloride con-
centration of random samples from the same concrete
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Fig. 8 Chloride diffusion coefficient as a function
of exposure RH for first and second set
specimens
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powder, indicating good reproducibility of samplings. Also,
Figs. 13, 14 indicate that water versus particle ratio (¢) and
leaching period had little or no effect on the water solubility
of chlorides within the range that investigated. A five day
leaching period with water-to-powder ratio, &, of one was
employed for samples leached at four temperatures. In ac-
tual concrete pore structure, the water-to-particle ratio (g)
can be extremely small; and the ratio may affect solubility.
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Fig. 15 shows the effect of temperature on the concentra-
tion of chlorides leached from duplicate concrete powder
samples. The general trend is one where water soluble chlo-
ride concentration, [Cl];, increased with increasing tem-
perature, suggesting reduced chloride binding with increas-
ing temperature. This reduced binding capacity at elevated
temperature results in a higher concentration of free chlo-
rides and, consequently, an increased flux of chlorides.
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According to Larsen,'” the reason for the variation of
balance between free and bound chloride in concrete is that
temperature affects the equilibrium state between these two
forms. Also, Fig. 16 describes the percentage of water solu-
ble and bound chloride as a function of leaching tempera-
ture. This result indicates that about 60% of total chloride
can be dissolved into the pore solution.

3.3 Effects of concrete surface moisture condition

Fig. 17 shows the effect of initial concrete surface mois-
ture condition on the transport of chloride ions in concrete.
The concentration profiles for the dried (D) concrete
specimens were higher than for the initially wet (W) ones
for both 1 and 10 days exposure. The difference probably
resulted from capillary suction (sorption) during early ex-
posure for the relatively dry concrete surfaces of the D-1D
and D-10D specimens. Sorption was less significant for W-
1 and W-10D specimens because the surface was moistur-
ized when CI' exposure began. According to the chloride
profile sorption for D-10D was not only limited to a shal-
low depth; but this also affected further chloride diffusion
below sorption region by increasing chloride concentration
level at about 2cm depth. Also, remarkably increased sur-
face chloride concentration was found at W-type compared
with that of D-type one at 10 days, indicating further chlo-
ride diffusion for W-type can be accelerated by this in-
creased surface concentration. This result was consistent
with the result of RH exposure; in case of RH 95% the one
showed the higher initial RH of inside of concrete revealed
quite less chloride concentration profile and D, value.

4. Conclusion

The following conclusions were reached based upon ex-
posure of a series of ¢cylindrical specimens to a 15 w/o NaCl
solution.

1) The effective diffusion coefficient, D,, increased with
increasing exposure RH, suggesting that the size and
number of water paths increased with elevated moisture
content in the specimens.

2) Chloride diffusion coefficient, D, increased approxi-
mately exponentially with increasing temperature in the
range of 0 to 40°C. The reason for this is that increasing
temperature increased diffusion rate possibly by elevat-
ing thermal activation of chloride ions and reduced
chloride binding at higher.

3) Water soluble chloride concentration, [Cl],, increased
with increasing temperature, suggesting reduced chlo-
ride binding as temperature increased. This reduced
binding capacity at elevated temperature resulted in a
higher concentration of free chlorides and, consequently
an increased flux of chlorides into concrete.

4) Chloride concentration for initially dry concrete specimens
was higher than for the initially wet ones. The difference be-
tween these two conditions resulted in more pronounced
capillary suction (sorption) during early exposure for the ini-
tially dry concrete specimens.
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