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Chloride Diffusivity through Partially Saturated, Binary-

Blended Concrete

by Yu-You Wu, Francisco J. Presuel-Moreno, and Ronald Simmons

The surface of concrete at the tidal, splash, and atmospheric regions
of partially immersed marine structures experiences different
degrees of water saturation. Hence, the concrete pore structure is
partially filled with water at some of these regions. The present
work experimentally investigates chloride transport into partially

saturated concrete with 20% fly ash replacement, and the effect of

the mortar layer/concrete surface condition on chloride diffusivity
at four degrees of water saturation relevant to the Florida marine
environments. The results indicate that the mortar layer of concrete
provides protection against chloride penetration, leading to lower
chloride diffusivity values. Moreover, chloride diffusivity as a func-
tion of the degree of water saturation for concrete with and without
mortar layers is found to be different. The diffusivity of the former
hardly changes when the degree of water saturation increases from
70 to 80%.

Keywords: chloride; diffusivity; fly ash; mortar layer; partially saturated
concrete; water saturation degree.

INTRODUCTION

Reinforced concrete structures have been widely employed
for transportation infrastructure exposed to marine environ-
ments.' The permanently immersed portion of a marine rein-
forced concrete substructure can be considered water satu-
rated and exposed to a constant chloride concentration, but
concrete at elevations above water (that is, tidal, splash, and
atmospheric regions) experience different degrees of water
saturation and the chloride concentration at the surface is
not constant with time or elevation.! Hence, the concrete
pore structure is only partially filled with water, and chloride
transport takes place through a partially filled interconnected
pore structure.

The transport properties of concrete can be affected by the
amount of pore water in the concrete. Past studies have
demonstrated that the degree of water saturation is a very
important factor in the transport of ions in porous media*
and in the transport of chloride ions into partially satu-
rated concrete.> Moreover, chloride diffusivity is strongly
dependent on the degree of water saturation,®!? which is
significantly related to the material microstructure such as
pore size distribution, tortuosity, and connectivity. Such
microstructure is influenced by various factors, including
the water-cementitious materials ratio (w/cm), the material
type, the degree of hydration, the age of the concrete, and the
curing temperature. >

Mathematical models describing the diffusion of chlo-
ride and its dependence on the moisture content and relative
humidity have been proposed,?’?* while modeling work has
been also conducted!*?3? since the early 1990s. Innovative test
methods were not reported until Climent et al.® developed an
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experimental procedure by exposing the surface of non-sat-
urated concrete samples with controlled water content to
interact with a gaseous hydrogen chloride (HCI) atmosphere
produced from the combustion of polyvinyl chloride (PVC),
and then returning the specimens to a controlled moisture
condition for the transport of chloride ions. The chloride
profiles obtained were fitted to Fick’s Second Law of Diffu-
sion with an instantaneous plane source. Vera et al.” further
developed this method and included the effects of chloride
binding. Nielsen and Geiker’ employed a different method
where portland cement mortar specimens were conditioned
to reach the targeted relative humidity and contaminated
by immersion in a high concentration of sodium chloride
(NaCl) solution for a limited exposure time, followed by a
drying process until the initial weight (prior to immersion)
of each specimen was obtained. Subsequently, the speci-
mens were returned to a moisture-controlled room for addi-
tional chloride transport. Nielsen and Geiker? obtained the
chloride profiles that included the effects of binding of chlo-
rides, then used a composite theory and Powers’ model for
estimating the diffusion coefficient as a function of the spec-
imen moisture content. In parallel with the aforementioned
work, Guimaraes et al.'’ investigated chloride diffusion
through partially saturated portland cement paste and mortar
specimens by employing an alternative method, where the
test samples with relevant water saturation degrees were first
conditioned. After some time, finely ground solid NaCl was
placed on the exposed surface and then covered with plastic
wrap. Finally, each sample was exposed in a vacuum for the
duration of the diffusion experiment. The chloride profiles
obtained after exposure were fitted to Fick’s Second Law of
Diffusion. Additionally, other methods and procedures have
been also developed by Olsson et al.,'' Mercado-Mendoza
et al.,'” Vedalakshmi et al.,? and Dridi and Lacour.?’

These previous studies have proven that the degree of
water saturation significantly influences the chloride diffu-
sivity in partially saturated concrete. It should be pointed
out that most of these studies were generally focused on
cement pastes and mortars with different binders (ordinary
portland cement [OPC], OPC with fly ash, slag, silica fume,
slag plus fly ash, and so on), and OPC concrete. However,
experimental studies and results on the chloride transport
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Table 1—Details of concrete mixtures

Cementitious, 1b/yd? 20% FA, Ib/yd® | Fine aggregate, Ib/yd® | Coarse aggregate,
Mixture name (kg/m®) Cement, Ib/yd? (kg/m?) (kg/m?) (kg/m?) Ib/yd® (kg/m?) FA, % | wicm
DCLI 659 (390) 527 (312) 132 (78) 1795 (1062) 1104 (653) 20 0.35
DCL2 659 (390) 527 (312) 132 (78) 1604 (949) 1218 (721) 20 0.41
DCL3 659 (390) 527 (312) 132 (78) 1551 (918) 1178 (697) 20 0.47
DCL10b 566 (335) 453 (268) 113 (67) 1293 (765) 1702 (1007) 20 0.41
DCLI11 472 (279) 377 (223) 95 (56) 1293 (765) 1705 (1009) 20 0.41
Table 2—Chemical composition of cement

Component | Aluminum oxide | Ferric oxide | Magnesium oxide | Sulfur trioxide | Tricalcium aluminate | Tricalcium silicate | Total alkali as Na,O

Content, % 5.1 3.8 1.0 7 68 0.36

in partially saturated binary blended concrete have not
been reported.

Additionally, the surface concrete, where a thin layer
of mortar covers the bulk concrete and is usually called
“concrete skin,” can influence the chloride penetration into
concrete.”® Kreijer’s study?® demonstrated that the “concrete
skin” composition is different from concrete bulk and the
formation of a gradient in composition from the concrete
surface is due to the formwork/mold effect during casting.
The concrete skin effect on the chloride transport has been
verified by past experiences in the Florida marine environ-
ment, where cored concrete specimens with concrete cover
from the field had significantly lower apparent chloride diffu-
sion coefficients than those of the bulk diffusion tested speci-
mens without concrete cover in the laboratory at comparable
ages.’® Furthermore, a previous laboratory study®! confirmed
that mortar rendering can act positively in relation to chlo-
ride penetration into concrete structures under high cement
content and mortar thickness. However, there is not sufficient
knowledge about the effect of mortar layers on the chloride
diffusion in unsaturated concrete exposed to marine environ-
ments. It is therefore apparent that more work is beneficial to
gain additional knowledge in this area.

RESEARCH SIGNIFICANCE

Experimental studies and results on the chloride transport
in partially saturated binary blended concrete exposed to
marine environments have been rarely reported. Also, there
is insufficient knowledge about the effect of mortar layers
on the chloride diffusion in such unsaturated concrete. This
paper presents experimental studies on the chloride diffusion
into partially saturated concrete with 20% fly ash replace-
ment under four degrees of water saturation relevant to
Florida marine environments. The effect of mortar layers/
concrete surface condition on the chloride diffusion was also
investigated. The outcome provides insight into the chloride
diffusion properties in partially saturated, binary-blended
concrete in marine environments.

EXPERIMENTS
Materials
Five concrete mixtures were prepared as part of this
research effort, and all mixtures had 20% fly ash (FA) Type F

696

as a cementitious replacement by the mass of cement. DCLI1,
DCL2, and DCL3 mixtures had a w/cm of 0.35, 0.41, and
0.47, respectively (refer to Table 1). DCL10b and DCLI11
mixtures had a w/cm of 0.41, but were prepared with a lower
cementitious content (refer to Table 1). Type I/II cement was
used for all mixtures (refer to Table 2). The coarse aggregate
and fine aggregate were crushed Florida limestone No. 57
and Florida river sand, respectively. Water-reducing and
high-range water-reducing chemical admixtures were used
to allow the design of low w/cm concrete and to control the
plastic properties of the concrete. Table 1 shows the details
of the concrete mixtures prepared for the present study.

Concrete cylinder specimens with a diameter of 3.94 in.
(100 mm) and a height of 7.87 in. (200 mm) were prepared.
Thirty-six concrete cylinders were cast per each mixture, but
not all were used for the study described herein. The speci-
mens were demolded 24 hours after casting and then exposed
to different curing regimes. Four curing regimes were used,
but only two correspond to the specimens described herein.
Fifteen cylinders from each mixture were exposed to high
humidity with a relative humidity (RH) in the range of 90 to
95% at room temperature (RT) at 70 + 2°F (21 + 1°C) for at
least 150 days. Nine cylinders from each mixture were cured
in high humidity at room temperature for 14 days (14RT),
followed by immersing the specimens in calcium hydroxide
solution and then storing them in an elevated temperature
room at 97 + 2°F (36 + 1°C) for 28 days (28ET), after which
they were transferred back to high humidity at RT exposure
for additional curing to an age of at least 150 days. This
process is represented with 14RT/28ET/RT. Details for the
other curing regimes and other testing can be found in Refer-
ence 32.

Three cylinders from each mixture DLC1, DCL3,DCL10b,
and DCL11 RT-cured were used for studying chloride diffu-
sion under non-saturated and saturated conditions. Further-
more, four cylinders from Mixture DCL2 that were cured
in RT and three cylinders cured in 14RT/28ET/RT from the
same mixture were used for investigating the effect of curing
regimes on the chloride transport under non-saturated and
saturated conditions. Moreover, one cylinder per mixture
corresponding to each set described previously was tested
for measuring bulk density, water absorption, and porosity.
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Bulk density, water absorption, and porosity
testing of specimens

As described previously, one cylinder from each mixture
DLCI1, DCL2, DCL3, DCL10b, and DCL11 cured in RT
and one cylinder from DCL2 cured in 14RT/28ET/RT were
used to determine their bulk densities, water absorption,
and porosity.

Before testing, and after 150 days of curing, these cylin-
ders were immersed in lime water for 30 days to increase
the moisture content. Then each cylinder was cut into three
pieces, identified as Slices A, B, and C, which were: the
bottom (mold) slice, middle slice, and the top slice of each
cylinder, respectively. Each section had the same length with
cuts perpendicular to the cylinder axis. All specimens were
then re-immersed into saturated Ca(OH), solution at room
temperature 70 £ 2°F (21 = 1°C) until all the specimen mass
stabilized. At this point, the bulk density, water absorption,
and porosity of these specimens were performed in accor-
dance with ASTM C642-06.3 The maximum temperature
used to dry the specimens was 140°F (60°C) so as to mini-
mize the microstructure changes. The absorption results
were later used to calculate the target mass for the desired
degree of water saturation.

Preparation and conditioning of specimens
Saturated specimens—For the saturated concrete diffusion
test, one concrete cylinder was selected from each mixture
DCL1, DCL2, DCL3, DCL10b, and DCL11 cured in high
humidity at RT and immersed in calcium hydroxide solution
at the age 0f 420, 496, 469, 441, and 448 days from casting,
respectively. These concrete cylinders remained immersed
in calcium hydroxide solution for at least 100 days until a
stable mass was reached. Each cylinder was cut into four
pieces (identified as Slices A, B, C, and D), which were Slice
A, the bottom mold surface section; B and C, the two middle

Fig. 1—Specimen for 100% SD with and without
mortar layer.

sections; and D, the top section of each concrete cylinder,
respectively. Each section had the same length with the cuts
perpendicular to the cylinder axis (approximately 1.97 in.
[5 cm] thick). The exposed surface for Sections A and D was
the mortar surface (A, mold surface and D, trowel surface).
Half of the mortar layer was then removed with a wet saw
on Sections A and D. The thickness removed was less than
0.039 in. (1 mm); refer to Fig. 1. This was done to inves-
tigate the effect of the mortar layer presence and absence
on the chloride diffusion. An epoxy paint was applied at
the interface to avoid transport at the step region (refer to
Fig. 1). Section C was also used for saturated exposure. All
specimens were then re-immersed in saturated Ca(OH),
solution at room temperature 70°F (21°C) until a stable mass
was achieved on consecutive days. B slices were not used
for this study (refer to Table 2).

Non-saturated specimens—For the non-saturated concrete
diffusion test, the concrete cylinders selected from each
mixture DCL1, DCL2, DCL3, DCL10b, and DCL11 cured
in high humidity at RT and the DCL2 cured in 14RT/28ET/
RT were immersed in calcium hydroxide solution at the
age of 150 days from casting. These cylinders remained
immersed until an age of 220 days and then were cut into
three sections. The procedure for cutting cylinders was
the same as previously described for the water absorption
specimens. All concrete sections after cutting were re-
immersed in a saturated Ca(OH), solution until the mass of
the sections stabilized, which usually took approximately 2
to 3 additional days. Three water saturation degrees were
investigated: 70, 80, and 90%. There were 24 concrete
sections obtained by cutting the two cylinders per each
mixture, which means there were six sections per mixture
from DCL1, DCL3, DCL10b, and DCL11. The specimens
were randomly/arbitrary assigned to reach one of the three
degrees of water saturation (refer to Table 3). There were 18
concrete sections, A, B, and C, obtained from mixture DCL2
cylinders: nine slices were obtained from three RT cured
cylinders and the other nine slices from three cylinders cured
in 14RT/28ET/RT. Six DCL2 sections were stabilized within
cach of the three water saturation degrees. For the other
mixtures, only two sections were exposed to each degree of
water saturation. Table 3 lists the targeted degree of water
saturation and their corresponding concrete sections. The
targeted degree of water saturation was obtained by drying
the specimens in an oven at a temperature range from 104
to 116.6°F (40 to 47°C) until they achieved the target mass
mgp. The target mgp for each slice was determined by the
following equation®'0

Table 3—Degree of water saturation (SD) and concrete sections

Targeted SD, % DCL1 (RT) DCL2 (RT) DCL2 (14RT/28ET/RT) DCL3 (RT) DCL10b (RT) DCL11 (RT)
70 C,C AB,C AB,C AA BB AC
80 B,B AB,C AB,C C,C AA B,C
90 AA AB,C AB,C BB c,c AB
100° A,C.D AD A,C.D A,CD ACD A,C,D
Note: Concrete sections with 100% SD were 1.97 in. (5 ¢cm) thick slices.
ACI Materials Journal/September 2018 697



Fig. 2—Diffusion experiment setup for unsaturated
specimens.

. (mw -m,, ]* 10,000
mg, A )
where SD is the targeted degree of water saturation, %; mgp
is the mass of the specimen for the targeted water saturation
degree, in grams; m,,, is the dry mass of the specimen, in
grams; and A4 is the water absorption, %. Once the targeted
degree of water saturation was obtained, the specimens were
allowed to homogenize their moisture content. Each spec-
imen was isolated by wrapping it with three layers of plastic
wrap and then housing it in a plastic vacuum bag for 35 to
42 days. A manual vacuum pump was used to remove the
air. During the stabilization period, the mass of the speci-
mens was monitored, and a re-vacuum was performed once
per week to ensure that the mgp of each specimen remained
the same.

Diffusion experiment setup

Saturated specimens—Slices A, C, and D were used. A
1 in. (25.4 mm) tall plastic pipe (with internal diameter iden-
tical to the concrete cylinder diameter) slice was attached to
the test surface of each specimen with marine-grade epoxy.
After the epoxy dried (approximately 12 hours), these speci-
mens were re-immersed into the calcium hydroxide solution
until saturated again. Thereafter, the test surfaces were dried
with paper towels. Immediately, finely ground solid sodium
chloride (passing No. 100 sieve) was used as the chloride
source and placed on the tested surface of each specimen.
For Slice A, the tested surface was the bottom mold surface.
For Slice C, the exposed surface was the surface produced
by the cut between Slice B and Slice C (that is, the surface
at the center of the concrete cylinder). For Slice D, the
exposed surface was the top (trowel) surface. After placing
the finely ground solid NaCl, the specimens were partly
immersed (approximately 2/3 of their height) in saturated
Ca(OH), solution. The specimens were placed in purposely
made storage boxes, which were sealed and vacuumed twice
a week to remove air. The diffusion period ranged between
10 and 28 days. This exposure duration was longer than that
used by Guimaraes and Helene®® and Guimaraes et al.'

Non-saturated specimens—After the moisture homoge-
nization was achieved, all vacuum bags and plastic layers
were removed and the mass of the specimens was recorded.
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Immediately, finely ground solid sodium chloride (passing
No. 100 sieve) was used as the chloride source and placed
on the tested surface of each specimen as shown in Fig. 2(a).
For Section A (bottom), the tested surface was on the bottom
mold surface (that is, smooth face with mortar layer). For
the middle Slice B, the exposed surface was the cut surface
between Slice A and Slice B. Finally, for Section C, the
exposed surface was the cut surface between Slice B and
Slice C. Thus, the surface with coarse aggregate and mortar
were exposed to NaCl for Slice B and Slice C. After placing
the finely ground solid NaCl, each specimen was isolated
by wrapping with four layers of plastic wrap and placing
this arrangement into vacuum bags as shown in Fig. 2(b). A
manual vacuum pump was used to remove the air. During
the diffusion exposure period, the mass of each specimen
was monitored, and re-vacuuming was performed periodi-
cally. The diffusion times for 70, 80, and 90% of the degree
of water saturation were 103 to 130 days, 74 to 102 days,
and 46 to 69 days, respectively. These exposure durations
were at least twice longer than those used by Guimaraes
and Helene®® and Guimaraes et al.'® After the diffusion
exposure periods, all vacuum bags and plastic layers were
removed, and the NaCl footprint on the top of the specimen
was marked. Any remaining NaCl was removed as much as
possible without scraping the concrete, and the tested surface
of the specimen was then carefully cleaned with compressed
air. An octagon shape was marked on the top surface, and
vertical cuts were made to minimize edge effects, similar to
what is done for bulk diffusion test specimens.

Concrete powder collection and chloride analysis

For all specimens, the concrete powder was obtained by
milling the material in layers parallel to the exposed surface.
The first layer thickness was typically 0.039 in. (I mm). The
target thickness of the second, third, fourth, fifth, and sixth
layers was 0.07874 in. (2 mm). In some cases, a seventh
layer was obtained, depending on the chloride concentration
of the sixth layer. Chloride concentrations were obtained via
a total chloride method in accordance with a slightly modi-
fied FDOT method.>* Assuming that the chloride diffusion
coefficients and chloride surface concentration are constant
with time, the chloride concentration profiles obtained from
the chloride analyses can then be used to fit Fick’s Second
Law of Diffusion, expressed as follows?*

C0=C,|1-erf| al )

app 4

where C(x,7) is the chloride concentration at depth x at time ;
C, is the chloride content at the concrete surface; x is depth;
t is time; and D,,, is the apparent diffusion coefficient. The
fit to each profile produces D,,, and C; values. D, is the
average apparent diffusion coefficient value over the expo-
sure period.’® A better fit was obtained (that is, better R2)
for most profiles by removing the chloride concentration
measured for the first layer (depth).
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Table 4—Absorption and porosity of specimens, %

A B C

Specimens Absorption Porosity Absorption Porosity Absorption Porosity
DCLI1 (RT) 2.44 5.44 2.86 6.30 2.52 5.54
DCL2 (RT) 3.58 7.88 3.59 7.91 3.55 7.82
DCL2 (14RT/28ET/RT) 2.97 6.61 3.51 7.73 3.48 7.71
DCL3 (RT) 445 9.81 4.98 10.78 5.04 10.93
DCL10b (RT) 4.44 9.56 4.98 10.48 4.53 9.54
DCLI11 (RT) 3.33 7.48 4.17 9.11 3.89 8.52
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Fig. 3—Measured chloride profiles for DCL2. (Note: chlo-
ride concentration % by weight of cementitious.)

RESULTS AND DISCUSSIONS
Absorption and porosity of specimens
Table 4 shows the absorption and porosity measured.
These results were used to calculate and control the degree
of water saturation weights for the non-saturated diffusion
test samples.

Chloride concentration profiles

Figure 3 shows the chloride profiles obtained from DCL2
specimens after non-saturated exposure to 70, 80, and 90%
degree of water saturation. The selected specimens were
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cured in 14RT/28ET/RT and in RT. The diffusion time for
specimens with 70, 80, and 90% degree of water saturation
is 105, 74, and 46 days, respectively. Figure 3(a) shows
concentration profiles for DCL2 specimens initially cured in
14RT/28ET/RT and Fig. 3(b) shows concentration profiles
for RT cured specimens.

It can be observed in Fig. 3 that the chloride concentrations
profiles obtained on the three Slices A are significantly lower
than the concentrations profiles obtained from Slices B and
C, regardless of curing type and degree of water saturation
during the diffusion period. These results are in agreement
with past experience in which cored specimens with concrete
cover from the field in the Florida marine environment had
significantly lower apparent chloride diffusion coefficients
than those of the bulk diffusion tested specimens without
concrete cover in the laboratory at comparable ages.*° This
difference in chloride profiles has been attributed to the “skin
effect”.?$?° In Reference 37, the authors verified that chlo-
ride profiles through concrete cover are lower than that on
profiles from the cored inner portion; and this was explained
by the carbonation of concrete cover, which reduces the
porosity of concrete cover and makes the passage of chlo-
rides more difficult, leading to lower chloride diffusion
coefficients. In the present study such carbonation was not
present; however, the presence of FA and its corresponding
pozzolanic reaction likely reduced the porosity of the cover
mortar in Slice A when compared to the exposed cut surface
on Slices B and C. The thin mortar layer where the salt was
deposited on Slice A, which is the cylinder bottom part, has
resulted in slower chloride transport than portions B and C
without the mortar layer. In addition, the thin mortar layer on
Slice A might behave to some extent as a mortar rendering
to protect concrete against chloride penetration.®! It is there-
fore clear that the chloride concentration is influenced by the
surface condition (mortar layer/mortar content) regardless of
curing type (14RT/28ET/RT or RT) and the degree of water
saturation during the diffusion period.

Figure 3(a) also shows that the chloride concentra-
tions profiles from Sections A cured in 14RT/28ET/RT are
almost identical for profiles corresponding to 80 and 90%
degree of water saturation and slightly lower concentra-
tions are observed for the profile obtained after exposure
to 70% degree of water saturation. It should be noted that
the diffusion time for specimens with 70%, 80%, and 90%
degree of water saturation is 105, 74, and 46 days, respec-
tively. Although the exposure time is different, the concen-
tration profiles are similar, which suggests that the degree
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Fig. 4—Chloride profiles for DCL1, DC2, DC3, and DC10b
and DCLI11 with SD = 80%. (Note: chloride concentration
% by weight of cementitious.)

of water saturation plays a key role in the chloride trans-
port. For concrete sections B cured in 14RT/28ET/RT with
80 and 90% degree of water saturation, the chloride concen-
trations are similar, but higher chloride content is observed
in concrete section B with a 70% SD, which may be
attributed to the longer exposure time. Similar observation
could be made from profiles of Section C. For the concrete
cured in RT as shown in Fig. 3(b), the chloride profiles from
Section A with mortar layers and regardless of the degree of
water saturation are lower than those obtained from Slices B
and C. The difference in concentration might be attributed
to the effect of mortar layer presence and shorter expo-
sure. Incidentally, no significant difference was observed
when comparing other corresponding profiles of specimens
RT cured and 14RT/28ET/RT cured. This might be due to
the mature age at which the diffusion test exposure began
(>220 days of age). It should be noticed that the chloride
profile of DCL2 Slice C with 70% degree of water satura-
tion in Fig. 3(b) is generally higher than the profiles for the
other DC2 specimens in Fig. 3(b). A reason for this might be
associated with the exposed surface (cut surface) and longer
exposure time. Moreover, it can be seen that the chloride
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concentration of the first layer was significantly higher than
the second layer on Slices B and C, while a more modest
difference was observed when comparing the concentration
of the first two layers on Slices A. Because of this, the diffu-
sion coefficient was computed both with the concentration
of all layers and with the first layer omitted. The latter is a
common practice when a skin effect is observed in experi-
mentally obtained chloride profiles. Therefore, it is apparent
that the chloride concentrations are affected by the surface
condition (mortar layer/mortar content), the degree of water
saturation, and exposure time for specimens of a given
concrete mixture.

Figure 4 shows the chloride profiles that correspond to
the specimens cured in RT exposed to 80% degree of water
saturation. Recall that the w/cm for DCL1, DCL2, and DCL3
are 0.37, 0.41, and 0.47, respectively. It can be observed in
Fig. 4 (a) that chloride profiles that correspond to DCL3
have the highest chloride concentrations while the profiles
for DCL1 have the lowest chloride concentrations under
the same exposure time (90 days). The exposure time of
DLC2 specimen is 74 days, and its chloride concentration
profile of DCL2 is between the former two profiles. The
cause for this trend is in part associated with the different
w/cm. Figure 4(b) shows that for DCL11, the chloride profile
concentrations of Sections B and C, which are both without
mortar layers, are higher than those in Section A with the
mortar layer. The cause for this difference might be attributed
to the mortar layer presence and its behavior as a mortar
rendering to protect concrete against chloride penetration
into Section A, as discussed previously. The exposure times
for DCL2, DCL10b, and DCL11 are 74, 92, and 102 days,
respectively. It is also observed that the chloride profiles of
DCL2-A and DCL10b-A are comparable; while the chlo-
ride profiles of DCL2-B and DCL11-B are almost identical,
which suggests that the cementitious content does not appear
to have a significant effect on chloride penetration under the
same w/cm in the present study. Also, the chloride profiles
obtained from the concrete specimens cured in RT respec-
tively exposed to 90% and 70% degrees of water saturation
have similar trends, which are not shown herein. On the
basis of these results, it is apparent that the chloride profiles
of the specimens with lower w/cm values are less than those
of the specimen with high w/cm values for a given degree of
water saturation and curing type. Furthermore, the cementi-
tious content does not appear to significantly influence the
chloride penetration for a given degree of water saturation
under the same w/cm.

Further analysis of effect of mortar layer on
chloride concentration

The results shown in the previous section have indicated
that the chloride concentration profiles obtained from Slice
A are significantly lower than the concentrations obtained
from Slices B and C, and it might be attributed to the effect
of the mortar layer. This topic was further investigated and
the findings are presented herein.

Figure 5 shows the chloride concentration profiles
of DCLI1 and DCL2 cured in RT up to day 560 and then
exposed to finely ground salt at 100% degree of water satu-
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Fig. 5—Chloride profiles from DCLI and DC?2 cured in RT
with SD = 100% under conditions of exposed surface with
and without mortar layers. (Note: Chloride concentration %
by weight of cementitious.)

ration. Due to the space limitation, the results obtained from
DCL3, DCL10b, and DCLI11 are not listed and discussed
herein. Recall that Slices A and D were exposed with a half-
mortar layer and the other half-mortar layer removed (half
and half), as shown in the pictures of Fig. 1. It was observed
in Fig. 5(a) that the chloride concentrations profiles obtained
from the concrete portion DCL1-A with half-mortar layer,
and DCLI-D with half-mortar layer were generally lower
than those obtained from the concrete slices DCL1-A with
the mortar layer removed, DCL1-C without the mortar layer
and DCL1-D with the mortar layer removed. Similarly, this
trend was also observed for the chloride profiles obtained
on concrete sections for Mixture DCL2 shown in Fig. 5(b).
On the basis of the results in the previous section and in this
section, it has been confirmed that the surface conditions of
concrete/mortar contents have affected the chloride diffu-
sion in both unsaturated and saturated concrete. The chlo-
ride concentrations obtained from a given concrete mixture
with mortar layer/high-mortar content are generally lower
than those obtained from the same concrete sample without
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Fig. 6—Chloride diffusivity of DCL2 specimens versus SD.

a mortar layer/low-mortar content for the 70, 80, 90, and
100% degree of water saturation under the given w/cm and
curing type. It is therefore evident that the mortar layer can
reduce the chloride transport in concrete with a certain w/cm
against chloride penetration.

Effect of degrees of water saturation on chloride
diffusivity under different curing regimes

Figure 6 shows D,,, chloride coefficients of DCL2 as a
function of the degrees of water saturation for specimens
cured in two different curing regimes. The shown fitted D,,,
values were obtained after removing the first layer. Recall
that the exposed surface in Sections A are the surface with
mortar layers. It was observed that the chloride diffusivities
of concrete Section A are generally lower than the D,,, for
concrete Sections B and C at a given degree of water satura-
tion and for a given curing regime. As discussed previously,
this is attributed to the better compacted concrete of Section
A. Tt is also associated with the concrete skin effect?®?? and
the mortar layer present on Section A that appears to slow the
chloride penetration.’! These factors contributed to the lower
chloride diffusivities observed on Section A compared to the
diffusivities observed on concrete Sections B and C. The
present study has demonstrated that the surface condition
(mortar layer/mortar content) plays a key role in chloride
diffusion in partially saturated high-performance concrete.

For the chloride diffusivities of the DCL2 cured at
14RT/28ET/RT as a function of the degree of saturation
(SD), it was observed that the D,,,,, values of Section A hardly
changed when the SD varied from 70 to 80%. However, a
gradual increase in the D,,, value was observed when the
SD increased from 80 to 90%. It should be pointed out that
the concrete age and exposure duration might have affected
the measured D,,,, values. A similar trend was also observed
on Sections B and C, but a greater increase in D,,, values
was observed when SD changed from 80% SD to 90% SD.
Thus, the present results demonstrate that the chloride diffu-
sivity value of the DCL2 (concrete mixture with 20% fly ash
replacement and 0.41 of w/cm) cured at 14RT/28ET/RT is
generally not sensitive to the SD change when SD is in the
range of 70 to 80%, compared with that from 80% SD to
90% SD.
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specimens cured in RT versus SD.

For the chloride diffusivities of the DCL2 cured at RT
as a function of SD, comparable D,,, values of Section A
were observed for both 70% SD and 80% SD, but the D,
values of Section A gradually increased as the SD went from
80 to 100%. The D,,,, value measured on Section B increased
when the SD changed from 70 to 80%, which was followed
by a relatively lower increase rate when the SD was varied
from 80 to 90%. The D,,, value of Section C increased
when the SD went from 70 to 80% and showed a D,,, value
plateau when the SD ranged from 80 to 90%.

Comparing the chloride diffusivity value as a function of
SD for the DCL2 Sections A, B, and C cured at 14RT/28ET/
RT with those of the DL2 counterparts cured at RT, it can be
seen that the D,,, values of Sections A cured at 14RT/28ET/
RT and at RT are comparable in the range of 70% SD—80%
SD and then the former increased at a lower ratio than the
latter when the SD went from 80 to 90%. The trends of the
chloride diffusivity value as a function of SD for the DCL2
Sections B and C cured at 14RT/28ET/RT is different from
that for the DCL2 Sections B and C cured at RT, suggesting
that the chloride diffusivity value as a function of SD for
concrete (Sections B and C) with 20% fly ash replacement
and 0.41 of w/cm is somewhat affected by the curing regimes
which has not been reported in literature. A possible explana-
tion is associated with differences in the concrete microstruc-
ture due to the differences in curing regimes®® at early age.
The 4-week elevated temperature curing likely accelerated
the pozzolanic reaction on samples cured in 14RT/28ET/RT.

Effect of degrees of water saturation on chloride
diffusivity for samples with different w/cm

Figure 7 shows the D,,, value as a SD function of DCLI,
DCL2, and DCL3 cured in RT. Their w/cm is 0.35, 0.41, and
0.47, respectively. All Sections A are with mortar layers.

Having an insight into the general trend of all these concrete
specimens, it was interesting to find out that the D, value at
SD = 70% for all DCL1, DCL2, and DCL3 Sections A cured
in RT were comparable, regardless of the w/cm. It was also
observed that the D,,, value of DCL1 Section A at SD = 90%
was comparable to the D,,, measured on DCL2 Section A
at SD = 80%. Furthermore, the D,,, value of DCL2 Section
A increased when SD went from 80 to 90%. However, the
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general trend of the D,,, value as a function of SD for all
DCLI1, DCL2, and DCL3 Sections B and C was different.
It is apparent that there is a difference between the general
trend of the D,,, value of concrete Sections A as function
of SD and the D,,, value of concrete Sections B and C as a
function of SD.

Guimaraes et al.'” reported that the D,,, values of Mortars
H1, H2, and H5 with a content of 12% fly ash and 0.55, 0.48,
and 0.57 of w/cm increased in various rates when the SD
was increased from 50 to 100%, but the D, values of some
mixtures H3 and H4 with a content of 12% fly ash and 0.66
and 0.55 of w/cm increased in a range of 50% SD—75% SD
(approximately) and then only slightly or actually reached a
plateau in a range of SD between 75 and 100% on mortars.
Comparing Guimaraes et al.'° results with the present study,
it is apparent that the trend of the D,,, values as function of
SD obtained from both studies is quite different. Addition-
ally, the D,,, values obtained from the Guimaraes et al. '°
study were generally higher than the results obtained from
the present study for a given SD due to the w/cm, materials
type, and concrete surface conditions.!3-1%28.29

Mercado-Mendoza et al.'> developed an approach
(based on the electrochemical impedance spectroscopy) to
investigate the D,,, evolution with the SD level of OPC
cement paste, OPC cement concrete, blended cement
(55%0PC+22%BFS+23%FA) paste, and blended cement
(55%0PC+22%BFS+23%FA) concrete. A w/cm of 0.43
and 0.41 was used, respectively. The results obtained from
concrete indicated that the D,,, values of the OPC cement
concrete increased in a more pronounced way from 68% SD
to 76% SD than those in a range of SD between 76 and 100%
with the latter only slightly or actually reached a plateau.
But the trend of the D,,, as a function of SD for the blended
cement concrete is different, where it increased in a drastic
way when SD increased from 68 to 74% and then the D,,,
had a lower increase rate in the range of 74% SD to 100%
SD. Clearly, the D,,, evolution with the SD level between
OPC cement concrete and blended cement concrete is
different. Mercado-Mendoza et al.'? suggested that the D,
values of both OPC cement concrete and blended cement
concrete increased in a more pronounced or uniform way in
the corresponding SD could be ascribed to the progressive
loss of the liquid phase contained in a pore mode (capillary
porosity), which is associated with many factors, including
materials type, tortousity, age, and so on. As observed in
Fig. 7, the present study demonstrates that the D,,, value as
a function of SD for all DCL1, DCL2, and DCL3 Sections
A cured in RT rarely changes in the range of 70% SD—80%
SD, which is followed by an increase of the D,,, values of
these specimens Sections A in different increase rate when
the SD varied from 80% SD to 90% SD. The findings from
the current study also verifies that the general trend of the
D,,, value as a function of SD for all DCL1, DCL2, and
DCL3 Sections B and C increases from 70 to 80% at a
higher rate than that from 80 to 90%. And then it increases
at an even higher rate again in the range of 90 to 100% (no
DCL2-C at SD = 100%). Comparing the results obtained
from Mercado-Mendoza et al.'?> work with obtained in
the present study, there is an obvious difference between
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Fig. 8—Chloride diffusivity of DCL2, DCL10b, and DCLI11
cured in RT versus SD.

the two studies, even though the w/cm is the same (DCL2
w/cm = 0.41). The observed difference might have resulted
due to the difference in materials used, concrete preparation,
concrete surface conditions and experimental methods,"”
aggregate size,'’ and so on.

Effect of degrees of water saturation on chloride
diffusivity under different cementitious content

Figure 8 shows the calculated D,,, value as a function of
SD obtained on DCL2, DCL10b, and DCL11 RT cured spec-
imens. Recall that Sections A are with mortar layers. These
specimens have the same w/cm (w/cm = 0.41), but different
cementitious content. Once again, the D,,,, values of concrete
Sections A are generally lower than the D, values observed
in concrete Sections B and C at a given SD. At 80% SD,
DCL10b two Sections A D,,, had values of 14.42 x 1072 ft¥/s
(1.34 x 1072 m%/s) and 11.94 x 10712 ft%/s (1.11 x 10712 m%/s),
which are slightly higher than the D,,,,, value (6.03 x 10~ ft¥/s
[0.56 x 1072 m%s]) of DCL2 Section A. It can be also seen
that at 70% SD, the D,,, value (31.63 x 1072 ft¥/s [2.94 x
10712 m?%s]) of DCLI1 Section C is higher than the D,
value (15.39 x 107'2 ft%/s [1.43 x 107'2 m%/s]) for DCL2-C.
Somewhat similar results can also be inferred by comparing
the D,,, value of DCL2-C with that of DCL11-C at 70%
degrees of water saturation. However, when comparing the
D, value of DCL11 Section A (9.23 x 107'? ft*/s [8.58 x
10°'3 m%s]) with the D,,,, value for DCL2 Section A (18.51 x
10712 ft¥/s [1.72 x 107! m?/s]) at 90% SD, the latter is higher
than the former, which is different from that described previ-
ously. It was also observed that the D,,, value of both DCL11
Section A and DCL10b Section A are greater than the D,,,,, of
DCL2 Section A at 100% SD. A similar trend was observed
when comparing the D, for Sections C and 100% SD (no
DCL2-C herein), but the values were higher. Therefore, the
effect of cementitious content on the chloride diffusivity is
complicated for a given degree of water saturation and it
should be further investigated.

Further discussion on effect of mortar layer on
chloride diffusivity

Figure 9 shows the D,,, values of Sections A, C, and D
of DCL1, DCL2, DCL3, DCL10b, and DCLI11 cured in
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Fig. 9—Chloride diffusivity values of Sections A, C, and D
of DCLI, DCL2, DCL3, DCL10b, and DCLI11 at SD = 100%
in RT. (Note: M = with mortar layer;, MR = mortar layer
removed.)

RT and exposed to chlorides at SD = 100%. Recall that the
exposed surface for Layers A was the mold surface and for
D was the trowel surface—that is, the mortar surface but
with half of it removed. In Fig. 9, the samples are keyed
mix-section. For A and D slices, the key is followed with
“~M?” (surface with mortar layers) or “~MR” (mortar layer
removed). Section C is one of the center sections (cut surface
without mortar layer). It was observed that the D,,,, values of
DCL1-A-M were higher than those of DCL1-A-MR, but
the chloride concentration profile was higher on the latter
(refer to Fig. 5(a)). The D,,, values of DCL3—-A-M (with
mortar layer) and DCL3-A-MR (mortar layer removed)
were almost identical. However, the D,,, values of the other
concrete sections (A and D) with the mortar layer were lower
than those of concrete sections (A and D) with the mortar
layer removed and concrete sections (C) without mortar
layers. In term of the results obtained from the concrete at SD
=100% and from the concrete cured in RT and 14RT/28ET/
RT at SD = 70, 80, and 90%, it is evident that the D,,, values
of concrete sections with mortar layers (concrete mold
surface and trowel surface) are generally lower than those of
concrete sections with mortar layers removed and concrete
sections without mortar layers for a given w/cm, such that
the D, value of DC1-D-M is less than that of DC1-D-MR
and DC1-C by 58.91% and by 64.41%, respectively, when
cured in RT and SD = 100%; the D,,, value of DC2-A-M is
less than that of DC2-A-MR by 70.86% while the D,,,,, value
of DC2-D-M is less than that of DC2-D-MR by 60.0% when
cured in RT and SD = 100%. Similarly, this was observed in
other specimens. As previously discussed, this is attributed
to the microstructure of concrete Sections A with mortar
layer (except for DCL1-A and DCL3-A) and D with mortar
layer—for example, due to its lower porosity, tortuosity,
pore connectivity, and so on. It is also related to the concrete
skin effect’®? and the mortar layer on Sections A and D
(with mortar layers) that can protect concrete against chlo-
ride penetration.’! These factors have improved the resis-
tance to chloride transport into concrete, leading to the chlo-
ride diffusivities of concrete Section A with mortar layers
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(except for DCL1 and DCL3) and D with mortar layers to
be generally lower than those of concrete Sections A and
D (mortar layer removed) and C (without mortar layers),
respectively. The study has therefore demonstrated that the
surface condition (mortar layer/mortar content) plays a key
role in chloride diffusion in partially saturated and saturated
binary blended concrete.

CONCLUSIONS

The present work has experimentally investigated the
chloride diffusion into partially saturated concrete with 20%
fly ash replacement and the effect of mortar layers/concrete
surface conditions on the chloride diffusion at four SD
related to the Florida marine environments under various
curing regimes, w/cm, and cement contents. The study leads
to the following conclusions:

1. The surface condition (mortar layer/mortar content) of
concrete plays a key role in chloride diffusion in partially
saturated concrete with 20% fly ash. It can reduce the chlo-
ride transport in concrete, leading to lower chloride concen-
tration profiles and lower D,,, values of concrete specimens
with mortar layers when compared to concrete without the
mortar layer or with the mortar layer removed at a given SD
under a given w/cm and curing regime.

2. The D,,, value of all concrete specimens with mortar
layers hardly changes when SD increases from 70 to 80%
and then it is increased at various rates from 80% SD to
100% SD.

3. The effect of the curing regimes on the D,,, trend is
not significant after the concrete has matured for a given
concrete without mortar layer (B and C slices). A modest
difference in the trend of the D, is observed with no change
between SD = 70% and SD = 80% for the concrete without
mortar layer cured in 14RT/28ET/RT, but a larger increase in
D, when SD went from 80 to 90%, whereas D,,,, values for
those samples RT cured (B and C slices) tend to monotically
increase when SD increases from 70 to 80% with plateau
at SD = 90%. However, the range of the D,,, values for the
latter is not large.

4. The D,,, value as an SD function of concrete without
mortar layer (B and C slices) is clearly affected by w/cm,
resulting in different trends of evolution.

5. The influence of cementitious content on D, is compli-
cated and should be further investigated.
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