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Abstract

GUIMARAES [1] have shown that the application of deterministic models based only
on the Fick’s Laws can exhibit considerable differences to the effective chloride profiles
in existing marine structures. In this research, a laboratory test method to estimate the
influence of the concrete saturation degree (SD) on chloride diffusion was developed.
Test results were applied to an existing 22 years old marine structure. Results indicate
that the concrete SD has a great influence on chloride diffusion and requires further
research. Therefore, this factor should be taken into account when estimating the service
life of concrete structures.

1. Introduction

When one tries to relate penetration profiles of chlorides in long-service-life structures
(above 20 years) using deterministic models based only on the Fick’s Law we can find
differences between the penetration depth observed in reality and the predicted depth.
According to GUIMARAES [1] recent studies have shown large differences between the
chloride penetration depth foreseen by deterministic models and the effective values
found in marine piers in the South of Brazil. The concrete surfaces of these piers have a
high chloride content (2% in relation to the cement mass). The research was done taking
into account factors such as variations in compressive strength, seasonal temperature
oscillations, cement type and water-cementitious materials ratio (w/cm) [1]. It should be
highlighted that high values for chloride content were found both in the rainy (winter)
and the dry (summer) seasons.

It is believed that the increased resistance to chloride penetration found in actual
structures may be due to the fact that the equilibrium water content in the concrete is
below the saturation level. This can generate differences between laboratory results and
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existing concrete structures since laboratorv tests for diffusion coefficients are carried
out in saturated test specimens (2, 3, 4, 5].

Two test methods were developed to investigate the influence of this factor. The first
determines the influence of the different saturation degrees (SD) on chloride diffusion.
The second measures the variation of the SD in the concrete outermost layers in a marine
environment. A 22-year-old marine pier was then tested using these methods.

2. Tests of diffusivity variation in relation to the saturation degree (SD) -
laboratory tests

2.1. Materials

These tests were developed and carried out using test specimens prepared with cement
paste. A high early strength Portland cement (equivalent to Type [l - ASTM C 150 [6])
was used.

This cement was chosen because of its faster hydration characteristics in relation to other
types of cement. Thus the influence of possible differences in cement hydration for the
different moisture contents used during the test is reduced.

A paste with a 0.5 w/cm was prepared and 50 ®30 x 45-mm cylindrical specimens were
prepared in plastic molds. Five ®50 x 100-mm cylindrical specimens were prepared in
metallic molds for characterization tests (Fig. 1).

Figure 1. Test specimen preparation: a) cylindrical specimen with sand-papered top;
b) cylindrical specimens with silicone ring; ¢) cylindrical specimens with contamination
layer; d) cylindrical specimens of the 100 % SD group, partly immersed in a saturated
solution of Ca(OH),
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Twenty-four hours after casting, the cylindrical specimens were removed from their
molds and some millimeters were removed from the top by abrasion to eliminate the
outer layer; and reduce the exudation effect (Fig. 1a). Following that, they were cured in
a water tank for 14 days, and then stored in a laboratory environment to the age of 28
days. The ®50 x 100-mm cylindrical specimens had a mean absorption of 29.7 % by
mass, average specific mass of 1468 kg/m’ (paste dry in an oven at 10545 oC for 72
hours) [16] and an average compressive strength of 29 MPa after 28 days.

In order to estimate the dry mass of the @30 x 45-mm cylindrical specimens, 6 samples
were selected at random from the 50 specimens available. These specimens were dried in
an oven at 1055 °C for 72 hours. Their average mass was 43.3 g, with a standard
deviation of 0.58 g.

2.2. Test to estimate the influence of the saturation degree (SD)

A layer of cement paste with chlorides (NaCl 5% by cement mass) was applied to the top
of the ®30 x 45-mm cylindrical specimens. After moisture contents had stabilized, a
chloride penetration profile was obtained by slicing half of the cylindrical specimens and
by testing chloride ion concentrations in the paste. This initial profile could be produced
by the penetration of chlorides by capillary absorption. After about 3 months, when the
SD of the cylindrical specimens had stabilized, a second profile was obtained for each
group of SD (4 groups of SDs in the range of 55%, 75%, 90% and 100%, Groups 1, 11,
111 and IV respectively, with 10 samples for each group). The analysis of the latter group
provided the diffusion coefficient for each SD.

A silicone rubber ring was placed on the top of the cylindrical specimens to make
application of the layer of chloride-contaminated paste with the same composition easier
and to prevent spilling, which would have contaminated the lateral surface of the
cylindrical specimens (Fig. 1b).

SDs in the range of 55%, 75% and 90% were obtained by natural drying or by wetting
28-day-old cylindrical specimens with distilled water. To keep the moisture of each
group constant, the specimens in each group were placed in vacuum plastic bags. The
100% SD was obtained by partly immersing the cylindrical specimens to the height of 30
mm in a saturated solution of Ca(OH), (Fig. 1d). The SDs of samples were stabilized
hefore and after the contamination with the chloride paste

Four slices each 2-mm were cut from five specimens in each group to the depth of 8 mm
(4 slices with about 1.5 mm) (Fig. 2). The first cyl indrical specimens were sliced 76 days
after molding and 30 days after contamination with the chloride paste, considering the
water content nearly homogeneous. The identical depth slices from the same group were
mixed and ground for the test of total chlorides in relation to the mass of paste according
to ASTM C 1152-90 [7].
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Figure 2. Slicing diagram of test specimens

Tests of free chloride in relation to the cement paste were also performed in the deepest
sliced layers, according to ASTM C 1218-92 [8].

To keep the moisture of each group constant, the remaining cylindrical specimens in
each group were placed in vacuum plastic bags. This was the most practical method
found to keep and control the moisture within each group. The cylindrical specimens of
the each group can be weighed together with the bag often since the weight of the plastic
bags is known. Before slicing the cylindrical specimens to obtain the second profile,
each sample can be weighed separately. The cylindrical specimens in the plastic bags
were placed horizontally along their axis. The cylindrical specimens were rotated every
7 days with the plastic bag to alternate positions. These precautions were taken to ensure
that the moisture content inside the cylindrical specimens would be kept as constant as
possible. Only the 100% SD group was placed in a glass container as described above
(Fig. 1d).

The chloride pastes were dried in an oven at 105+5°C for 72 hours and they showed an
average mass of 1.6 g with a standard deviation of 0.18g. The silicone rings were
allowed to dry naturally and had an average mass of 0.35g and standard deviation of
0.13g.

The remaining cylindrical specimens were sliced 150 days after molding and 30 days
after contamination with the chloride paste. The average values of SD between times T,
and T, found in the tests for Groups I, II, 111 and IV were 57.2%, 74.8%, 90.2% and

97.7%, respectively.
The confidence interval of the SDs of the cylindrical specimens in Groups I, II, Il and

IV was calculated from the average mass of the ®30 x 45-mm cylindrical specimens
(48.3%0.61g), the mass of the silicone rings (0.35%0.06g), the mass of the
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contamination coats (1.6%0.17g) and absorption after immersion and boiling
(29.7%1.21%). To calculate SD maximum, the lowest values for the mass of cylindrical
specimens, silicone rings, contamination coats and the lowest absorption after immersion
were used. To calculate SD minimum, the highest mass values and absorption after
immersion were used. A 95% confidence value was thus obtained for SDs within the
range of * 9.8%.

Fig. 3 shows the profiles of average total chloride content in times T, and T, in the
cylindrical specimens of Groups I, 11, Il and IV. The tests in the chloride containing
paste layer for specimens of Groups I, II, TIT and 1V showed a free chloride content by
dry paste mass of 0.93%, 0.79%, 0.49% and 0.36% respectively for T,, and 0.68%,
0.53%, 0.28% and 0.19% for T,.
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Figure 3. Total chloride profiles: T, - cylindrical specimens after 76 days of age and 30

days of contamination; T2 - cylindrical specimens after 150 days of age and 104 days of
contamination
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The free chloride content in the fourth sample layer of the cylindrical specimens is
0.02%, 0.05%, 0.02% and 0.07% for Group I, II, Il and IV at T,, and 0.05%, 0.11%,
0.09% and 0.06% for T, respectively.

2.3. Evaluation of results

Each group showed variations in free chloride content of the contamination layer during
the test, and a different average value. This can be attributed to different moisture

contents in each group.

By analyzing the T, profiles in Fig. 3 and the concentrations of chloride paste
contamination layer for each corresponding cylindrical specimens group at T,, it can be
seen that ion diffusion was more intense than ion penetration by capillary absorption. It
follows that chlorides had penetrated less deeply in those cylindrical specimens with
smaller SDs, although these that must have a bigger capillary absorption.

A qualitative evaluation shows a large difference in chloride concentration between
Group I and Group IV, since the T, and T, profiles of Group I nearly overlap after 7.5-
mm depths. It can also be observed that curve inclinations are reduced from Group I to
Group IV. This is evidence of increased chloride penetration with the increase in SD.

To evaluate the diffusion coefficients in the four groups, the following equation derived
from the first Fick’s Law was used:

D,
=== (€rC) (1)

where:

J = flow of chloride ions in g *em™? " 57,
D, = effective chloride ion diffusion coefficient in cm®*s™,

[ = thickness of the layer where the flow is measured, in cm, and

C; and C; are the chloride concentrations in the pore solution on the top surface and the
deepest layer in g/cm’ (average free chloride values during the test were used).

The value of J was calculated by the balance of chloride mass in the first 8 mm of depth
of the cylindrical specimens. The mass of ions that penetrate this thickness was divided
by the cross-section and by the time elapsed between the data measurement in the first
profile (T,) and the data measurement in the last profile (T,). The chloride mass at T,
and T, was calculated as a function of the average masses of the chloride contamination
paste and the cylindrical specimens layers (assumed to be 2-mm thick, and specific mass
determined by tests), and the chloride content measured in each layer (average values for
these slices).
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The mean concentration of the free chloride solution in the chloride contamination paste
(C1) was calculated as a function of the moisture content measured between T1 and T2
and the mass of free chloride at T1 and T2. Two values were obtained and a mean value
was calculated. The mean concentration of the solution in the slice between 6 and 8 mm
was calculated in the same way.

The value of D,swas calculated with the values of J, I, C; and C; . These results are
presented in a Fig. 4.
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Figure 4. Mean values of the effective diffusion coefficient as a function of SD and the
confidence interval of SD average (95% confidence level)

In this figure the results are represented by an exponential equation and show the zone
where a variation of SD values can take place. It can be observed that the values of the
diffusion coefficient obtained from the average curve are slightly larger than those of the

243



Third RILEM workshop on Testing and Modelling the Chloride Ingress into Concrete
9-10 September 2002, Madrid, Spain

exponential curve for SDs below 80 %. The difference in the diffusion coefficient
derived from the mean curve and the lowest threshold is small for SD values below 85%,
with the mean curve values being the lowest.

The ratio between the largest diffusion coefficient (Group IV) and the other values is
0.09 for Group I, 0.28 for Group Il and 0.32 for Group IIl. These ratios show very
marked differences, and indicate that the concrete SD is a factor that should be taken into
account when analyzing ion diffusion.

2.4. Interpretation of results

The results of this test demonstrate the importance of taking the concrete SD into
consideration when estimating the chloride diffusion coefficient.

The following considerations are an attempt to describe a possible mechanism to explain
the influence of the SD in the diffusion of chloride ions in the hardened cement paste.

= In the saturated hardened cement paste (Fig. 5) all pores with sizes above the critical
diameter are filled with water and this facilitates ion diffusion. The cross-section of
these pores is sufficiently large to allow diffusion of ion;

* According to MEHTA and MANMOHAN [9] the number of pores above the
critical diameter represents approximately 15% of the voids for cement pastes with a
0.5 w/cm. Thus, a reduction of the SD from 100% to 85% should produce a more
dramatic reduction in the water content in the pore network above the critical
diameter (Fig. 5). So the cross-section of ion diffusion falls sharply, as can be seen
in Fig. 4, between points IV and IIl. The critical diameter for the paste with a 0.5
w/cm is approximately 80nm [10], and condensation in pores of this size happens
with RH above 95% [10]. Therefore, if RH falls below 95%, these pores tend to be
filled with water vapor and a water layer with a thickness of approximately 0.2nm,
0.45nm and 0.9nm for RH values of 10%, 50% and 90% is adsorbed on its walls,
respectively [11]. Thus, pores above the critical diameter tend to reduce water
condensation to the point that only a thin layer of adsorbed water remains. When the
SD drops to approximately 85%, all the interconnected pore network (pore diameter
> critical diameter) will have only adsorbed water films (Fig. 5). Thus, the ion
diffusion cross-section is greatly reduced. In this case, the ions also have to travel
greater distances because they have to by-pass the pores. For small water film
thicknesses (< 0.9nm) it must be expected that precipitates such as Ca(OH), will act
as obstacles that block the passage of chloride ions (chloride ion diameter is 0,36
nm);

=  For SD below 85 %, the diffusion coefficient should drop less dramatically. This

probably happens because water loss begins in the pores that are smaller than the
critical diameter, which in turn do not affect mass transport significantly. This is
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expected to occur up to the moment when the thickness of the adsorbed water layer
in the walls of the pores above the critical diameter starts to decrease, as shown in
Fig. 4 between points I1I and II;

«  The diffusion coefficient should again drop sharply (Fig. 4, between points Il and I)
when the thickness of the water layer adsorbed on the walls of the pores above the
critical diameter begins to decrease (Fig. 5).

SD=100%

SD>85%

--- Pore

network
larger the

critical

Figure 5. Pore network in hardened cement paste with different moisture contents

This process is very likely to occur when the pore size distribution curve in the cement
paste is compared [9] with the results of the test of influence of the moisture content in
chloride diffusion in the cement paste. It can be observed that the inflection in the pore
size distribution curve in the paste with a 0.6 w/cm occurs when they are filled with
mercury to approximately 15% of the pore volume (pore volume above the critical
diameter), which is equivalent to a SD of 85% (Fig. 4, between points II and III).
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Therefore, it seems wiser to use the average curve according to Fig. 4 than using an
exponential correlation, particularly for SDs below 80 %, where higher diffusion
coefficients are found in the average curve.

A steady-state flow of chloride ions was assumed when determining the diffusion
coefficients in this study and taking into consideration the mean values between the
profiles at times T, and T, on the surface of the cylindrical specimens and in the fourth
layer.

To make the determination of the diffusion coefficient according to Second Fick’s Law
easier, i.e., under non steady-state flow conditions, the chloride ion concentration can be
kept constant on the surface of the cylindrical specimens throughout the test. To do so,
the concentration of NaCl added to the chloride contamination paste should be increased
above the saturation level of the pore solution. This allows water-soluble chloride
concentrations to be calculated for each SD, because as dissolved chlorides undergo
diffusion, new chlorides that had been so far precipitated as NaCl are dissolved.

Therefore, the diffusion coefficients thus calculated will show some divergence that can
be explained by the final considerations made during the analysis of this test.

Tests correlating the direction of vapor flow with the chloride diffusion coefficient [12]
seem to be in agreement with the results found here. These tests correlate the direction of
the water vapor flow with the diffusion coefficient, showing that when the vapor flows
in the same direction as the chlorides, the diffusion coefficient is far bigger than in the
opposite situation. Fig. 6 shows that when the vapor flows in the same direction as the
chlorides, the first layers these ions penetrate have higher moisture contents than when
the vapor flows in the opposite direction.

= e 4—
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RH ~ 100% pulverized NaCl (%3/ cem)
//f////////”u//ﬂ/”” T X
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(e 10, d=3 mix 1 2.3 =% 3
W 2P P LSOOI IIEIIIEY, E x x: dismce ﬁ‘om
W ILILLIEEELLTIOTIIIIIIAY ’ T concrete surface
RH ~ 100% sealed containment
it e e == el
Figure 6. Test correlating the direction of the water vapor flow with the diffusion
coefficient [13]
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HEDENBLAND [13] theoretically demonstrated the influence of the moisture content in
chloride diffusion, showing that the cement hydration degree has a greater influence than
the SD. Probably the hydration degree was a little bigger in the groups with higher SDs.
However, these groups presented far higher diffusion coefficients, which attested the
great influence of SDs. HEDENBLAND [13] had already pointed out that at levels
above the SD the precipitation of some elements in the pores of the cement paste could
reduce the chloride diffusion coefficient.

MARTYS [14] used computer simulations of ion diffusion in average size pores
(interconnected network) filled with two fluids, one fluid is wetting and the second is
non-wetting, such as where the water preferentially wets the porous concrete surface and
the air. By correlating the SDs of the simulated interconnected pore network with the
SDs of the hardened cement paste and using the total pore volume, MARTYS’s results
show a greater influence of the SD than this paper. However, in the cement paste pores
below the critical diameter also affect ion diffusion. Their influence is relatively small
when the cement paste is saturated, but when there is little moisture in the interconnected
network, the influence of the small pores should be taken into consideration.

3. Concrete structure selected and its characteristics

3.1. Environment

The structural element used in this research was the beam of the vertical surface of the
pier of the “Terminal of Containers-TECON’, located in a mist zone. The pier is located
in the marine harbor in the city of Rio Grande - RS — Brazil.

3.2. Concrete characteristics

Drilled cores of concrete were extracted according to ASTM C 42-94 [15] and they
underwent characterization tests. Data from construction site reports were also used. The
chloride content profile was obtained from 5-mm deep drilled out samples (20 holes
were made in each of the six points selected in a 50-m section of the 300-m pier). The
concrete in this structure was prepared with coarse crushed granite aggregate (maximum
diameter - Dmax - 38 mm) and quartz sand. Pozzolanic cement was used with 34%
pozzolan and the cement content was 403 kg/m’. The w/cm was 0.44 with fy = 23.4
MPa (28-day strength). The concrete had a specific mass of 2275 kg/m’ and its
absorption after immersion and boiling [16] was 5.28% by mass with fy_ .y = 41,0 MPa
(22 years strength). The chloride penetration profile displayed a penetration coefficient
(K) for these ions in the order of 5.437 mm * yr'? in the model cc- = K * t'2 for a
chloride concentration of 0.4 % in relation to the cement content in the boundaries of the
attack front.
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4. Field test of seasonal variation of the saturation degree in the mist zone

4.1. Test

Drilled cores were extracted from the vertical surface of the TECON pier, and care was
taken to remove and discard the outermost layer. The drilled cores thus obtained
measured 9.4cm diameter and had the following dimensions: 3 cylindrical specimens
with 4cm length and 3 cylindrical specimens with 8cm length. Some cylindrical
specimens had their outer surface coated with silicone, with the exception of the top
surface (Fig. 7b).

SN ke

Figu;e"f.'ﬁrilled test specimens -“;) not oated; b) coated with silicone; ¢) with vertical
surface displayed in the same position of the vertical surface of the pier

In order to compare the variation of moisture contents in the mist zone, the cylindrical
specimens were placed in a structure mounted assembled approximately 10m above the
pier surface and 120m from the vertical pier wall. The cylindrical specimens coated with
silicone were placed so that the uncoated surface would sit upright, corresponding to the
same position of the pier. The cylindrical specimens faced a concrete beam, and were
exposed to the same degree of solar irradiation of the upright surface of the pier
(Fig. 7c). To prevent flooding by rainwater, the cylindrical specimens were placed on
wedges in a place with good drainage conditions.

These precautions were taken to simulate the environmental conditions faced by the
vertical surfaces of the pier in the mist zone, and to facilitate access to the cylindrical
specimens, which had to be weighed daily in certain periods.

To find out when the cylindrical specimens were in equilibrium with the environment,
high moisture and low moisture content cylindrical specimens were placed in the
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exposure site. When two cylindrical specimens of the same size and different moisture
contents showed a similar behavior, i.e. displayed similar moisture contents and
variations, these were deemed to be in equilibrium with the environment. The daily mass
of the cylindrical specimens was always taken at the same time, i.c. at 9:00 am.

After measurements were taken in March/1998 (summer measurements), tests of
absorption by immersion after boiling (16) were carried out in the cylindrical specimens.
After these tests, the 4cm length cylindrical specimens were coated with silicone as
described above and placed again in the exposure site. One of the cylindrical specimens
had a high moisture content, the second an average moisture content and the third a low
moisture content. Winter measurements were thus taken.

4.2. Evaluation of results

Some observations were made after analyzing the daily values of the cylindrical
specimens.

The cylindrical specimens that had not been coated with silicone behaved differently
from the coated specimens: the increase or the loss in mass was faster both in the 4-cm
length and in the 8-cm length cylindrical specimens.

The 4-cm length cylindrical specimens coated with silicone behaved in a similar way
after approximately two months of exposure (between the spring and summer of 1999).
After the test of absorption by immersion and new exposure to the environment, a
similar behavior among cylindrical specimens was observed after approximately one
month of exposure (July/1999). Therefore, in the rainy season a similar behavior is
observed in a much shorter period of time.

The 8-cm length cylindrical specimens coated with silicone did not reach an equilibrium
of moisture with the environment and therefore were not used to analyze results.

4.3. Interpretation of the results

Summer measurements show that the SD remains constant, with an average measured
value of approximately 70% and a standard deviation of 1.49%. This corresponds to a
variation coefficient of 2.2%. Therefore, SD variation in this season is low.

Winter measurements show an average SD of 85%, with a standard deviation of 4.5%
and a variation coefficient of 5.3%. The standard deviation is larger in winter than in
summer, but it is still low. This is due to the more frequent rains in winter, which are
interspersed with dry periods, when concrete with higher SDs shows faster drying.
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5. Applicability of the results

The factors that affect the penetration of chloride ions are applied on the following
equations developed from the second Fick's Law:

¢c1= 2 (2) ( Deansiar- - 1) 2

where

Cer- = thickness in cm,

Deon - = diffusion coefficient for concrete, considered constant, in cm?/yr,
t = service life, in years, and

z = value of the Gauss error function.

erf{z) = 1 - (Cear - Co) / (Cs - Co) (3

where

Ccq = chloride concentration at depth c¢y-, time t,

Cp = initial chloride concentration in the inner part of the structural component concrete,
Cs = chloride concentration in the surface of the structural element, considered constant,
and

erf(z) = Gauss error function,

The problem with this model is knowing the precise value of D e~ for the given
conditions of any concrete sample of the structural element in its natural environment
under study.

Mist zone

This model was applied to the vertical surface of the beam at the TECON pier, which is
located in mist zone.

The effective diffusion coefficient is obtained by comparing the value of the
compressive strength of the concrete with values found in the literature, as we explain
below.

Because of the large increase in compressive strength in the first two years of service life
of any concrete prepared with fly ash additions, two compressive strength values were
selected: an average value for the two first years and the practically constant value for
the remaining 20 years, which corresponds to 22 years of age of the structure under
study.

For the first two years, a characteristic strength fy 2 4as Of 23.4 MPa was used. An
increase of 67% in two years was found [17], and this is equivalent to an average
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compressive strength of 31.2MPa. For the 20 remaining years the compressive strength
is 39.1MPa. According to an model proposed by HELENE [18], the diffusion coefTicient
believed constant (Demsc1 -) for @ concrete with f, of 30MPa and 40MPa is 316.10™°
em? - s and 600.10"° cm? * s respectively, for Cs values of 1.2%, Co values of 0.02%
and Cec; values of 0.3%. A mean of 142.10"° em? * s is thus obtained. This value
approximates the value found by PAGE et al. [2] for a 0.4 w/cm with normal portland
cement (equivalent fy = 30MPa) and a temperature of 22.5°C, considering Deonst 1=
=D.¢/p, with porosity p between 0.3 and 0.4 [19] and Der = 227.10"° cm? * 5. The values
found by HELENE [18] are very close to the values given in another paper by the same
author [20], the values for the effective diffusion coefficient in high resistance concrete
are quite similar to those found by GJZRV et al. [5] in laboratory tests, with cylindrical
specimens immersed in seawaler at an average temperature of 20°C. For the equations
above, HELENE's values [18], a temperature of 22.5°C and normal portland cement
concrete are considered.

According to ISAIA and HELENE [21] and HELENE’s model [18], concrete cover
thickness for the reinforcement could be reduced by 20% for concrete prepared with an
addition of at least 8% microsilica or 50% of fly ash. For cy- = K D', it is equivalent to
a 36% reduction in the diffusion coefficient, or a reduction coefficient of the diffusion

coefficient (R¢) of 0.64.

The influence of temperature is given by the Arrhenius equation:

: 1
Dr=Dr, € -k[r%] 4)

where D; is the effective diffusion coefficient at temperature T, Dy, is the effective
diffusion coefficient at temperature To, k is the reaction constant, and T and To are the

temperature (°K).

PAGE et al. [2] carried out tests of the effect of temperature changes on chloride
diffusion in paste. Using these data, values of k equal to 5511 and 4766 were found for
0.5 and 0.4 w/cm. A mean value of k was used, and a Kueas Of 5139 was obtained. For a
temperature To of 22.5°C and the average temperature in each season, an annual average
reduction coefficient of the diffusion coefficient Was obtained (Ry), as shown in Table 1.
Average temperatures were calculated using daily temperature values for the years 1988
to 1998, as supplied by the Fundagdo Universidade do Rio Grande - National Weather
Forecast Institute —8" District, RS, Brazil.
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Table 1. Average values of reduction coefficient of the diffusion coefficient due the
variation of the temperature - Ry

To=225°C=2955K
k=5139 Average
Season ) Ti(K) R *
Summer 234 296.4 1.05
Autumn 16.46 289.46 0.70 0.81
Winter 14.37 287.37 0.61
Spring 20.33 293.33 0.88

rae.e TR

The reduction coefficient for the diffusion coefficient due the variation of the SD (Rsp)
was calculated for the average line of Fig. 4 for average SDs measured during the winter
and summer. SDs in spring and autumn were considered as being the average value
between the winter and summer SDs. These results are presented in Table 2.

Table 2. average values of reduction coefficient of the diffusion coefficient due the
variation of the SD - Ry,

Season GS average - % Ras Rgs sverage
Summer 70.0 0.226

Autumn 1.5 0.286 0276

Winter 85.0 0.305

Spring 77.5 0.286

GUIMARAES et al. [22] studied the effect of the position of the surface in relation to
position of concrete molding. It related results on cylindrical specimens whose attacked
surface is the lateral surface in relation to the surface of concrete molding (HL) to those
whose attack surface is cut from the core of the cylindrical specimens (HC) (Fig. 8)
obtained in tests of measurement of the charge passed according to ASTM 1202-94 [23]

for cylindrical specimens prepared with concrete with abatement of the conical trunk of
10 em.

HL HC HL

B 000

Hw
e |0 70

Figure 8. Samples extraction position [22]
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The concrete researched is place in the lateral surface in relation to the surface of
concrete molding and this concrete was an abatement of the conical trunk of 8+1 cm.
The reduction coefficient due the difference in the position of the extracted of the lateral
surfaces “HL" and within central position with two inner surfaces “HC” (Fig. 8) (Rsc)
was calculated with the mean of 4 values of charge passed with a resulting Rgc of 0,74.

The effective diffusion coefficient was thus calculated considering the conditions of the
concrete of the structural element studied in its environment and the type of cement used
as a function of the diffusion coefficient found in laboratory tests for concrete prepared
with Portland cement:

Deonstcr® (en = Deonsict gab) Re Rr Rsp Rsc (5)
Thus, Deonst 1 e = 342 107" em?* s - 0.64 0.81°0.276°0.74 = 36.2° 10" cm® " 5!

The value of z must be found (value of the Gaus error function) before finding the value
of the depth of the chloride attack front, according to Eq. 3.

Chloride content in relation to cement mass was considered to be Ceq=0.4 % and
Co=0.02%.

The value of Cg was calculated according to measurements of chloride content in the
first 5 mm of depth. This value corresponds to 0.53 % of the mass of dry concrete.

In the outermost concrete layer, a reduction of the coarse aggregate content must be
taken into account because of the wall effect on the contact surface of the mold [24].

The increase in the coarse aggregate content was believed to vary between 0% of the
surface of the concrete element to a maximum content in a section that is positioned
halfway the diameter of the smallest piece of coarse aggregate that had a significant
percentage contribution in the grain size distribution of coarse aggregates. For the
concrete used in the samples studied, the diameter of the smallest coarse aggregate with
a significant percentage in the grain size distribution of coarse aggregates was 9.5 mm.
Therefore, the maximum coarse aggregate content was reached within a distance of
approximately 5 mm and the lowest cement content (403 kg/m®) was found below this

depth.

Considering that the outer surface of the concrete is only mortar, we had a specific mass
of 2177 kg/m for fresh concrete and 2068 kg/m’ for dry concrete, and a cement content
of 707 kg/m’. For a linear reduction of cement content in the external surface to the
depth of Smm, the average of cement content for the first extraction Iayer (5-mm deep) is
555 kg/m’. The mean specific dry mass in this layer was 2171 kg/m’, and the value of C
in the beam of the vertical surface of pier (mist zone) was:
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Cs=0,53 " (2171/555)% = 2.17% (in relation to the mass of cement)

With these values we have erf(z) = 0.8146, which corresponds to z = 0.94. Thus, we
have a model for the mist zone in the environment studied:

ea=2(0.94)" (362" 10" cm? s ' 1)'?
e = (6.35 mm* yr'?) - (1)

It can be observed that the value of 6.35 mm.yr'? corresponds to the coefficient of
penetration of chloride ions, and that for the same point the coefficient of penetration of
chloride ions calculated from the profile of chloride ions is 5.437 mmyr'? The values
show a difference of only 17%. If the SD variation (Rgp) and the position of the surface
exposed in relation the surface of concrete molding (Rsc) are not considered, this
difference reaches 158%, and the chloride penetration coefficient would be 14.05
mm.yr'? (Fig. 9), with the SD variation (Rsp) being the most significant factor. If only
the SD variation is not considered, the difference increases from 17% to 122%.

16
14
12
10
8
6
4
2
0
Measured Model:fck, Model:fck, Model:fck,
cem.,,T, SD, AS cem.,T cem.,T, AS

Figure 9. Chloride penetration coefficient - K (mm.yr™?) - mist zone from the measured
profiles; predicted values considering attack surface (AS) and SD; predicted values not
considering attack surface and SD; and predicted values not considering SD

6. Conclusions

The tests carried out in this study and the application of these results in a marine
structure indicate a large influence of the SD of the hardened cement paste.
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Consequently, this factor must be taken into account when estimating the service life of
any reinforced concrete structure under chloride environment. Simpler models can be
reviewed including the influence of saturation degree.
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