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ABSTRACT

This paper presents a rational method to characterize the freeze-thaw salt scaling performance of con-
crete based on capillary suction forces. The testing program included evaluating the concrete’s chemical
chloride binding capacity, degree of hydration, total porosity, compressive strength, sorptivity and de-
icer salt scaling resistance conducted at both, 28 days and 2 years. Mixtures consisted of paste and con-
crete containing 0-60% GGBFS as cement replacement, and a water-to-binder ratio of 0.31 or 0.38. The
proposed capillary suction model was adapted to include the concrete’s chloride binding capacity, pore
characteristics, and age. Results from the capillary suction model are found to correlate with experimen-
tally measured ionic sorption coefficients. Results revealed that the capillary suction depth decreases
with increasing percentages of GGBFS due to blocking of capillary pores as a result of the chemical inter-
action between the saline solution and the binder material. A freeze-thaw salt scaling resistance factor
(F/T SSRF) is proposed which accounts for the concrete’s degree of hydration, sorptivity and tensile
strength and is shown to correlate with the concrete’s cumulative mass loss tested in accordance with
MTO LS-412. Accordingly, the salt scaling performance of concrete containing GGBFS is influenced by
the combined effect of the concrete’s pore size distribution of the exposed surface, chloride binding

capacity, degree of hydration, and tensile strength.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Freeze-thaw damage in the presence of de-icer salt solution
manifests due to the development of pore pressures in hardened
cement paste leading to cracking and flaking of the surface layer
of concrete. Under laboratory test conditions, concrete containing
high percentages of GGBFS (ground granulated blast furnace slag)
exhibits greater scaling than OPC (ordinary Portland cement) con-
crete [1]. Several theories have been proposed to explain the sur-
face scaling damage mechanism of concrete, but they all fail to
provide a rationale why concrete containing high ( >50) percent-
ages of GGBFS as cement replacement exhibits poorer scaling resis-
tance as compared to concrete with no or lower percentages of
GGBFS [1-3]. On the other hand, the use of GGBFS is desirable ow-
ing to its economic and environmental benefits given that concrete
containing GGBFS as cement replacement can exhibit similar
strength, density and homogeneity as OPC concrete by 28 days,
as well as improved durability performance against some forms
of degradation such as sulfate attack and alkali silica reactions
[2,4].
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Pore pressure development during freezing and thawing cycles
in the presence of de-icing salts is partially attributed to the effect
of movement of solution and/or ice formation. The development of
pore pressures is influenced by the concrete’s microstructural
characteristics, namely, total porosity, permeability and the pore
size distribution. Concrete containing GGBFS typically exhibits a
lower permeability and a lower volume of coarse pores when com-
pared to OPC concrete [2,5]. In comparison to OPC concrete, the
chloride ion diffusion coefficient is markedly lower for concrete
containing GGBFS due to its relatively denser and discontinuous
microstructure and, its relatively higher chloride binding capacity
[3,4].

Capillary suction is considered to be the controlling transport
property for unsaturated concrete surface. The rate of uptake de-
pends on the pore structure and also the type of sorbing fluid used
[6,7]. When concrete is exposed to a chloride solution, the chemi-
cal interaction between chloride ions and the binder changes the
pore structure of concrete, which results in an overall reduction
in total porosity partly due to the blocking of pores with precipitate
product from chemical chloride binding reactions [5,8-10]. Previ-
ous investigations have shown that changes to the concrete’s pore
structure after external exposure to chloride solution are reflected
in the ionic sorption coefficient [6,7]. The chemical interaction be-
tween the binder and the chloride solution also reduces the rate of
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ingress as a result of a lower chloride concentration flux [8,11]. The
chemical interaction between the binder and the chloride solution
also reduces the rate of chloride ingress as a result of a lower chlo-
ride concentration flux at different depths from the concrete sur-
face [8,11]. Moreover, good correlation was found to exist
between ionic sorptivity and mass loss due to scaling [6,7].

The aim of this study is to provide a rationale to why concrete
containing GGBFS exhibits poorer scaling performance as com-
pared to OPC concrete. This study investigates the surface capillary
suction as a measure of the load due to freezing and thawing in the
presence of de-icer salt, and tensile strength as a measure of resis-
tance of concrete. Accordingly, the influence of GGBFS on the cap-
illary suction is evaluated by examining the concrete’s surface pore
structure, the ingress of chloride solution and the corresponding
mass loss due to de-icer salt scaling.

2. Capillary suction model

For unsaturated concrete at equilibrium, the local relative
humidity is influenced by capillary pressure developed by capillary
suction and which is related to the capillary pore radius (rp) and by
the osmotic pressure which depends on the concentration of salt
solution (Cp) as shown in Eq. (1). In the presence of low ion concen-
tration (3% NaCl), the solution can be considered to behave as an
ideal solution [12]:

vi,(1 — xCovt)a2 cos 0
ToRT

where, R is the gas constant (J/K mol); T temperature (K); RH rela-
tive humidity (%) within a pore; v, molar volume of water in the li-
quid phase (m3/mol); ¢"V surface tension of the liquid-vapour
interface (N/m); 0 wetting angle between pore surface and liquid
phase (°); ro pore radius (m); y = 10> (L/m®) is a factor for the unit
of concentration to be (mol/L) instead of (mol/m?); C, concentration
of salt solution (mol/L); v, molar volume of salt in the liquid phase
(m3/mol); and n the number of moles (2 for NaCl solution).

The chemical interaction between the saline solution and the
binder precipitates Friedel’s salt within the capillary pores [13-
16]. This formation can bar the entry of solution if the pores are
clogged or blocked due to the formation of new products. Several
studies indicate that consequences of chloride-binder interactions
include a more refined pore size distribution, and also an overall
reduction in the concrete’s total porosity [11,13,14,17,18].

In this study, the effect of chloride binding processes on capil-
lary suction is modeled using the same approach developed for
the diffusion coefficient to account for the chloride binding capac-
ity [19,20] where

(In(RH/100)]xo pinding = — -G (1)

(In(RH/100)], ingin
T @)

[ln(RH/loo)]Binding =

Accordingly, the apparent capillary suction, [In(RH/100)]ginding,
is not constant because the chloride binding isotherm is non-linear
[21]. V, is the pore volume fraction (m?/m?) and B is a factor that
accounts for the influence of chloride binding capacity, (g%), where,
cr is the free chloride concentration (M), and ¢, is the bound chlo-
ride (mg chloride/g sample). The chloride binding factor, B, is ex-
pected to affect the pore radius and the chloride concentration

differently and are defined as B, and B, respectively.
2.1. Influence of chloride on capillary suction

From the capillary suction term in Eq. (1), as the chemical inter-
action between chloride and binder increases, the capillary pore
size decreases [13-16]. In this study, the modified capillary pore
radius (r') is represented by:

r= VpB,1g (3)
and the pore volume fraction is defined as [22]:
Vp, = (w/b) — 0.190, (4)

where wy/b is the water to binder ratio and «y, the degree of hydra-
tion (%/100).

The factor B, accounts for the influence of chloride binding
capacity on the pore radius. Although the chloride binding capacity
includes both physical and chemical binding, research has shown
that the chemically bound chloride processes are predominantly
responsible for the reduction in pore size [9,11,17,23]. The exact
mechanisms that govern the chemical binding of chloride to the
hydrated and unhydrated phases are not well defined [24]. For this
study, it is assumed that only the unhydrated phases contribute to
the alteration of the concrete’s pores and the chloride binding fac-
tor that affects the pore radius, B,, is expressed as:

Chinting. | (Co
B=(1- ocm( o) (5e) 5)
where the cfieical js the contribution of the bound chloride due to

chemical processes (%).
2.2. Influence of chlorides on osmotic pressure

The osmotic pressure term in Eq. (1) is also affected by chloride
binding processes. As chlorides physically or chemically bind to the
cementing material, the free chloride concentration in the pore
solution reduces. The modified concentration (C'), is adjusted to ac-
count for the volume of pores and the chloride binding capacity:

/. CO
- VPBL‘ (6)

B. is the factor which accounts for the influence of chloride binding
on the solution’s chloride concentration:

B — (1 +g—2> %)

By substituting the modified capillary pore radius (') and the mod-
ified concentration (C') as expressed in Egs. (3) and (6), respectively
into Eq. (1), the capillary suction model becomes:

VL (1 = xCovt)o'~2 cos 6

(w/b —0.1904) (1 — oty) <CE¢F§0$> <3%’> roRT
ynvt,Co

(/b — 0.190,) (1 +52)

(In(RH/100)]

Binding — —

(8)

Egs. (1) and (8) can be used to evaluate the hydrostatic pore
fluid pressure (P) (MPa) [25] by substituting [In(RH/100)] for either
the ‘no binding’ or ‘binding’ case, respectively, in the following
equation:

, _ [In(RH/100)]RT

P —p_ —
P VL, (1 — 7CoVD)

9)
where, p” is the vapour pressure, and p’ the pore fluid pressure.
Capillary suction depth, iy (m), is then evaluated from:

IJ
- 10
v 2p (10)
where g is the gravity constant (9.81 m/s?), p the solution density
(1017 kg/m?> for 3% NaCl solution), and P the pressure evaluated
from Eq. (9).
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3. Experimental study

Experiments were conducted on paste and concrete samples.
Paste samples were used to evaluate the degree of hydration, chlo-
ride binding capacity, and percentage of chemically bound chlo-
ride. The concrete samples were used to evaluate the
compressive strength, sorption coefficient, and freeze-thaw salt
scaling resistance.

The primary mix design variables considered in this study in-
clude the percentage of GGBFS as cement replacement (0-60%),
w/b ratio (0.31 or 0.38), and age of the concrete (28 days or 2
years). Table 1 presents the chemical composition of the materials.
Tables 2 and 3 provide the mix design proportions for the paste
and dry cast concrete, respectively. The nominal maximum coarse
aggregate size is 13 mm.

3.1. Degree of hydration

The paste mix procedure, sample preparation, curing regime
and details regarding the non-evaporable water content measure-
ment procedure are detailed in [26]. Fig. 1 shows the influence of
w/b ratio and the percentage of GGBFS on the evolution of non-
evaporable water content from day 28 to 2 years.

Table 1
Chemical composition of OPC and GGBFS.

Constituent OPC (%) GGBFS (%)
N 20.1 34.0
Al,03 5.1 111
Fe,03 23 0.5
Ca0 63.6 36.6
MgO 2.5 11.6
SO5 3.0 33
K,0 - 0.5
Na,O - 0.5
TiO, - 0.7
Mn,03 - 13
Table 2
Paste mix design proportions.
OPC:GGBFS OPC (%) GGBFS (%) w/b ratio
4:0 100 0 0.31
3:1 75 25 0.31
2:2 50 50 0.31
4:0 100 0 0.40
3:1 75 25 0.40
2:2 50 50 0.40
Table 3
Concrete mix design composition.
OPC:GGBFS Total OPC GGBFS Fine Coarse w/b
binder (kg/ (kg/m?) aggregate aggregate
(kg/m?) m’) (kg/m?) (kg/m?)
4:0 360 360 0 1253 835 0.31
3:1 360 270 90 1249 833 0.31
3:2 450 270 180 1156 771 0.31
2:2 360 180 180 1246 831 0.31
2:3 450 180 270 1152 768 0.31
4:0 360 360 0 1275 847 0.38
3:1 360 270 90 1257 843 0.38
2:3 450 180 270 1204 808 0.38
2:2 360 180 180 1257 843 0.38
3:2 450 270 180 1204 808 0.38
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Fig. 1. Evolution of non-evaporable water content from 28 days to 2 years.

The non-evaporable water content or chemically combined
water provides an indirect means to evaluate the degree of hydra-
tion (o) (%) [27]:
wy/b

k

Oy = %100 (11)
where k (g/g) is the mass of chemically combined water needed to
fully hydrate one gram of cement and w,,/b (g/g) is the mass of non-
evaporable water per ignited mass of cementing material. The con-
stant ‘k’ depends on the cement composition, but is typically shown
to range from 0.23 to 0.25 (g/g) for OPC paste [28-30].

A study conducted by Mills [29] reported the non-evaporable
water content at ultimate hydration of ball-milled slurries which
contained varying amounts of GGBFS as cement replacement. The
measured non-evaporable water contents were based on oven dry-
ing the samples at 110 °C and furnace ignition at 1000 °C. The ulti-
mate chemically combined water at full hydration, k, was reported
to be 0.253, 0.255 and 0.266 (g/g) for slurries with 0%, 25% and 50%
GGBFS, respectively [29]. Mills considered the values to be reliable
estimates of the chemically combined water at full hydration and
are adopted in this study to estimate the degree of hydration based
on Eq. (11). The degree of hydration reported in Table 4 are the
mean values of three measurements. The corresponding coefficient
of variation for all of the data reported in Table 4 is less than 2%.

3.2. Chloride binding capacity

The mix procedure, sample preparation, and chloride binding
test method of the paste samples are detailed in Chidiac et al.
[11]. The constants « and p of the chloride binding isotherms fit
to a Freundlich form of:

cp = ocf (12)

are summarized in Table 5 along with the corresponding coefficient
of determination. The chloride binding capacity is evaluated at a

Table 4
Estimated degree of hydration (o).

%GGBFS w/b ratio 28 day mean oy (%) 2 year mean oy (%)
0 0.31 53 70

25 0.31 49 69

50 0.31 43 67
0 0.40 67 79

25 0.40 61 78

50 0.40 53 77
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Table 5
Chloride binding capacity based on fit Fruendlich isotherm at 0.5M total initial
chloride concentration.

% GGBFS o B R? cr (M) (9cp /cy)
0 8.98 0.4263 0.98 0.4278 6.23

25 9.08 0.3811 0.99 0.4138 5.97

50 10.01 0.4555 0.96 0.4339 7.18

60 10.05 0.4466 0.98 0.4301 7.16

total chloride concentration of 0.5 M. The average free chloride con-
tent reported in Table 5 is based on three samples which have coef-
ficients of variation less than 5%.

The percentage of chemically bound chloride for 0% and 40%
GGBFS paste corresponding to a total chloride concentration of
0.5 M are given in Chidiac et al. [11]. In this study, the percentage
of chemically bound chloride for concrete containing 25% is esti-
mated by linear interpolation between the measured data for 0%
and 40% GGBFS mixtures. For percentages of GGBFS greater than
40%, the percentage of chemically bound chloride is assumed to
be equal to the measured value for concrete containing 40% GGBFS.
This assumption is made because at high percentages of GGBFS
(>50%), small differences in chloride binding have been observed.
This could be attributed to the limited sites available for chloride
binding, either physical pore space or species required for the chlo-
ride to chemically react [31].

3.3. Tensile strength

The predicted tensile strength, f;, are based on ACI-363 [32] for
high strength concrete:

fr=06y/f;

In this study, it is assumed that the estimated tensile strength of the
bulk concrete is equal to that of the concrete’s cover layer. The mea-
sured compression test data is summarized in Table 6. Use of the re-
ported strengths in this study assumes that the compressive
strengths, f/, tested at 4 months are equivalent to the 2 year
strengths and are used to estimate the concrete’s tensile strength
as reported in Table 6.

for 21 MPa < f] < 83 MPa (13)

3.4. Sorption

The sorption coefficient referred to as sorptivity, was evaluated
in accordance with ASTM C 1585-04 [33] using two sorbing fluids,
distilled water (DW) and 3% NaCl solution and the results are
shown in Fig. 2. This study presents the sorptivity for concrete with
aw/b of 0.31 at 28 days and a w/b of 0.38 at 2 years. The specimens
were stored and tested in an environment of a relative humidity
(RH) of 55%, and a temperature of 23 + 2 °C.

Table 6
Compressive strength measurements and tensile strength estimates.

% GGBFS  w/bratio Age Measured compressive Estimated tensile
strength strength (MPa)
Mean (MPa) COV (%)
0 0.31 28 days 62 6.4 4.7
25 0.31 28 days 66 7.5 4.9
40 0.31 28 days 71 2.8 5.1
60 0.31 28 days 65 1.5 4.8
0 0.38 4 months 74 2.7 5.2
25 0.38 4 months 89 4.5 5.7
40 0.38 4 months 86 1.2 5.6
60 0.38 4 months 78 9.0 53

0.030 - -
age- w/b - sorbing fluid
[ 28 days- w/b=0.31- distilled water
0.025 1 252 28 days- w/b=0.31- 3%NaCl
[ 2 years- w/b=0.38- distilled water
e S22 2 years- w/b=0.38- 3%NaCl
OE 0.020 -
£
E M- —
E 0.0154
= 3
Z
£ 0010
A
0.005
!
0.000
0% 25% 40% 60%

%GGBFS as cement replacement

Fig. 2. Measured sorptivity coefficients based on two sorbing fluids, distilled water
and 3% NaCl solution [6].

3.5. Scaling resistance

Fig. 3 presents the de-icer salt scaling resistance reported as the
cumulative mass loss after 50 freeze-thaw cycles tested in accor-
dance with MTO LS-412 [34]. This study presents the scaling data
for concrete containing a w/b of 0.31 at 28 days and a w/b of 0.38 at
2 years.

4. Results
4.1. Capillary suction model

Figs. 4 and 5 show the [In(RH/100)], which is linearly propor-
tional to the capillary pore pressure, as a function of pore size for
28 day and 2 year old concrete, respectively. The results are based
on a NaCl concentration of 0.5 M which is of interest because it
represents the concentration prescribed in MTO LS-412 [34].

The curve computed based on Eq. (1) shown in Figs. 4 and 5
does not include the effect of chloride binding processes on the
capillary suction and is therefore the same for all concrete mix-
tures. For both the ‘binding’ and ‘no binding’ cases, [In(RH/100)] in-
creases with pore diameters ranging from 0.01 to 0.5 pm. The
curves in Figs. 4 and 5 computed based on Eq. (8) are specific for
a particular concrete mixture because it accounts for degree of
hydration, chloride binding capacity, pore volume data, and the

2.0

[ 28 days- w/b =0.31 —
[ 2 years- w/b =0.38

2

Cumulative Mass Loss (kg/m”)
B &

n
!

oL |

0% 25% 40 % 50% 60%
% GGBFS as cement replacement

Fig. 3. Scaling resistance tested in accordance with MTO LS-412 [6].
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Fig. 4. Influence of GGBFS using the capillary suction model and data for 28 day
concrete with a w/b of 0.31 exposed to 0.5 M initial chloride concentration.
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Fig. 5. Influence of GGBFS using the capillary suction model and data for 2 year old
concrete with a w/b of 0.38 exposed to 0.5 M initial chloride concentration.

constant values given in Table 7. The results of Figs. 4 and 5 show
that capillary pore pressures increase for all concrete mixtures
when the interaction between the chlorides and the paste is ac-
counted for. This increase in pressure is attributed to the reduction
in pore size as described in Section 2. Considering the effect of
chloride binding, the pressures within the capillary pore size re-
gions, 0.1-1 pum, are constant and similar for all mixtures and in-
crease slightly towards the 0.1 um capillary pore size as shown
in Figs. 4 and 5. In the finer capillary pore region, 0.01-0.1 pm,
the pore pressures, evaluated from Eq. (8), do discriminate be-
tween the different mixtures.

Table 7

Constants used in Egs. (1) and (8) [12].

Variable Value Units
i, 1.80E-05 m?/mol
0 30 degrees
G 0.076 N/m

% 1000 L/m3

n 2

vt 2.13E-05 m?/mol
GCo 0.513 mol/L
R 8.314 J/kmol
T 295 K

P3% Nacl 22¢ 1017 kg/m?

Table 8
Representative pore size, total porosity and porosity factor (PF).

% GGBFS Average pore Total porosity (%) Porosity factor

diameter (pm) (PF)

Exposure solution Exposure solution

Distilled water 3% NaCl Distilled water 3% NaCl
0 0.0451 0.0460 7.5 6.8 1.00
25 0.0419 0.0389 6.9 6.7 0.93
40 0.0390 0.0367 6.4 5.9 0.85
60 0.0353 0.0285 5.7 4.8 0.76

Evaluation of the hydrostatic pressure based on Eq. (9) requires
a representative pore size for each mixture. The average pore size
diameter is evaluated from the pore size distributions reported in
Chidiac et al. [11]. In this study, the representative pore diameter
is assumed to correspond to the pore diameter found at 50% of
the cumulative pore volume. Table 8 presents the representative
pore diameters for each mixture after exposure to distilled water
or 3% NaCl solution. The results show that after exposure to 3%
NacCl solution the representative pore diameter is smaller in com-
parison to those exposed to distilled water, with the exception of
the 0% GGBFS mixture in which case the diameters are similar.
The representative pore diameter decreases with increasing per-
centages of GGBFS indicating that concrete containing increasing
percentages of GGBFS have a greater fraction of smaller diameter
capillary pores.

4.1.1. Porosity factor

Normalization factor, referred to as the porosity factor, PF, is
introduced to account for the relative differences between the total
porosity of the various concrete mixtures. The porosity factor is
deemed necessary to relate capillary uptake to sorptivity, since
sorptivity is influenced by the total capillary pore volume and
not a single pore. The pressures determined from Eq. (9) are fac-
tored to reflect the influence of GGBFS on the total porosity. The
porosity factor is defined as:

P actual porosity of mixture
" porosity of 0% GGBFS concrete mixture

(14)

Table 8 presents the total porosity, and the porosity factor for all
mixtures. The effect of chloride solution on the capillary suction is
evaluated as the difference in pressure determined from Eqgs. (1)
and (8) factored by PF.

4.2. Sorption coefficient

Fig. 2 shows the influence of sorbing fluid on the sorption coef-
ficient for each concrete mixture. The results show that using 3%
NaCl as a sorbing fluid does not have the same effect on the rate
of solution uptake for all of the concrete mixtures. For 0% GGBFS,
the presence of 3% NaCl solution increases the rate of uptake
whereas for concrete containing 60% GGBFS, the presence of 3%
NaCl decreases the rate of uptake as compared to the rate of uptake
of distilled water.

The influence of chloride ions on the rate of capillary uptake is
determined by calculating the difference between the sorption
coefficient determined when distilled water is used as a sorbing
fluid and the sorption coefficient when 3% NaCl solution is used
as a sorbing fluid. This property is referred to as the ‘ionic sorptiv-
ity’ [6,7].

4.3. Model validation

Fig. 6 shows a linear correlation between the experimentally
determined ionic sorption coefficients and the computed capillary
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suction based on the isolated effect of the interaction between the
chloride solution and the cement paste. The effect of physical and/
or chemical binding on the capillary suction is determined as the
difference between the, Pno pinding calculated from Eq. (1) and Pginging
based on Eq. (8). The fit regression lines for the 28 day and 2 year
data have a similar coefficient of determination (R?) (0.85,0.86).
Although the slopes of the regression lines are somewhat similar,
the spread of ionic sorptivity and capillary suction results are nar-
rower for the 2 year old concrete as compared to the 28 day data.
This could be attributed to the fact that at 2 years, the degree of
hydration is essentially the same for all mixtures, as shown in Ta-
ble 4, and is therefore not an influencing variable. In comparison, at
28 days, the degree of hydration ranges from 43% to 53% and is
influenced by the GGBFS content. In addition, the data for the con-
crete presented at 28 days also has a lower w/b ratio as compared
to the concrete used for the 2 year data. As a result, one would ex-
pect a difference in capillary pore structure which would also con-
tribute to the shift in the two curves shown in Fig. 6.

For both ages of concrete, 28 days and 2 years, the correlation
shows that with increasing percentages of GGBFS, the capillary
suction depth decreases due to the effect of chloride solution. This
corresponds to a decreasing ionic sorption coefficient. The negative
ionic sorptivity in Fig. 6 means that the rate of uptake of 3% NaCl
solution exceeds the rate of uptake of distilled water. This is con-
sistent with Eq. (1) which shows that the capillary force of a solu-
tion consists of the superimposed effect of the capillary suction
flux and the chloride ion concentration gradient flux. The greatest
additive response of the two fluxes is observed for concrete con-
taining 0% GGBFS and is reflected by negative ionic sorptivities
shown in Fig. 6.

The ionic sorptivity becomes increasingly positive when the
rate of ingress of 3% NaCl solution is less than the rate of ingress
of distilled water. In this case, the additive effect of the two fluxes
shown in Eq. (1) is not observed. This response is attributed to the
interaction between the chloride solution and the binder material
on the capillary uptake pressure which is captured in Eq. (8).

5. Ionic sorptivity and the de-icer salt scaling resistance

Many of the commonly proposed scaling damage mechanisms
attribute frost damage to the freezing and expansion of water
within a pore and the forced movement of solution in attempt to
relieve the free energy and/or the chloride ion concentration gradi-
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ent [2,35,36]. Hydraulic pressure is controlled by the degree of sat-
uration of a capillary cavity and the pressure developed due to the
movement of the pore solution, which is in part controlled by the
permeability of the concrete’s microstructure [36,37]. A negative
ionic sorption coefficient indicates that the ingress of chloride solu-
tion exceeds the ingress of distilled water which corresponds to a
higher degree of saturation of the capillary cavity. In contrast, a po-
sitive ionic sorption coefficient indicates that the uptake of chlo-
ride solution is less than the uptake of distilled water. The
response is expected to be partly due to chloride-binder interac-
tions which block the surface of the capillary pores resulting in
solution trapped beneath the surface, creating a saturated cavity.
When subjected to freezing temperatures, the water will expand
and the brine solution will move towards the outer surface of the
concrete in attempt to relieve the free energy gradient. Both the
expansion of water and the movement of solution generate pore
pressures. The magnitude of the pressure depends on the degree
of saturation. In this regard it is postulated that ionic sorptivity is
a measure of the degree of saturation. For instance, a high degree
of saturation can be reflected by either a high positive ionic sorp-
tivity or a high negative sorptivity. Thus, ionic sorptivity provides
a measure of the load due to pore pressures, and the tensile
strength provides a measure of the concrete’s resistance. Accord-
ingly, a new freeze-thaw salt scaling resistance factor (F/T SSRF)
is proposed:

(15)

F/T SSRF = Hydration Factor <Iomc Sorptivity >

Tensile Strength

The ‘hydration factor’ is introduced to account for the w/b ratio and
age of the concrete as given in Eq. (16) [38].
log age [ aggeb:o.zx a;g/ebo.?

w/b=031 w/b=04
lOg 28 aﬂge 28 days

Hydration Factor =

(16)

where age reflects the concrete’s age and is measured in days. It
should be noted that the hydration factor of unity corresponds to
a 28 day concrete with a w/b ratio of 0.31.

The correlation between the cumulative scaling mass loss after
50 freeze-thaw cycles and the ratio of the F/T SSRF is shown in
Fig. 7. By comparing the scaling acceptance limit of 0.8 kg/m? spec-
ified by OPSS 1351 (2002) [39], and the freeze-thaw salt scaling
test results, limits were derived for F/T SSRF and are represented
by the following relation:

—0.0018 < F/TSSRF < +0.002 (17)
2.0
@ w/b=0.31, 28 days [e]
184 O whb=0382 years
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Fig. 7. Correlation between scaling resistance and freeze-thaw salt scaling resis-
tance factor (F/T SSRF) (scaling acceptance limit specified by OPSS 1351 shown at
0.8 kg/m?).
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Use of the F/T SSRF in conjunction with the acceptance limits of Eq.
(17) provide the basis to develop an effective, inexpensive, and quick
evaluation of concrete’s susceptibility to freeze-thaw salt scaling.

6. Conclusions
The main findings from this study are:

1. A capillary suction model is developed which accounts for the
interplay between the binder’s chloride binding capacity,
changes to the physical microstructure due to exposure to chlo-
rides, and age. The model results are linearly correlated to
experimental ionic sorptivity data for concrete containing 0-
60% GGBFS as cement replacement at 28 days and 2 years.

2. The chloride capillary suction depth decreases with increasing
percentage of GGBFS owing to the blocking of capillary pores
by precipitate from chemical binding reactions.

3. A new property, ionic sorptivity, is introduced and reflects the
difference between the sorption coefficients evaluated using
distilled water as a sorbing fluid and 3% NaCl as a sorbing fluid.
Ionic sorptivity indirectly provides a measure of hydraulic
pressure.

4. A F/T SSRF which is a function of the hydration factor, ionic sorp-
tivity, and tensile strength is proposed to characterize the scal-
ing resistance of concrete. It provides an effective and quick
evaluation of the concrete resistance to freeze-thaw scaling
compared to MTO LS-412 results.
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