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ABSTRACT 
This research was conducted to investigate the effect of 0 to 30% partial 
replacement of cement by slag on chloride diffusion rate in concrete. Concretes 
with 0 to 30% slag were used and exposed to 2 to 5% NaCl solutions. The effect 
of different external salt concentration solutions and the influence of water- 
cement ratios ranging from 0.45 to 0.75 was also studied. In this research, 
different curing methods such as 9 to 18 days exposure to 100% humidity and 
9 to 18 days submersion in distilled water were selected. The results indicated 
that after 90 days of exposure to salt solutions and 108 days of concrete age, 
chloride diffisivity for concretes containing slag almost remained the same. 
This effect was more pronounced for water-cement ratio of 0.45 and curing 
condition of 18 days submersion in water. An increase in water-cement ratio 
beyond 0.55 indicated a higher chloride diffusion rate. Curing condition for slag 
blended cement concrete also indicated a different behavior in chloride 
diffisivity. The best curing method obtained for this type of concrete was 18 
days submersion in water. 0 1997 Elsevier Science Ltd 

Introduction 

Cracking and spalling of concrete structures due to embedded metal corrosion has been 
projected to be a serious problem, both nationally and internationally (1). The damage has been 
apparent in many types of applications, including bridges, pilings, buildings and various other 
coastal and offshore structures (2,3,4,5). The magnitude of the problem is evidenced by the 
increasing scientific and engineering research activity which has been devoted to this problem 
in recent years and also by the number of structures affected and the economics of repair. 

In many situations the corrosion rate of steel in concrete is low, and decades of maintenance- 
free service are realized. This is primarily a consequence of the relatively alkaline nature of 
soluble components in concrete, which results in a pH near 12.4 or above for the pore water (6) 
and the fact that steel is normally passive for such a situation (7). However, penetratibn of 
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chlorides through concrete cover, due to pressure differentials, capillary action or diffusion may 
destroy the passivity and lead to active corrosion of steel. Therefore, preventing the ingress of 
chlorides to the reinforcement is one approach to improve the durability of a concrete structure. 
This can be done with concrete highly impermeable to chloride ions. 

The main mechanism for transport of chloride ions through crack-free concrete is diffusion. 
This has been demonstrated by several researchers (8,9,10,11,12,13). This explains the need 
for test that can be used in the field to measure the permeability of concretes to chloride ions 

(14). 
The main objective of the present paper is to provide information on the diffusion rates of 

chloride into slag blended cement concretes. The effect of water-cement ratio and curing 
condition on chloride diffusivity was also investigated. 

Experimental Investigation 

Samnle Prenaration. A number of concrete disks were cast. These disks had a diameter of 46 
mm and a thickness of 10 mm. These disks were made of different slag blended cement 
concrete. The concrete disks were formulated for different percentages of cement replacement 
by slag. Three concrete disks of each kind were made in order to check the reproducibility of 
data. The slag composition used in this investigation is shown in Table 1. 

The concrete mix was made of 15.3% by weight Type I portland cement, 37.4% coarse 
aggregate and 35.4% fme aggregate with water-cement ratio of 0.45. Concrete disks with 
different water-cement ratios were cast. These disks were also made with different curing 
methods. One of the curing techniques was to submerse the concrete in water with no salt for 
9 or 18 days. The other curing method was to place the concrete in 100% humidity chamber for 
9 or 18 days. The concrete disks were placed between two compartments as shown in Figure 
1. The comer of disks and compartments was completely sealed with epoxy glue in order to 
prevent the solution leakage. This assembly was called a diffusion cell. 

Chlor’d Di ffisivitv Measurem I e ent. Chloride diffision coefftcient in concrete was measured 
by a technique proposed by Page et al. (15). In this method, a diffusion cell shown in Figure 
1 was used. One compartment of diffusion cell was filled with NaCl solution and the other 

TABLE 1 

Composition of Slag Used in this Study 
-----__---_----__----~----~~~----~~--~---- 

Slag components weight% 
--__-_---------------~~~----~------~-~~-~~- 
SiO, 34.31 

&4 9.55 

Tz? 

K&NaO, 

35.19 4.19 9.89 

1.03 
MI-IO 1.34 
P,Q 0.25 
Fe0 0.65 
S 1.3 

__---------_----_------------------------- 
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FIG. 1. 
Schematic diagram of diffusion cell. 

compartment with distilled water. Chloride ions diffused through the cement disk from 
compartment 1 into compartment 2 with time. The variation in chloride concentration in 
compartment 2 containing distilled water was monitored as a function of time. The initial NaCl 
concentration in compartment 1 was 3% by weight and kept constant at all times. After an 
initial delay time for chloride diffusion in concrete disk layer to be stabilized, chloride 
concentration in compartment 2 increased linearly with time. This condition is similar to quasi- 
steady-state diffusion through a disk. This means that the mass flux in all regions perpendicular 
to diffusion direction are constant. 

The chloride concentration in compartment 2 was measured as a function of time by Mohr 
(16) method. 

Results and Discussion 

The diffusion cell designed in this study as described in the experimental section was such that 
we could write the following equation: 

x (Cl - q (1) 

where J is the flux of chloride in moles/cm’-set that entered into compartment 2 (see Figure l), 
D is the chloride diffusivity in cm*/sec, V is the solution volume in compartment 2 in cm3, L 
is the concrete disk thickness in cm, C, is the chloride concentration in compartment 1 in 
moles/cm3 and C, is the chloride concentration in the compartment 2 in mole/cm3. If we assume 
that the chloride concentration in the solution is equal to the chloride concentration on the 
concrete disk surface, then we have: 

2 In[l+- &I= DXA x (t - ta) 

2 
VXL 

and from that we have, 

c,= 
DxAxC, 

x (t - Q 
VXL 



940 C.DehghanianandM.Arjemandi Vol. 27,No.6 

TABLE2 

Concentration ofchloride Ions as a Function ofTime for CellNo. 71* 

1 Row No. 

8 

I 

9 

DIFFUSION CELJJ NO. 

7lA 71B 7 

Time/set [Cl ppm Time/s [Clppm Time/se 
ec C 

684000 2140 684720 1540 684960 

1036560 2760 103692 2020 1037280 
0 

1792740 3718 179280 2252 1792980 
0 

2370660 4433 237114 2760 2371980 
0 

2891640 5148 289128 2836 2892120 
0 

4018920 6380 401838 3580 4019340 
0 

4361820 6475 436140 3586 4362300 
i-l 

-I .C 

[Cl Ppm 
I 

1820 

--i 
2120 

3917 I 

5224020 6450 522466 3744 7056000 
20 

7055580 8035 705588 4316 7056000 
0 

w 8788 

i_----A 
10 

11 Slope (M) 0.001264 0.00065 0.00182 

12 D [CL-I 2.463-07 l-263-07 3.5E-07 

13 Mean Chloride Diffusivity = 2.423-07 cr$/sec. 
%- In this tab1 the cells 7lA 71B and '/lC are similar and their 
configuration zd conditions w&e the same as the one described 
in the experimental section. 

fort&, andC,))C, for which b is the initialdelaytime.Therefore,the effective diffisivity can 
be obtained from the slope of concentration vs time curve. If M stands for the slope, then we 
have: 

VXLXM 
D= (4) 

A x C, 

The chloride difisivity used in this study is an average of three diffusion cells of the same 
kind (see Table 2). In this table, the cells 7 1 A, 71B and 71C are similar. A typical plot of 
chloride concentration as a function of time for the cell 71A in Table 2 is shown in Figure 2. 
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FIG. 2. 

Concentration of chloride ions as a function of time for cell 7 IA. 

The best line equation which tits the data are also shown in the graph. The chloride diffusivity 
was determined by using the slopes of these lines into Equation 4. 

For all concrete samples with different conditions, the above technique was used to determine 
the chloride diffusivity. The average chloride difksivity obtained for the concrete with no slag 
addition was about 1.06 x 1 O”cm%ec which was the same as the value reported by Jang ( 17) 
for the sound concrete. He estimated the chloride diffisivity by using Fick’s second law of 
diffusion: 

EzDx d=C 
dt dxz 

% SLAG ADDED 

FIG. 3. 
Diffisivity of chloride ions as a function of percent slag added at various external salt 
concentration after 90 days of exposure. The concrete samples were 108 days old. 
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FIG. 4. 
Diffusivity of chloride ions as a function of external salt concentration at various slag contents. 
The concrete samples were 108 days old. 

for boundary concentration of C = 0 at t = 0 for (0 (x(m) and C = C, at x = 0 for (O(t&), where 
the solution for Eq.5 is 

+-t?fl x ) 
0 2xJDxl 

(6) 

where C is the concentration of chloride ion in concrete at a distance x from the surface at a 
time t, and Co is the concentration at equilibrium (10%). Therefore, a method used for 
determining chloride diffusion coefficient in this work was in good agreement with the method 
used by Jang and Iwasaki (17). 

,E_()~.--r----_-,-------l- ----I 
0.45 0.5 0.55 0.6 0.65 0.7 0.75 

(WATER/CEMENT)RATlO 

FIG. 5. 
Diffisivity of chloride ions as a function of water-cement ratio at different slag concentration. 
The concrete samples were 108 days old. 
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FIG. 6. 
Diffisivity of chloride ions as a function of curing condition for different slag concentration. 
The concrete samples were 108 days old. 

Figure 3 is a plot of chloride difhrsivity as a function of percent slag added to concrete. The 
concrete disks were exposed to different salt concentration solutions. Addition of slag up to 
30% indicated the same chloride diffusivity as the concrete with no slag. However, above 30% 
slag content, the chloride diffusivity increased compared to the concrete with no slag. This is 
probably due to the fact that slag blended cement concretes were at 1 OS days of age and have 
not developed sufficient age to increase their electrical resistivity large enough to lower the 
concrete porosity and permeability. This has been reported in the work of Hansson and Hansson 
(18) which indicated that for blast furnace slag cement paste with water-cement ratio of 0.55, 
an increase of 82% in electrical resistivity from age 20 days up to 200 days was observed. 
However, for the concrete with no slag he did not observe any increase in electrical resistivity. 
Therefore, it is likely for the concretes up to 30% slag content to increase its resistivity with 
age. This probably reduces its chloride permeability with age compared to concretes with no 
slag. 

Figure 4 is a plot of chloride diffusion coefficient as a function of the external salt 
concentration solutions for concretes with different amount of slag. The results indicated an 
increase in chloride diffusivity for all concrete samples in 3% NaCl solution. However, the 
chloride diffusivity decreased in a solution containing more than 3% NaCl. 

Figure 5 illustrates the chloride diffusion with respect to water-cement ratios (W/C). At the 
water cement ratio of 0.45, addition of slag to concrete up to 30% did not make any significant 
change in the chloride difisivity. This trend almost continued up to water-cement ratio of 0.55. 
After that the increase in water-cement ratio caused a dramatic increase in chloride diffusivity 
for the concrete containing 30% slag. However, the chloride diffusivity for the concretes 
containing 0 and 15% slag with water cement ratio of 0.65 did not change with respect to the 
concretes with water-cement ratio of 0.45 and 0.55. At water-cement ratio more than 0.65 an 
increase in chloride diffision rate was observed. 

Figure 6 demonstrated the effect of curing condition on chloride permeability in the concrete 
containing slag. The lowest chloride diffusion rate was obtained for the curing condition of 9 
and 18 days submersion in water. The chloride diffusion coefficient at this curing condition, 
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was approximately the same for the concretes up to 30% slag, but a sharp increase in the 
diffision coefficient was observed for 45% slag content. Curing condition of 9 and 18 days 
exposure to 100% humidity showed more chloride diffisivity than the curing condition of 9 and 
18 days submersion in water. This effect was more pronounced for the concretes with higher 
slag concentration. 

Conclusion 

From the results obtained in this investigation the following conclusion can be drawn: 

1. 

2. 

3. 

4. 

1. 

2. 
3. 

4. 

5. 

6. 
7. 
8. 

9. 

10. 

11. 

Slag blended cement concrete containing up to 30% slag with water-cement ratio of 
0.45 did not influence on chloride diffusion rate compared to concrete with no slag. This 
conclusion was obtained for concretes with 1 OS days of age. However, it is believed that 
with concrete age, the chloride diffusion rate for slag blended cement concrete will be 
reduced. 
An increase in water-cement ratios more than 0.55 increased the chloride diffisivity of 
concrete. This effect was more pronounced for a higher slag contents. 
Water-cement ratio of 0.45 provided the lowest chloride permeability for the concretes 
with higher slag contents. 
Curing method had a marked effect on chloride permeability in concrete. Submersion 
in water for 9 and 18 days provided the best curing condition for reducing the chloride 
diffusion rate in concrete. 
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