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Abstract- This research is to investigate the coupled deterioration property of the mineral admixture mortar under 
carbonation and frost damage. The result of experiments shows that freezing and thawing plays an insignificant influence on 
the carbonation coefficient. The pore volume shows small change after frost damage which is agreement with the 
carbonation change trend. On the other hand, freezing and thawing resistance is changed by the progress of carbonation. For 
specimens with high replacement ratios of blast furnace slag and subjected initially to carbonation in CO2 chamber, it was 
found that the freezing and thawing resistance is greater compared to the case where there is no initial exposure to 
carbonation. 
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I. INTRODUCTION 
 
The use of supplementary cementitious materials, 
such as blast furnace slag and fly ash, is one of the 
current practices, to make the cement and concrete 
industry more environmentally-friendly. In Japan, 
Portland blast furnace-slag cement (BFS cement) is 
classified into three categories, Type A, B and C, 
which contain BFS from 5% to 30%, from 30 to 60% 
and from 60 to 70% respectively, according to Japan 
Industrial Standards (JIS R 5211). In order to reduce 
CO2 emission in process of cement production, it is 
very efficient to use BFS cement as the replacement of 
Portland cement more widely for concrete structures. 
However, BFS cement has rarely been used for 
reinforced concrete building concrete building, which 
is because that concrete with BFS shows slower 
strength development at early ages and lower 
carbonation compared to concrete. Besides, the frost 
resistance of concrete with BFS is also affected by the 
addition dosage of BFS.  
Carbonation and frost resistance has been investigated 
in great detail experimentally and theoretically in the 
past, respectively [1, 2]. By now, it is well understood 
that the pore solution in young concrete is saturated 
with Ca(OH)2 and the surface of the steel 
reinforcement will be covered with a stable protective 
layer, which could prevent steel from corrosion. The 
carbonation rate depends on the humidity, the type of 
cement, the CO2 content of the environment and so on. 
Furthermore, the pore structure could be redistributed 
by the carbonation of concrete. For the frost attack, 
hydraulic pressure governs the freezing deterioration 
at a certain temperature interval, frozen concrete pore 
solution in pores induces great internal hydraulic 
pressure and severe frost damages, which induces 
cracks in the matrix. Although studies, sufficient 

curing of BFS concrete B type in early age increases 
resistance to freeze and thaw. Also, carbonation 
problem of BFS concrete has been an object of study 
for a long time, there is little agreement as to 
combined deterioration of accelerated carbonation and 
freeze-thaw resistance. Following, this paper is 
intended to investigate the interaction between 
accelerated carbonation and freeze-thaw in BFS 
mortar [3, 4]. 
In this paper, the carbonation resistance and frost 
resistance of BFS mortar with mineral admixture is 
discussed, respectively. Furthermore, the coupled 
deterioration property of carbonation and frost damage 
is also investigated. Finally, the effect of carbonation 
and frost damage on the pore structure of BFS cement 
mortar is explored. 
 
II. LABORATORY EXPERIMENTS 
 
A. Experiment program 
In the experiment, mortar mixes containing different 
amount BFS were produced. The slag to binder ratio 
amounted to 0%, 45% or 85% and the water binder 
ratio was 0.55, lime  stone power (LSP) and calcium 
sulfate was added as the mineral admixture, as shown 
in Table 1. Table 2 is the experimental program of 
combined deterioration process. Series 1 is the 
influence of frost damage on the carbonation. Before 
accelerated carbonation tests, the specimens were 
degraded by frost damage after 0, 12, 30 and 60cycles. 
Then, the specimens were placed at 20℃ and 60% 
R.H. and (5 ± 0.5)% by volume of carbon dioxide 
concentration for the evaluation of the carbonation 
depth of 1W, 4W and 8W, respectively. The dynamic 
modulus of elasticity was measured by maintaining 
the minimal temperature of -18℃ and the maximal 
temperature of 5℃, which is based on the ASTM  
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Table l Mixture proportions of mortar and Air content 

 
 

Table 2 Combined deterioration program of the experiment 

 
 

C666 procedure. The frost resistance can be expressed 
by the durability factor of the test specimen until the 
relative dynamic modulus of elasticity falls to be less 
than 60% or the specimen could be subjected to 300 
cycles. Seiries 2 is to investigate the influence of 
carbonation degradation on the frost damage, the 
mortar samples were also performed to frost damage 
after carbonation. After accelerated carbonation tests 
and frost damage, mortar prisms were cut into 5 mm 
cube samples, and then dried to stop the hydration 
reaction. Then, the pore size distribution and capillary 
pore volume was measured, respectively. 
B. Pore size distribution 
The pore size distribution was determined via the 
mercury intrusion porosimetry (MIP) method, which 
is a typical means to measure the pore size distribution 
in cement-based materials[5, 6], using an Autopore 
Master33 porosimeter, which was capable of pressures 
from 0 to 220 MPa. That is, pore sizes under 6 nm 
could not be measured using the MIP method. The 
surface tension of the mercury and the mercury 
density were 0.480 N/m and 13.546 g/ml, respectively, 
assuming a contact angle of 140°. The MIP technique 
requires that the hardened cement-based materials 
should be thoroughly treated to remove water and then 
evacuated prior to testing. After the specified curing 
time, the mortar prisms were cut into 5 mm cube 
samples and then dried to stop the cement hydration 
reaction with acetone, followed by D-drying (ore Dry 
– ice drying) pretreatment. The pore size of the 
samples from 6 nm to 200,000 nm was measured 

using the Autopore Master 33 porosimeter in which a 
hydraulic pump was used to generate the pressure and 
a contact sensor was used to measure the mercury 
volume. 
C. Capillary pore volume 
The capillary pore volume and gel pore volume were 
quantified based on the Archimedes method, and the 
capillary water and gel water were defined in previous 
studies[7, 8]. First, the specimens under saturated 
conditions were dried at 40 °C, and the weight loss 
was considered as the total capillary water. Next, the 
specimens were exposed at 105 °C to remove all of 
the gel and interlayer water, and then the gel pore 
volume was estimated as the difference in the sample 
weight loss from 40 °C to 105 °C. Actually, after 
drying at 40 °C, a small amount of water still 
remained in the capillary pores, while some of the gel 
water evaporated. Therefore, strictly speaking, the gel 
and interlayer water measured are not accurate using 
this analysis. However, because only a small part of 
the gel water was lost during drying at 40 °C, the test 
result can be assumed to be reasonable. 
 
III. RESULTS 
 
D. Frost damage result 
Fig. 1 is the result of the durability factors for all of 
the mortars versus the air content. From Fig.1, the 
frost resistance of mortar was reduced by the use of 
LSP admixture by comparing the BA, BA1, BA2 and 
BA3 samples; The LSP is expected to increase the 
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long term strength and increase the frost resistance by 
long term cuing before performing frost damage. 
By comparing N, BA, BB and BC with adding 
different BFS r by the weight of cement, the frost 
damage is significantly reduced with the increase of 
BFS dosage from 15% to 85%. The reason is 
considered to be related to the air content entrained by 
the mixing of BFS without the use of air entraining 
agent. 
 

 
Fig.1 Durability factors  of mortars without carbonation 

 
E. Carbonation result 
Fig. 2 is the result of carbonation speed coefficient for 
all of the mortar samples. From Fig. 2 the carbonation 
resistance is reduced with the increase of BFS dosage; 
the BC sample with 85% BFS by the weight of 
cement presents the largest carbonation depth among 
all the samples. On the other hand, the use of mineral 
admixture of LSP and CS has an insignificant effect 
on the carbonation depth comparing to N sample. Fig. 
3 shows the relationship between capillary pores and 
the carbonation coefficient. While carbonation is 
known to be dependent on capillary pores having a 
radius of 0.05-0.1 µm,[9] there was no significant 
relationship between the carbonation coefficient and 
capillary pores. In this experiment, changes in the 
carbonation coefficient were found to be influenced by 
OPC ratio. 
 
F. Effects of frost damage deterioration on 
carbonation resistance 
Figs. 4 and 5 is the result of the influence of frost 
damage on the carbonation resistance. All of the 
mortar samples were degraded until 12, 30, 60 cycles 
by the frost damage method according to ASTM C666, 
respectively. The mortars show different frost damage 
degree corresponding to the degradation cycles. The 
different frost damage degree presents insignificant 
effect on the carbonation speed for all of the 
investigated mortar samples. The reason would be 
further discussed by the pore structure change 
measure by MIP method. 

 
Fig.2 Carbonation speed coefficient 

 

 
Fig.3 Relationship between the Carbonation speed coefficient 

and pore volume of0.05-10µm 
 

 
Fig.4 Influence of frost damage on the carbonation  

resistance of mortar with diffierent BFS replacement dosage 
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Fig.5 Influence of frost damage on the carbonation resistance of 

mortar with diffierent mineral admixture 
 

 
Fig.6 Comparion of carbonation coefficient by frost 

deterioration  
 

 
Fig.7 Capillary pores change by the frost damage 

 
Fig. 6 shows changes in the carbonation coefficient in 
relation to frost deterioration and without frost 
deterioration. For varying BFS replacement ratio and 
mixed ingredients, the carbonation coefficient 
underwent small changes according to the extent of 
change in frost deterioration, and almost no change in 
relation to the presence of frost deterioration.  Fig. 7 
shows the changes in capillary pores with the presence 

of frost deterioration. Except for BC, capillary pores 
changed little with frost deterioration. From the small 
changes in pore structure, we can see that the frost 
deterioration plays insignificant influence on 
carbonation coefficient of BFS mortar. 
 
G. Effects of carbonation deterioration on frost 
resistance 
Fig. 8 shows the relationship of the durability factor 
without carbonation and the durability factor after 
carbonation deterioration. For varying BFS 
replacement ratios, there was no clear relationship 
between durability factors and carbonation even with 
changes in mixed ingredients. 

 
Fig.8 Comparion of durability factor by the carbonation 

coefficient 

 
Fig.9 Mass loss of the frost damage 

 
Fig. 9 shows the rate of mass reduction under freezing 
and thawing in relation to carbonation. When the BFS 
replacement ratio was varied, BB and BC deteriorated 
at low cycles, while BA and N showed decreasing 
rates of mass reduction with carbonation. Changes in 
mixed ingredients also led to a decreasing rate of mass 
reduction. This indicates densification of the surface 
structure, which suppresses the infiltration of water. 
Fig. 10 shows the relationship between pores of 40-
2000nm and the durability factor. The past research 
researched that the durability of ordinary cement tends 
to increase with the decrease of pore volume in 
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diameter 40-2000nm [10]. The pore volume in 40-
2000nm of mortar tends to decrease, which is caused 
by the densification of the carbonation. However, in 
this experiment, the results present that regardless of 
carbonation the pores of 40-2000nm does not show 
clear relation with the durability factor. It is 
considered that for blast furnace cement, the frost 
resistance may be affected by different pore sizes. The 
effects of frost resistance on blast furnace cement 
should be further examined in relation to pore size 
distribution. 

 
Fig.10 Relationship between durability and pore volume 

 
CONCLUDING REMARKS 

 
The current study investigates the interaction between 
freezing-thawing resistance and carbonation progress 
as combined deterioration mechanism in mortar 
incorporating blast furnace slag. The main findings of 
the study can be summarized as follows,  
1) Different freezing-thawing cycle 
deterioration degrees showed a small effect on the 
carbonation coefficient. In particular, with a BFS 
replacement ratio of 85% frost deterioration exerted 
significant effects, but the carbonation coefficient was 
not impacted. Also, there is little change of capillary 
pore volume by frost damage, which may be the 

reason of the insignificant change of carbonation 
coefficient. 
2) With respect to the influence of carbonation 
deterioration on the frost resistance, there was a 
decreasing rate of mass reduction for a small BFS 
replacement ratio and in the presence of mineral 
admixtures (LSP, CS). The pore volume in 40-
2000nm in relation to frost damage does not show 
clear relation with the durability factor. However, the 
pore volume in 40-2000nm tends to decrease, which is 
caused by the densification of the carbonation. 
Therefore, it is necessary to determine the other pore 
size affecting the blast furnace cement in the further 
study.   
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