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This paper compares the durability properties 

(HVFA) cement and ordinary Portland cement (OPC). The 

susceptibility to durability issues was investigated through 

the water absorption test using 28-day-old samples. Durability 

against chemical attacks was investigated through sulphuric 

1-year-old samples. The results indicated that APC occupies a 

and greater resistance than OPC for sulphuric acid attack 

and chloride ion penetration. Chemical and microstructural 

reasons for the above behaviours are presented. A key index of 

durability performance is the free calcium hydroxide available 

and/or generated during cement hydration and durability 

exposure.

INTRODUCTION

authors (Kulasuriya et al.

cement comprising non-hazardous chemicals that can 

be cured under normal conditions and stored as a dry 

the research was started with a preliminary cementitious 

APC are very relevant and important in the context of 

environmental sustainability through reduced usage 

the strength development of APC was shown to be 

promising even with respect to OPC (Kulasuriya et al.

2014). 

while a summary of compressive strength results is also 

included

porosity and penetrability of the hydrated cement. 

(Fernandez-Jimenez et al et al

The main distinctive feature of APC is that it is in 

the form of a dry cement powder that uses only non-

hazardous materials (Kulasuriya et al. . Research 

on durability properties of hybrid cements is extremely 

strength properties.  Fernandez-Jimenez et al. 

(2013)

sodium sulphate and seawater of a hybrid cement derived 

from blast furnace slag and zinc slag and compared it 

to the resistance of OPC. Donatello et al. (2014) also 

investigated the resistance of

cement to the same three aggressive agents and compared 

its performance to a sulphate resistant cement. Donetello 

et al. (2013) have substantiated their phenomenological 
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susceptibility to durability issues through water 

changes in cement properties but also young enough to 

accentuate the differences between mixtures. The second 

aim was to investigate durability issues due to chemical 

may be more representative of service conditions. The 

third aim was to determine the sensitivity of durability 

properties to changes in water-cement (w/c) ratio (from 

0.3 to 0.4). The above durability properties of APC were 

developed as an alternative to OPC. 

METHODOLOGY

The pozzolanic material used in the mixtures was 
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in the market and derived from quicklime via grinding 

and slaking. Hence it can be considered as a mixture of 

or Ca(OH)
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percentages. The OPC used was the normal type general 

a minimum compressive strength of 40 MPa at 28 days 
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previous research (Kulasuriya et al. contains 

2
SO

4

2
SO

4
) + 

lime. 

The other APC mixtures investigated contained APC60 

and APC80. In the previous research (Kulasuriya et al.

2014)

2
SO

4 
followed by 

the above formulation. The same style of formulation 

a continuation of the previous research. Na
2
SO

4
 is used 

since it has been found to be a good alkaline increasing 

activator (Kulasuriya et al. . A mixture containing 

in high volume et al

dry cement powders were chosen as below:

APC mixtures

2
SO

4

2
SO

4

2
SO

4

HVFA mixture

OPC mixture

The above dry cement powders were mixed with water 

Table 1 summarises the 28-day compressive strength 

results of the above mixtures (Kulasuriya et al.

ratio are less than the corresponding ones for the 0.3 w/c 

OPC > APC > HVFA where the main comparison is 

L > M > N for the 0.3 w/c mixtures - i.e. the strength is 

clear trend can be seen for the 0.4 w/c mixtures.
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The cement pastes were prepared by mixing dry 

cementitious mixture ratios either at 0.3 or 0.4 by weight. 

× ×

were made from each mixture and each set was cured 

under one of two conditions. Samples cured in air under 

curing until testing are described as water cured. Air cured 

could be also experienced in practice) would be more 

critical and also accentuate differences across mixtures. 

environments are also likely to be wet.

 Three samples from each mixture were used to 

Mixture                                 Description  Compressive   

 Composition  w/c strength at

  ratio 28 days (MPa)

           

Practical APC mixtures     

 

2
SO

4

2
SO

4

2
SO

4

2
SO

4

2
SO

4

2
SO

4

     

Comparable HVFA mixtures    

  

Reference OPC mixtures   

   

identify the pastes prepared with w/c = 0.3 and w/c = 0.4.

 Summary of strength results at 28 days 

of which were made of a square net. The surface area 

specimens without any obstruction.

Water absorption test

samples used in this research were of cement paste. 

Since the objective of performing water absorption 

test method where all six surfaces are exposed to water 

was considered more suitable than those where some 

surfaces are sealed 

dried weights (W
s
) were recorded after immersing the 

samples for 24 h. Next the samples were dried in an 

weights (W
d
) were recorded. 
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Sulphuric acid attack test 

acid attack of concrete and mortar were used as a guide 

(ASTM C267). Air cured specimens were immersed in 

2
SO

4
 acid (cf. Ghrici et al

order to fully immerse the specimen. Before immersing 

W
d
) were measured. After 

W
i

acid attack index for each specimen was obtained as the 

percentage weight change (e.g. Ghrici et al

Sodium chloride penetration test

It has been argued that permeability and chloride ponding 

(Dias et al (i.e. around 3 months). The 

NaCl solution was also replenished every 4 wks as in the 

acid attack test. The ratio between volumes of specimens 

out of the solution and split into two over the trowelled 

3
 solution was 

applied on the split surfaces (Otsuki et al

3
 reacted with 

chloride to form silver-white coloured AgCl. The depth 

of penetration was determined by taking 4 measurements 

from each face other than the trowelled face (to avoid 

inconsistencies due to variations in trowelling). The 

mean depth for each sample was computed from these 

12 measurements.

Carbonation test

Carbonation resistance was investigated through an 

accelerated carbonation test. Inside the carbonation 

Multiple trays of saturated NaNO
2
 solution were kept 

inside the chamber to control the relative humidity. The 

2

which is 100 times that of the natural CO
2
 concentration 

2 

specimens from each mixture were kept in the carbonation 

chamber. One set was taken out after 4 wks and the other 

after 12 wks. The specimens were split into two over the 

phenolphthalein solution was applied on freshly split 

sections. The region that remained colourless was taken 

as the carbonated region. The depth of carbonation was 

determined by taking 4 measurements from each face 

each sample was computed from these 12 measurements. 

RESULTS AND DISCUSSION

In addition to comparing the various durability 

parameters with respect to w/c ratio was also computed 

 – value of the parameter considered of samples 

having w/c = 0.3

 – value of the parameter considered of samples 

having w/c = 0.4

X 

penetration depth or carbonation depth. 

 The mixtures were compared on the basis of 2 

the APC mixture M with comparable mixture C (HVFA) 

to compare the APC mixture M with its neighbouring 

w/c = 0.4 than those with w/c = 0.3 because of greater 

porosity in the former. Figure 1(a) also indicates that for 
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greater than that of OPC mixture R but less than that of 

HVFA mixture C. The reason is that the degree of pore 

water absorption would also decrease from OPC through 

than that of both M and N mixtures. The reason could 

be that mixture L has the greatest proportion of added 

least in mixture L in the L-M-N grouping. 

sensitivity to w/c of APC mixture M is slightly less than 

that of HVFA mixture C and OPC mixture R. It may be 

that part of the extra water is used to convert any CaO 

in added lime into Ca(OH)
2  

rather than to increase the 

sensitivity) of APC is slightly better than that of OPC and 

HVFA. The sensitivity to w/c of APC mixture N is clearly 

higher than that of APC mixtures L and M. Mixture N 

hence needs a smaller amount of water than others for 

robustness of mixtures L and M are slightly better than 

that of N.

Percentage weight changes are presented in Figure 

2 as a function of time. Solid lines denote w/c = 0.3 

The photographs of samples taken at immersion and 112 

C3 and APC mixture M3 in sulphuric acid are shown in 

Figure 3.
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Percentage weight changes due to sulphuric acid attack

(a) Sulphuric acid attack: M-C-R grouping (b) Sulphuric acid attack: L-M-N grouping
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Figure 2(a) indicates that for a given w/c ratio at a 

from OPC 

well. Sulphuric acid attack on hydrated cement occurs 

of ettringite (O’Connell et al.

H
2
SO

4
 reacts with Ca(OH)

2
 and C-S-H to form gypsum 

(CaSO
4
.2H

2

gypsum reacts with hydrated tricalcium aluminates 

(C
3
A.H

12
) to form ettringite (C

3
A.3CS.H

32
) (Mondal et al.

2011). The volume of the ettringite is much greater than 

volume expansion occurs as a result of these processes 

(Monteny et al.

to cracking and/or peeling of samples that lead to weight 

4
 would 

damage to a sample depends on the quantity of C
3
A.H

12 

the quantity of free Ca(OH)
2
 and voids available in the 

sample for ettringite to expand into. The quantity of C
3
A.

H
12

 in the sample depends on the quantity of OPC in the 

mixture. OPC samples have the greatest quantity of C
3
A.

H
12

 while APC and HVFA have C
3
A.H

12
 only around 

ettringite formed would be greatest in OPC. The quantity 

of free Ca(OH)
2
would be very much less in HVFA 

Ca(OH)
2
 released during the OPC hydration process 

would be consumed in pozzolanic reactions. The voids 

available in samples also increase from OPC through 

i.e. the resistance to sulphuric acid attack increases in 

be noticed is the marked weight loss during the periods 

and 84 days. The results of Fernandez-Jimenez et al

resistance of their hybrid cement specimens to both HCl 

attack and Na
2
SO

4
 exposure was better than that of the 

corresponding OPC ones.  

 The results of the present study also indicate that for a 

hence contents of C
3 2

S and C
3
A per volume also 

3
A.H

12 

C-S-H and Ca(OH)
2
 formed during hydration processes 

the damage to samples decreases.

 Figure 2(b) presents the weight loss curves for the 

C
3
A.H

12 

and the resulting damage would be approximately the 

damage reduces as porosity increases with the w/c ratio.

 Sensitivity to w/c ratio of sulphuric acid attack was 

is not the case for mixture C as shown in Figure 2(a). 

After 112 days
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The relatively large porosity of C3 samples would be 

and hence a further increase of porosity as a result of 

result in much needed extra pore space for the ettringite 

greater.

Chloride ion penetration depths of water cured samples 

are presented in Figure 4. Figure 4(a) indicates that for a 

samples is 

greater than HVFA samples. Chloride ions penetrate into 

exchange between Cl- and OH-

diffusion would dominate. Chloride ion penetration 

through ion exchange depends on the quantity of 

OH-

the availability of free Ca(OH)
2
. OPC samples have a 

large quantity of Ca(OH)
2
 released during the hydration 

process. APC specimens also have Ca(OH)
2
 released 

2 
would be used up in the 

2
 released 

during OPC hydration would be largely consumed in 

2 
would either 

Ca(OH)
2

which in turn would be less than in OPC samples. This 

explains the reason for decrease of chloride penetration 

through ion exchange from OPC through APC to HVFA. 

that the differences in ion-exchange processes govern the 

to chloride ion penetration of water-cured APC samples 

of HVFA samples. It should be noted that the strength 

seawater over 90 days was found to be slightly better for 

hybrid cements compared to OPC (Fernandez-Jimenez 

et al

et al

et al. 

(2013) results can be seen as complementing the present 

 Chloride penetration depths for different APC 

chloride penetration decreases from mixture L through 

complementary portion of lime decreases. This means 

that the amount of unreacted Ca(OH)
2 
will decrease from 

mixture L through M to N. As the quantity of unreacted 

Ca(OH)
2 

exchange also decreases. 

 The other obvious feature in Figures 4(a) and (b) 

is that penetration depth is higher in specimens with 

w/c = 0.4 than in those with w/c = 0.3. This is because 

greater diffusion and ion exchange.

Chloride penetration depths

(a) Chloride ion penetration: M-C-R grouping (b) Chloride ion penetration: L-M-N grouping
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of APC mixture M is similar to that of OPC but less than 

OPC are similar and better than that of HVFA. Among APC 

robustness of mixtures L and M are similar and better 

than that of N. Both mixtures C and N (that display the 

2
 would be less than 

in others and water consumed for pozzolanic reactions 

water would increase the porosity in the samples rather 

w/c ratio in those samples becomes relatively higher.

carbonation depths of two opposite sides reach 

different mixtures 

carbonation depths of samples made with w/c of 0.3 and 

carbonation depths at 1 month and 3 month exposure are 

grouped and presented separately. The fully carbonated 

samples of the HVFA mixture C got fully carbonated. 

APC mixture N prepared with w/c = 0.4 also got almost 

w/c ratio (0.3 or 0.4) and at a given duration of exposure 

HVFA through APC to OPC. Carbonation depends on 

the porosity of samples and the quantity of free Ca(OH)
2
 

2
 penetrates into the 

2

it is carbonated more quickly. The porosity decreases 

from HVFA through APC to OPC. The quantity of free 

Ca(OH)
2
 also increases from HVFA through APC to 

2
 in 

the more porous HVFA samples gets carbonated quickly. 

for CO
2
 to penetrate and carbonate the relatively large 

quantity of Ca(OH)
2
. Conditions in APC fall in between 

carbonation decreases from OPC through APC to HVFA.

w/c ratio 

L through M to N. Among APC mixtures the added lime 

free Ca(OH)
2
 content will also decrease from mixture L 

through M to N since lime in the mixture is consumed 

decreases from mixture L through M to N.

is that for a particular mixture at a given duration of 

is higher in specimens of w/c = 0.4 than in those of 

ratios between carbonation depths at 3 to 1 month of 

. This endorses the square root of time 

et al.

techniques.

 Sensitivity indices of the mixtures at 1 month of 

mixture C cannot be determined as samples were fully 

carbonated. The sensitivity indices for other mixtures are: 

the sensitivities of APC mixture M and HVFA mixture 

robustness of OPC is greater than that of HVFA and APC. 

greatest sensitivity. The sensitivity to w/c ratio is greater 

samples have higher quantities of free Ca(OH)
2
. However 

2 
decreases due to the carbonation 

process and also due to pozzolanic reactions (in APC and 

2
 

gets carbonated faster in more porous samples (w/c = 0.4) 

than in less porous samples (w/c = 0.3). 
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Durability test Performance (resistance) Robustness to w/c change

Sulphuric acid attack HVFA > APC > OPC Not relevant

 Performance and robustness of various mixtures

Durability properties of APC mixtures in comparison 

to HVFA and OPC mixtures were investigated through 

and carbonation in 1-year-old samples. The robustness 

of these properties when increasing the w/c ratio from 

0.3 to 0.4 was also investigated. Table 2 summarises the 

differences among the L-M-N grouping were not as 

for this test.

 

 It can be seen in the foregoing discussion that the 

Ca(OH)
2

related durability properties. Thermogravimetric analysis 

2
 content decreased 

monotonically from 3 to 112 days for M3 and C3 (at a 

the assertions that were used in the preceding discussions 

regarding the amounts (and changes in those amounts) 

of Ca(OH)
2
 to explain the chemical attack test results. It 

was observed that APC occupies a median position with 

respect to both durability and robustness to w/c changes. 

It is interesting that the strength results in Table 1 for the 

M-C-R grouping also indicate that OPC > APC > HVFA. 

This is promising for this newly developed hybrid 

while displaying acceptable engineering properties.

CONCLUSIONS

the following overall conclusions can be drawn:

 OPC offers greater resistance against water absorption 

acid attack and chloride ion penetration. APC occupies 

the median position for durability aspects. Even where 

Carbonation depths of all mixtures at 1 month and 3 months

(a) Carbonated depth: M-C-R grouping (b) Carbonated depth: L-M-N grouping
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secures such a median position in general.

the APC mixture M again taking the median position.

 The amounts (and changes in those amounts) of 

Ca(OH)
2

resistance to sulphuric acid attack and carbonation.

 These durability test results are promising for the 

it demonstrates the ability to perform in a general purpose 

any one of the common durability issues. The best 

because it performs reasonably well across all the tests.

The authors wish to thank the present and former 

Technical Managers of the Civil Engineering Laboratories 

conducting experiments.
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