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Abstract

This article reports the results of an investigation on the chloride diffusivity and corrosion resistance of volcanic ash (VA) blended cement
mortars with varying curing times of up to 1 year. The mortars had 20% and 40% VA as cement replacement and water/binder ratio of 0.55.
The accelerated chloride ion diffusion (ACID) test was used to calculate the chloride ion (Cl ™) diffusion coefficient (D;) of the mortars using
the Nernst—Plank equation for steady state condition. In addition, electrical resistivity, mercury intrusion porosimetry and differential
scanning calorimetry (DSC) tests were conducted. Electrochemical measurement such as linear polarization resistance was used to monitor
the corrosive behavior of the embedded steel bars. The chloride ingress into the mortars was also studied. Good correlations were found
among D;, total pore volume (TPV) and electrical resistivity of the mortars. It was also found that blending cement with VA significantly
reduced the long-term D; and hence increased the long-term corrosion resistance of mortars. This fact was also supported by the presence of
lower quantity of Ca(OH), and higher quantity of Friedel’s salt in the VA blended mortars as observed from the DSC tests. Mortars with 40%
VA showed better performance in terms of C1~ diffusivity, chloride ingress and passivation period of embedded steel compared with the

control mortar with 0% VA.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The search for alternative binders or cement replacement
materials had been continued for the last decades. Research
had been carried out [1—8] on the use of volcanic ash (VA),
volcanic pumice (VP), fly ash (FA), pulverized-fuel ash
(PFA), blast furnace slag, rice husk ash, silica fume, etc., as
cement replacement material. The VA, VP, PFA and FA are
pozzolanic materials because of their reaction with lime
(Ca(OH),) liberated during the hydration of cement. Amor-
phous silica present in the pozzolanic materials combines
with lime and forms cementitious materials. These materials
can also improve the durability of concrete and rate of gain
in strength and reduce the rate of liberation of heat, which is
beneficial for mass concrete. The reactivity of FA has been
found to depend on the mineral substitution in the glassy
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silica structure. FAs containing high amounts of calcium
oxide have both cementing and pozzolanic activities while
those containing mainly aluminum oxide and iron oxide as
the major minerals substituted in the structure of the silica
glass only have pozzolanic activity. Studies had been
published concerning the effect of FA on concrete porosity
and resistivity [9], pore solution chemistry [10], oxygen and
chloride ion (Cl ™) diffusivity [9—13], carbonation rates
[14], passivation [15] and corrosion resistance [16], espe-
cially chloride-induced corrosion.

Comprehensive research had been conducted over the
last few years [1,17—19] on the use of VA and VP in cement
and concrete production. The meaningful use of such
volcanic debris can transform them into natural resources
and not only can provide low-cost cement and concrete but
also can help to decrease environmental hazard in volcanic
areas of the world. Research results suggest that the man-
ufacture [1] of blended Portland VA cement (PVAC) and
Portland VP cement (PVPC) similar to Type C Portland
cement and Type FC Portland FA cement (PFAC) is
possible with maximum replacement of up to 20%.
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Durability of concrete is one of its most important de-
sirable properties and it is essential that the concrete made
with VA and VP blended cement should be capable of
preserving its durability throughout the life of structures.
Until recently [20], little research had been conducted on
the degradation of VA blended cement concrete subjected to
aggressive environment. The problem of corrosion of steel
in concrete is very important. The diffusion of CI ~ through
concrete is a major cause of corrosion of reinforcing bars in
offshore structures as well as highway bridges in cold
countries where deicing salts (NaCl and CaCl,) are used
during the winter.

The diffusivity of chloride through concrete depends on
the microstructure of the concrete/mortar. Blending cement
with cementitious materials like FA is known to produce
mortar/concrete with a dense microstructure [21] and hence
an improvement in the physical protection of any embedded
bars. In addition to this, if there were chloride binding by the
aluminate phase to form Friedel’s salt, then the concentra-
tion of the free Cl ~ in the pore water of concrete/mortar
would be expected to decrease. Currently, information is not
available on the chloride binding or corrosion inhibition
characteristics in VA blended cement mortar/concrete.

This article describes the Cl1~ diffusivity of VA blend-
ed Portland cement mortars. It also presents the chloride
binding ability of VA to form Friedel’s salt. The beneficial
effect of VA on the Cl~ diffusivity and corrosion inhi-
bition is vital for the use of VA blended cement in
concrete construction subjected to marine environment or
deicing salt.

2. Experimental investigation
2.1. Materials and mix proportions

The VA used in this investigation was collected from the
Rabaul area of the East New Britain province of Papua New
Guinea and the source was a volcano called Mount Tavur-
vur. The Rabaul area is situated in the worldwide earthquake
and volcanic zone known as the “belt of fire.” The cement
used was locally manufactured ordinary Portland cement
(OPC) called “Paradise” conforming to ASTM Type I.
Ordinary drinking water was used in the mortar mixes.

Chemical and physical properties of VA are compared
with those of Paradise cement in Table 1. VA is principally
composed of silica (about 60%) while the main component
of cement is calcium oxide (maximum 70%). VA also has
compounds like calcium oxide, alumina and iron oxide
(total about 31%). The Blaine fineness and oven dry bulk
density of VA are 285 and 2450 kg/m’, respectively. VA
satisfies the requirement of Class F FA as per ASTM C618
[22]. The Portland cement has a specific gravity of 3.15 and
Blaine fineness of 320 m?/g.

River sand of fineness modulus 2.40 having a specific
gravity of 2.65 and water absorption of 0.6% was used.

Table 1

Chemical and physical properties of cementing materials

Chemical compounds VA (%) Paradise cement
(Type 1) (%)

Calcium oxide (CaO) 6.1 64.1

Silica (SiO,) 59.3 21.4

Alumina (Al,05) 17.5 5.7

Iron oxide (Fe,05;) 7.0 35

Sulfur trioxide (SOs) 0.7 2.1

Magnesia (MgO) 2.6 2.1

Sodium oxide (Na,0) 3.8 0.5

Loss on ignition 1.0 1.1

Fineness (m?/kg) 285 320

These materials were used to prepare the mortar mixes with
water/(cement + VA) ratio of 0.55. VA replacement of 20%
and 40% by weight were used in the mortar mixes. In
addition, control specimens were prepared without VA
(0%). Table 2 shows the mixture proportions of the mortars.

Cylindrical specimens 100 mm in diameter and 200 mm
in height, 50 mm in diameter and 100 mm in height, 70 mm
cubes and 180 x 100 X 70 mm mortar blocks with steel bars
were cast to carry out the tests.

2.2. Experimental methods

2.2.1. Accelerated chloride ion diffusion (ACID) test on
mortar

The ACID test [23—25], an improvement over the rapid
chloride permeability test (AASHTO T277) [26], was used
to determine the C1~ diffusion coefficient (D;) of mortars.
In this test, a diffusion cell (volume 785 ml) using 3% NaCl
and 0.3 N NaOH as cathode and anode solutions, respec-
tively, was used. The tests were conducted at 7, 28, 91 and
180 days of moist curing of the specimens. Mortar specimen
(100 mm in diameter X 20 mm thick) was placed between
the electrodes and an electric field of 3 V/cm was applied to
the electrodes. The amount of Cl ~ that migrated from the
cathode through the mortar specimen to the anode of the cell
was determined by measuring the concentration of the CI ~
in the anode solution periodically. The amount of Cl~
versus time (days) gives a straight line and the slope of this
straight line is termed as CI~ flux (f)). f; was used in the
Nernst—Plank equation (Eq. (1)) to calculate the chloride D;
[23,24]:

RT};

D — L 1
' LFCOV (1)

where D; (cm?/s), R=universal gas constant (8.314 J/K
mol), T=temperature (K), /. =ionic charge of C1 ~, F=Far-
aday constant (9.65 X 10* C/mol), C;=Cl~ concentration
in the anode chamber of the diffusion cell and 6V'=electric
field (V/cm).

2.2.2. Electrical resistivity of mortar
The electrical resistivity was measured with an auto-
matic LCR meter by applying a 10-mV AC at 1 kHz
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Table 2

Mortar mix proportions

Specimen Water/ Water Cement VA Sand

(cement+VA)  (kg/m®)  (kg/m’)  (kg/m®)  (kg/m?)
0% VA 0.55 385 700 0 2100
(control)

20% VA 0.55 385 560 140 2100
40% VA 0.55 385 420 280 2100

across saturated specimens (50 mm in diameter X 50mm
thick) using copper plate electrodes. The instrument gave
a digital display of the value of the electrical resistance.
The value of the resistance measured was then used to
calculate the electrical resistivity. The tests were con-
ducted at 7, 28, 91 and 180 days of moist curing of the
mortar specimens.

2.2.3. Total pore volume (TPV) of mortar

The mercury intrusion porosimetry was used to measure
the TPV of the cement and cement-VA mortars. The tests
were conducted at 7, 28, 91 and 180 days of moist curing of
the mortar specimens.

2.2.4. Compressive strength of mortar

The tests were conducted at 7, 28, 91 and 180 days of
moist curing of the 70-mm mortar cubes to evaluate their
compressive strength.

2.2.5. Chloride concentration profiling

Cylindrical mortar specimens of 50 mm in diameter
and 100 mm high were used. After demoulding, the
mortar specimens were cured for 7 and 28 days in a
moist environment. After curing for a prescribed time, the
sides and top surface of the specimens were coated with
the epoxy resin, leaving the bottom surface uncoated to
simulate a one-dimensional diffusion. The specimens were
then kept in an environmental chamber. While in the
chamber, the specimens were sprayed with a 5% NaCl
solution every 3 days. A temperature and relative humid-
ity of 20-25 °C and 70-80%, respectively, were main-
tained during exposure. After an exposure period of 365
days, the specimens were removed from the chamber. A
specimen was sliced into five discs of thickness 10 mm.
These were then ground into fine powder passing the 150-
um sieve. The total chloride contents were then measured
[27]. A 2 M HNOs; solution was added to the powder,
and the mixture was titrated with 0.005 M AgNO;
solution to determine the total chloride content of the
mortar powder. The results were used to plot graphs of
the chloride content versus depth from the surface of the
specimen.

2.2.6. Corrosion monitoring and differential scanning
calorimetry (DSC)

Mortar blocks having dimensions of 180 X 100 x 70
mm were used. Two commercial mild steel bars with 10

mm in diameter, polished with emery paper, were em-
bedded in each block, with a cover thickness of 20 mm.
External stainless steel plugs were connected to one end
of the steel bars to serve as contact points for electrical
connection. The blocks were cured for 28 days in a
moist environment. After curing, specimens were placed
in the environmental chamber. The specimens in the
chamber were sprayed with a 5% NaCl solution every
3 days.

The corrosion process of steel in concrete can be fol-
lowed using several electrochemical techniques. Monitoring
of open circuit potential (OCP) is the most typical procedure
to the routine inspection of reinforced concrete structures
[28]. Its use and interpretation are described in the ASTM
Standard Test Method for Half-Cell Potentials of Uncoated
Reinforcing Steel in Concrete [29]. The OCPs of steel bars
were monitored up to 180 days using a high impedance
voltmeter and noting the potentials against a saturated
calomel electrode (SCE).

At the end of corrosion monitoring test, the mortar
specimens were split open, and the steel bars were
carefully removed from the embedded mortar blocks.
Their corroded areas were measured. The rust on the steel
bars was then removed by immersion in 10% di-ammo-
nium hydrogen citrate solution at a temperature of 50 °C
for 24 h. After removal, they were cleaned to remove all
rust and weighed to determine their weight loss resulting
from the corrosion.

The DSC test was performed on mortar samples taken
from portions around the steel bars to determine the quantity
of Friedel’s salt and Ca(OH), formed in mortars.

3. Test results
3.1. CI” D,

Fig. 1 shows the variation of D; with curing time and
with different %VA. The D; decreased with the increase of

v—v 40%VA
—=a 20%VA
—>o (0%VA

Diffusion coefficient (D;), cm?/s

¢ 0 ———-+-————7F+—1

0 50 100 150 200
Curing time (days)

Fig. 1. Variation of D; with curing time and %VA.
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Fig. 2. Variation of electrical resistivity with curing time and %VA.

curing time for cement-VA mortars. The D; of control
mortar (0% VA) decreased with the increase of curing time
for up to about 100 days. After 100 days, D; of such mortar
was found to increase with the increase of curing time and
showed higher values compared with VA blended cement
mortars. This can be attributed to the beneficial effect of VA
on the long-term chloride diffusivity of VA blended cement
mortars. The long-term beneficial effect on chloride diffu-
sivity was found to be slightly better in 40% VA mortar than
20% VA mortar.

3.2. Electrical resistivity

Fig. 2 shows the variation of electrical resistivity with
curing time and %VA. The electrical resistivity of the
cement-VA mortars increased rapidly with the curing time.
The 40% VA mortars had shown substantially higher
resistivity than 20% VA mortars. On the other hand, the
resistivity of the control mortar (0% VA) did not increase
with the curing time especially in the long-term and
remained lower than the VA mortars. Electrical current
through hydrating cement mortar is electrolytic (i.e.,
mainly due to the flow of ions through the pore spaces).
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Fig. 3. TPV as a function of curing time and VA content.
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Fig. 4. Compressive strength as a function of curing time and VA content.

Hence, the electrical resistivity is an indirect measurement
of porosity and diffusivity [30]. In reinforced concrete
structures at the onset of corrosion of the bars, the
corrosion current and hence the rate of corrosion is
influenced by the electrical resistivity of the concrete.
The high electrical resistivity of VA blended cement
mortars would enhance the overall resistivity of VA
blended concrete and hence a lower rate of bar corrosion
after the breakdown of passivity.

3.3. TPV

The TPV decreased with the increase of curing time
(Fig. 3). The increase of VA contents increased TPV.
Mortar specimens with 40% VA showed higher TPV than
the specimens with 0% and 20% VA.

3.4. Compressive strength

Fig. 4 shows the variation of compressive strength of
mortar specimens with curing time and %VA. The rate of
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Fig. 5. Chloride concentration profile (7-day cured specimens).
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Fig. 6. Chloride concentration profile (28-day cured specimens).

strength development of the VA blended cement mortars
was slower compared with that of the control specimens
(0% VA). This indicated that the presence of VA retarded
the setting process similar to that observed in FA [31]. The
compressive strength was also decreased with the increase
of VA.

3.5. Chloride ingress

Figs. 5 and 6 show the chloride concentration profiles
of the mortar specimens at 365 days of exposure. The
chloride content at different depths decreased with the
increase of VA content. For both sets of specimens moist
cured for 7 and 28 days before exposure to the 5% NaCl
environment, the addition of VA to the cement resulted in
a reduction in chloride ingress significantly beyond the
depth of 25 mm compared with the control mortars with
0% VA. The chloride ingress in 7-day precured specimens
(Fig. 5) was higher compared with the 28-day precured
specimens (Fig. 6). The 40% cement replacement resulted
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Fig. 7. OCP development in mortar specimens.

Table 3
DSC and corrosion test results

Specimen  28-day precured, 365 days curing time Ca(OH), Friedel’s

salts
Weight loss (%)  Corroded area (%)  (J/g) J/g)
0% VA 0.61 9.1 111 10
(control)
20% VA 0.42 6.2 58 16
40% VA 0.12 5.1 23 35

in the lowest chloride ingress at deeper depths in both sets
of specimens.

3.6. Corrosion resistance

Fig. 7 shows the variation of OCP of the steel bars in
the mortar blocks with age. The potential time curves
were used to evaluate the time to initiation of rebar
corrosion based on ASTM C876 [29] criterion of — 270
mV SCE. Immediately after exposure, the potential read-
ings were in the range 0 to — 180 mV, revealing a
passive state. After a period that was dependent on the
VA content, all the specimens showed potential decay
toward more negative values, revealing the initiation of
the corrosion process. The specimens with higher VA
content showed less negative potentials than the speci-
mens without VA. Specimens with 0% VA remained
passive for about 2 weeks, whereas the specimens with
20% and 40% VA remained passive for about 6—7 weeks.
The time for activation increased with the increase of VA
content in the mortar. Mortar blocks with 40% VA
showed better corrosion resistance.

Table 3 shows the weight loss and corroded area of steel
bars obtained from the physical measurements. The weight
losses and corroded area of steel bars embedded in the VA
blended specimens were lower than those of control spec-
imen (0% VA). Bars in 40% VA mortar specimens showed
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Fig. 8. Logarithmic correlation between D; and electrical resistivity.
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Fig. 9. Scatter diagrams of D; versus TPV.

lowest corrosion with the lowest weight loss of only 0.12%
and lowest corroded area of 5.1%.

4. Correlation among various parameters

Fig. 8 shows a logarithmic scatter diagram of D; and
electrical resistivity of the mortars. It shows a good corre-
lation between D; and electrical resistivity, with D; being
inversely proportional to electrical resistivity. This means
that D; of Cl~ through cement mortars could be derived
from the value of its electrical resistivity [32]. Because
electrical resistivity measurement is simple and nondestruc-
tive, such a relation would be very useful for researchers in
this field.

Fig. 9 shows the scatter diagrams of D; plotted on a log
scale versus TPV plotted on a normal scale. It is observed
that there is a correlation between D; and TPV. The general
trend shows an increase in D; with the increase of TPV in
the mortars.

Fig. 10 shows the scatter diagrams showing the relation-
ship between logarithm of electrical resistivity and TPV of
the mortars plotted on normal scale. It is seen that there is a
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Fig. 10. Relationship between electrical resistivity and TPV.

correlation and the logarithm of the electrical resistivity is
inversely proportional to the TPV. However, for a constant
TPV, the electrical resistivity of the mortars is found to
increase with the increase of VA content.

5. Discussion

Table 3 shows the results of DSC for the mortars at a
curing age of 365 days. DSC thermograms show peaks due
to endothermic (heat absorbing) and exothermic (heat re-
leasing) reactions. The Ca(OH), and Friedel’s salt contents
are equivalent to the area (enthalpy) under the respective
endothermic peaks. The endothermic peak for Ca(OH), was
observed at around 450 °C. The quantity of Ca(OH),
formed in the hydration of the mortar decreased with the
addition of VA (Table 3). Lowering of Ca(OH), also
indicated that the pozzolanic reactivity of the VA consumed
Ca(OH), resulting from the hydration of the cement. Such a
pozzolanic [20] reaction of VA with Ca(OH), produced a
denser mortar and thus inhibited the ingress of Cl ~. This
improved the corrosion resistance of VA blended cement
mortar compared with OPC mortar (0% VA). This was
justified from the long-term lower value of D; (Fig. 1),
higher electrical resistivity (Fig. 2) and lower chloride
ingress at deeper depth (Figs. 5 and 6) in VA blended
mortar specimens compared with control (0% VA) mortar
specimens as observed in the current study.

VA was added as fine granulates, and on hydration, it had
the capability of partially obstructing voids and pores. This
lead to a decrease of pore size with refinement of pore
structure (Fig. 11) and to a smaller effective diffusivity for
chloride or other species (Fig. 1) as confirmed from the
experimental results. The effect of VP on the pore size
distribution within the TPV for pore sizes <20 nm (micro-
pores) and pore sizes >20 nm (macropores) at different
curing times is presented in Fig. 11. Fig. 11 plotted the
percentage of TPV <20 or >20 nm against the curing time.
It was noted that increasing levels of replacement of cement

807 GE\S\Hkadius> 20nm

Radius <20nm

—0
—g

Percent total pore volume

L1

Curing time (days)

Fig. 11. Pore size distribution with curing time.
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with VA (up to 40%) produced a refinement of pore
structure of the mortar. This would improve the long-term
corrosion resistance of VA-based concrete structures.

The presence of VA also affected the composition and
thickness of the passive films. The thickening of the passive
films due to the presence of VA was confirmed from the
lowering of corrosion area of steel bars (Table 3). The
corrosion area of steel bar reflects the extent of destruction
of passive film by chloride. However, the corrosion rate, in
other words, oxidation reaction rate, is also controlled by the
amount of oxygen gas supply through cover concrete. Films
formed in paste solutions have revealed a thickening and a
higher degree of hydration under the influence of FA [15].

The presence of VA can strongly affect the chloride
profile. Usually, chlorides penetrate in concrete by diffusion
along water paths or open pores. Part of these chlorides can
react with the cement hydration products, mainly tricalciu-
maluminates (C3A), forming stable chlorocomplexes. The
excess of chloride is free and leads to the initiation of the
corrosion process. The presence of VA can lead to an
increase of the amount of C5A due to the higher amount of
alumina present in the mix and to an increase of the content
of calcium silicate hydrate that is formed in the pozzolanic
reactions. Thus, the binding capacity of the concrete to
chloride tends to increase, and consequently, less free chlo-
ride will be available to initiate the corrosion process [33].

The DSC analysis indicated the presence of Friedel’s
salts (C3A-CaCl,-10H,0) as an endothermic peak at around
300 °C. Table 3 shows that the quantity of Friedel’s salt
increased with the addition of VA. This can be attributed to
the fact that VA may have more amount of reactive alumina,
which can adsorb more Cl~ to form Friedel’s salts (C3A
content of VA was not measured in the current study).
Friedel’s salt formation consequently lowers the levels of
free chloride and hence reduces the Cl~ diffusivity of
concrete. This process can reduce the localized corrosion
of embedded steel in such mortar. Comparatively higher
Friedel’s salt formation in VA blended cement mortar
compared with control (OPC) mortar (0% VA) was con-
firmed from DSC test results (Table 3). The reduction in
localized corrosion of embedded steel in VA blended
cement mortar was confirmed from the lower weight loss
and lower corroded area of steel bars in the current study
(Table 3). Similar phenomena were also observed in FA
concrete [33].

Hence, if bars are embedded in VA blended cement
mortar, their passivation period based on [Cl ™ J/[OH ]
would be expected to decrease. Due to the decrease in the
OH ™~ concentration or pH of the pore solution in the VA
blended mortar, the passivity period of embedded bars
would be longer compared with that in control (OPC)
mortar [34]. This means that blending cement with VA
would decrease the diffusivity of chloride through the
resulting mortar, thereby increasing the passivation period
of embedded bars. This phenomenon was observed in the
current study where passivation period was increased in VA

blended mortar specimens (Fig. 7). The overall effect of
blending OPC with VA is, therefore, to prolong the passiv-
ation period of embedded bars in comparison with OPC and
to improve the long-term corrosion resistance. Such bene-
ficial effect of VA can be attributed to the refinement of pore
structure, lowering of the presence of free chloride due to
Friedel’s salt formation and pozzolanic action.

6. Conclusions

This article presented the chloride diffusivity and corro-
sion resistance of VA blended cement mortar specimens
with varying percentages of VA and curing time. The
following conclusions were drawn from various tests con-
ducted in this study:

(1) The C1~ D; decreased with the increase of the curing
time but significant reduction only occurred at the later
ages of curing. The control (OPC) mortar (0% VA)
showed the development of higher D; with time
especially after 100 days in contrast to the decrease of
D; with the increase of curing time in VA blended
cement mortars. The long-term beneficial effect on
chloride diffusivity was found to be better in mortars
with higher percentages of VA. Mortars with 40% VA
produced slightly better results than 20% VA mortars.

(2) The 40% VA mortars had shown substantially higher
electrical resistivity than 20% VA mortars. The high
electrical resistivity of VA blended mortars would
enhance the overall resistivity of VA blended concretes
and hence could induce a lower rate of bar corrosion
after the breakdown of passivity.

(3) ACID test method predicted D; of mortar quite
reasonably. Correlations are found between D; and
electrical resistivity as well as between logarithm of
electrical resistivity and TPV. A correlation between
electrical resistivity and TPV of the mortars is also
established. The logarithm of the electrical resistivity is
inversely proportional to TPV. The electrical resistivity
of cement mortars can be used to predict D; to make the
measurement very simple and to make the nature of the
test nondestructive.

(4) The incorporation of VA in mortar lead to refinement of
the pore structure. The proportion of pores with radii
smaller than 20 nm was increased as the replacement
level of cement by VA increased. TPV also found to
decrease with the increase of the curing time.

(5) VA blended specimens showed better resistance to
chloride ingress, with 40% VA mortars exhibiting the
lowest chloride ingress at deeper depths. The passiva-
tion period for the corrosion of steel bar was also
increased in VA blended mortars. Bars in 40% VA
mortar specimens showed the lowest weight loss of only
0.12% and lowest corroded area of 5.1% in embedded
steel.
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(6) DSC tests confirmed the formation of higher Friedel’s
salt and the presence of lower quantity of Ca(OH), in
VA mortar compared with OPC mortar (0% VA).
Friedel’s salt formation consequently lowered the levels
of free chloride and the presence of lower Ca(OH), was
an indication of the pozzolanic reaction of VA with
Ca(OH), that produced a denser mortar. These phenom-
ena improved the Cl ~ diffusivity and hence lead to the
higher corrosion resistance of VA blended mortar
compared with OPC mortar (0% VA).
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