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INFLUENCE OF VOLCANIC SCORIA ON MECHANICAL STRENGTH,
CHEMICAL RESISTANCE AND DRYING SHRINKAGE OF MORTARS

A. AL-SWAIDANIY, S. ALIYAN?, N. ADARNALY?, B. HANNA* E. DYAB®

In the study, three types of cement have been prepared; one CEM | type (the control sample) and
two blended cements: CEM II/A-P and CEM 1I/B-P (EN 197-1), each of them with three
replacement levels of volcanic scoria: (10 %, 15 %, 20 % wt.) and (25 %, 30 %, 35 % wt.),
respectively. Strength development of mortars has been investigated at 2, 7, 28 and 90 days curing.
Evaluation of chemical resistance of mortars containing scoria-based cements has been
investigated through exposure to 5 % sulphate and 5 % sulphuric acid solutions in accordance with
ASTM C1012 & ASTM 267, respectively. Drying shrinkage has been evaluated in accordance
with ASTM C596. Test results showed that at early ages, the mortars containing CEM 11/B-P
binders had strengths much lower than that of the control mortar. However, at 90 days curing, the
strengths were comparable to the control mortar. In addition, the increase of scoria significantly
improved the sulphate resistance of mortars. Further, an increase in scoria addition improved the
sulphuric acid resistance of mortar, especially at the early days of exposure. The results of drying
shrinkage revealed that the CEM II/B-P mortar bars exhibited a greater contraction when
compared to the control mortar, especially at early ages. However, drying shrinkage of mortars
was not influenced much at longer times.

Keywords: strength, chemical attack, drying shrinkage, blended cement, durability, natural
pozzolan

1. Introduction

The use of natural pozzolan in the production of blended Portland cements makes important
effects on physical, chemical, mechanical and durability properties of mortar and concrete
(Cavdar and Yetgin, 2007; Ghrici et al., 2006; Hossain, 2009; Rodriguez-Camacho and Uribe-
Afif, 2002; Senhadji et al., 2012; Turanli et al., 2005). In addition, since this material enters the
cement production after a kiln process, it also provides important economical and ecological
benefits (Mehta and Monteiro, 2006). According to (Mehta and Monteiro, 2006), the
manufacture of one tonne of Portland cement (PC) clinker consumes energy of about 4 GJ, and
releases nearly one tonne of CO, to the atmosphere. For this reason, a particular attention was
recently given to the exploitation of natural pozzolan, which is broadly abundant in Syria. More
than 30,000 km? of the country is covered by Tertiary and Quaternary-age volcanic rocks
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(General Establishment of Geology and Mineral Resources in Syria, 2011) in which scoria
occupies an important volume with estimated reserves of more than 600 million tones (General
Establishment of Geology and Mineral Resources in Syria, 2007). The cement produced in the
country is almost of CEM 1, although an addition of natural pozzolan up to 5 % was frequently
used in most local cement plants. Hence, less than 300,000 tonnes of scoria are only exploited
annually (the annual production of Portland cement in Syria is about 6 million tonnes) (General
Establishment for cement & Building Materials, 2013).

In Syria, chemical attacks on concrete structures have caused serious damage to these
concretes. According to previous studies (Ghrici et al., 2006; Ramezanianpour et al., 2010;
Rodriguez-Camacho and Uribe-Afif, 2002), adding natural pozzolan led, through the pozzolanic
reaction, to a refinement of the pore structure, resulting in a highly impermeable matrix. Further,
a reduction in Ca(OH), led to reductions in the formation of gypsum and ettringite. In addition,
drying shrinkage is inevitable phenomenon in all the cementitious products due to contraction of
total mass upon the loss of moisture. This problem is more serious in such members whose
surface area to volume ratio is large. The shrinkage is largely influenced by mineral additions
when used as a partial cement replacement. According to Itim et al. (2011), adding natural
pozzolans as a partial cement replacement involves an additional formation of CSH, which
generates more shrinkage. Many researchers (Massazza and Costa, 1979; Mehta, 1981; Shannag
and Yeginobali, 1995) showed that shrinkage of natural pozzolan-based cement was generally
higher than that of ordinary Portland cement.

Although there are numerous studies on using natural pozzolan as a cement replacement, no
detailed research was conducted in the past to investigate the potential use of volcanic scoria in
the production of blended cements in Syria. The objective of this paper is to report a part of this
ongoing research on the effect of different amount of volcanic scoria when adding as a cement
replacement on the strength and some durability-related properties. Mechanical strength
development, chemical attack and drying shrinkage have been particularly investigated in the
study. Some chemical and physical properties of blended cements have also been reported. The
study is of a particular importance not only for the country but also for other areas of similar
geology, e.g. Harrat Al-Shaam, a volcanic field covering the total area of some 45,000 km?,
third of which is located in the country. The rest is covering parts of Jordan and Saudi Arabia.

2. Experimental procedure

Scoria. The scoria used in the experiments was collected from a quarry, at 70 km southeast
of Damascus as shown in Figure 1. The petrographic examination showed the scoria consists of
amorphous glassy groundmass, vesicles, plagioclase and olivine with the following percentages
(based on an optical estimate): 20 %, 35 %, 20 % and 25 %, respectively. The scoria is dark
black to blackish-grey in colour with some red-brown spots, mostly due to its iron oxides
content. Figure 2 shows thin sections of the used scoria. The chemical analysis of scoria used in
the study is summarized in Table 1. This analysis was carried out by means of wet chemical
analysis specified in EN 196-2(1989).

Cement samples. Three types of binder have been prepared, one plain Portland cement
CEM 1 (the control sample), and two blended cements: CEM II/A-P and CEM I1/B-P (EN 197-
1:2004), each of them with 3 replacement levels of scoria: (10 %, 15 % and 20 % wt.) and
(25 %, 30 %, 35 % wt.), respectively. 5 % of gypsum was added to all these cements. The
clinker used for producing the binders was obtained from Adra Cement Plant, Damascus, Syria.
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Chemical analysis of clinker and gypsum is shown in Table 1. All binders were interground by a
laboratory-grinding mill to a Blaine fineness of 3 200 + 50 cm?/g. All replacements were made
by mass of cement. Table 2 shows the chemical, physical and mechanical properties of the
binders produced. CEM 1 (the control sample) was designated as C1, whereas blended cements
were designated according to the replacement level. For instance, C2/10 % and C7/35 % refer to
the blended cements containing 10 % and 35 % wt. of scoria, respectively. In sulphate attack
and drying shrinkage tests, sulphate-resisting Portland cement was employed for a comparison.
It was designated as C8.

SAUDI ARABIA

JORDAN

A
</ Studied area (Dirat at-tulul)

b B c

Figure 1. Map of Harrat Al-Shaam, photo of the studied quarry and the used scoria aggregate.
a) Map of Harrat Al-Shaam and the studied area. b) The studied scoria quarry, some volcanic
scoria cones are shown behind. ¢) The studied scoria aggregate

Mortar mixtures. Eight mortar mixtures have been prepared using the binders and sand
meeting the requirements of ASTM C 778. In all mixtures, binder/sand ratio was kept constant
as 1: 2.75 by weight. Mixtures containing CEM | and SRPC were prepared with a w/b ratio of
0.485. Mixtures containing the scoria-based blended cements were prepared by changing the
w/b ratio in order to obtain a flow within + 5 of that of the CEM I mortar (measured in
accordance with ASTM C 1437-03). The mortar specimens of all cements used in the
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experiments were prepared in a laboratory medium of 20 + 2 °C temperature and 50 = 5 %
relative humidity. After being kept in a wet cabinet for 24 hours, the mortar specimens were
demolded and kept in water until they were tested.

Figure 2. Thin sections of the scoria. a) Microphenocryst of Olivine in volcanic glass matrix
with vesicles, some of which are filled with white minerals. b) Microphenocrysts of elongated
plagioclase in volcanic glass matrix with vesicles, some of which are filled with white minerals.

Mechanical properties. Compressive and flexural strength developments were determined
on 40 x 40 x 160 mm prismatic specimens, in accordance with 1SO 4012, after 2, 7, 28 and 90
days curing. The reported values represent the average of six readings for compressive strength
test and the average of three readings for a flexural tensile strength test.

Chemical attack tests. Evaluation of the chemical resistance of mortars has been performed
under two exposure conditions; sulphate and sulphuric acid attacks.

For sulphate attack test, prismatic mortar bars and cubes were cast from each mortar mixture
in accordance with ASTM C 1012-04. The evaluation of sulphate attack resistance of mortars
was performed in accordance with ASTM C 1012-04. Length measurements of the prepared
prismatic specimens were performed at 1, 2, 3, 4, 8, 13, 15, 17, 26, 38 and 52 weeks after
immersing the specimens into the sulphate (5 % Na,SO,) solution. The solution has been
renewed four times throughout the test; at 8, 17, 26 and 38 weeks.

For the sulphuric acid attack test, a set of three cubes from each mixture was cast for each of
curing age. The relative acid resistance was determined in accordance with ASTM C 267-01.
The 28 and 90 days cured mortar cubes were immersed in 5 % sulphuric acid solution for 100
days. The Plexiglas containers with immersed mortars were kept covered throughout the testing
period to minimize the evaporation. At 2, 7, 14, 28, 56, 84 and 100 days of exposure, the mortar
specimens were cleaned with distilled water, then the acid resistance was evaluated through
measurement of the weight loss of the specimens determined as follows: Weight loss
(%) = [(W1-W)/W1]x100, where W, is the weight (g) of the specimens before immersion and W,
is the weight (g) of cleaned specimens after t day immersion. The average weight losses for
each mortar cubes have been reported.

Drying shrinkage test. Specimens of 25 x 25 x 285 mm® have been prepared from each
binder type. Each specimen was fitted with stainless steel studs at both ends. After casting for
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24 h, the specimens were removed from the molds and cured in a lime-saturated water for 1 day.
After the period of 3 days, the specimens were removed from the water, wiped with damp cloth,
and measured immediately to determine the initial length of the mortar specimens. The mortar
specimens were subsequently placed in air storage with a controlled temperature of 23 + 2 °C
and a relative humidity of 50 + 5 % as prescribed by ASTM C596. The drying shrinkage
measurements were recorded at 7, 14, 21, 28, 56, 112, 180 and 360 days.

Table 1. Chemical composition of the used materials

. . Materials
&@em{g! (t):/:)))mposmon Volcz?mic Clinker | Gypsum
scoria
SiO; 46.52 21.30 0.90
Al,O, 13.00 4.84 0.07
Fe,03 11.40 3.99 0.10
CaO 10.10 65.05 32.23
CaO¢ - 2.1 -
MgO 9.11 1.81 0.20
SO, 0.27 0.25 45.29
Loss on ignition 2.58 - 21.15
Na,O 2.14 0.60 -
K,O 0.77 0.28 -
CI <0.1 0.05 -
S 79 (at 7 days)
Pozzolan activity index (ASTM C 618) 85 (at 28 days)

* SiOy(reactivey=42.22 % (determined in accordance with EN 196-2)
3. Results & discussion

Properties of volcanic scoria and blended cements. As seen from Table 1, the volcanic
scoria is considered a suitable material to be used as natural pozzolan. It satisfied the standards
requirements for such a material by having the sum of SiO,, Al,O; and Fe,O; of more than
70 %, the SO; content of less than 4 % and the loss on ignition of less than 10 % (ASTM C618-
01). SiOgreacive CONtent is more than 25 %, as well (EN 197-1:2004). In addition, it has a strength
activity index with Portland cement higher than the values specified in ASTM C618-04. The
chemical and physical properties of volcanic scoria-based blended cements are also in
conformity with the standards requirements (ASTM 595-01). Their contents of MgO and SO3
are less than 6 % and 4 %, respectively. The loss on ignition is also less than 5 % as specified in
ASTM C595-01. Setting time and soundness values meet the limits specified in ASTM C595,
for all binder types.

Mechanical properties of mortars. When natural pozzolans are used as a cement
replacement the pozzolanic reactions will take place. Generally, the pozzolanic reaction can be
defined as the chemical reaction between the amorphous silica, which is a major component of
the pozzolan, and CH formed from the hydration of calcium silicates. The principal reaction is
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CH (Portlanite) + S (reactive silica) + H (Water) —C-S-H (Calcium silicate hydrates) (1)

The composition of C-S-H is not very different from that formed in regular hydration,
although generally the C/S molar ratio is slightly lower (Mindess et al., 2003). The pozzolanic
reaction is slow, portlandite-consuming and very efficient in filling up capillary spaces (Mehta
and Montiero, 2006).

The results of compressive strength test are summarized in Table 3. As expected, the
compressive strength of the mortar increases with a curing time, with a high rate of strength
gains at early ages, which gradually decreases at longer ages. Plain cement mortar specimens
have higher compressive strengths at any age when compared with volcanic scoria-based
cement mortars. The compressive strength at 7 days decreases from 30.57 to 19.99 MPa when
CEM 1 and CEM 11/B-P with 35 % of scoria were used, respectively. The curing of mortars
containing 35 % of scoria gave the compressive strength equal to only 66 % of that of CEM |
specimens. This could be explained by the slowness of the pozzolanic reaction between the
glassy phase in scoria and the CH released during the cement hydration (Mindess et al., 2003).
However, due to the continuation of this reaction and the formation of the secondary C-S-H, a
greater degree of hydration is achieved resulting in the strengths after 90 days curing which are
comparable to those of CEM | specimens. In addition, the results obtained from the flexural test
showed, as displayed in Figure 3, a similar trend to that of the compressive strength. The
correlation between the compressive strength and the flexural strength for the entire population
of test results is shown in Figure 4. The relation obtained is f, = 0.92 (f)**® with the correlation
factor of 0.95. This relation seems to fit well the relation proposed by (ACI 363R: 1992).

Chemical resistance of mortars

Sulphate attack. Sulphate attack on cement mortar is actually a rather complex process that
may involve all of the hydration products produced by Portland cement. The damage caused by
sulphate attack may involve cracking and expansion of mortar as a whole, as well as softening
and disintegration of cement paste (Mindess et al., 2003). Cements with a high C3;A content will
be subject to sulphoaluminate corrosion in which ettringite is formed as displayed in Eq. (2)
(Mindess et al., 2003; Skalny et al., 2002)

C+ASH;, (Monosulfate) + 2CSH, (Gypsum) + 16H (Water)— CsAS;Hs, (Ettringite) (2)

This type of corrosion is initiated by the reaction between sulphate ions and calcium
hydroxide (CH):

CH (Calcium hydroxide) + SO,* (xg (Sulfate ion) — CSH, (Gypsum)+ 20H (aq) (3)
This reaction can be described as gypsum corrosion. Both reactions are accompanied by an

expansion in solid volume causing internal stresses and ultimately leads to cracking (Mindess et
al. 2003).
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Table 2. Chemical, physical and mechanical properties of plain and blended cements

Chemical Chemical properties of plain and blended cements
composition (%) C1/ C2/10 | C3/15 | C4/20 | C5/2 | C6/30 | C7/35 c8/
CEMI % % % 5% % % SRPC

SiO, 20.69 2159 | 22.35 | 23.25 | 24.00 | 24.33 | 2461 | 20.72
Al,O; 5.09 5.20 5.68 573 | 6.55 | 6.80 7.39 4.33
Fe,04 4,23 4.75 4.79 5.15 5.43 5.47 6.31 5.79
CaO 60.62 | 58.21 | 55.18 | 53.05 | 50.30 | 48.00 | 44.84 | 61.69
MgO 2.46 2.66 3.23 3.39 3.87 411 4.63 1.21
SO; 2.26 2.31 2.20 2.20 2.30 2.26 2.55 2.13
Loss on ignition 141 1.40 1.43 1.37 1.47 1.48 1.60 2.90
Na,O 0.60 0.71 0.83 0.94 1.07 1.16 1.31 0.21
K,0O 0.35 0.39 0.43 046 | 0.50 | 0.53 0.57 0.19
CI 0.023 | 0.021 | 0.022 | 0.019 | 0,018 | 0.019 | 0.019 | 0.022
Insoluble Residue 1.03 1.58 2.09 2.51 3.48 4.08 5.33 0.36
Content of clinker | C3S 53.36 50.55 | 47.74 | 4494 | 4213 | 39.32 | 36.51 | 50.16
minerals (from C2S | 17.76 | 16.82 | 15.89 | 14.95 | 14.02 | 13.08 | 12.15 | 21.58
PC) in the
mixtures of C3A 5.78 5.47 5.17 486 | 4.56 4.26 3.95 1.69
blended cements
«Based on Bogue | CAAF | 1153 | 1093 | 10.32 | 971 | 911 | 850 | 7.89 | 17.60
composition »

C3s/ 3.0 3.0 3.0 3.0 3.0 3.0 3.0 2.32

C2S

Physical properties of plain and blended cements

Specific gravity

3.13 3.09 3.05 3.02 | 299 | 2098 2.96

Initial setting time
(min)

151 153 153 153 152 153 158

Final setting time
(min)

178 179 180 180 179 181 188

Water demand (%)

25.1 25.2 25.2 254 | 254 | 254 25.5

Soundness (mm)

0.6 0.7 0.8 0.8 0.9 1.1 0.9

Residue on 45 pm
sieve (%)

13.6 14.3 14.8 15.2 16.1 | 17.0 17.9

Residue on 90 um
sieve (%)

6.4 6.2 6.4 6.5 6.7 6.9 6.8
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Table 3. Compressive strength of mortars

Sample Compressive strength* (MPa)-Normalized
2 days 7 days 28 days 90 days

C1/CEM | (Control) 15.4-100 % 30.57-100% | 45.6-100% | 54.48-100 %
C2/10 % 14.62-95 % 29.33-96 % 44.19-97 % 53.61-98 %
C3/15 % 13.9-90 % 27.06-89 % 42.31-93 % 52.66-97 %
C4/20 % 13.59-88 % 25.43-83 % 40.62-89 % 52.05-96 %
C5/25 % 12.54-81 % 23.46-77 % 37.03-81 % 51.3-94 %
C6/30 % 11.07-72 % 21.26-70 % 33.74-74 % 49.35-91 %
C7/35% 10.09-66 % 19.99-65 % 30.56-67 % 47.57-87 %

* Standard deviation values ranged from 0.19 to 0.32 MPa for strength results of all cement mortars
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Figure 3. Development of flexural strength
with curing time

Figure 4. Correlation between compressive
and flexural strength of mortars

The results of the expansion test of bars immersed in 5 % Na,SO, solution for up to
52 weeks are shown in Figure 5. It was clearly seen from Figure 5, the use of scoria reduced
expansion of the mortar bars. This reduction in the expansion increased with the increase in a
scoria replacement level. These results were similar to those of other studies in which
pozzolanic materials were used as cement replacements to improve sulphate resistance (lrassar
et al., 2000; Tangchirapat et al., 2009). It should be also noted that the amount of expansion for
SRPC mortar bars was very similar to that of CEM I1/B mortar bars. At 26 and 52 weeks, the
amount of expansion of the CEM 11/B mortar bars ranged from 0.10 % to 0.11 % and from
0.18 % to 0.19 %, respectively, whereas the expansion of SRPC was 0.09 % and 0.16 %,
respectively. This was despite the lack of C;A in SRPC. The slightly elevated expansion noted
in SRPC used in the study, which made it unsuitable for severe exposure, is possibly because
the hydrated SRPC cement in SRPC mortars contains portlandite and C,AF in large proportions
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when compared to the CEM 1I/B mortars. These results confirmed earlier findings that the
presence of CzA is not the only cause of expansion due to sulphate attack (Cao et al., 1997;
Tangchirapat et al., 2009).

According to ACI Committee 201, ettringite formation derived from ferroaluminate phase
has also been assumed as a potential sulphate deterioration problem. The improvement of
sulphate resistance by adding scoria as a cement replacement can be mainly explained by the
pore size refinement, the removal of lime by the pozzolanic reaction of scoria with the lime
liberated during cement hydration and the Cs;A dilution as reported by Al-Amoudi (2002),
Al-Dulaijan et al. (2003), Hooton and Emery (1990) and lIrassar et al. (2000). The pore size
refinement reduced the permeability of the paste, thus limiting the ingress of sulphate ions
(Irassar et al., 2000). In terms of cement composition, C3;A is the main compound involving
sulphate resistance, whereas C,AF, an alumina-bearing phase, and CH released from silicates
hydration can also affect the sulphate resistance of low C;A Portland cements (Gonzalez and
Irassar 1997). On the other hand, the C3;S content was considered an important parameter on
sulphate resistance of PC, too (Irassar et al. 2000). It can be noted that for CEM | of about 6 %
CsA content, blending with 25 % scoria content or more usually resulted in a performance
similar to that of SRPC. This result is similar to that reported by Lawrence (1990).

0,450 + 1 week immersion O 2 weeks immersion
0.400 |:| =4 weeks immersion X 8 weeks immersion
' X 17 weeks immersion A 26 weeks immersion
0.350 D © 38 weeks immersion 0052 weeks immersion
' S%Na2S04
l 180 days
~ 0,300
X
£ 0,250 N [
‘B Q ]
& 0,200 A Q
o
; A o 9§ u
0,150 X
0,100 >K § Q Q
0,050 =9 >K >K
0,000 CP CP CP @ @ @ |
CL/CEM1 C2/10% C3/15% C4/20% C5/25% C6/30% C7/35% CB8/SRP
C

Cement Type
Figure 5. Length changes over time of prismatic mortars immersed in 5% Na,SO,

Sulphuric acid attack. Sulphuric acid attack is very damaging to mortar as it combines an
acid attack and a sulphate attack (Attiogbe & Rizkalla 1988). At the first stage, deterioration of
Ca(OH), results in an expansive gypsum formation. The gypsum then reacts with C;A in
aqueous environment and forms a more expansive product called ettringite. These very
expansive compounds cause internal pressure in the mortar, which leads to the formation
of cracks (Monteny et al. 2000), and the transformation of the mortar into a mushy or a non-
cohesive mass (Monteny et al. 2001). Sulphuric acid may also cause the decalcification of
Calcium silicate hydrates C-S-H and will ultimately transform the C-S-H into amorphous
hydrous silica. The following equations express these reactions (Monteny et al. 2000):
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Ca(OH),+H,S04— CaS0,.2H,0 (Gypsum) @)

3(C3.SO42H20) + 3C&OAI20312H20 +14H20 —>3C30A12033CGSO432H203 (Ettrlnglte)
(®)

Ca0.Si0,.2H,0+H,S0, —CaSO4+ Si(OH), (Hydrous silica)+H,0 (6)

The white gypsum, which covers the surface of mortar, can potentially lead to the blocking of
pores on the surface, leading to a slower rate of attack initially. However, this effect lasts only
temporarily (Biczok, 1967).

The resistance to sulphuric acid solution was measured by means of the weight loss of the
mortar cubes. Table 4 and Figure 6 show the weight loss of 28 and 90 days cured mortar cubes
immersed in 5 % H,SO, solutions, respectively. The weight loss is considered as a function of
time. As expected, the sulphuric acid resistance of mortars improved with increasing the
replacement level of volcanic scoria. This improvement of acid resistance was higher at early
ages and decreased with increasing the immersion time. Beyond 28 days of exposure, slight
improvements in the sulphuric acid resistance have been found. For instance, weight loss
in 90 days cured mortars dropped from 34.8 % (CEM 1) to 29.4 % (C7/35 %) after 28 days
of exposure to 5 % H,SO,.

The better performance of volcanic scoria-based cements can be due to the pozzolanic
reaction (Cao et al., 1997; Aydin et al., 2007). This reaction between volcanic scoria and
calcium hydroxide liberated during the hydration of cement (Aydin et al., 2007), led to
a refinement of the pore structure resulting in a highly impermeable matrix as reported by Aydin
et al. (2007) and Cao et al. (1997). This was also confirmed by the results of porosity
measurements, which were conducted on 75 mm (D) x 150 mm (H) concrete cylinders using
vacuum saturation method in accordance with RILEM CPC 11.3, (1984). The volcanic-scoria
based concretes demonstrated a lower porosity as compared to the control concrete mix. For
instance, the reduction in the porosity of C5/25 %-based concrete was about 20 % and 45 % as
compared with CEM I-based concrete after 28 and 90 days curing, respectively (Unpublished
data). In addition, results of concrete permeability in terms of depth of water penetration carried
out as per the standard EN 12390-8 had a similar trend to that of porosity measurements
(al-Swaidani et al., 2015).

Furthermore, the pozzolanic reaction fixes Ca(OH),, which is usually the most vulnerable
product of hydration of cement in so far as acid attack is concerned (Neville, 2011).

Contrary to expectation, the weight loss of SRPC mortars was very similar to that of CEM |
mortars under similar conditions. This is possibly because the hydrated SRPC and CEM |
mortars both contain portlandite and calcium silicates in large proportions. This was in
agreement with results of Fattuhi and Hughes (1988). It should be also noted that after 100 days
of exposure to sulphuric acid, SRPC and, to a smaller degree, CEM | mortar cubes showed
a surface layer of brown colour. This brown-coloured layer, which is probably composed of
ferric oxides (Pavlik, 1994), can be attributed to the higher content of C,AF in both cements.
Further, sulphuric acid attack on mortars was associated with erosion and softening due to
leaching of Ca and decalcification of C-S-H (Cao et al., 1997).
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Table 4. Weight losses of 28 days-cured mortars immersed in sulphuric acid solution

Immersion time (days)-Weight loss (%)
Cementtype 7 14 28 56 84 | 100
C1/CEMI 3.98 14.91 25.36 34.70 39.84 41.25 41.29
C2/10 % 341 14.17 25.27 34.19 39.45 40.97 41.09
C3/15 % 3.03 13.86 24.50 34.06 39.24 40.78 40.89
C4/20 % 2.67 13.28 23.99 33.74 39.04 39.68 39.84
C5/25 % 1.10 10.80 22.47 32.94 38.51 39.53 39.62
C6/30 % 0.92 9.58 20.34 31.94 36.77 38.84 39.19
C7/35% 0.87 4.97 18.47 29.51 35.70 37.71 38.40
C8/SRPC 5.82 15.38 25.82 35.08 39.30 40.13 40.52
50 02 days immersion  +7 days immersion =14 days immersion X 28 days immersion
45 %56 days immersion A 84 days immersion 0100 days immersion
40
a2 2 9 2 a2 R
,\a35 X X X X X
g X
=30 X %
8
j 25 = = =
S - T =
'%—) 20 0
15 + 4 Lo+ = T
10 -+ +
5 O
O O O O +

C1/CEM | C2/10% C3/15% C4/20% C5/25% C6/30% C7/35% C8/SRPC

Figure 6. Weight losses over time of 90 days-cured mortars exposed to 5 % H,SO,

Drying shrinkage. Drying shrinkage represents the strain caused by the loss of water from
the hardened material. The shrinkage is believed to originate in the C-S-H and its associated
porosity (Mindess et al., 2003).

Figure 7 shows the results of drying shrinkage of scoria-based cement mortars. The results
obtained agreed with the results published in the literature (Massazza and Costa, 1979; Mehta,
1981; Shannag and Yeginobali, 1995). The drying shrinkage developed rapidly at an early stage,
with approximately 70 % of the maximum shrinkage occurring during the first 28 days. The
drying shrinkage curve patterns agreed with the observations reported by (Barr et al., 2003). At
360 days, the drying shrinkage values were found similar for all binder types. These drying
shrinkage values agreed with those reported in the literature (Haque and Kayali, 1998;
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Massazza, 2006; Mehta, 1987). It is clearly seen from Figure 7 that all scoria-based mortars
exhibited shrinkage values higher than the control mortar at the early ages. However, the
difference becomes marginal from 28 days of drying onward. The increase of drying shrinkage
with an increase of the cement replacement level which was clearly noted, especially at early
ages, might be due to (i) the pozzolanic reaction which generates an additional CSH resulting in
the decrease in spacing of CSH particles; (ii) the transportation of large pores into fine pores
what is called “pore size refinement”. Its formation increases the capillary tension (Meddah and
Tagnit-Hamou, 2009; Rao, 2000; South, 2009; Touttanji and Bayasi, 1999); (iii) the higher
water demand of scoria-based cements (South, 2009) as noted in Table 2; (iv) the much more
porous microstructure of scoria (Massazza, 1993), as seen in Figure 2. However, this increase
was much lower than the maximum 0.03 % allowed by ASTM C618.

0,08 +7 days drying O 14 days drying =28 days drying X 56 days drying
X112 days drying A 180 days drying © 360 days drying

w8 8 88 %8RB

(=]
=
0,06 = = = =

0,05 O O
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Cement Type

Figure 7. Drying shrinkage values of prismatic mortar specimens
4. Conclusion

From the experimental results, the following conclusions could be drawn:

— The studied volcanic scoria is a suitable material to be used as a natural pozzolan. It satisfied
the ASTM and EN requirements for such a material. The physical properties of binders
containing scoria are also in conformity with the standards requirements.

— The compressive strength of mortars containing scoria-based binders was lower than that of
plain cement mortar at all ages of mortar in this study. At early ages, the mortars containing
CEM 11/B-P binder types had compressive strengths much lower than that of plain cement
mortar. However, at 90 days curing, the compressive strengths of blended cement mortars are
comparable to those of plain cement mortar.
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— Based on the results, blending CEM 1 of 6 % C3;A content, with 25 % scoria content or more
resulted in a performance similar to that of SRPC under sulphate attack. An enhanced
sulphuric acid resistance was obtained as well.

— Adding scoria as a cement replacement reduced the expansion of the mortar bars exposed to
sodium sulphate solution. More reduction occurs with increasing the replacement level.

— The drying shrinkage of mortar bars increases with an increase in the scoria content,
especially at the early ages of drying.

— The long-term drying shrinkage of mortar bars at 360 days of drying is not affected
significantly with the addition of scoria as a cement replacement, particularly with up to 25 %
scoria content.

— Based on the results obtained, it is recommended that scoria can be used up to 25 % as
a partial substitute for Portland cement in the production of blended cements. This addition
ratio can reduce the quantity of CO, released by Syrian cement plants, and the consumed
energy. So, production of a green concrete could be promoted.
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