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ABSTRACT: The objective of the study is to investigate strength and durability-related properties of volca-
nic scoria-based cements. Compressive and tensile strength development of mortars and concretes containing
volcanic scoria with replacement levels ranging from 10 to 35% was investigated. Water permeability, chloride
penetrability and porosity of concretes cured for 2, 7, 28, 90 and 180 days were also examined. Results revealed
that volcanic scoria could be suitable for making blended cements. The strength of mortar/concrete containing
volcanic scoria was lower than that of plain cement mortar/concrete at all ages. However, at 90 day curing, the
strengths of volcanic scoria-based mortars/concretes were comparable to those of plain cement. In addition,
water permeability, chloride penetrability and porosity of scoria-based concretes were much lower than those of
plain concrete. Further, the results were statistically analysed and estimation equations have been developed to
predict the studied properties. SEM/EDX analysis was employed, as well.
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RESUMEN: Produccion de hormigones mas durables y sostenibles utilizando escoria volcanica como sustitutivo
de cemento. El objetivo del estudio fue investigar la resistencia y durabilidad de cementos basados en escoria
volcanica. El desarrollo de resistencias a flexion y compresion, se estudid en morteros y hormigones con escoria
volcanica en porcentajes de reemplazo desde 10 al 35%. Se realizaron ensayos de permeabilidad al agua, pen-
etracion de cloruros y porosidad de los hormigones a las edades de 2, 7, 28, 90 y 180 dias. Los resultados reve-
laron que la escoria volcanica podria ser adecuada para la fabricacidén de cementos con adiciones. La resistencia
de morteros/hormigones que contiene escoria volcanica fue menor que la de los correspondientes morteros u
hormigones sin adicion a todas las edades. Sin embargo, a los 90 dias de curado, las resistencias de los morteros/
hormigones con escoria fueron comparables con las del cemento sin adicion. La permeabilidad al agua, penetra-
bilidad de cloruros y porosidad de los hormigones con escoria fueron mucho mas bajos que los del correspondi-
ente hormigon sin escoria. Los resultados se analizaron estadisticamente y las ecuaciones de estimacion se han
desarrollado para predecir las propiedades estudiadas. También se emple6 el analisis SEM/EDX.
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1. INTRODUCTION global warming and climate change. The worldwide
cement production accounts for almost 7% of the

Production of Portland cement; the princi- total world CO, emissions (1, 2). Depending on the
pal binder in concrete, is a major contributor to carbon content of fossil fuels used for clinkering,

greenhouse gas emissions that are implicated in nearly 0.8 to 1.0 tonne of CO, is directly released
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from cement kilns during the manufacture of one
tonne of clinker (1, 3). In addition, about 4 to 7
GJ of energy is required to produce one tonne of
cement (1, 2). Furthermore, the aggressive envi-
ronments may shorten significantly the service life
of the concrete structure. So, finding a solution to
increase the durability of concrete structures and
thus the sustainability of the concrete seems to be
desirable for sustainable development.

Probably one of the most effective means of
decreasing both energy consumption and the pro-
duction of greenhouse gases is to substitute sup-
plementary cementitious materials (SCMs) for a
portion of the Portland cement. There are a number
of SCMs available, several of which are already used
extensively in the industry (2). They are all pozzo-
lanic materials; that is, fine siliceous materials that
react at ambient temperatures with the lime released
during the hydration of C,S and C;S to form a sec-
ondary C-S-H (2). Furthermore, the inclusion of
these materials which can be categorized as natural
or artificial enhances the concrete durability due to
their filler effect and pozzolanic reaction (4).

Natural pozzolans are being widely used as
substitute for Portland cement because of their
ecological, economical and performance-related
advantageous properties (5-12). After thousands
of years, natural pozzolan-containing concretes are
still used today owing to their good mechanical and
durablhty properties (13). Syria has important vol-
canic areas. More than 30 000 km® of the country
is covered by Tertiary and Quaternary-age volca-
nic rocks (14), among which volcanic scoria occu-
pies 1mportant volume with estimated reserves of
about 0.75x10° tonnes (15). However, its potential
use in making concrete is not well established. The
cement produced in the country is almost of CEM
I, although an addition of volcanic scoria up to 5%
was frequently used in most local cement plants.
Hence, less than 300 000 tonnes of these pozzolans
are only exploited annually (the annual produc-
tion of Portland cement in Syria is about 6 million
tonnes) (16).

Although there are numerous studies on using
natural pozzolan as cement replacement (5-12), few
works on studying volcanic scoria were reported
in the literature (7, 12). Furthermore, no detailed
research was conducted in the past to investigate
the potential use of volcanic scoria in production
of blended cements in Syria. The present work
reports a part of the first detailed research in the
country to investigate the potential utilization of
volcanic scoria as cement replacement in produc-
ing Portland-pozzolan cements. This investigation
has been conducted through a series of experi-
ments. Mechanical strength development, water
permeability, chloride penetrability and porosity
of concretes containing different scoria contents
(10 to 35%) have particularly been investigated.

Physical, chemical and mineralogical analyses of
volcanic scoria and blended cements have been
reported, as well.

The importance of the present study can be sum-
marized in the following points:

(i) Studying the strength development of both
mortar and concrete systems containing volcanic
scoria-based binders with the same water-binder
(w/b) ratio was not probably tackled before. Further,
an attempt to correlate the compressive strength of
concrete with that of mortar could be considered a
good approach.

(i1) The paper tries to investigate the mechanical
strengths and some permeability-related properties
of volcanic scoria-based concretes after five cur-
ing times (two early ages; i.e. 2 and 7 day curing, 28
day standard curing and two later ages; i.e. 90 and
180 day curing). Such an investigation might not
be found in the literature on using volcanic scoria
as cement replacement. In addition, prediction of
these properties depending on the curing time and
the replacement level of volcanic scoria could also
be considered a new approach.

(ili) The replacement of Portland cement by
ground volcanic scoria could significantly minimize
the quantity of the released CO, and the consumed
energy. Furthermore, this substitution can also
achieve benefits relating to concrete performance.

(iv) The study is the first of its kind in Syria.
However, it is not limited to the country. It can
be applied to other areas of similar geology, e.g.
Harrat al-Shaam; a Volcanlc field covering a total
area of some 45 000 km’ , third of which is located
in the country (Figure 1). The rest covers parts from
Jordan and Saudi Arabia.

(v) As Syria begins preparations for the huge
rebuilding work after the conflict comes to its end,
the encouraging results of using volcanic scoria can
be considered a motivation of other studies, such
as use of volcanic scoria in improvement of the
properties of recycled aggregate concrete which are
expected to be inevitable construction material dur-
ing the post-war rebuilding in the country.

2. MATERIALS AND METHODS
2.1. Materials

The volcanic scoria used in the experiments was
quarried from Dirat-at-Tulul site, at about 70 km
southeast of Damascus as shown in Figure 1. The
mineralogical analysis showed the scoria is mainly
composed of amorphous glassy ground mass, ves-
icles, plagioclase and olivine. Thin sections of the
investigated volcanic scoria are shown in Figure 2.
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.
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FIGURE 1. Map of Harrat al-Shaam, photo of the studied site and photo of the used scoria aggregate and the micrograph of the
ground scoria. a. Map of the volcanic area “Harrat al-Shaam” and the studied site; b. The studied volcanic scoria quarry, some
volcanic scoria cones are shown behind; c. the studied scoria aggregate; d. SEM micrograph of the studied ground volcanic scoria.

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.

Seven binder samples were prepared in accordance
with EN 197-1; one plain Portland cement CEM 1
(control), three CEM II/A-P samples with three
replacement levels (10, 15 and 20%), and three CEM
II/B-P samples with three replacement levels (25, 30,
35%), respectively. According to EN 197-1, CEM 1
and CEM Il refer to two different types of cement, i.e.
ordinary Portland cement and Portland-composite

cement, respectively; A-P and B-P refer to the per-
centage of natural pozzolan in cement, i.e. 6-20% and
21-35%, respectively. All replacements were made by
mass. Five percent of gypsum was added to all these
binder samples. The clinker was obtained from Adra
Cement Plant, Damascus, Syria. Chemical analysis
of clinker and gypsum is shown in Table 1. All sam-
ples were ground by a laboratory grinding ball mill
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TABLE 1. Chemical composition of the used materials

Chemical composition Materials

(by mass, %) Scoria Clinker Gypsum Dolomite aggregate Natural sand
SiO, 46.52 21.30 0.90 0.42 93.39
SiOsreactive) 42.22 - - - -

Al O, 13.00 4.84 0.07 0.38 0.57
Fe,0; 11.40 3.99 0.10 0.10 0.24
CaO 10.10 65.05 32.23 31.40 1.70
CaOy - 2.1 - - -
MgO 9.11 1.81 0.20 20.46 0.20
SO, 0.27 0.25 45.29 0.18 1.15
Loss on ignition 2.58 - 21.15 46.48 2.52
Na,O 2.14 0.60 - 0.06 0.06
K,O 0.77 0.28 - 0.30 0.05
Cl <0.1 0.05 - 0.021 0.017
Pozzolan activity index 79 (at 7 days)

[ASTM C 618] 85 (at 28 days)
100 | —©— C1/CEM |

90 | —&—C2/10%

80 | — " C4/20%
=< 70 | —©—C6/30%
2 ) ) .
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FIGURE 3. Particle size distributions of volcanic scoria« as received », plain cement and some blended cements.

of 25 kg raw mix capacity into a Blaine fineness of
320050 cm?/g which is a customary value in cement
production. This grinding process was adopted
because it requires less energy than separate grinding
(17). The Blaine fineness was measured using air per-
meability method in accordance with the European
standard EN 196-6. The particle size distributions of
the binders were obtained using Malvern Mastersizer
2000; a laser particle size analyzer. Figure 3 shows the
particle size distribution for some blended cements
used in the investigation. The chemical and some
physical properties of the binder samples produced
for this study are shown in Table 2. CEM I (the con-
trol sample) was designated as C1/CEM I, whereas
scoria-based binders were designated according to
the replacement level. For instance, C2/10% and
C7/35% refer to the binders containing 10% and 35%
of volcanic scoria, respectively.

Seven mortar specimens were prepared using the
investigated binders and sand meeting the require-
ments of ASTM C778. In all mixtures, binder: sand

ratio was kept constant as 1:2.75 by weight. Water-
binder ratio (w/b ratio) was also kept constant for
all mixtures at 0.5. After being kept in a curing cabi-
net (RH~95%) for 24 hours, the mortar specimens
were demolded and kept in lime-saturated water at
20%2 °C until the time of testing.

Seven concrete mixes were prepared using a
grading of aggregate mixtures kept constant for
all concrete mixes. Aggregates used in the study
were crushed dolomite with natural sand added.
Chemical composition and some physical proper-
ties of the aggregates are illustrated in Table 1 and
Figure 4, respectively. Their quantities in 1m’ con-
crete mix based on the oven-dry condition were as
follows: 585.5 kg of coarse aggregate, 585.5 kg of
medium-size aggregate, 467.5 kg of crushed stone
sand and 312.5 kg of natural sand. All concrete
mixes were designed to have a water-binder ratio
of 0.5 and a slump of 150£20 mm. Superplasticizer
of “type F” (ASTM (C494) was added. Concrete
cubes (150 mm) were cast for the determination of

Materiales de Construccion 67 (326), April-June 2017, e118. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.00716


http://dx.doi.org/10.3989/mc.2017.00716

Production of more durable and sustainable concretes using volcanic scoria as cement replacement * 5

TABLE 2. Chemical, physical and mechanical properties of plain and blended cements

Chemical composition Chemical properties of plain and blended cements

(%) C1/CEMI C2110% C3/115% C4/20% C5125% C6/30% C7135%
Si0, 20.69 21.59 22.35 23.25 24.00 24.33 24.61
Al O, 5.09 5.20 5.68 5.73 6.55 6.80 7.39
Fe,0, 4.23 4.75 4.79 5.15 5.43 5.47 6.31
CaO 60.62 58.21 55.18 53.05 50.30 48.00 44.84
MgO 2.46 2.66 3.23 3.39 3.87 4.11 4.63
SO, 2.26 2.31 2.20 2.20 2.30 2.26 2.55
Loss on ignition 1.41 1.40 1.43 1.37 1.47 1.48 1.60
Na,O 0.60 0.71 0.83 0.94 1.07 1.16 1.31
K,O 0.35 0.39 0.43 0.46 0.50 0.53 0.57
Cl 0.023 0.021 0.022 0.019 0,018 0.019 0.019
Insoluble Residue 1.03 1.58 2.09 2.51 3.48 4.08 5.33
Physical properties of plain and blended cements
Specific gravity 3.13 3.09 3.05 3.02 2.99 2.98 2.96
Initial setting (min) 151 153 153 153 152 153 158
Final setting (min) 178 179 180 180 179 181 188
Water demand (%) 25.1 252 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 13.6 14.3 14.8 15.2 16.1 17.0 17.9
sieve (%)
Residue on 90 pm 6.4 6.2 6.4 6.5 6.7 6.9 6.8
sieve (%)

—&— Natural river sand (Sg=2.69; Absorption(%)=1.60)

—&— Crushed sand (SG=2.80; Absorption(%)=1.57)

—»— Crushed medium-size aggregate (SG=2.83; Absorption(%)=1.3; Los Angeles Nr.=20.5)
—+— Crushed coarse aggregate (SG=2.83; Absorption(%)=1.30; Los Angeles Nr.=20.5)
—&—Fuller Crurve

—#—Job mix

100 /,—& K an 2 ﬁ?'@ <
9
80 ,# o o
;\? 70 A ,d f?(/
,8 60 / al /
5 50 / },&/ '
‘@ 40 / dg 'F
g 7 o T
a 30 A 7
30 EAHE /
10 L %"‘
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FIGURE 4. Grading curves of the concrete aggrgates with some physical properties.

mechanical strengths (compressive and tensile split- and flexural strength development of mortars was
ting strengths) and water permeability. Concrete determined on 40%x40xX160 mm prismatic speci-
cylinders (100 mmx200 mm) and (75 mmX150 mm) mens, in accordance with EN 196-1, at ages of 2,

were also cast for evaluation of the chloride penetra- 7, 28, 90 and 180 days. The compressive and split-
bility and the porosity of the concretes, respectively. ting strengths of concretes were conducted on 150
mm cubic concrete specimens in accordance with

2.2. Methods ISO 4012 and 4108, at ages of 2, 7, 28, 90 and 180
days. Concrete permeability measured in terms of

Water requirements, setting times and sound- depth of water penetration was carried out as per

ness of all binder paste specimens were determined the standard EN 12390-8. The results shown in this
in accordance with EN 196-3. The compressive paper are the average penetration depth. The rapid
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FIGURE 5. Experimental setup of rapid chloride penetration test. a) Schematic representation of experimental setup of rapid chloride
penetration test. b) View of experimental setup (one of current readings for C6/30% specimen).

chloride penetrability (RCP) test was conducted in
accordance with ASTM C1202. The set-up of RCP
test is illustrated in Figure 5. Three cylinder speci-
mens of each concrete mix were tested after 2, 7,
28, 90 and 180 days curing. Porosity measurements
were conducted using vacuum saturation method
in accordance with RILEM CPC 11.3. The values
reported in the results represent the average of six
readings for compressive strength test and the aver-
age of three readings for all other tests.

3. RESULTS AND DISCUSSION

3.1. Properties of volcanic scoria and blended
cements

As seen from Tablel, volcanic scoria is consid-
ered as suitable material for use as pozzolan. It sat-
isfied the standard requirements for such a material
by having a sum of SiO,, Al,O; and Fe,O; of more
than 70%, a SO, content of less than 4% and a loss
on ignition (LOI) of less than 10% (ASTM C618).
reactive SiO, content was more than 25%, as well
(EN 197-1). In addition, it had a strength activity
index with Portland cement (PC) higher than the
values specified in ASTM C618. The chemical prop-
erties of volcanic scoria-based binders, Table 2, were
also in conformity with the standard requirements
(ASTM C595). Their contents of MgO and SO,
were less than 6% and 4%, respectively. The loss on
ignition (LOI) was also less than 5% as specified in
ASTM C595.

3.2. Physical properties of cement pastes

The results of water requirements, setting times
and soundness are given in Table 2. As it can be seen
from the Table 2, there was no significant change
in the water content even for the binder contain-
ing 35% of volcanic scoria which increased only by
less than 0.5 compared to C1/CEM I. This could be
explained by the lubricant effect of volcanic scoria
on paste when finely divided (18) and the effect of
volcanic scoria shape which was characterized by
sharp-edged grains (19) as seen in Figure 1(d).

The results shown in Table 2, revealed that the set-
ting times increased with volcanic scoria replacement
level. The effect was more pronounced when the
volcanic scoria content was used at 35% as cement
replacement. For example, the highest initial and
final setting times at this percentage were 158 min &
188 min. This could be due to the pozzolanic reac-
tion between pozzolan and CH liberated during
hydration of C,;S and C,S of clinker, which is usu-
ally slower than the hydration of cement (20). Some
researchers related the delay in setting times when
using natural pozzolan with the increase in water
requirement (21). It is worthwhile to note that all
the scoria-based binders complied with the standard
requirements (initial setting time=45 min and final
setting time=420 min), according to (ASTM C595).

The Results of experiments conducted to see
the swelling effects of compounds such as CaO and
MgO that exist freely in cement are given in Table 2.
According to these results, the volume expansions
of samples containing volcanic scoria-based binders
showed similar values to that of control. Interpretation
of these results is currently beyond the understand-
ing of the authors and needs further investigation,
although all soundness values were much less than
10 mm as specified in EN 197-1.

3.3. Mechanical strength development of mortars/
concretes

3.3.1. Compressive strength development of mortars/
concretes

Strength of concrete is commonly considered its
most valuable property, although, in many practical
cases, other characteristics, such as durability and
permeability, may in fact be more important (22).

Results of compressive strength development of
the investigated mortars and concretes are given in
Tables 3 and 4, respectively. As expected, all mor-
tars and concretes showed an increase in strength
with curing time. Mortar and concrete specimens
containing CI/CEM 1 had higher compressive
strengths at any curing time compared to volca-
nic scoria-based binder mortars and concretes.
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TABLE 3. Compressive and flexural strength development of mortars

Compressive (f,,,) and flexural (f,) strengths of mortar (MPa)-normalized

Binder type Strength type 2 7 28 90 180
Cl/CEM 1 Sem 15.4-100 30.6-100 45.6-100 54.5-100 55.6-100
i 4.3-100 7.1-100 7.9-100 8.3-100 8.5-100
C2/10% Sfem 14.6-95% 29.3-96% 44.2-97% 53.6-98% 54.9-99%
I 4.1-95% 7.0-99% 7.8-98% 8.3-100% 8.4-99%
C3/15% Sfem 13.9-90% 27.1-89% 42.3-93% 52.7-97% 54.2-97%
o 4.0-93% 6.8-96% 7.6-96% 8.2-99% 8.3-98%
C4/20% Sfem 13.6-88% 25.4-83% 40.6-89% 52.1-96% 53.5-96%
1 3.7-86% 6.4-91% 7.5-94% 8.0-97% 8.1-96%
C5/25% fem 12.5-81% 23.5-77% 37.0-81% 51.3-94% 53.3-96%
1 3.6-84% 6.1-86% 7.2-90% 7.8-94% 8.0-95%
C6/30% Sem 11.1-72% 21.3-70% 33.7-74% 49.4-91% 51.7-93%
f: 3.3-76% 5.7-81% 6.9-87% 7.7-96% 7.9-93%
C7/35% Sem 10.1-66% 20.0-65% 31.6-69% 47.6-87% 49.5-89%
i 3.1-72% 5.4-76% 6.6-83% 7.4-89% 7.8-93%
TABLE 4. Compressive and splitting tensile strength development of concrete
Compressive (f,) and splitting tensile (f;,) strengths of concrete (MPa)-normalized
Binder type Strength type 2 28 90 180
C1/CEM 1 f. 14.1-100 27.6-100 41.3-100 48.6-100 49.8-100
S 1.7-100 3.2-100 4.3-100 4.8-100 5.1-100
C2/10% f. 13.2-94% 26.3-95% 39.8-96% 47.9-98% 48.5-97%
S 1.7-98% 3.2-101% 4.3-99% 4.9-101% 5.1-99%
C3/15% 1. 12.3-88% 23.8-86% 37.0-90% 45.6-94% 47.0-94%
S 1.6-96% 3.1-97% 4.1-96% 4.9-100% 5.0-98%
C4/20% 1. 12.1-85% 22.4-81% 35.8-87% 44.8-92% 46.2-93%
S 1.5-88% 2.8-87% 4.0-93% 4.7-98% 5.0-97%
C5/25% I 11.1-78% 20.6-75% 31.9-77% 43.9-90% 45.4-91%
fu 1.3-79% 2.8-88% 4.0-92% 4.8-98% 4.9-96%
C6/30% I 9.8-69% 18.6-67% 29.5-71% 41.8-86% 43.9-88%
fu 1.3-75% 2.6-82% 3.7-85% 4.6-96% 4.9-95%
C7/35% f. 8.8-62% 17.3-63% 26.6-64% 39.1-81% 40.8-82%
fu 1.3-76% 2.4-76% 3.5-80% 4.5-93% 4.8-93%

Also, it is seen that the compressive strength of vol-
canic scoria-based mortars and concretes decreased
with the volcanic scoria replacement level for all
curing times. For instance, the compressive strength
of C1/CEM I and C7/35%-based mortars and con-
cretes after 7 day curing decreased from 30.6 and
27.6 MPa to 20.0 and 17.3 MPa, respectively. This
could be explained by (i) the reduction of cement
content in the mix with the increase of volcanic sco-
ria content; i.e. the dilution effect (23) and (ii) the
slowness of the pozzolanic reaction (24). However,
due to the continuation of this reaction and the for-
mation of a secondary C-S-H, a greater degree of
hydration was achieved resulting in strengths after

90 and 180 day curing which were comparable to
those of C1/CEM 1 specimens. For instance, the
compressive strength of C6/30%-based mortar and
concrete was found to be 28% and 31% lower than
C1/CEM I-based specimens after 2 day curing, but
this reduction was only 7% and 12% after 180 day
curing. It is also clearly seen from the results that
the significant gain in strength in blended cement
mortars and concretes occurred when moving from
28 to 90 day curing times while in C1/CEM I speci-
mens this was noted during the first 28 days. This
could be explained by the slow pozzolanic reaction
and its progress with age in scoria-based mortars
and concretes.
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3.3.2. Correlation between compressive strength of
mortar and compressive strength of concrete

The correlation between the compressive strength
of volcanic scoria-based mortars and the compres-
sive strength of volcanic scoria-based concretes
is given in Figure 6. The compressive strength of
scoria-based concretes seems to have a close rela-
tionship with that of volcanic-scoria-based mor-
tars. A linear regression analysis was conducted to
determine the best-fit relationship between the all
measured compressive strengths of mortars and
concretes for all curing times. The following linear
equation was derived based on the analysis with a
regression coefficient of 0.99; a regression coeffi-
cient of more than 0.85 indicates an excellent cor-
relation between the fitted parameters (25) [1]:

£=0.861f,,+0.387 [1]

where f., f., are compressive strength of concrete
and mortars in MPa, respectively. So, the compres-
sive strength of concretes at a given curing time can
be predicted from a knowledge of the compressive
strength of mortar prepared with the same w/b
ratio. This linear equation is in good agreement with
that reported by Neville for plain mortar and con-
crete (22). Such similar relationships may need to be
developed for other types of aggregates, different
w/c ratios and other curing conditions.

3.3.3. Flexural and splitting tensile strength of
mortars and concretes

Results of flexural strengths of prismatic mor-

tars and splitting tensile strengths of cubic concretes
prepared from the produced binders and cured in

60

f.=0.8607 f +0.3866

cm

(&)
o

N
o

N
o

-
o

Compressive strength of concrete (MPa)
W
o

0 20 40 60
Compressive strength of mortar (MPa)

FIGURE 6. Correlation between the compressive strength of
concrete and that of mortar of the same w/b ratio.

water until the test date are arranged in Tables 3
and 4, respectively. A similar trend to that observed
for compressive strength seems to be followed by
the flexural and splitting tensile strength results.
However, the results showed that flexural and split-
ting tensile strengths were less sensitive than the
compressive strength to the volcanic scoria content.

3.3.4. Correlation between compressive and splitting
tensile strength of concretes

The relationship between the compressive
strength (f,) and splitting tensile strength (f;) of
concretes is given in Figure 7, and seems to fit well
with the relations proposed by Oluokun et al. (26),
JCI (27) and AlJ (28) for plain concrete [2]:

Jo=k ()" 2]

The correlation between the splitting tensile
strength and the compressive strength results was
calculated for the entire population of test results
and hence the relation obtained is [3]:

£.=0.195(f,)"% [3]

with a regression coefficient of 0.98. So, knowing
the compressive strength (f,) of concrete the split-
ting tensile strength (f;,) can be predicted by using

Eq. (3).
3.4. Water permeability

Permeability of concrete to water is closely related
to the durability of concrete. Permeability is the rate
at which aggressive agents penetrate through con-
crete. Water penetration depth can be considered as

f, = 0.1949 f 08470
R?=0.984

N w » [¢;]

Splitting tensile strenghth (MPa)

—_

0 20 40 60
Compressive strength of concrete (MPa)

FIGURE 7. Relation between splitting tensile strength and
compressive strength of the studied concretes.
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an indication of permeable and impermeable con-
crete (22). A depth of less than 50 mm classifies the
concrete as impermeable and a depth of less than
30 mm as impermeable under aggressive conditions
(22). Figure 8 shows the water penetration depth
test results for all binder types. Concretes contain-
ing volcanic scoria-based binders are supposed to
have lower permeability than plain Portland cement.
But in this research, it has been observed that after
2 day curing, water penetration depths of C2/10%
and C3/15% were higher than that of CEM 1.
Increasing the moist-curing period of concrete from
28 to 90 days reduced water penetration depths of
all concretes by a factor ranging from 2.11 to 3.03
for concretes containing scoria-based cements and a
lower factor of 1.44 for plain Portland cement con-
crete. This result is in good agreement with the val-
ues reported by Neville for plain concrete (22). None
of concretes was found to be impermeable before
28 day curing. However concretes containing 20 to
35% scoria can be considered as impermeable after
28 day curing, and as impermeable under aggres-
sive environments after 90 day curing, according to
Neville (22). However, the concretes containing 10%
and 15% volcanic scoria needed 180 day curing to
achieve this level of impermeability.

3.5. Chloride penetrability

From the rapid chloride penetrability test results,
as illustrated in Figure 9, it should be noted that
C1/CEM I-based concrete permitted almost 2 to 3
times the coulombs charge, compared to the con-
crete containing C5/25%, C6/30% and C7/35% in
spite of the fact that all concretes were made with
similar cementitious content and water content.
None of the concretes had a total charge less than

© 2 days curing @ 7 days curing

2000 coulombs after 2 or 7 day curing. However,
the concretes containing binders with volcanic sco-
ria contents of 25, 30 and 35%, showed the best
performance among all the specimens. According
to ASTM C1202, these concretes can be consid-
ered as low and very low chloride permeable after
90 and 180 day curing. The improvement in the
resistance to chloride penetration may be related to
the refined pore structure of these concretes, their
reduced electrical conductivity (29) and the sec-
ondary pozzolanic reaction which contributes to
make the microstructure of concrete denser. This
improvement was confirmed by many researchers
who investigated natural or other pozzolans, par-
ticularly at later curing times (12, 30-32).

3.6. Porosity

Porosity of concretes containing different levels
of volcanic scoria at various curing times is pre-
sented in Figure 10. Porosity of all mixes decreased
with curing time. As volcanic scoria is incorporated
porosity decreased significantly. Porosity of the
concretes containing binders with high replace-
ment levels of volcanic scoria demonstrated much
lower porosity as compared to the plain concrete.
The rate of decrease in porosity was faster for volca-
nic scoria-containing concretes as compared to the
plain concrete. The reduction in the porosity could
be attributed to the pozzolanic reaction between the
glassy phase in volcanic scoria and the CH liberated
from hydration of C;S and C,S (12).

The experimental data, depicted in Table 4 and
Figs. 8-10 has been statistically analysed to develop
estimation equations to correlate the concrete prop-
erties with the curing time and the replacement level
of volcanic scoria.

28 days curing 4 90 days curing x 180 days curing

120
110
cwp O O O
£ fal ®
2 80 Water .
S . CP;ermeathe . .
s oncrete
g 60 .
g‘ %0 ‘ - -A- ------------------------ Water
2 | bl
B N S S | e
AT
2 X 7 Y U \

Water Impermeable Concrete
10 | | under Aggressive Environments
0 Y

C1/CEM C2/10% C3/15%

>|<>|<>|<>|<

C4/20%

C5/25% C6/30% C7/35%

Cement type

FIGURE 8. Water penetration depths in different concretes cured for 2, 7, 28, 90 and 180 days.
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FIGURE 9. Total charge passed through concretes, in Coulombs, after 2, 7, 28, 90 and 180 days curing. (The points for 2 days cured
C1/CEM I- & C2/10%-based concrete specimens were solid filled. The test of these specimens was terminated after about 5.5 hours
because of the high temperature of the cell’s solution and the highly penetrable concretes, as in the photos shown above)
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FIGURE 10. Porosity of concretes with different levels of volcanic scoria after 2, 7, 28, 90 and 180 days curing.

The equations can be expressed by the following
single formula [4]:

CP=a;ta,XVS+a;xInt+a,XVSxint [4]

where CP is the concrete property (i.e., compressive
strength, water permeability, chloride penetrability
and porosity); VS is the percentage of volcanic sco-
ria in the binder; ¢ is the curing time; a;, a,, a; and a,
are constants.

The constants have been obtained through the
regression analysis of the data in Table 4 and Figs. 8-10.

The best-fit values of constants a;, a,, a; and a, and the
regression coefficients R™ of the correlation between
the measured and the proposed values are presented
in Table 5. The results indicated excellent relationships
between the curing time and the properties of concrete
with different replacement levels of volcanic scoria.

It is to be noted that the correlation equation
developed in the present work would be helpful for
concrete mix designers. However, it should be noted
that the relationship reported in the paper have been
developed for concrete containing dolomite aggre-
gates, having w/c ratio of 0.5 and cured at ambient
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TABLE 5. Constants a,, a,, a; and a, and regression coefficients (R?) of the correlation between the measured and calculated values
according to the proposed equation

Constants
Concrete property (CP) a; a, a; ay Regression coefficient (R’)
Compressive strength (MPa) 12.3 —-0.27 8.4 —-0.02 0.98
Water penetration depth (mm) 124.2 —-0.705 -17.3 -0.011 0.99
Chloride Penetrability (Coulombs) 16461 -171 -2713 16.34 0.92
Porosity (%) 25.4 -0.196 -2.577 —-0.003 0.98
Main Weight (%) e Main Weight
elements i elements (%)
a 3 SNy 9 Ca 30.7
gi f::) freat p Z*- i "' . i: ;518 Area 1
— C—
Ma e Area 2-(C-S-H) — —
Fe 34 wils :
Main Weight
Main Weight (%) elements (%)
elements Ca 26.7 Area 2
C? 43.3 Area 2 2: ?514
Si 0.8 o 426
Al 0.3 Mg 14
o 55.6 - Fe 0.1
EMMAG 2.00 M HV: VEGA\\TESAN Mg 0.1
Sanenaa St resormon "™ oigtawicoscopyimagng ll L€ 0.3 FIGURE 12. SEM/EDX analysis results of 28 days cured

FIGURE 11. SEM/EDX analysis results of 7 days cured
C6/30%-based paste.

temperatures. Such similar relationships may need
to be developed for other types of aggregates, differ-
ent w/c ratios and other curing conditions.

From the results obtained, volcanic scoria
showed significant improvement which clearly
indicated that the volcanic scoria was efficient in
the refinement of pore size distribution. This has
been reflected in the reduction of water permeabil-
ity and porosity.

The results have been confirmed using the SEM/
EDX techniques, as shown in Figs. 11-13. The
microstructural and EDX analysis of 7 day cured
C6/30% paste, Figurell, revealed a non-compacted
structure. On the other hand, after 28 and 90 day
curing, Figures 12 and 13, the microstructural anal-
ysis of C6/30% paste showed denser and more com-
pacted structure due to the progress of the cement
hydration. In addition, the EDX analysis results
clearly indicated the formation of cementitious
phases, such as calcium silicate hydrates (C-S-H)
and calcium alumino-silicate-hydrates (C-A-S-H).
These might be formed through the continuation of
cement hydration and the progress of the pozzolanic
reaction between the amorphous phases in volcanic
scoria and CH (calcium hydroxide) released during
cement hydration (33).

4. CONCLUSION
-The volcanic scoria quarried from the stud-

ied site is considered suitable for making blended
cements. It had major chemical components,

C6/30%-based paste.

Main Weight (%)
elements
Ca 12.4
Si 20.2 Area 1
Al 72
o 445
& -4 Mg 2.6
Area 31C-A-SH B
. « i i %,
Aread (€-A-S-H of high Ca/Si) .
Ca 32.8
: of low'Ca/8) = o Area 2
. - Al 1.7
o 50.4
Area 2 (C-S-H of [Mg 0.9
highJ@a/Si)«# 2 L
i R Main Weight (%)
elements
Ca 231 Area3
Si 10.9
Al 41
o 55.3
Eewasin  muvaml veontesony, g 12
Scan speed: 7 SM: RESOLUTION Digit py Imaging Fe 23

F1GURE 13. SEM/EDX analysis results of 90 days cured
C6/30%-based paste.

Si0,+Al,0;+Fe,0;, conforming to the chemical
requirements of the ASTM and EN standards. The
binders containing volcanic scoria were in confor-
mity with the standard requirements.

-The compressive strengths of mortars and
concretes containing scoria-based binders were
much lower than those of plain cement mor-
tar and concrete at all early ages of concrete.
However, after 90 and 180 day curing, the com-
pressive strengths of scoria-based binder mortars
and concretes were comparable to those of plain
cement concrete.

-Water permeability, chloride penetrability and
porosity of scoria-based concrete mixes were much
lower than those of plain concrete, especially at
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longer curing time and high replacement levels of
scoria. This has also been confirmed by SEM/EDX
analysis.

-A definite correlation was observed between the
compressive strength of concretes and that of mor-
tars with a similar w/b ratio, such that one can be
estimated from knowledge of the other.

-Curing time had a large influence on both
strength and durability properties of scoria-based
binder concrete. However, the consequences of bad
curing can be more serious for the latter.

-The assumption that ‘strong concrete is durable
concrete’ is not always true. Scoria-based binder
concretes had lower compressive strengths, but
greater resistance to water and chloride penetration
compared to plain cement concretes at almost all
curing times.

-Estimation equations for predicting the investi-
gated concrete properties (i.e. compressive strength,
water penetration depth, chloride penetration and
porosity) incorporating the effect of curing time
and the replacement level of volcanic scoria were
derived. These equations permit the concrete prop-
erties of scoria-based concretes to be predicted with
a high degree of accuracy (R*>0.92). However, they
were limited to the w/c ratio of 0.5.
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