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a b s t r a c t

A laboratory study demonstrates that high volume, 45% by mass replacement of portland cement (OPC)
with 30% finely-ground basaltic ash from Saudi Arabia (NP) and 15% limestone powder (LS) produces con-
crete with good workability, high 28-day compressive strength (39 MPa), excellent one year strength
(57 MPa), and very high resistance to chloride penetration. Conventional OPC is produced by intergrind-
ing 95% portland clinker and 5% gypsum, and its clinker factor (CF) thus equals 0.95. With 30% NP and 15%
LS portland clinker replacement, the CF of the blended ternary PC equals 0.52 so that 48% CO2 emissions
could be avoided, while enhancing strength development and durability in the resulting self-compacting
concrete (SCC). Petrographic and scanning electron microscopy (SEM) investigations of the crushed NP
and finely-ground NP in the concretes provide new insights into the heterogeneous fine-scale cementi-
tious hydration products associated with basaltic ash-portland cement reactions.

� 2013 Published by Elsevier Ltd.

1. Introduction

Portland cement concrete is the most widely used human-made
commodity on the planet; about 25 billion metric tonnes are pro-
duced globally each year [1]. About 3.3 billion tonnes of portland ce-
ment (OPC) were used in 2010 [2], mainly for concrete construction
projects. Concrete domination in construction environments results
from its proven flexibility and adaptability, low maintenance
requirements during the service life of most structures, and wide-
spread availability of its raw constituents [3]. However, themassive
production and consumption cycle of concrete has significant envi-
ronmental impacts [4]. Global portland cement production cur-
rently accounts for 7% (2.1 � 109 tonnes) of anthropogenic carbon
dioxide (CO2) emissions annually, resultingmainly from production
of cement clinker, the active binding ingredient of concrete [5]. Be-
cause kiln-fired portland cement is an energy-intensive material,

requiring 4–5 GJ per ton of cement [4], about half of these emissions
occur through combustion of fossil fuels. The remaining emissions
result fromcalcination of limestone: one kg of portland cement clin-
ker releases 0.87 kg of CO2 to the atmosphere [6]. Increased volume
fractions of supplementary cementitious materials (SCM), such as
fly ash, slag, and volcanic pozzolans produce more environmen-
tally-sustainable concretes, and also yieldmixtureswith highwork-
ability, ultimate strength, and durability [3].

To eliminate 1 billion tonnes of CO2 per year through the con-
crete sector, approximately 50% of the clinker factor (CF) of port-
land cement must be replaced with materials produced with very
low carbon dioxide emissions [7]. This would require 1.58 billion
tonnes of alternative SCM annually. High volume fly ash (HVFA)
mixtures have been utilized successfully in many projects as a
low-cost alternative to conventional portland cement concrete,
with proven technical and environmental advantages [8]. However,
the global availability of fly ash is about 800 million tonnes annu-
ally [9], and not all of it is suitable for use in blended cements, or in
concrete mixtures. Recently, natural basaltic ash pozzolan replace-
ment of portland cement at 25 mass%, from Saudi Arabia, has been
shown to be a successful alternative [10]. In addition, natural
zeolite and volcanic tuff pozzolan replacement of OPC at 50 mass%,
from Turkey, and a higher w/c ratio than the present study led to a
slow strength gain, but relatively good compressive strength and
durability characteristics [11]. Studies of portland cement-based
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ternary and quaternary blends containing combinations of fly ash,
silica fume, blast furnace slag, limestone filler and natural volcanic
pozzolans show that blended cements can be optimized to mini-
mize the shortcomings of each component, resulting in synergistic
cementitious systems [12,13].

This research investigates the mechanical and durability perfor-
mance of SCC mixtures containing high volume portland cement
replacements of finely-ground limestone (LS) and finely-ground
basaltic ash (NP) from Harrat Rahat, Jabal Kadaha quarry, Medina
Province, Saudi Arabia. Western Saudi Arabia has numerous lava
and cinder cone fields in widespread harrats (Fig. 1 [14]), produced
about 25 Ma ago through continental intraplate volcanism associ-
ated with rifting of North East Africa to form the Gulf of Aden
and the Red Sea [15]. In the laboratory experiments, we utilize bin-
ary OPC-NP mixtures with finely ground 30 mass% and 50 mass%
NP (30 NP, 50 NP), and ternary OPC–NP–LS mixtures with 30 NP,
40 NP, and 50NP with or without 15 mass% (15 LS). Although the
overall pozzolanicity of the ash has been previously measured
[16], the role of individual components has not been specifically
evaluated. Here, the crushed cinders are described with petro-
graphic analyses (Fig. 2) to show how an inexpensive, straightfor-
ward optical microscopic technique can provide rapid insights into
the reactivity of the various components of typical basaltic volcanic
ash – volcanic glass, crystal fragments, lava rock fragments, and
vesicle surface coatings – and the new cementitious products
formed in the resulting concrete. Construction material testing
applications then describe the mechanical properties and durabil-
ity performance of the various blends, and the influence of the LS
and NP mixtures in the ternary OPC blends on the strength and
durability properties of the concretes is discussed. Petrographic
and scanning electron microscopy (SEM) investigations of the 70
OPC–30 NP and 50 OPC–50 NP binary blends provide an initial

evaluation of the results of the testing experiments and how com-
positions of cementitious hydrates vary as a function of pozzolanic
reaction of NP components with OPC.

2. Materials

2.1. Geologic materials used as portland cement replacements

2.1.1. Limestone powder

During the last decade, LS as calcite, or crystalline CaCO3, has
proven to be an effective partial replacement for OPC [17]. LS has
two functions: it acts as a relatively inert calcareous filler and a
limited participant in the hydration process [18–20]. During ce-
ment hydration, finely ground CaCO3 reacts with C3A and C4AF to
form high and low forms of carboaluminates [21]. Calcium hemi-
carboaluminate forms as an early hydration product in calcite-con-
taining OPC, and then converts nearly completely to calcium
monocarboaluminate, a stable AFm phase, after about 28 days
[22]. The particle size of LS must be considered in the mix design
because the early strength of the concrete depends on blended ce-
ment composition and LS fineness, since interaction between gyp-
sum and limestone during early C3A hydration interferes with
setting time [23]. An acceleration of C3S hydration may occur at
early ages when LS is interground with clinker [24]. The catalytic
effect results from the high specific surface area of LS, which pro-
duces nucleation sites for cement hydration products such as cal-
cium carbosilicate hydrate [25], thus reducing the size of C–S–H
agglomerations. In blended cements with up to 5% calcite, for
example, almost all of the added calcite reacts with cement [18].
The resulting concretes show compressive strength [26], flexural
strength, and drying shrinkage [27] similar to control concretes
without LS. At 25% sand mass replacement with LS in mortar spec-
imens, the fine CaCO3 particles produce denser packing of the ce-
ment paste and better dispersion of cement grains [28]. When LS
replacement of OPC exceeds 15% by mass, however, the less reac-
tive calcite has a dilution effect on the more reactive cement; the
amount of cement paste is considerably reduced, resulting in lower
compressive strengths and physical modifications [25,29]. Durabil-
ity decreases as water absorption and chloride diffusion coeffi-
cients increase [29].

2.1.2. Basaltic volcanic ash

Volcanic ash pozzolans fall into two major categories: cinder
cone eruptions produce scoriae, frothy droplets of molten rock
with mainly basaltic compositions, where amorphous glass is usu-
ally the predominant reactive component, while more explosive
pyroclastic flow eruptions of molten and solid rock fragments pro-
duce complex deposits that commonly develop secondary pozzola-
nic clay and zeolitic surface coatings through interactions with
interstitial ground and surface waters [30–33]. The binding pozzo-
lanic mortars of 2000-year-old concretes in the monuments of
imperial age Rome, for example, contain 40–50 vol.% scoriaceous
volcanic ash from a specific pyroclastic flow with reactive zeolitic
and clay mineral surface coatings [33]. Recently, basaltic ash
erupted from cinder cones in Saudi Arabia has been used success-
fully as SCM that complies with the requirements of ASTM C618 for
Class N natural pozzolan [14,16,34]. Moufti et al. [16] found that
the pozzolanic reactivity of lime with finely-ground cinders from
Harrat Khaybar, passing the #200 sieve, satisfies the Italian stan-
dard. Khan and Alhozaimy [10] found good effectiveness for up
to 25% OPC replacement [16]. The effectiveness of the ash as a
larger volume 30–50 mass% OPC replacement has not been evalu-
ated, however, and the reactive components of the ash and associ-
ated cementitious products in the resulting concretes have not
been described in detail.

Fig. 1. Schematic map showing the cenozoic lava and cinder cone fields, or harrats,
of western Saudi Arabia, adapted from [15], and the site of the basaltic ash from
Jabal Kadaha, Harrat Rahat used in the experimental concretes.
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The bulk chemical composition of the Jabal Kadaha NP indi-
cates an alkali basalt (Table 1). Optical micrographs (Fig. 2) from
petrographic investigations of crushed sand-sized particles of the
basaltic ash, which is similar to other Saudi Arabian harrat basalts
[10,16,34] provide a qualitative assessment of the various glass
and crystal components available for pozzolanic reaction in the
experimental concretes. The mineralogical composition deter-
mined by X-ray diffraction (Fig. 3a), and confirmed with petro-
graphic observations, indicates a glassy amorphous groundmass,
and crystals of plagioclase with an anorthitic composition (CaAl2-
Si2O8), olivine with a forsteritic composition (Mg2SiO4), and clino-
pyroxene with a diopsidic composition (MgCaSi2O6) (Fig. 2a–c,
see [35] for petrographic techniques of mineral identification).
Some olivine and diopside crystals have partially dissolved
(Fig. 2a–c), and fresh sideromelane glass is generally absent.

Rather, the glass has altered to clear, translucent, optically isotro-
pic, gel-palagonite (Fig. 2d), yellowish-olive brown in plane polar-
ized light [36]. This commonly grades into transitional, glassy,
fibro-palagonite, which is dark-dusky brown in plane polarized
light, with a fine, fibrous, opaque, texture (Fig. 2e). The ground-
mass of lava rock fragments from the volcanic edifice that were
entrained in the magma during eruption to the earth’s surface,
have a strong fibro-palagonite texture (Fig. 2f).

Resinous, yellow brown gel-palagonite (Fig. 2d) is the most
abundant component of the volcanic ash. Palagonite is a stable
alteration product of fresh volcanic glass that has interacted with
aqueous solutions on or near the earth’s surface, and lost Si, Al,
Mg, Ca, Na and K, gained H2O, and become preferentially enriched
in Ti and Fe [36]. These trends are further emphasized in fibro-pal-
agonite, which seems to develop very poorly-crystalline clay min-
eral not detectable through standard X-ray diffraction analyses
[36]. The palagonitization process commonly involves the precipi-
tation of secondary phases, mainly crystalline clay minerals,
zeolites, or calcite [36], many of which have pozzolanic properties
[14,33]. Although subaerial alteration of the volcanic glass of Jabal
Kadaha NP produced palagonite, there are only occasional
secondary authigenic surface coatings. These are thin rims thin
rims of fluoroapatite (Ca5(PO4)3F and calcite on vesicle surfaces
(Fig. 2f–h). The precipitation of fluorapatite may reflect the move-
ment of low-temperature waters locally saturated with respect to
fluorine and phosphorous through the ash deposit [37], possibly
associated with dissolution of apatite-bearing mantle xenoliths in
the basaltic ash [38]. Calcite is a common authigenic mineral in
basaltic ash and may be associated with CO2 that combines with
calcium in interstitial ground water. These mineral coatings consti-
tute only a minuscule volume of the NP, and are not present in

Fig. 2. Petrographic micrographs of Saudi Arabian basaltic ash pozzolan (NP). Survey of volcanic fragments, plane polarized light: (a) dissolved crystal, probably olivine, (b)
etched diopside, (c) intact anorthite, (d) gel-palagonitic glass, (e) transition to fibro-palagonitic glass, (f) fibro-palagonitic groundmass of a lava lithic fragment, with calcite
surface coatings in vesicles, (g) gel-palagonite glass (Fig. 2d) with fluoroapatite rims on a vesicle surface, (h) gel-palagonite glass with calcite crystals on vesicle surfaces, and
(i) cementitious matrix of the 70 OPC–50 NP concrete mix at one year hydration. The dense opaque fabric results from intergrown, amorphous, cementitious hydrates that
surround silt to fine sand-sized, partially-reacted gel-palagonite particles. Dark lava lithic fragments with poorly-reactive fibro-palagonite ground mass remain largely intact.

Table 1

Chemical composition of powder materials (oxides, % by weight).

OPC NP LS

SiO2 20.44 46.48 0.70
Al2O3 3.97 14.74 0.50
Fe2O3 4.07 12.16 0.12
CaO 62.9 8.78 47.4
MgO 2.42 8.73 6.80
Na2O 0.37 3.39 –
K2O 0.43 1.27 –
P2O5 0.16 0.629 –
TiO2 0.23 2.31 –
MnO 0.32 0.19 –
L.O.I. 4.69 1.324 44.48

138 K. Celik et al. / Cement & Concrete Composites 45 (2014) 136–147



sufficient quantities to be detected by the X-ray diffraction analysis
(Fig. 3a).

2.2. Blended cements and aggregates

OPC used in this study meets ASTM Type I/II standard specifica-
tion, and the OPC and NP have mean particle diameters of 10 m and
17 m, respectively (Fig. 3b, Table 2). The mean particle diameter of
LS used in the OPC–LS control and OPC–LS–NP ternary blends is 48
m. The fine aggregate (FA) of the concrete mixtures is quartz sand,
with 3.1 fineness modulus. The coarse aggregate (CA) consists of 30
mass% pea gravel with maximum size 12.7 mm, containing 70
mass% basaltic coarse aggregate, not from the Saudi source, with
maximum size 19.0 mm. A high-efficiency polycarboxylate-based

superplasticizer (ADVA-405) with specific gravity of 1.04 kg/l was
used as <1.5 mass% cement (Table 3).

3. Experimental and analytical methods

3.1. Concrete mixture proportions

The initial parameters considered for the cement mix design
were the proportional aggregate fractions, powder content, and
workability (Table 3). The w/cm was held at 0.35 for all mixes;
water reducer (SP) was added until the slump flow diameter was
between 635 mm and 690 mm; and the flow time was 3–5 s until
a diameter of 50 mm, T50, was attained. In order to reduce cement
content relative to typical SCCs, the ratio of total aggregates to
cementing materials was fixed at 4 to 1, and the total cement
replacement ratio ranged from 30 mass% to 65 mass%. For the ter-
nary blends, LS content was set as 15 mass%, and NP varied from 30
to 50 mass% of the total mix. The mix designs are designated 55
OPC–15 LS–30 NP, for example, for the 55 mass% OPC, 15 mass%
LS, and 30 mass% NP mix. The ratio of CA to FA was kept at a con-
stant 1:1 mass% ratio. The control mixes contain either 100 OPC–0
LS–0 NP or 85 OPC–15 LS–0 NP as the powder materials.

3.2. Concrete mixing and casting

For each mix, a total volume of 22L (5.81 gallons) of concrete
was prepared in a pan planetary-type mixer with the following
procedure: the CA and a small amount of water were mixed for
30 s; the OPC, NP, and more water were added and mixed for
1 min; the limestone powder and the rest of the water were added
and mixed for 1 min; the water reducer was added and mixed for
1 min. Finally, the FA was then added and mixed for 3 min. During
that time, the mixer was stopped and the bottom scraped to re-
move any fine particles that might have collected at the bottom.
The slump flow test was then performed (see Section 3.3). If the
concrete was satisfactory, it was returned to the mixer and mixed
for an additional minute before casting. If the slump flow was too
low or flow time too high, the concrete was returned to the mixer,
mixed for an additional minute and additional water reducer
added until workability appeared sufficient. The slump flow test
was again performed. If the concrete was satisfactory, it was then
remixed for an additional minute before casting. Otherwise, it was
discarded and the mix attempted again with more or less water re-
ducer. The material was cast into eighteen 75 � 150 mm cylinders
and three 100 � 200 mm cylinders in two lifts without mechanical
vibration. Light shaking was allowed as the only method of consol-
idation. The cylinders were immediately covered with plastic wrap
and left undisturbed for 24 h at 25 �C in the ambient laboratory
environment. The cylinders were then demolded and placed in a
fog-room chamber at 100% relative humidity at room temperature,
23 ± 2 �C, to cure until testing in accordance with ASTM C192 [39].
Each mix was then evaluated using slump flow, compressive
strength, chloride penetration coefficient, water absorption, and
gas permeability testing as basic indicators of workability,
mechanical strength, and durability properties.

Fig. 3. Chemical and particle size analyses of the powdered cement constituents.
(a) X-ray diffraction (XRD) analysis of the Saudi Arabian basaltic volcanic ash from
Harrat Rahat used as as a pozzolanic OPC replacement in the laboratory concrete
studies, and (b) particle size distribution of OPC, LS, and NP.

Table 2

Particle size distribution of OPC, LS and NP used in experimental concretes.

Mean (lm) Median (lm) Mode (lm) Standard Deviation (lm) D10 (lm) D50 (lm) D90 (lm)

OPC 10.4 11.7 18.5 10.2 0.3 10.4 25.7
LS 48.1 38.7 72.0 41.9 7.0 15.6 38.7
NP 17.4 13.8 18.5 14.5 3.4 13.7 36.8
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3.3. Slump flow test

The SCC slump flow test (ASTM C1611) [40] was performed to
determine the fresh-state properties of each mix. The flow diame-
ter and T50 were verified to be between 635 and 690 mm, and 3–5
s, respectively. In addition, the SCC stability was observed visually
by examining the concrete mass in terms of segregation, bleeding,
and the mortar halo near the slump flow perimeter.

3.4. Compressive strength test

Compressive strength tests were performed after 7, 28, and
91 days, and at one-year hydration. In accordance with ASTM stan-
dards, rubber pads capped the 7-day-old samples; all others were
capped with sulfur capping compound. The cylinders were com-
pressed using a displacement rate-based machine until significant
softening was observed according to ASTM C39 [41]. The peak load
value was taken as the compressive strength. In order to identify
and remove outliers from data set, the coefficient of variation (ratio
of standard deviation to mean) was kept less than 10% for each
mix-curing period combination. The cylinder size was chosen for
convenience and economy, even though testing of 75 � 150 mm
(3 � 6 in.) cylinders has been shown to underestimate compressive
strength by about 102.94%, compared to the standard-sized
100 � 200 mm (4 � 8 in.) cylinder strength of a similar class of
concrete produced with a maximum aggregate size of 19.0 mm
(3=4 in.) [42]. Similar tests [43] indicate that the use of smaller spec-
imens in compressive strength tests may result in lower strengths
as compared with standard-size specimens. Therefore, the follow-
ing equation calculates the correct compressive strength:

r0
c ¼

4P

pd
2 � 102:94% ð1Þ

where r0
c is compressive strength, P is magnitude of the load that

caused breaking, and d is the diameter of the cylinder.

3.5. Non-steady state chloride migration test

The chloride migration coefficients of the one-year-old concrete
samples were determined according to NT BUILD 492 [44], where
the test duration and electrical potential were 24 h and 30 V,
respectively. After sawing the 100 � 200 mm cylinders into slices,
50 ± 2 mm thick, and brushing and washing away any burrs from
the surfaces, the specimens were returned to the fog room until
the testing date. The test steps were as follows: (a) the specimens
were vacuum soaked with a saturated Ca(OH)2 solution, (b) a 30 V
electrical potential was applied that forces chloride ions from a 10%
NaCl solution (catholyte) to migrate into the specimen, and (c) the
initial current through each specimen was recorded (Fig. 4a). Three
specimens were tested for each mix. Each specimen was then split
axially into two pieces, and a 0.1 M AgNO3 solution sprayed on the
freshly split surfaces. The chloride penetration depth was precisely

measured on photographic images of the specimens enlarged in
Adobe Photoshop at seven points over a 70 mm distance from
the white silver chloride precipitation. From the mean penetration
depth, the non-steady state chloride migration coefficient Dnssm (2)
was calculated, as described in NT BUILD 492 [44], with:

Table 3

Concrete mix proportions.

OPC–LS–NP (%) OPC NP LS FA CA W/CM SP (%)

Control mixes 100–0–0 1.00 – – 2 2 0.35 1.43a

85–15–0 0.85 – 0.15 2 2 0.35 1.4a

Binary HVNP blends 70–0–30 0.70 0.30 – 2 2 0.35 1.08
50–0–50 0.50 0.50 – 2 2 0.35 1.03

Ternary HVNP-LS blends 55–15–30 0.55 0.30 0.15 2 2 0.35 1.22
45–15–40 0.45 0.40 0.15 2 2 0.35 1.22
35–15–50 0.35 0.50 0.15 2 2 0.35 1.12

a The chemical admixture used was an entry-level carboxylated polyether-based high-range water reducer (ADVA 140) with a specific gravity of 1.010–1.120.

Fig. 4. Schematic diagrams of experimental testing devices. (a) Test set-up of the
chloride migration test, and (b) typical setup for the gas permeability test.
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Dnnsm ¼ RT

zFE
� xd � a

ffiffiffiffiffi

xd
p

t
ð2Þ

where

E ¼ U � 2
L

and

a ¼ 2

ffiffiffiffiffiffiffiffi

RT

zFE

r

� erf�1 1� 2cd
c0

� �

Dnssm is the non-steady-state migration coefficient, m2/s; z is the
absolute value of ion valence for chloride, z = 1; F is the Faraday
constant, 9.648 � 104 J/(V�mol); U is the absolute value of the ap-
plied voltage (V); R is the gas constant, 8.314 J/(�K�mol); T is the
average value of the initial and final temperatures in the anolyte
solution (K); L is the thickness of the specimen (m); xd is the average
value of the penetration depths (m); t is the test duration in sec-
onds; erf–1 is the inverse of the error function; cd is the chloride con-
centration at which the color of the concrete changes, and generally
equals 0.07 N (N is the molar concentration divided by an equiva-
lence factor) for OPC concrete [44]; and c0 is the chloride concentra-
tion in the catholyte solution, about 2 N. Three specimens were
tested for each mix, and the average result calculated.

3.6. Water absorption test

The water absorption was determined by immersion on the
one-year-old concrete specimens according to the ASTM C948
[45]. First, concrete cylinders 100 mm diameter by 50 mm thick
were immersed in approximately 21 �C water and weighed every
24 h, until they attained a mass of less than 0.5% of the heavier sat-
urated surface-dried (SSD) concrete samples; this last SSD mass is
designated B. The samples were then oven-dried at 100–110 �C and
weighed every 24 h until they attained a mass decrease less than
0.5% of the previously measured weight. The samples were cooled
in a vacuum desiccator to room temperature, and weighed, with
subsequent dry mass designated as C. The water absorption is cal-
culated as:

Water absorptionð%Þ ¼ B� C

C
� 100 ð3Þ

3.7. Gas permeability test

The gas permeability of the one-year-old concrete specimens
was measured with the CEMBUREAU method [46] using nitrogen
gas as the permeating medium (Fig. 4b). Five gas pressure stages
varying from 0.5 to 2.5 bar (0.05–0.25 MPa) were applied to the
dried specimens until the observed weight loss was less than
0.5 g between two successive readings over a time interval of
24 h. Flow times were read every 30 min until a steady-state flow
was reached. If the difference between successive readings within
5 min was less than 3%, it was determined that the flow had
reached a steady-state condition. For each gas pressure step, the
gas permeability coefficient, Kg, was calculated using the Hagen–
Poiseuille relationship for laminar flow of a compressible fluid
through a porous under steady-state conditions [47], so that:

Kg ¼
2P0QLl

AðP2 � P2
aÞ

ð4Þ

where Kg is the gas permeability coefficient (m2); Q is the volume
flow rate of the fluid (m3 s�1); A is the cross-sectional area of the
specimen (m2); L is the thickness of the specimen in the direction
of flow (m); l is the dynamic viscosity of the nitrogen at test tem-
perature (N s m�2); P is the inlet (applied) pressure (absolute)

(N m�2); Pa is the outlet pressure assumed in this test to be equal
to atmospheric pressure (N m�2); and P0 is the pressure at which
the volume flow rate is determined, assumed in this test to be
atmospheric pressure (N m�2).

3.8. Petrographic and scanning electron microscopy investigations

Polished thin sections of the NP and 70 OPC–30 NP and 50
OPC–50 NP concrete mixes with 30% NP and 50% NP replacement
of OPC were investigated using optical microscopy techniques
and photographed with a Nikon Labophot petrographic micro-
scope. Specific locations of particularly informative microstruc-
tures of components of the basaltic ash and associated
cementitious hydrates were recorded and then investigated further
with an EDAX TSL energy dispersive X-ray spectrometer on the
Zeiss EVOMA10 Scanning Electron Microscope (SEM) at the
Department of Earth and Planetary Sciences at UC Berkeley. Oper-
ating conditions were beam energy of 15 keV, beam current of 850
pA, and counting time of 10 s with 3500 counts per second,
reported as relative atomic concentrations.

4. Experimental results and discussion

4.1. Flowability of fresh concrete

According to the slump flow diameter (ds) and T50 results, all
mixes produced with the blended cements met specified SCC
requirements (Tables 4 and 5 [48]). The visual stability index
(VSI) values of the mixes were evaluated between zero and one:
zero shows no evidence of segregation or bleeding, and one shows
segregation and slight bleeding as a sheen on the concrete mass, in
accordance with ASTM C611 [40]. Because of the constant water
content but variable use of water reducing agent in the mixes, di-
rect comparisons of the impact of NP and LS replacement on flow-
ability were not possible. However, increasing the amount of NP
either decreased the water reducer content and/or T50 times, or it
increased ds, indicating that NP has the positive effect of increasing
the flowability of the concrete (Table 4). Remarkably, the 100 OPC
control concrete had a low flow diameter and high flow times, as
compared with the more workable 70 OPC–30 NP concrete, even
though the amount of water reducer used in the 100 OPC concrete
was 32% larger.

4.2. Compressive strength

Fig. 5 shows that changing the mix proportions of NP and LS has
a strong influence on the rate of strength development of the
experimental concretes. The binary 70 OPC–30 NP mix results in
concrete with only slightly lower strengths compared to the 100
OPC control concrete at all test ages (Fig. 5a). However, the 50
OPC–50 NP mix produced a lower rate of strength development,
about 25% less than the control at 1 year. Even so, the 28-day
and one-year strength values, 34 MPa and 57 MPa, respectively,
are adequate for most structural applications.

Table 4

Slump flow diameter and T50.

OPC–NP–LS (%) ds (mm) T50 (s) SP (%)

100–0–0 584 4.5 1.43
70–30–0 667 3.1 1.08
50–50–0 686 3.8 1.03
85–0–15 622 4.4 1.43
55–30–15 635 4.5 1.22
45–40–15 673 4.5 1.22
35–50–15 648 4.7 1.12
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The ternary blends with 45–55% OPC replacement contain 15 LS
in addition to NP and OPC; they produce concretes with very good
long-term compressive strength (Fig. 5c). The 55 OPC–15 LS–30 NP
and 45 OPC–15 LS–40 NP concretes show higher long-term
strengths than the 85 OPC–15 LS control. At 90 days hydration,
for example, the 55 OPC–15 LS–30 NP concrete had compressive
strength, 49 MPa, similar to the 85 OPC–15 LS control mix and at
one year hydration, the 55 OPC–15 LS–30 NP concrete had a com-
pressive strength, 60 MPa, a bit higher than the control mix,
53 MPa. At 28 days hydration, however, the strengths of 55
OPC–15 LS–30 NP and 35 OPC–15 LS–50 NP concretes were
39 MPa and 23 MPa, respectively. These values are 9% and 47% less
than the 85 OPC–15 LS control, and indicate relatively poor perfor-
mance for the 35 OPC–15 LS–50 NP blend.

Although the 50 OPC–50 NP binary mix showed slightly higher
strength, 34 MPa, than the 45 OPC–15 LS–40 NP ternary mix,
30 MPa, at 28 days hydration, both mixes exhibited nearly identi-
cal strengths at 90 days and one year hydration, 43 MPa and
57 MPa, respectively. This suggests the large volume ternary mix-
tures with LS did not interfere with long-term strength develop-
ment, and that 55% mass replacement of OPC with a finely
ground NP–LS mix can be a viable solution to producing SCCs with
good long-term strength development. This seems to be the result
of adequate pozzolanic activity of NP at up to 40% OPC replacement
and a relatively reduced dilution effect of 15% LS replacement of
OPC [13,49].

4.3. Durability assessment

4.3.1. Coefficient of chloride migration

The mixing ratio of finely ground NP, and NP–LS as OPC replace-
ment seems to have a strong influence on the chloride migration
coefficient of the experimental concretes. All the concretes with
blended cement mixes demonstrated a higher resistance to chlo-
ride migration relative to the 100 OPC and 85 OPC–15 LS controls.
Based on standard guidelines [50], the chloride penetration resis-
tance of the 70 OPC–30 NP binary mix and ternary mixes with a
30NP and 40NP ranges from very high to high (Table 6). The low
porosity of Saudi basaltic cinders measured by Sabtan and Shehata
[34] may help to reduce the permeability of the resulting concrete.
Furthermore, hydration of fine volcanic ash granulates obstructs
voids and pores, leading to pore size reduction and smaller effec-
tive chloride diffusivity [51]. The 55 OPC–15 LS–30 NP and 45
OPC–15 LS–40 NP mix show very high chloride penetration resis-
tance, while the 50 OPC–50 NP binary mix and the 35 OPC–15
LS–50 NP ternary mix show high resistance to chloride penetra-
tion. Concrete with 40 mass% volcanic ash replacement for OPC
also shows low chloride ingress [51]. This suggests that both binary
NP and ternary NP–LS blends could improve resistance to chloride
migration and, possibly, the overall durability and corrosion resis-
tance of the resulting concretes. This could be the result of a pore
refinement effect associated with 15% LS replacement of OPC, re-
lated to the possible formation of carbo-aluminates and the reduc-
tion of ettringite transformation to monosulfate in the ternary
mixes [24,12].

Table 5

Specifications and recommended values for SCC [48].

Workability characteristic Test
methods

Recommended values

Deformability and flow rate (filling
ability, unrestricted flow)

Slump
flow

Hwang et al. 620 mm to
720 mm
EFNARC: 650 mm to
800 mm
JSCE: 600 mm to 700 mm
PCI: P660 mm
Swedish concrete
association: 650 mm to
750 mm

T50 EFNARC: 2–5 s
PCI: 3–5 s
Swedish concrete
association: 3–7 s

Fig. 5. Results of compressive strength tests of the experimental OPC–LS–NP
concretes. (a) OPC–NP binary cement blends, (b) OPC–LS–NP ternary cement
blends, (c) OPC and OPC OPC–LS control blends.

Table 6

Resistance against chloride penetration based on non-steady state
migration testing [50].

Chloride diffusion D (�10�12 m2/s) Concrete resistance

>15 Low
10–15 Moderate
5–10 High
2.5–5 Very high
<2.5 Extremely high
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4.3.2. Water absorption

Variations in the cement replacement mixtures also influence
the water absorption of the experimental concretes (Fig. 6b). For
both the binary and ternary blends with <50 OPC replacement,
water absorption is less than to the 100 OPC and 85 OPC–15 LS
controls. This may, perhaps, reflect lower overall porosity. At
55–65 OPC replacement, water absorption is greater than the con-
trols, but at only 2.5–3.5 mass% it is still within acceptable limits.
Water absorption describes a material’s ability to take in water

as a consequence of capillary suction, which is a function of size,
distribution, shape, tortuosity, and continuity of its pores [52].
More than 55% OPC replacement in the ternary mixes may induce
an increased capillary porosity. This could be attributed to higher
water absorption capacity associated with the vesicles of the basalt
ash [34], and also the dilution effect of the LS on OPC hydration
[23].

4.3.3. Gas permeability

Variations in the NP and NP–LS mix proportion seem to influ-
ence the coefficient of gas permeability in the experimental con-
cretes (Fig. 6c). The greater the amount of OPC replacement with
NP, the lower the apparent gas permeability in both the binary
and ternary cement systems, with the exception of the 45
OPC–15 LS–40 NP specimens. These appear to be anomalous tests,
which could have developed microcracks during the drying pro-
cess; they have good compressive strength and low chloride
penetration.

Adding LS may increase the gas permeability, as shown by the
85–15–0 control mix, but this does not seem have a systematic ef-
fect. Although a correlation has been observed between resistance
to chloride penetration and decreased gas permeability of concrete
subjected to short-term air or oven drying, this effect weakens
with longer drying periods [53–57]. This is demonstrated for the
specimens tested here at one year hydration: increasing NP
replacement of OPC in the binary and ternary mixes generally de-
creases gas permeability, and it also increases the chloride penetra-
tion coefficient, which is the more straightforward measurement.
The apparently reduced drying shrinkage of the concrete with in-
creased NP may be related to the refinement of pores through poz-
zolanic reaction, which obstructs water evaporation [58], and also
a higher amount of unreacted ash, which could act as aggregate
that restrains shrinkage [59].

4.4. Microscopic investigations of cementitious hydration products

The dense opaque cementitious matrix of the 70 OPC–30 NP
concrete mix at one year hydration (Fig. 2i) results from amor-
phous cementitious hydrates that surround partially-reacted NP
particles (Fig. 2d). Lava rock particles of NP generally remain dark
and intact, suggesting that their fibro-palagonite ground mass
(Fig. 2f) has less pozzolanic reactivity with OPC than the gel-palag-
onite. The cementitious matrix of the 50 OPC–50 NP concrete mix
contains a qualitatively greater proportion of unreacted gel- and fi-
bro-palagonite particles than the 70 OPC–30 NP mix, suggesting
that the overall proportion of NP might be too high to produce
optimal reaction with OPC and bonding, even after one year hydra-
tion. The 50 OPC–50 NP concrete has lower compressive strength,
higher water absorption, and greater chloride penetration com-
pared with the 70 OPC–30 NP concrete.

Surface coatings of fluoroapatite, or calcium fluorophosphate
(Ca5(PO4)3F), in vesicles of the gel-palagonite particles (Fig. 2)
could possibly have had a positive influence on binding. Experi-
mental tests of C3S and C3A hydration processes indicate that a
phosphorous (P2O5) and fluorine (F-) soaking solution reduced
early exothermic heat release, and in small concentrations pro-
duced an interconnected and compact microstructure in C3A
cementitious hydrates, and a uniform and fine-grained microstruc-
ture in C3S hydrates [60]. Secondary fluoroapatite is common in
basaltic cinder deposits [37,38], and easily identified with petro-
graphic analysis in thin section even when not detectable through
X-ray diffraction analyses.

Fig. 7 gives examples of how cementitious hydrate composi-
tions vary with proximity to the relicts of gel-palagonite in the
70 OPC–30 NP concrete at the micrometer scale. The OPC bulk
composition has calcium in much greater abundance than the

Fig. 6. Results of durability tests of the experimental OPC–LS–NP concretes. (a)
Non-steady state chloride migration coefficient as a function of cement replace-
ment of the concrete mix. Zones 1, 2, 3 and 4 indicate extremely high to moderate
resistance to chloride penetration (Table 6), (b) relationship between water
absorption and cement replacement, and (c) gas permeability coefficient in function
of cement replacement of the concrete mix. All ratios listed as mass% OPC: LS: NP.
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basaltic ash, 62.9 vs. 8.9 mass% CaO, respectively; the NP bulk
composition has MgO, Na2O, K2O, TiO2, and FeO2 in far greated
abundance than OPC (Table 1, Fig. 8). Ratios of these cation abun-
dances relative to aluminum and silicon measured in SEM–EDS
analyses are plotted in atomic ratio scatter diagrams to
provide qualitative illustrations of the incorporation of the
chemical species of gel-palagonite in the cementitious binding
phase. For example, the coarse silt-sized ash particle of Fig. 7a
has gel-palagonite groundmass and reaction rim with moderate
Na + Mg + K + Ti + Fe/(Al + Si) = 0.4 and low Ca/(Al + Si) = 0.2, while
the cementitious hydrates in the interfacial transition zone have
higher Na + Mg + K + Ti + Fe/(Al + Si) = 0.6–0.7, and moderate
Ca/(Al + Si) = 0.4–0.6. These compositions seem to reflect close
interaction of the neighboring gel-palagonite with OPC pore solu-
tions and incorporation of the dissolved species in alkali-rich
cementitious hydrates. In contrast, cementitious hydrates 6–12
m distant from the gel-palagonite have variable Na + Mg + K +
Ti + Fe/(Al + Si) = 0.25–0.40 and higher Ca/(Al + Si) = 0.70–0.90,
suggesting closer interaction with calcium-rich OPC pore solutions.
Plagioclase feldspar in the same particle also reacts with OPC, to
form hydrates with lower Na + Mg + K + Ti + Fe/(Al + Si) =
0.20–0.25 and Ca/(Al + Si) = 0.25–0.40 (Fig. 7b). The poorly crystal-
line calcium–aluminum–silicate hydrate (C–A–S–H) in the cemen-
titious matrix 2–5 m distant has moderate Na + Mg + K + Ti +
Fe/(Al + Si) = 0.25–0.35, and higher Ca/(Al + Si) = 0.70–0.85, which
seems to reflect closer interaction with calcium-rich OPC pore
solutions. Fibrous clusters in open pores (Fig. 7c) have higher
Na + Mg + K + Ti + Fe/(Al + Si) = 0.6, and Ca/(Al + Si) = 2.15–3.7,
compared with C–A–S–H in the nearby cementitious matrix. These
unusual compositions may reflect relict cement grains that may
have partially hydrated in alkaline pore fluids with high Na, Mg,
Ti, and Fe derived from NP.

Pozzolanic reaction is predominantly an attack on the SiO2 or
Al2O3–SiO2 framework of a reactive material by OH-ions, so that
silicate and other anions detach from the framework, and either re-
main in place or pass into solution [30,61]. The early-formed, in situ

product is likely to have K+ and Na+ as the predominant cations.
Al+3 substitutes for Si+4 in tetrahedral sites, so C–A–S–H with low
Ca/Si can absorb more Na+ and K+ in interlayer sites due to a va-
lence compensation mechanism as well as increased silanol bind-
ing capacity [62]. The alkali-enriched cementitious products in

the transition zone of Fig. 7a thus provide an indication that the
palagonitic glass is decomposing and releasing cations through
pozzolanic reaction with OPC to form alkali-rich C–A–S–H. Farther
from the pozzolanic glass, C–A–S–H in the cementitious matrix
shows a range of compositions, for example, Ca/(Al + Si) =
0.70–0.90 adjacent to pozzolanic glass (Fig. 7a and b), and
Ca/(Al + Si) = 1.0–1.5 adjacent to a relict pore (Fig. 7c).

Fig. 8a summarizes the heterogeneous compositions of the Ja-
bal Kadaha NP components and binding cementitious products
in the 70 OPC–30 NP and 50 OPC–50 NP concretes at one year
hydration. Unreacted volcanic ash components have Ca/Si < 0.5,
and Na + Mg + K + Ti + Fe cation concentrations that reflect gel-
palagonite, fibro-palagonite, and diopside and plagioclase crystal
compositions (Fig. 8a). The compositions of gel-palagonite reac-
tion rims and interfacial transition zones vary from about
Na + Mg + K + Ti + Fe/(Al + Si) = 0.2–0.7 and Ca/Si = 0.2–0.8. This
may reflect heterogeneous depletion of the gel-palagonite and
local alkali enrichment in cementitious hydrates associated with
pozzolanic reaction. The plot of Si/Ca and Al/Mg atomic ratios
(Fig. 8b) shows that there are no measurements of cementitious
hydrate compositions that fall in the range of hydrotalcite com-
positions, Al/Mg = 0.23–0.52, common in slag cement pastes [61].
Rather, the compositions seem to correspond to C–A–S–H with
Al/Mg = 1–5, Si/Ca = 0.6–1.5 and Al/Ca = 0.1–0.4 (Fig. 8b and c),
roughly similar to aluminous C–S–H associated with slag ce-
ments [61]. Previous research has shown that adding aluminosil-
icate pozzolan to OPC lowers the mean Ca/Si ratio of C–S–H gel
substantially below its typical value, about 1.7 [62]. Indeed,
C–A–S–H in the cementitious matrix of the 50 OPC–50 NP
concrete mainly has lower Ca/(Al + Si) = 0.6–1.0 than the 70
OPC–30 NP concrete, with Ca/(Al + Si) = 0.8–1.9 (Fig. 8a). This
suggests that a lower proportion of OPC leads to lower calcium
concentrations overall. Alkali-cation concentrations in C–A–S–H
range from about 0.2–0.5 (Fig. 8a); these seem to be a function
of proximity to gel-palagonite (Fig. 7). C–A–S–H associated with
the diverse reactive components of scoriacous volcanic ash in the
monuments of ancient Rome and glassy pumiceous ash in an-
cient Roman seawater concretes, for example, also has a range
of compositions [63,64]. Laboratory experiments [62], have
shown that the presence of Al enhances alkali binding in
C–A–S–H, and inhomogeneous alkali sorption likely occurs in

Fig. 7. Reactive components of the basaltic ash and associated cementitious hydrates. Scanning electronic microscope, back-scattered electron images of basaltic ash-OPC
reaction products, 5 lm scale bar.
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small clusters of C–A–S–H with low Ca/Si compositions similar
to those observed here.

The long-term strength of concretes fabricated with volcanic
pozzolans presumably occurs through ongoing reaction of the
volcanic ash in the presence of moisture to produce cementitious
hydrates, long after OPC is consumed [30,3]. In moist geologic envi-
ronments gel-palagonite, the principal pozzolanic component of
Jabal Kadaha NP (Figs. 1 and 7), commonly reacts with ground
and surface waters to produce natural zeolite mineral cements,

which bind loose volcanic ash into a coherent rock called tuff
[36]. A well-known example of this is the Tufo Lionato palagonitic
tuff building stone of Rome, which developed natural zeolite
cements within a mid-Pleistocene, and is the predominant
decimeter-sized aggregate of the highly durable composite con-
cretes of imperial age Roman monuments [63,65]. Although the
gel-palagonite of Jabal Kadaha cinder cone did not develop zeolitic
alteration products in the arid environment of western Saudi
Arabia, it is conceivable that in a humid concrete environment

Fig. 8. Compositional overview of the basaltic pozzolan and associated cementitious hydrates showing examples of (a) cation abundances and Ca/Si of the diverse
components of NP, and the C–A–S–H binding phase, (b) Si/Ca and Al/Ca of NP gel-palagonite and the C–A–S–H binding phase, (c) Si/Ca and Al/Mg of NP gel-palagonite and the
C–A–S–H binding phase. See Table 1 for XRF analyses of NP and OPC, calculated here as elemental percent. All other values are atomic ratios measured from SEM–EDS
analyses as Na + Mg + Al + Si + S + P + K + Ca + Ti + Fe.
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the gel-palagonite pozzolan could eventually produce secondary
zeolitic cementitious hydrates. Ancient Roman pozzolanic harbor
concretes, for example, developed zeolites in the pores of a pumi-
ceous mortar while submerged in seawater [64]. Basaltic cinder
cone fields occur throughout the world and their gel-palagonite
component, detected through the petrographic analyses described
in this study, could play an important role in enhancing the very
long-term chemical and mechanical durability of environmen-
tally-sustainable concretes, while substantially reducing CO2 emis-
sions associated with kiln-fired OPC.

5. Conclusions

Finely-ground natural basaltic ash pozzolan with or without fi-
nely-ground LS provides an effective high volume substitute for up
to 50% by mass OPC in experimental concretes with good workabil-
ity, which satisfy self-compacting concrete criteria without costly
viscosity-modifying admixtures. Petrographic and scanning elec-
tron microscopy studies of the crushed unreacted basaltic ash
and 70 OPC–30 NP and 50 OPC–50 NP concretes indicate that res-
inous, yellow–brown gel-palagonite is the predominant pozzolanic
component. Cementitious hydrates in the interfacial zone along
the rims of gel-palagonite particles have Ca/(Al + Si) = 0.4–0.6 and
Na + Mg + K + Ti + Fe/(Al + Si) = 0.6–0.7, which reflect the lower
calcium and higher alkali concentrations of the reacting basaltic
glass relative to OPC. The composition of C–A–S–H in the binding
cementitious matrix vary from Ca/(Al + Si) = 0.70–1.9, which seem
to reflect relative proximity to partially reacted gel-palagonite par-
ticles and the overall proportion of NP in the cement mix. A 70
OPC–30 NP binary blend produced 28 day and later strengths of
54–73 MPa, similar to the 100 OPC control; the 50 OPC–50 NP
blend shows far lower strengths, 34–57 MPa, perhaps because
the cementitious matrix contains a greater proportion of anhy-
drous phases, including unreacted NP grains. At 28 days, this mix
showed higher strength than the 45 OPC–15 LS–40 NP ternary
mix, suggesting that the ternary system requires more time to de-
velop cohesion in the hydrated cement paste than the binary sys-
tem; both mixes had similar strengths at strengths at 90 days and
one year, 43 MPa and 57 MPa, respectively. The performance of the
50 OPC–50 NP mix with basaltic ash pozzolan is quite similar to
concretes blended with 50 mass% natural zeolite or volcanic tuff
replacement of OPC [11], in terms of both early and ultimate
strength at 180 days hydration.

The use of 15 mass% LS particles with 48 m median diameter
produced lower strength at early and ultimate ages in both the bin-
ary and ternary mixes relative to the pure OPC control. A similar
study [20] demonstrated that the replacement of 10 mass% OPC
by LS with a fine (16 lm median diameter) and a coarse (80 lm
median diameter) particle size in binary mixes with w/c of 0.35
also produced lower strength. In comparison, intergrinding port-
land clinker and limestone generates a finer LS particle size [66].
The resulting binary mortar mix with 10 and 20 mass% LS replace-
ment also had slightly lower strength than that of an OPC control at
7 days and 28 days. This suggests that incorporation of LS leads to
slightly lower strength, overall.

All the binary and ternary blend mixes produced higher resis-
tance to chloride penetration than the 100 OPC and 85 OPC–15 LS
reference mixes, as has been shown for many blended pozzolanic
concretes [51,12,67]. This may be related to pore refinement
through pozzolanic cementitious processes and the latent hydraulic
properties of NP and LS [61]. Greater than 55% OPC replacement in
the ternary mixes resulted in higher water absorption. This could
be associated with a higher volume of capillary voids, related to
the vesicularity and higher water absorption capacity of the basaltic
ash, coupled with the dilution effect of LS and unreacted NP on
cementitious processes associated with OPC hydration.

Overall, the 55 OPC–15 LS–30 NP blend produces a low-cost and
environment-friendly concrete that does not require calcining of
NP or LS with OPC and would reduce CO2 emissions 48% compared
with the 100 OPC control, while providing higher ultimate strength
and resistance to chloride penetration, and an aluminous cementi-
tious system associated with basaltic glass-OPC reactions.
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