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Abstract: The present study investigated the effects of the variety and content of three natural pozzolan
coarse aggregates on concrete. Natural pozzolan aggregates have been obtained from three volcanoes
(Boutagrouine, Timahdite, and Jbel Hebri) located in the Middle Atlas region in Morocco. The three
pozzolans studied were characterized, and then a comparison was made by replacing the natural
aggregate with the pozzolan aggregate in the concrete in different percentages, namely 25, 50, and 100
% in volume. The results showed that the variety and content of pozzolan aggregate have a significant
impact on the properties of concrete, primarily caused by the characterization of pozzolan aggregate.
The density of concrete decreases with the addition of pozzolan aggregate, which decreases depending
on the type of pozzolan aggregate used. The highest compressive strength was measured in the concrete
specimens prepared with aggregate BP while the lowest compressive strength was noted in the concrete
specimens prepared with aggregate RP. On the other hand, the substitution of NA at 100% by BP, GP,
and RP aggregates leads to a decrease in the thermal conductivity of about 67%, 62%, and 55%
respectively

Keywords: three varieties of pozzolan; lightweight concrete; mechanical strength; thermal
conductivity.
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1. Introduction

In the recent construction industry, concrete is the most widely used material in all
construction areas due to its usefulness and relatively low cost. In the last decade, many studies
have focused on improving certain characteristics of concrete, such as lightness and thermal
and sound insulation [1-4]. In this regard, the use of lightweight aggregates (LWAC) in
concrete replacing normal aggregates is one of the ways to reduce the weight of a structure and
improve its thermal and sound insulation due to the air voids in lightweight aggregates (LWA)
[5-10].

Based on a literature review, natural pozzolanic aggregate is chosen as a replacement
material for coarse aggregate. Pozzolans are pyroclastic volcanic rocks formed by the
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fragmentation of magma (pyroclastics) projected into the air following the bursting of
ascending gas bubbles during strombolian and basic eruptions [11]. The rapid decrease in
pressure and temperature leads to the formation of a microporous and amorphous structure due
to the release of gas dissolved in the magma particles and the process of its quenching, while a
non-explosive eruption expelled to the surface as a flow causes the crystallization of the magma
due to its slow cooling rate [12].

There are many studies on natural pozzolan and its application in different fields [13—
17]. In this sense, the use of pozzolan in cement materials offers advantages on several
physicochemical properties such as improved workability, reduced heat of hydration, low
permeability, mechanical strength, setting times, volume expansion, durability,
impermeability, resistance to thermal cracking, and resistance to sulfide attack [18-20].
Moreover, due to its chemical composition and vitreous nature, finely ground natural pozzolan
is highly regarded as precursors for geopolymer synthesis. Their reactions with an activating
solution provide environmentally friendly materials with interesting materials physicochemical
and mechanical properties [21-26]. In this regard, several authors have used natural pozzolan
to manufacture ceramic supports for microfiltration membranes to replace the renowned
industrial supports such as alumina, which are extremely limited due to their high cost [27—
29]. Pozzolan also finds applications in construction. Their introduction in the form of
aggregates reduces the weight of concrete and decreases the thermal conductivity of concrete
to improve the energy efficiency of buildings [30].

This paper reports the results of a study conducted to investigate and compare the effect
of three varieties of pozzolan, sampled in the central Middle Atlas region, on concrete's
physical, mechanical, and thermal properties.

2. Materials and Methods

2.1. Materials.

Ordinary Portland cement manufactured by Lafarge, according to the Moroccan
standard NM 10.01.004, was used for all mixes. The main characteristics of this cement are
SO3 content less than 4%, average compressive strength at 28 days equal to 40 MPa, and
specific gravity is 3.15 g/cm?. River sand with a maximum size of 2 mm was used as fine
aggregate (FA). The density and absorption of the sand used was (2.64 and 3.84%,
respectively). The natural coarse aggregate used (NCA) is crushed gravel with a nominal
maximum size of 12mm. The natural pozzolan used in this study was obtained from three
volcanoes (Boutagrouine, Timahdite, and Jbel Hebri) located in the Middle Atlas region. Three
varieties of natural pozzolans were used; black pozzolan (BP) from Boutagrouine, grey
pozzolan (GP) from Timahdite and red pozzolan (RP) from Jbel Hebri. The pozzolans used in
this work were washed with distilled water to remove the clayey part, dried at a temperature of
105°C, and then crushed and sieved to a nominal maximum size of 12mm. The physical
properties of the three varieties of natural pozzolan and the coarse aggregates are shown in
Table 1.

Table 1. The physical properties of coarse aggregates.

NCA BP GP RP

Density (D) (g/cm®) 0.95 1.09 1.13
Porosity (P) (%) -- 32.6 27.8 15.1
Water absorption (A) (%) 1.60 31.2 22.33 19.7
Abrasion loss (%0) 24.2 42,6 56,2 69,9
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2.2. Experimental procedures.

To obtain comparable results, ten concrete mixes were prepared by varying the rate of
substitution by weight of natural aggregates by natural pozzolan aggregates. The natural
aggregates were replaced by 25%, 50%, and 100% in volume by the different varieties of
natural pozzolan (NP). Before their inclusion in the mixes, the pozzolan aggregates were
immersed in water for 12 hours and then dried in the open air until saturation conditions were
reached on the dry surface.

To ensure comparability, the mixtures were produced with the same target slump of
125 + 10 mm. In all mixtures, the effective water/cement ratio (w/c) was kept constant (0.6).
The proportions of the concrete mix are shown in Table 2.

Table 2. Mix proportions for all series of concrete mixes (kg/m3).

Mix OPC NFA NCA BP GP RP
RC 350 680 1176 - -- -
Pz_Bas 350 680 882 151
Pz_Bso 350 680 588 302
Pz_Bioo 350 680 0 603 --
Pz_Ros 350 680 882 - 162
Pz_Rso 350 680 588 - 334
Pz_Rioo 350 680 0 - 667 -
Pz Gz 350 680 882 - -- 176
Pz_Gso 350 680 588 - -- 353
Pz_Gioo 350 680 0 - -- 705

2.3. Characterization methods.

The bulk density of the manufactured concretes at 28 days of age was calculated as the
mass divided by the cube (100mm) bulk volume, according to ASTM C642-13. The
compressive strength of the manufactured concretes was measured in cubic samples (10 cm)
after 7, 14, and 28 days. The flexural strength was measured on prismatic samples (40x40x160
mm3) after 7, 14, and 28 days. Three specimens were tested for tests (density, compressive
strength, and flexural strength), and the results represent the average of three tested specimens.

The thermal properties of the elaborated concrete were measured on samples (8x8x4
cm?®) after 28 days of hardening using a CT-meter device that operates on the principle of the
hot wire according to NF EN ISO 8894-1. The temperature range of the measurement test is
from 20 to 30 °C for thermal conductivity materials from 0.01 to 10 W m™* K™%, while the
measurement accuracy was 5%.

SEM/EDX analysis: The different types of pozzolan used were analyzed with a
scanning electron microscope (x 2500), coupled with beam energy dispersive spectrometry
(SEM-EDS) of the JEOL JSMTT 100 type, after their surface metallization (deposition of a
gold ultra-thin layer of using a JEOL JFC-2300 HR secondary vacuum metallizer).

3. Results and Discussion
3.1. Pozzolan aggregates characterization.

3.1.1. Geological and volcanological overview.

Basaltic volcanism is the most common type of volcanic activity on the planet [31,32].
The Middle-Atlas was the scene of paroxysmal volcanic activity during the Plio-Quaternary
time, making it the youngest and widest volcanic field in Morocco [33,34]. This volcanic
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activity was concentrated in the Middle-Atlas tabular part, particularly on the Azrou-Timahdite
plateau, where almost 80 volcanic edifices have been identified [47]. Two-thirds of these
volcanic edifices are cones induced by Strombolian activity, whereas one-third are maars
induced by hydromagmatic activity. Strombolian dynamics consist of a dry volcanic activity
characterized by a series of massive gas bubble bursts near the magma conduit's surface,
propelling slag and bombs of various sizes [35,36]. The organization and accumulation of
products within strombolian cones are concentrated around the emission center [37,38]. The
heavier ballistic pyroclasts fall near the center (core cone facies). Their reddish tone results
from aerial oxidation caused by a high-temperature depositional process (e.g., Joel Hebri red
pozzolan). The lightest elements fall along the periphery (rim cone facies) [39]. Their dark tone
indicates that they have cooled and stabilized to be stainless during their ballistic trajectory
before landing (e.g. Timahdite Pozzolan) [38]. Phreatomagmatic dynamic style is derived from
a highly explosive eruption driven by the explosive contact between ascending magma and
shallow or surface water [40,41]. This phreatomagmatic dynamism leads to the formation of
wide craters in the bedrock, bordered by a tuff ring of ash, lapilli, bombs, and fragments of the
substrate of black hue (e.g., pozzolan of Boutagerouine) (Figure 1).

core cone facies

Crater
rim cone facie

. associated lava flow
Phreatomagmatic

basal deposits

Boutaguerouine Timahdite Jbel Hebri
Figure 1. Location of sampling from different zones of the volcano structure.

3.1.2. Physical characterization (density, porosity, and water absorption).

The technological tests conducted on the three types of pozzolan used in this study
show that the red pozzolan of Joel Hebri has the highest density, about 1.13 g/cm?, followed
by the pozzolan of Timahdite and Boutagerouine 1.09 and 0.95 g/cm?, respectively. In addition,
the sample of Boutagerouine has the highest porosity and water absorption, while the sample
Jbel Hebri shows the lowest porosity and water absorption. In this context, it can be said that
as the pozzolan fragments move away from the emission center, their hardness and porosity
increase.

3.1.3. Morphological characterization.

The observation of pozzolan fragments under the scanning electron microscope (Figure
2) shows the different pozzolan porous textures. In detail, the pozzolan Boutagerouine has a
very porous structure consisting mainly of open pores of micrometer to millimeter size, which
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justifies its low bulk density and high porosity (Table 1). The Jbel Hbri pozzolan has a less
porous structure dominated by closed pores of micrometer to millimeter size, making this
pozzolan the densest relatively. As for the Timahdite, pozzolan has a moderately porous texture
formed by open and closed pores, which places this pozzolan in terms of physical
characteristics between the Jbel Hebri and Boutagerouine pozzolans.

Timahdie Joel Hebri

R T e

SED 20.0kV WD10mmP.C.30 %100 100pm  — ] sED 20.0kv WD1 P.C.30
Faculty of Sciences Rabat Faculty of S t

Figure 2. Macroscopic aspect of the pozzolan used in this study.
3.2. Characterization of elaborate concretes.
3.2.1. Density.

The density of concrete made with different replacement levels of aggregates pozzolan
at age 28 days curing is given in Table 3.

Table 3 clearly shows that the hardened concrete density values become lower for three
types of PA as the substitution percentage of NCA with PA increases. For example, the
substitution of 100% of BP, GP and RP aggregates decreases the density by 27%, 23.4%, and
19.8%, respectively. The reduction in dry density of concrete after incorporating natural
pozzolan aggregates other types of lightweight aggregates is also observed in other
studies[17,42,43].

Comparing the effects of all three studied pozzolan aggregates on density, a lower
density was measured in the concrete specimens prepared with the BP aggregates, while the
highest density was noted in the concrete specimens prepared with RP aggregates, and this can
be explained by the high porosity of the BP aggregates (Table 1). From 50% of replacement,
the dry density of concrete was less than 2000 kg/m?® (Table 3), which is the upper limit
established in EN 206-1 (2005) for lightweight concrete.

Table 3. Dry density of concrete.
Mixes | RC | Pz.Bss | P2Bso | Pz Bioo | P2_Gos | P2_Gso | Pz_Guw |PzRes | PzRso | Pz_Ruo

Density (kg/m?) | 2225 | 2055 | 1845 | 1624 | 2095 | 1855 | 1705 | 2121 | 1902 | 1785
3.2.2. Mechanical properties.

The compressive and flexural strength of different varieties of pozzolan aggregate
concrete with different replacement percentages were tested, and each result was the average
of measurements for three specimens, as shown in Figures 3 and 4.

As expected, the compressive decrease with an increase in NCA replacement by all
types of pozzolan aggregate at all ages (Figure 3). An increase of different pozzolan aggregate
replacement up to 100% resulted in the decrease of the compression strengths at age 28d by
(30% of BP100), (35.3% of GP100), and (40% of GP100) as compared to the control concrete.
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This reduction was mainly due to the porosity of all types of pozzolan aggregates compared of
NCA.

A comparison of the strengths in Figure 4 (a) indicates that the highest compressive
strength was measured in the concrete specimens prepared with the BP aggregate. In contrast,
the lowest compressive strength was noted in the concrete specimens prepared with RP
aggregate. For RP, the compressive strength at 28 d, varies from 44.7 to 32.86 MPa, for GP,
from 41.5 to 3.4 MPa, and this ratio ranges for RP from 28 to 39.8 MPa. Moreover, the
replacement percentage increases, the compressive strength values of all specimens decrease,
and the corresponding trends are the same. When the replacement percentage is the same, the
compressive strength value of PB is obviously larger than that of GP and RP.

In Table 1, the data on loss on abrasion provide evidence of the weak nature of the RP
and GP aggregates compared to the BP aggregates. The compressive strength of BP aggregate
concrete was more than that of the GP and RP aggregate concrete. According to Aitcin and
Mehta [44], the strength of coarse aggregates may control the ultimate strength of concrete.
Moreover, the higher absorption into the BP aggregate, eliminates the accumulation of water
in the fresh matrix in the vicinity of the aggregate, which makes the intermediate transition
zone in the aggregates denser [45,46] and contributes to the increased compressive strength of
concrete prepared with these aggregates.

The results of the flexural strength of different varieties of pozzolan aggregate concrete
at 28 days are shown in Figure 4 (b). It can be seen that flexural strength decreased with the
increase of pozzolan aggregate content. The RP aggregate concrete presented the lowest loss
in strength compared to the control concrete. The results for the 100% substitution of NA with
pozzolan aggregate showed losses of 26.4%, 28.6%, and 32.8% for BP100, GP100, and RP100,
respectively. Like the compressive strength test, when the replacement percentage is the same,
the flexural strength value of BP aggregate concrete is obviously larger than that of GP and RP
aggregate concrete. This is a result of the difference in the mechanical and physical properties
of the aggregates.
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Figure 3. Compressive strength of specimens as a function of age.
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Figure 4. (a) Compressive strength and (b) bending strength of specimens test results at 28 days.
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3.2.3. Thermal conductivity.

The thermal conductivity of tested lightweight concretes with the incorporation of
different pozzolan aggregates at 28 days is given in Figure 5. The thermal conductivity
decreased with the increasing pozzolan aggregate content; a reduction up to 67% for BP100%,
62% for GP100%, and 55% for RP100%, compared to the reference material, was observed.
Apparently, the increasing content of pozzolan aggregates led to a decrease in thermal
conductivity. The reason for the decrease in thermal conductivity could be attributed to: (i) the
porosity of concretes with higher pozzolan aggregates amount (ii) the lower thermal
conductivity of pozzolan aggregates in comparison with NCA.

The substitution of NCA by 25%, 50%, and 100% of BP aggregates leads to a decrease
in the thermal conductivity of about 29.8%, 50.5%, and 67%, respectively. On the other hand,
the substitution by GP aggregates decreases TC. The decrease is approximately 28.7%, 45%,
and 62% for the replacement rates of 25%, 50%, and 100%, respectively, lower than those of
BP aggregates substitution. Also, the substitution by RP aggregates contributes to the decrease
in thermal conductivity with 19.7%, 37.8%, and 55% for 25%, 50%, and 100%, respectively,
but remains lower than that of BP or GP aggregates substitutions. This difference in thermal
conductivity between the three pozzolan aggregates used is mainly due to the different porosity
values of the pozzolan aggregates (Table 1).
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Figure 5. Thermal conductivity test results at 28 days in the dry state.
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The correlation between the thermal conductivity and density of all mixes at 28 days is
presented in Fig. XX. As seen in Figure 6, a linear relationship is written in the form
y=0.0019x-2.4442 with R2=0.915 between the unit weight and thermal conductivity of
concrete. Zhou and Books [6] indicate that the thermal conductivity of concrete decreases
almost linearly with the decrease of material density. This implies that the thermal conductivity
increases with the increase of density. From this, it can be concluded that the pozzolan
aggregates reduce the density of concrete and thus improve its thermal conductivity.
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Figure 6. Relationship between dry density and thermal conductivity of samples at 28 days.

4. Conclusions

The physical properties of the three pozzolans used in this study show that the further
the pozzolan fragments move away from the emission center during the eruption, the more
their hardness and porosity increase.

Dry density is lower in all pozzolan than in conventional concrete, and its density
declines with rising natural pozzolan aggregate content. The lowest density was obtained by
replacing the natural aggregate with the black pozzolan aggregate.

In all the natural pozzolan-based concretes, the 28-day compressive strength is lower
than that of conventional concrete. Comparing between pozzolan aggregates studied in the
same replacement content, it is observed that black pozzolan aggregate can be given the highest
strength. Strength loss is greater in mixes bearing read pozzolan aggregate.

The control concrete has a high thermal conductivity compared to the other concretes
with all types of pozzolan aggregate, implying that the NP decreased the thermal conductivity.
The lowest thermal conductivity was observed with the black pozzolan aggregate.
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