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Abstract

The paper presents the characterisation of an Algerian natural pozzolan (NP) intended to for use in cement-based
materials. The experimental programme was based on different tests on paste and mortar. The pozzolanic activity was
assessed by the means of lime consumption over time of mixtures of lime-pozzolan (75% NP and 25% Ca(OH),, water-binder
ratio of 0.45). The degree of reactivity was assessed by observing the crystallographic changes (XRD) and lime consumption
(TG) up to 1 year of hydration. The effect of NP on cement-based mixtures was based on the measurement of the water demand
and setting time of pastes, and on the compressive strength of mortars, up to one year. The replacement rates of cement by
pozzolan were 5, 10 and 15%. A superplasticizer was used (0, 1, 2 and 3% of the binder mass). A calculation of the carbon
footprint was investigated in order to assess if the natural pozzolan could be considered as eco-efficient when used in
replacement of the clinker. The results showed that NP had a medium pozzolanic reactivity and with a medium-low silica
content. The use of NP usually led to a small increase in the water/binder ratio (up to 10%) to maintain constant workability.
The setting time was also increased by around 20%. Nevertheless, strength tests showed that the pozzolan had sufficient
activity to counteract the water demand, since long-term compressive strength of the binary system (cement + pozzolan) were
higher than those of cement alone. The use of NP in replacement of clinker involves a reduction in CO, emissions for transport
up to 1800 km, which is compatible with sustainable development. The results are most promising from both a performance-
based and an environmental point of view.

Keywords: Natural pozzolan, Pozzolanic reactivity, Efficiency, CO, emission, Carbon footprint, Blended cement, Compressive
strength, Setting time, Water demand.

1. Introduction Natural pozzolans (NP) have been widely used as
supplementary cementing materials, especially in regions
where there is a lack of other pozzolans such as fly ash,
slag and silica fume. Many kinds of natural pozzolans can
be found, and their origin, structure, chemical and
mineralogical compositions vary widely. Usually, natural
pozzolans are natural materials that exhibit pozzolanic
activity without requiring any treatment other than

grinding. Pozzolans are materials with an amorphous

Sustainable development has become a major
preoccupation of our society. The construction field is no
exception to the rule, and great efforts are being made, for
instance to optimise the use of materials in order to
maximise their beneficial effects in technical,
environmental and economical ways.

In the case of cementitious materials, these efforts

partly concern the use of local materials in replacement of
a part of the cement. This could be particularly interesting
in developing countries, where construction needs are
great. Moreover, if these local materials are pozzolanic,
their utilisation could lead to significant technological
advantages, especially in terms of strength development
and durability.
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siliceous or siliceous and aluminous content that react with
calcium hydroxide in the presence of water to form
cementitious hydration products (calcium silicate hydrates
and calcium silicate aluminate hydrates). Massazza [1] has
proposed a system of classification in which NP are
divided into three groups: (a) Pyroclastic rocks. This group
of materials of volcanic origin includes unconsolidated
materials such as Italian pozzolans [2-4], Santorin earth [5]
and vitreous rhyolites [6]; it also includes consolidated
materials, the most common being tuffs [7] and trass [8].
(b) Clastic rocks. These are composed of fragments of pre-
existing rocks (mostly sedimentary) and include clays and
diatomaceous earths. The calcination of clays significantly
improves their pozzolanic properties. (c) Other materials
of mixed origin. This category includes altered materials
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with high silica content. Italian white earths such as
Sacrofano earths form part of this group.

Algeria is rich in volcanic tuff deposits. Some of them
are currently used as pozzolans by local cement factories
in blended Portland cement production. A large deposit
(160 km long) of pyroclastic rocks is found in the north-
west of Algeria, between the border of Morocco and the
Oran' Sahel [9]. With pozzolan reserves estimated at 16 Mt
in two deposits in the west, studies and trials are under
way to expand the range of its use in the manufacture of
construction materials. A few studies [10-12] have shown
that these rocks might be pozzolanic, so the aim of this
work is to evaluate the effect of this powdered rock in
cement-based materials. This paper presents the results of
an experimental programme mainly based on the
measurement of lime consumption by the pozzolan, the
setting time of pastes and water demand, and the
compressive strength of mortars up to 9 months. The

results concern pastes and mortars in which up to 15% of
cement was replaced by pozzolan ground to finer than 80
pm. The final objective was to increase the commercial
value of this natural and abundant resource, which is, for
now, only partially exploited.

2. Materials and Experimental Procedures
2.1. Raw materials

The cement used was an ordinary Portland cement
CEM 1 32.5, according to Algerian standard NA 442-2003
[13] (equivalent to European Standard EN 197-1, 2001). It
had a specific density of 3100 kg/m® and a Blaine specific
area of 430 m?/kg. Its chemical composition and physical
properties are given in Table 1.

Table 1 Chemical, mineralogical and physical properties of cement and natural pozzolan

Cement Pozzolan
Chemical composition, % wt

SiO, 21.2 56.3

AlLO; 6.4 17.0

Fe,O3 46 8.6

CaO 64.3 9.8

CaO free 0.3 -

MgO 0.6 1.8

Na,O - 0.8

K,0 - 0.5

SO; 1.1 0.2

LOI 1.1 6.5

Physical properties

Specific density (kg/m?) 3100 2750
Blaine specific area (m%/kg) 430 520

The natural pozzolan (NP) studied in this paper had the
appearance of crushed pumice stone. It was composed of
pyroclastic rocks resulting from the eruption of the
Bouhamidi volcano, near Beni-Saf, in the north-west of
Algeria (Fig. 1). Table 1 presents the chemical
composition and physical properties of the sample used in
this study, after the initial material had been crushed,
ground (in a laboratory ball mill), dried and sieved at
80um. Fig. 2 is a CaO-SiO,-Al,0; ternary diagram
comparing the composition of the NP of this study and the
compositions of several natural pozzolans, including Beni-
Saf pozzolan described in other papers [14-17]. It can be
seen that the composition of the NP of this study was: (a)
in the range of class F fly ash and other natural pozzolans
such as Italian pozzolans, but with a medium-low silica
content [2, 4]; (b) similar to other Beni-Saf pozzolans
reported in the literature, except that described by Belaribi
et al. [14], who found a much higher silica content (75%).
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Fig. 1 Geographical location of natural pozzolan deposit, near
Beni-Saf (Algeria).
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Fig. 2 Chemical composition of Beni-Saf pozzolan, presented in
a Ca0-SiO,-Al,0; ternary diagram. Comparison with other
natural pozzolans and pozzolanic admixtures

The total content of SiO, and Al,O5 reached 73%, but
was not completely in an amorphous form since a fraction
of these oxides was included in crystallised, poorly
reactive minerals. NP was composed of an amorphous
phase (volcanic glass) and some crystallised phases known
to be almost inert minerals in cement-based materials
(quartz, feldspars plagioclase, pyroxene, calcite, etc.).

Commercial lime of high purity according to Algerian
Standard NA 5011-2005 [18] (equivalent to European
Standard EN 459-1, 2002) was used in the testing of the
pozzolanic activity of NP.

The admixture (Medaplast SP 40) was a naphthalene
formaldehyde sulfonated superplasticizer manufactured by
Granitex. It had a relative density of 1.15 and a dry matter
content of 35%.

The sand (0.08-2 mm) was a crushed limestone from
the Kristel quarry of Oran in Algeria, with a mean
diameter of 0.7 mm and a sand equivalent of 84%
according to Algerian Standard NA 455-2006 [19]
(equivalent to European Standard EN 933-8, 1999).

2.2. Test methodologies
2.2.1. Pozzolanic activity of NP

The pozzolanic activity of NP was studied by preparing
lime-pozzolan mixtures and measuring the lime
consumption over time (7, 28, 60, 90, 180, 245 and 365
days of curing). Pastes of NP, lime (Ca(OH),) and water
(3:1:1.8, respectively, by mass) were made and the degree
of reactivity was assessed by observing the
crystallographic changes (XRD) and lime consumption
(TG) versus time. The mineralogical properties were
obtained by X-ray powder diffractometry using a Siemens
D5000  diffractometer  equipped with a rear
monochromator and using cobalt radiation (Ka, A = 1.789

). Measurements were made with a 26 step of 0.02° (5°-
70°) and an acquisition time of 10 s per step.

Thermogravimetric analyses (TG/DTG - Netzsch
409EP) were made in a static air atmosphere with a
heating rate of 10°C/min from ambient temperature up to

A Beni Saf pozzolan (literature)
Y o Natural pozzolans (literature)

1000°C, in order to investigate the Ca(OH), consumption.
TG measurements were performed on ~300 mg of powder.

2.2.2. Effect of NP in pastes and mortars

The consistency and setting time of cement pastes with
and without pozzolan were assessed using the Vicat test
(Algerian standard NA 230-2010 [20], equivalent to
European Standard EN 196-3, 2006). The reference pastes
without pozzolan were composed of cement, water and
superplasticizer (SP, used at 0, 1, and 2% relative to binder
mass). The cement replacement rates by the NP were 5, 10
and 15%.

The activity of the NP in cement-based materials was
assessed by the mean of compressive strength tests on
mortars. The mortar mixtures were prepared according to
Algerian standard NA 234-2007 [21] (equivalent to
European Standard EN 196-1, 2006). The reference mortar
without pozzolan was composed of three parts of sand and
one part of cement (by mass). The rates of cement
replacement by the natural pozzolan were 0, 5, 10 and
15%. The superplasticizer was used at 0, 1, 2 and 3%
relative to binder mass. The water content was determined
for each mixture to obtain a constant spread of 45-50%
using a flow table [22]. The mixtures were cast in 4x4x16
cm moulds for the first 24 h and then the mortar prisms
were cured in a temperature controlled room at 18 + 2°C.
Some of the prisms were protected with an aluminium
sheet and were put in plastic bags, in order to avoid any
exchange of humidity (curing without moisture exchange).
The others were kept in air at 18 + 2°C and 50% R.H.
Mechanical tests were performed on 4x4x16 cm prisms for
the compressive strength [21], at 1, 3, 7, 14, 28, 45, 90,
180, and 270 days of curing time. Each result was the
mean value of 6 tests.

3. Results
3.1. Pozzolanic activity

Fig. 3 illustrates the XRD diagrams of pastes
containing NP and calcium hydroxide (portlandite), up to
365 days. The main changes concerned:

e The significant consumption of calcium hydroxide,
characterised by the decrease in the peak intensity at
492 A (20.9° 20 Co). It cannot be excluded that a
fraction of the calcium hydroxide was carbonated
during the test.

e The production of hydrated calcium aluminates
(C4ACHy; type) which were carbonated during the test
and seen on the diagram at 13.6° 20 Co (7.58 A). The
source of Al was probably the amorphous phase of NP
(NP contained 17% of Al).

e The production of C-S-H, which was identified on
XRD diagrams as a diffuse hump between 30° and 40°
20 Co (see for example this area for 0 and 365d).

The consumption of calcium hydroxide was confirmed
and quantified by thermogravimetric analysis (Fig. 4). The
reaction involved the silica found in the amorphous phase
of NP, and led to the formation of C-S-H, which was
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calculated on a semi-quantitative basis (Fig. 4) by using
the surface of the diffuse hump on XRD diagrams (Fig. 3)
over time.

The total content of SiO, and Al,O; reached 73%, but
was not completely in an amorphous form since a fraction
of these oxides was included in crystallised, poorly
reactive minerals. NP was composed of an amorphous
phase (volcanic glass) and some crystallised phases known
to be almost inert minerals in cement-based materials
(quartz, feldspars plagioclase, pyroxene, calcite, etc.).

Commercial lime of high purity according to Algerian
Standard NA 5011-2005 [18] (equivalent to European
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Standard EN 459-1, 2002) was used in the testing of the
pozzolanic activity of NP.

The admixture (Medaplast SP 40) was a naphthalene
formaldehyde sulfonated superplasticizer manufactured by
Granitex. It had a relative density of 1.15 and a dry matter
content of 35%.

The sand (0.08-2 mm) was a crushed limestone from
the Kristel quarry of Oran in Algeria, with a mean
diameter of 0.7 mm and a sand equivalent of 84%
according to Algerian Standard NA 455-2006 [19]
(equivalent to European Standard EN 933-8, 1999).
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Fig. 3 XRD diagrams of pastes containing NP and calcium hydroxide, at 0, 7, 28, 60, 90, 245 and 365 days of hydration

Fig. 4 shows that the production of C-S-H was fast,
since most of the production was effective within the first
3 months. It can also be seen that the consumption of CH
followed a rapid Kinetics, the decrease being fast in the
first months of hydration. At the end of the test, only 3%
of CH remained (but a small amount was probably
carbonated). However, the active fraction of NP was not
able to consume all the calcium hydroxide. The amount of
calcium hydroxide consumed reached 23 and 27g of
CH/100g of NP at 3 and 12 months respectively. For
Japanese pozzolans wused in similar mixtures (75%
pozzolan and 25% of CH), Takemoto and Uchikawa [22]
reported lime reaction in the range 22-32g of CH/100g of
pozzolan at 3 months. However, these pozzolans usually
contained more silica than the pozzolan studied here.
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Fig. 4 Ca(OH), consumed (%) calculated from TG measurements
and C-S-H production (arbitrary units) calculated from the
surface of the diffuse hump in XRD measurements. Pastes

containing 75% of pozzolan and 25% of Ca(OH),
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3.2. Fresh and setting properties of pastes and mortars
3.2.1. Water demand

Fig. 5 presents the effect of the natural pozzolan (NP)
and the superplasticizer (SP) on the water demand of both
pastes and mortars. The water demand of the pozzolan is
expressed in terms of water-binder ratio to obtain:

e The normal consistency of paste according to Algerian
standard NA 230-2010 [20] (equivalent to European
Standard EN 196-3, 2006), (Fig. 5a),

e A constant mortar spread of 45-50% on the flow table
as specified in European Standard EN 1015-3 [23]
(Fig. 5b).

WIS

The water content depended on the quantities of
pozzolan and superplasticizer used. Obviously, an increase
in the amount of superplasticizer led to a decrease of the
water/binder ratio. The use of NP usually led to a small
increase in the water-binder ratio, less than 5% for cement
pastes. In the case of mortars, the use of 5% NP did not
affect the water/binder ratio. However, the replacement
rates of 10 and 15% involved an increase of the water
demand ranging between 2 and 10%. So, for a given W/B,
the use of 10 and 15% of NP required more SP to keep the
workability constant.

These results could be explained by the higher specific
area of the pozzolan compared to cement. Coarser particles
would probably decrease the water demand, but would be
unfavourable for the pozzolanic activity of the NP.

NHSHNPY

Fig. 5 Effect of replacement rate of cement by pozzolan and superplasticizer content on the water-binder ratio required to (a) obtain the
normal consistency of paste and (b) keep the workability of mortars constant (45-50% on a flow table). Dots mark the experimental points

3.2.2. Setting time

Fig. 6 gives the setting time iso-curves of cement
pastes at normal consistency (Fig. 5a) according to NP and
SP contents (in % of the binder mass). The dots are the
experimental points. It can be seen that increasing NP
and/or SP involved an increase of the setting time: +60%
(mean value) between mixtures with 0 and 2% SP and
+20% (mean value) between mixtures with 0 and 15% NP.

The increase of the setting time is a known effect of
some organic admixtures such as superplasticizers. In the
case of NP, the delay in the setting time could be partly
due to the increased amount of water in mixture with NP.
A part of the delay could also be related to the dilution of
cement when NP was used in mortars, since less cement
implies less hydrate at young age and so a decrease in the
shear resistance. The dilution effect has already been
evoked by authors using other mineral admixtures, such as
coal fly ashes [24].

2.00-— @ @ ®
185 192 202 213

795
15

SP (%)

128 141

NP (%)

Fig. 6 Effect of replacement rate of cement by pozzolan and
superplasticizer content on the setting time (iso-curves, in
minutes) of paste having a normal consistency. Dots mark the
experimental points (in minutes)
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3.3. Compressive strength of mortars
3.3.1. Constant workability, variable water content

Tables 2 and 3 present the compressive strength
results, between 1 day and 9 months, of mortars having
similar workability, cured in sealed bags (Table 2) and in
air (Table 3). The bold numbers give the maximum

strengths for each age. It is important to note that the
comparison of unprocessed results was not favourable to
the pozzolan, since it was necessary to increase the
quantity of water in mixtures containing the pozzolan.
Nevertheless, the results show that the pozzolan had a
significant effect on mechanical performance since,
between 7 and 28 days, the compressive strength of
mortars containing pozzolan became systematically higher
than those of the reference mortar.

Table 2 Compressive strengths of mortars cured in sealed plastic bags and containing 0 to 15% of NP, and 0 to 3% of SP (humbers in bold
type correspond to maximum strengths for each series)

Compressive strength (MPa) according to age (days)

p(%) WB  WIC 1 3 7 14 28 45 90 180 270
0% SP
0 0525 0.525 28 151 328 358 408 426 439 469 46.9
5 0525  0.553 28 131 298 326 458 504 520 521 521
10 0535 0594 17 117 268 294 442 473 495 516 516
15 0540 0635 16 92 239 279 415 459 465 483 483
1% SP
0 0.485  0.485 20 186 340 431 416 431 472 499 499
5 0485 0511 10 162 335 405 472 538 556 560 56.0
10 0500 0.556 1.0 149 332 398 469 520 548 556 556
15 0510 0.600 1.0 133 320 370 450 506 522 533 53.3
2% SP
0 0410  0.410 18 271 376 404 439 481 535 546 54.6
5 0410  0.432 18 215 372 457 492 536 562 579 579
10 0.440 0.489 20 202 416 448 476 505 549 563 56.3
15 0450 0529 14 186 407 442 469 472 540 552 552
3% SP
0 0.390  0.390 13 295 392 429 460 506 562 569 56.9
5 0390 0.411 13 252 388 467 516 566 640 640 64.1
10 0400 0.444 08 232 428 462 502 532 589 590 59.1
15 0410 0.482 09 218 417 448 495 540 57.6 579 580

Table 3 Compressive strengths of mortars cured in air and containing 0 to 15% of NP, and 0 to 3% of SP (numbers in bold type correspond
to maximum strengths for each series).

Compressive strength (MPa) according to age (days)

p(%) W/B __ WIC 1 3 7 14 28 45 90 180 270
0% SP

0 0525 0525 31 136 208 256 338 363 380 385 386

5 0525 0.553 31 129 189 249 352 391 392 392 393

10 0535 0594 21 100 161 230 344 389 392 392 393

15 0540 0.635 16 80 139 212 326 386 399 403 406
1% SP

0 0485 0.485 25 154 254 309 357 394 418 425 429

5 0485 0511 25 136 229 332 359 439 440 449 450

10 0500 0.556 13 117 198 329 361 449 442 456 46.0

15 0510  0.600 11 92 176 318 342 438 440 460 466
296 SP

0 0410 0.410 22 180 299 342 382 416 439 456 459

5 0410 0.432 21 163 258 382 398 459 478 486 491

10 0440  0.489 20 144 228 376 409 452 464 490 497

N. Kaid, M. Cyr, H. Khelafi
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15 0.450 0.529 14 114 202 376 382 450 469 498 50.1
3% SP
0 0.390 0.390 10 219 328 373 399 432 453 468 479
5 0.390 0411 11 194 282 406 402 46.1 479 497 50.1
10 0.400 0.444 11 177 266 399 419 466 469 499 505
15 0.410 0.482 08 166 234 392 417 461 468 499 50.6
Figs. 7a and 7b illustrate the evolution with age of the reference. This increase was due to the development of
differences (in MPa) between compressive strengths of a pozzolanic reaction. The ages of strength increase
mortars with and without pozzolan cured in sealed plastic depended on the presence of SP: for the higher
bags and in air, for SP content up to 3%. amounts of SP (2 and 3%), the pozzolanic effect
e Atyoung age (1 day), the replacement of cement led to appeared much earlier (3 days) than for 0 and 1% SP
a decrease of the compressive strength proportional to (14 days). Thus, the dispersing effect of the organic
the replacement rate. The strength values given in admixture was significant for the development of the
Tables 2 and 3 show that 15% replacement of NP for pozzolanic reaction.
Portland cement could reduce the early strength of the e For medium (28, 45, 90 180 days) and long terms (9
control cement by 40% (mean value). At one day, NP months), the compressive strengths of mortars
did not have a perceptible pozzolanic effect and only containing pozzolan were greater than those of
acted as inert filler, thus causing a simple dilution of reference mortars. At 9 months, the strengths were up
the cement. The difference in compressive strength to 11% higher. In the conditions studied here, the
between mortars with and without pozzolan decreased higher strengths were obtained for a replacement rate
with age and eventually disappeared or changed sign of 5%. In this case, the quantity of water was the same
(Fig. 7). The moment of recovery depends on the as in the reference mortar. The mortars containing 10
fineness of both Portland cement [25], and pozzolan and 15% NP also had higher strengths than the
[26], as well as on the pozzolan activity. For this references, but the pozzolanic effect was counteracted
reason, the curing of pozzolanic concretes and mortars by the higher water-binder ratios.
needs more care than that of Portland cement. It should In summary, long-term strengths of mortars with
be noted that the decrease in early strength caused by pozzolan were always higher than those of the control
the partial replacement of pozzolan for Portland mortar, despite the dilution effect of the cement and the
cement is a general occurrence [5,27-29]. increase in the W/C+NP. Thus it is possible and
e Between 3 and 14 days, there was a sudden and favourable to replace cement by this addition, since no loss
significant increase in the strength for all mixtures with of strength occurs.
pozzolan, leading to strengths higher than the
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Fig. 7a Evolution with age of the differences (in MPa) between compressive strengths of mortars with and without pozzolan cured in sealed
plastic bags
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Fig. 7b Evolution with age of the differences (in MPa) between compressive strengths of mortars with and without pozzolan cured in air

3.3.2. Constant workability and water content, variable SP
content

For mortars containing 10 and 15% of NP, more SP
was needed to keep the workability constant. Fig. 8 shows
the compressive strength of mortars up to 270 days
according to the water-binder ratio. When the quantity of
water was kept constant, the following observations were
made:

- in the short term (3 days), the strengths of mortars with
pozzolan were 3 to 5 MPa lower than those of the
references;

33 3d 45
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35

30 4

Compressive strength (MPa)
Compressive strength (MPa)

- this tendency changed between 7 and 14 days;
- inthe long term (28 days and after), the strengths were
higher when the pozzolan was used;
- in almost all cases, the variations of strength between
the three replacement rates were insignificant.
So, for a constant water-binder ratio, it is possible to
replace up to 15% of cement by NP without affecting the
performances of mortars, on condition that a sufficient

amount of SP
workability.

is used
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Fig. 8 Evolution of compressive strength with water-binder ratio (W/C+NP)
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in order to maintain constant
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3.4. Efficiency factor of NP

The efficiency of an SCM in mortar can be evaluated
using the concept of cementitious efficiency factor, k [30].
This factor is defined as the number of parts of cement in a
concrete mixture that could be replaced by one part of
pozzolan without changing the property being
investigated, which is usually the compressive strength.

In standards such as EN 206-1 [31], k is taken to have
a fixed value, but non-normalised factors are also found.
They are usually calculated from the compressive strength
of mortars. In our case, the efficiency factors of NP were
obtained by using an empirical equation, the Bolomey
formula (equation 1).

f, = KB(C\_;VkA —0.5)

)

where f. is the compressive strength of mortar
(N/mm?), C is the amount of cement in the mortar (kg/m?),
W is the mass of water, A is the mass of NP, and Kg is the
Bolomey coefficient. Kg is calculated from the mixtures
without pozzolan.

The efficiency factors of pozzolan were calculated for
each cement dosage using Kg values. Fig. 9 illustrates the
evolution of efficiency factors, k, of all mixes up to 270
days and calculated from equation 2. Higher values of the
efficiency coefficients were obtained for mortars
containing 5% and 10% NP (k around 2) and, for mortars
containing 15% NP, an average value of this coefficient

was around 1. This means that, at these levels of
replacements, NP had a quite good pozzolanic effect and
that 1 kg of cement could be replaced by 1 kg of NP
without affecting the strength.

3.5. Carbon footprint

In order to assess whether the natural pozzolan (NP)
could be considered as eco-efficient when used in
replacement of the clinker, a calculation of the carbon
footprint was made, by considering the transport of NP to
the different cement production sites in Algeria.

3.5.1. Method of calculation of CO, emission

The determination of the binder's carbon footprint was
based on a simple approach, which was to calculate the
CO, emitted in the making of the binder from its
composition, knowing the CO, emission of each individual
component. The transport of the pozzolan was taken into
account in order to evaluate the environmental interest of
using such a product far from its extraction site (western
Algeria). It should be noted that almost all cement plants
in Algeria are located in the north of the country (Fig. 1).
The distance between the extraction site of the natural
pozzolan and the most distant existing plant in the east is
around 1100 km. However, projects for the construction of
cement plants in the south of the country would increase
the distance to about 1500 km, or even 2500 km if the site
was implanted in the extreme south.
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Fig. 9 Evolution of the efficiency factor, k, calculated using Bolomey's law

Table 4 gives the data used for the calculation of CO,
emissions, which included the effect of the fuel used for
the production of the materials [32-36]. The CO, release
related to truck transport could be as much as 100 or 500 g
of CO; per tonne of material per km (g/tonne'km), since
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the environmental impact could be very different
depending on the quantity of material transported (Table
4) [33,36]. Generally speaking, for a given distance of
transportation, the larger the load, the lower the CO,
release per tonne of material.
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Table 4 Quantities of CO, emitted for the materials used in this

study
Matter* Transport by truck**
kg CO,/tonne g CO,/tonne-km
Cement CEM | 914 between 79 (freight >
20 tonnes)
Natural 11 and 500 (freight < 10
pozzolan tonnes)

* According to data of [32]
** According to data of [33-35]

3.5.2. CO, emission of binders

The CO, emissions of the 4 types of dry binders (0, 5,
10 and 15% of NP) are reported in Fig. 10. All the results
are expressed as kg of CO, per tonne of dry matter.

It can be seen that, at a distance near 0 km (i.e. use of
NP at a cement plant close to the extraction site of NP), the
CO, emission decreased significantly with the addition of
NP in replacement of the cement: binders with 5, 10 and
15% NP led to 5, 10 and 15%, respectively, less CO, than
Portland cement. These results were to be expected
considering that NP released much less CO, than Portland
cement (Table 4). Portland cement presents the double
disadvantage of requiring a high firing temperature
(1450°C), obtained mainly by the combustion of fossil fuel
generating greenhouse gas emissions, and also of producing
large amounts of CO, due to the decarbonation of calcite.
The advantage of NP was that the only CO, released was
due to the material extraction and grinding process.
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Fig. 10 CO; release of binders containing NP, compared to
cement only, when the transport is taken into account
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An increase in the transport distance of the pozzolan
led to an increase in the CO, emissions.

At 100 g of CO, /tonne'km (Fig. 10a), the impact of
transport was almost negligible compared to the effect of
the cement content. At 500 g of CO, /tonne'km (Fig. 10b),
the effect of transport was significant, especially for long
distances. However, the binders with NP remained more
environmentally friendly than cement alone for all cement
plants located in the north of the country.

To reach an inversion in the environmental behaviour,
it would be necessary to:

e increase the distance to 1800 km, which represents
transport locations in the extreme south of Algeria. So
in the pessimistic case, cement alone is less critical for
the farthest cement plants.

e reach emissions of at least 0.8 kg of CO, per tonne per
km, which is fairly typical for air transport (between
0.4 and 1.1 kg/tonne'km) [34].

4. Conclusion

Algeria has pozzolan reserves estimated at 16 Mt in
two deposits in the west of the country.

This paper has reported results to evaluate the potential
for using this natural pozzolan (NP) in cement-based
materials. The following conclusions can be drawn from
the study.

e The composition of NP was in the range of other
natural pozzolans, e.g. Italian pozzolans, but with a
medium-low silica content. NP was composed of an
amorphous phase (volcanic glass) and some
crystallised phases: quartz, feldspars plagioclase,
pyroxene, calcite.

e This pozzolan consumed 27g of CH/100g of NP at 12
months, putting it in the range of medium reactive
products.

e When used in pastes and mortars, this pozzolan led to
an increase in the water demand and the setting time.

e However, its pozzolanic activity led to a significant
increase of the compressive strengths of mortars,
especially after 7-14 days. The use of a superplasticizer
was particularly efficient in increasing the activity of
the pozzolan.

e The efficiency of this pozzolan was good enough for it
to be possible to replace 1 kg of cement by 1 kg of NP
without affecting the strength (in the replacement range
5-15%).

e The CO, emissions (including transport effect) of binders
containing the pozzolan were lower than for cement
alone, for all cement plants in the north of Algeria.
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