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h i g h l i g h t s

� Effect of burnt oil shale (BOS) on concretes based on reactive aggregate is studied.
� The expansion decreases from 17 wt% BOS with a flint aggregate.
� Expansions decrease with the BOS addition rate for siliceous limestone aggregates.
� Without BOS, ASR gel, microcracks and altered silica with alkalis are observed.
� The addition of BOS reduces the aggregate degradation and modifies gel products.
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a b s t r a c t

Some aggregates are potentially reactive and can be used because of a pessimum effect that allows reduc-
ing expansion. However some potentially reactive aggregates do not have this property and therefore
cannot be employed. Thus, to valorise these potentially reactive aggregates, Supplementary
Cementitious Materials (SCMs) can be added such as burnt oil shale which has been demonstrated to
improve mechanical properties and inhibit ASR. This study proposed to employ burnt oil shale (BOS) from
Germany and reports data on concrete based on a potentially reactive flint with a pessimum effect and
two potentially reactive siliceous limestones. The action of burnt oil shale was observed in concrete
expansions and aggregate degradation by SEM. At a microstructural scale, without burnt oil shale, aggre-
gates are altered by ASR, i.e. the microcrystalline quartz for flint aggregate and finely dispersed micro-
quartz for siliceous limestone aggregates present alkalis thanks to EDS analyses, which result in concrete
expansion. The addition of burnt oil shale allows the reduction of aggregate degradation and modifies gel
products with a lower C/S and a mix of CASAH and ettringite for the flint concrete. Therefore, concrete
expansion decreases approximately 90% from 17 wt% BOS with flint aggregate because of exploitation of
the pessimum effect and with 30 wt% BOS for siliceous limestones. The burnt oil shale addition generates
a competition between ASR and the pozzolanic reaction. The presence of micro-quartz in burnt oil shale
would play a significant role in the pozzolanic reaction by fixing alkalis and thus inhibiting ASR.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Alkali-Silica Reaction (ASR), defined for many years as one
of the most damaging reactions in concrete, is defined by the reac-
tion between concrete components: reactive aggregate, alkalis and
portlandite from cement paste (more than 70% by moisture). Some
aggregates such as flints [1–4] or siliceous limestones [5–11] are
reactive. The ASR initiates the alteration of the crystal lattice and
generates the aggregate reaction products responsible for concrete
expansion. Moundoungou et al. demonstrated that the expansion
depends on the capacity of reactive siliceous phases in aggregates
to fix alkali ions thanks to EDS analyses by monitoring the increas-
ing height of the alkali peaks [12]. Concrete expansion was
observed when the neutralising capacity of the alkalis by the
aggregate skeleton was exceeded, which generate aggregate degra-
dation. The authors show that, for potentially reactive aggregates
with the pessimum effect (PRP), it is possible to produce non
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Table 1
Bulk whole-rock main element oxide compositions of aggregate materials by XRF
+LOI, in wt%.

Element LoDb Aggregate fractions

fN cC fT cT fS cS BOS

Na2O 0.1 <LoD 0.9 <LoD <LoD <LoD <LoD 0.4
K2O 0.1 0.1 <LoD 0.4 0.4 2.2 1.7 3.7
MgO 0.1 1.1 <LoD 0.8 0.9 1.9 1.9 2.2
CaO 0.1 52.0 <LoD 46.0 46.9 36.3 40.0 24.5
Fe2O3 0.1 0.4 0.7 0.6 0.5 4.6 3.7 10.3
Al2O3 0.1 0.6 0.2 1.7 1.7 5.7 4.2 17.8
SiO2 0.1 2.1 97.9 13.2 10.3 20.6 16.9 28.3
SO3 0.1 0.1 0.6 0.6 0.4 0.5 0.3 8.6
LOIa 0.04 43.5 0.7 36.2 38.5 27.4 30.4 4.9
Sum total – 99.9 100.8 99.5 99.6 99.2 99.1 100.7

a LOI: loss on ignition obtained by TGA analyses.
b LoD: limit of detection.
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expansive concrete. However, for potentially reactive aggregates
(PR) such as, for example, some siliceous limestones, the issue of
their use remains. To employ these potentially reactive materials,
it is necessary to increase the capacity of the alkali neutralisation.
Mineral additions are a way to reduce expansion due to ASR to val-
orise potentially reactive aggregates.

Various mineral additives have been used to limit the effects of
ASR in concrete. Some additives were found to have a positive
influence on the clinker substitution by accelerating hydration,
but the positive influence depends on the alkalinity of the pore
solution [13–15]. These additions are introduced into cement or
added during the manufacture of the concrete. The additions
may be of natural fine aggregates, burnt or raw materials such as
finely milled burnt oil shale or industrial by-products such as blast
furnace slag or fly ash. In the presence of mineral additions, the
pozzolanic reaction could occur [16]. The process is complex and
depends on the conditions and the proportion of pozzolan [17].
First, the reactive silica of pozzolans reacts with interstitial alkaline
hydroxides [18]. Then, the calcium of CH from clinker hydration,
combine with the silica and form pozzolanic CASAH with a low
calcium concentration [19] and varying proportions of water
[20]. The pozzolanic CASAH could fix alkalis [21]. Moreover, poz-
zolans are finely divided which gives them a dual benefit: a filler
effect and a pozzolanic effect. Indeed, pozzolans allow further
improvements of mechanical strength compared with fillers [22].
Thus, it would be more interesting to use pozzolan than fillers that
are reactive in terms of decreasing ASR expansion. The use of min-
eral additions would be a way to fix alkalis to not exceed the
threshold of alkali neutralization of the granular skeleton. A non-
degraded concrete and therefore a valuation of potentially reactive
aggregates would follow. Supplementary Cementitious Materials
(SCMs) such as burnt oil shale [23] have been demonstrated to
improve mechanical properties [24,25]. According to Winter [26],
finely crushed burnt oil shale allow filling the voids as silica fumes
and fly ashes. The employment of burnt oil shale to mitigate the
ASR development in highly alkali cement seems to be available
[27,28] and does not show manufacturing difficulties contrary to
silica fumes that can generate in some cases, negative effects with
the expansion of concrete [19,29]. Therefore, the burnt oil shale
pozzolan will be added to the concrete studied in this paper.

Oil shales are present in the world as more than 600 deposits
that represent approximately 11.5 trillion tons according to data
from the 27th International Geological Congress [30] but numer-
ous deposits are still largely unexplored. The European Academies
Science Advisory Council (EASAC) summarises the European oil
shale industry history [31]. The oil shale industry started in Scot-
land in 1696 to produce oil, hot water and finally electricity. The
industrialisation of the oil shale exploitation began during the
19th century in Australia, the United States, Brazil, Germany and
Scotland. During the 20th century, oil shale processing factories
were built in several countries including China and Israel. Today,
oil shales are exploited in Estonia, Russia, Brazil, Australia and Ger-
many. The United States represent the most important resource in
the world (70%) but the oil shale industry is currently the most
developed in Estonia which represents only 17% of the resources
in Europe and approximately 11 million tons of oil shale in 2000,
whereas the world production of oil shale was of approximately
15 million tons in 2000 [32]. Indeed, oil shales are commonly
extracted from a quarry and burnt at 500 �C to produce oil but also
at 600–900 �C to produce energy. For example, in Estonia over 90%
of the power is generated from oil shale. Nevertheless, the
exploitation leads to residues such as burnt oil shale quantified
as millions of tons each year. These burnt oil shales are often
landfilled because of the hazardous waste classification. This
production is predicted to grow because of the increasing costs
of petroleum-based products, and oil shale presents opportunities
for supplying some of the fossil energy needs of the world in the
years ahead. The World Energy Council has therefore reviewed
energy resources such as oil shale [33]. However, the combustion
temperature of 800 �C is also optimal to generate ash with a high
pozzolanicity [34–36], particularly when the ash is finely crushed
[23,35,37] such as burnt natural pozzolans [38–40]. Then, the ash
can be used in the manufacture of cement as well as inhibiting
deleterious ASR [24,25,27,41,42]. Burnt oil shales have been
employed since 1920 for cement manufacturing. Precursor coun-
tries are Germany, Russia and China. The first patent goes back
to 1918, when 40 patents were filed on the use of burnt oil shale
use in cement production [43]. Burnt oil shale has been used in
the manufacture of cement for decades [44–49]. The central Dot-
ternhausen remains an example of the use of burnt oil shale.
Indeed, 350,000 tons of oil shale (i.e. 210,000 tons of burnt oil
shale) can produce 650,000 tons of cement per year according to
Riedhammer [50]. Crushed oil shale from the Dotternhausen Power
Plant in Germany (burnt for calorific capacity due to organic com-
ponents) has-been blended with Portland clinker since the 1940’s
[45,51]. The industrial process taking place in Dotternhausen is
explained and schematised by Thiéry et al. [52]. However, the lack-
ing of information on the alkali-reactivity of this specific burnt oil
shale requires further study. Thus, our publication focuses on the
effects of burnt oil shale (BOS) from Dotternhausen as SCM on
expansions due to ASR for three different aggregate materials: a
potentially reactive flint aggregate with a pessimum effect, as in
other studies [27], and also two potentially reactive siliceous lime-
stones without the pessimum effect. The degrees of deterioration
of silica forms in aggregates were observed with electron micro-
scopy to improve the understanding of the mechanism and are
put in parallel with concrete expansion.
2. Materials

2.1. Aggregates

Three aggregates have been used in this study: a potentially
alkali-reactive aggregate with a pessimum effect and two poten-
tially reactive aggregates. Their bulk whole-rock main element
oxide compositions are given in Table 1.

The potentially reactive aggregate with the pessimum effect is a
flint from Conchil le Temple in France. The flint reactive aggregate
is used as a reference in this study and is named aggregate C. This
aggregate is very reactive and has been studied previously [12].
Aggregate C is extracted from a coastal formation of chert pebbles
[53]. The 4/14 mm coarse aggregate noted ‘‘cC” is added to 0/4 mm
fine innocuous limestone extracted from a massive rock, denoted
‘‘fN” for the concrete specimen.



Table 2
Potentially reactive silica forms identified in aggregates and their modal content.

Silica forms Potential reactivity Aggregates

fN cC fT cT fS cS

Sub-euhedral quartz Low – – Main Main Minor Minor
Anhedral quartz Low – – Main Main Main Main
Quartz with undulose extinction High Minor – Minor Minor Main Main
Chalcedony Very high – Main Minor Minor – –
Microcrystalline quartz Very high – Main Minor Minor Minor Minor
Dispersed micro- to crypto-quartz Very high – – Main Main Main Main
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Fig. 1. Optical micrographs (transmitted light, uncrossed polar) of the flint aggregate C (A), siliceous limestone T (B) and S (C). Chal: chalcedony, Qzl: microcrystalline quartz,
QzA: anhedral quartz, QzS: Sub-euhedral quartz, QzU: Quartz with undulose extinction.
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The two potentially reactive aggregates are siliceous lime-
stones: the first comes from Belgium and the second comes from
Switzerland. The Belgian siliceous limestone is extracted from a
Tournai’ quarry formed by different levels determined by the
chemical composition of the material. The Belgian siliceous lime-
stone has been recognized as potentially reactive [54,55]. The Bel-
gian siliceous limestone used in this study is all derived from the
mixture of different levels of the quarry. The 4/16 mm coarse
aggregate and 0/4 mm fine aggregate are respectively noted ‘‘cT”
and ‘‘fT”. The Swiss siliceous limestone, named aggregate S is
slightly metamorphic [56]. The sample comes from a specific area
in the Albian strata of the quarry known as alkali-reactive, so the
sample is not representative of all of the quarry. The sample pre-
sents a certain silica proportion that can induce responsiveness
to ASR. The 4/16 mm coarse aggregate noted ‘‘cS” and the
0/4 mm fine aggregate noted ‘‘fS” are used. Silica types, their
potential reactivity toward ASR and their relative proportions esti-
mated by petrographic analysis in aggregates are listed in Table 2.
The flint aggregate is essentially composed of microcrystalline
quartz and chalcedony (Fig. 1A) and is therefore highly reactive.
The two siliceous limestones are composed of some silica forms
as sub-euhedral quartz, anhedral quartz and quartz with undulose
extinction (Fig. 1B and C). Two very reactive forms are present in
minor proportions: chalcedony and microcrystalline quartz
(defined with a crystal size of less than 20 lm according to Flörke
et al. [57]). Special attention is paid to the presence of the finely
dispersed micro- to crypto-quartz, respectively defined in the
paper by a size of less than 10 lm [58] and 4 lm [59], as observed
in other reactive aggregates [9,58,60] and highly reactive due to its
size.

2.2. Supplementary Cementitious Material

Burnt oil shale used in this study is a residue from the combus-
tion of so-called ‘‘Black Shales” from Dotternhausen Power Plant
(Germany). Residues resulting from the calcination of oil shale
are burnt oil shale (BOS). Burnt oil shale consists mainly of free
lime, anhydrite, silica and calcite (Fig. 2). The other phases present
in smaller proportions are iron oxides for example. Burnt oil shale
is composed of nearly 10% sulphates (noted under SO3 form) and
1.5% alkali in Na2Oeq, mainly potassium. The composition of BOS
presented in Table 1, has been considered to determine the per-
centage of clinker substitution by BOS in the manufacture of con-
crete mixtures. Indeed, BOS and gypsum bring some sulphates
that can induce a delayed ettringite formation if too much gypsum
(up to 7.5% as SO3) were added to clinker, generating abnormal
expansion.

The pozzolanicity of the BOS was determined. The procedure
followed the NF EN 196-1 [61]. The blended mortars were pre-
pared with 0 wt% (BOS0), 17 wt% (BOS1) and 30 wt% (BOS2) of
the cement mass replaced by pozzolan. The specimens were tested
for compressive strength at 1, 2, 7 and 28 days. The compressive



Fig. 2. XRD (Co-radiation) of burnt oil shale. 1: quartz, 2: anhydrite, 3: lime, 4: calcite, 5: dehydroxylated muscovite, 6: maghemite and magnetite, 7: hematite, 8: muscovite,
9: illite, 10: larnite (C2S) and calcium aluminate (C3A).

Table 3
Compressive strengths of mortars incorporating cement used in concrete specimens
at 1, 2, 7 and 28 days and strength activity index at 7 and 28 days.

Mortars BOS0 BOS1 BOS2

Compressive strength at 1 day (MPa) 15.3 15.3 17.1
Compressive strength at 2 days (MPa) 27.2 25.0 27.1
Compressive strength at 7 days (MPa) 42.8 42.3 45.0
Compressive strength at 28 days (MPa) 55.5 58.0 60.1
SAI at 7 days (%) – 98.8 105.1
SAI at 28 days (%) – 104.5 108.3

Table 4
Composition of the concrete mixtures tested.

Composition Mixtures

cC+fN cT+fT cS+fS

Fine aggregate (34 vol%) 607 610 622
Coarse aggregate (66 vol%) 1215 1189 1200
Cement (kg/m3) 410 410 410
Mix water (kg/m3) 193 193 193
Bulk alkali content of concrete mixture (kg/m3) 5.125 5.125 5.125
w/c 0.47 0.47 0.47
Bulk density (kg/m3) 2425 2402 2424

Table 5
Main element oxide compositions of clinker and gypsum by XRF+LOI, in wt%.

Element LoDb Gypsum Clinker

Na2O 0.1 <LoD 0.5
K2O 0.1 <LoD 0.5
MgO 0.1 0.1 1.0
CaO 0.1 32.7 65.5
Fe2O3 0.1 0.1 4.3
Al2O3 0.1 0.1 6.3
SiO2 0.1 0.5 20.3
Mn2O3 0.1 <LoD 0.1
TiO2 0.1 <LoD 0.4
P2O5 0.1 0.4 0.5
SrO 0.1 <LoD 0.2
SO3 0.1 45.2 0.7

LOIa 0.04 20.7 0.1

Sum total 99.8 100.3

a LOI: loss on ignition obtained by TGA analyses.
b LoD: limit of detection.
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strengths are given in Table 3. Testing shows greater strengths for
composed cements BOS1 and BOS2 compared to the control BOS0.
The results are also expressed according to Eq. (1):
SAI ¼ A=B� 100: ð1Þ
where A is the unconfined compressive strength of the pozzolan
mortar (MPa), and B is the unconfined compressive strength of
the control mortar (MPa).

According to the NF EN 450-1 [62], a material is considered
pozzolanic if SAI P75%. According to BS 3892 [63], SAI results
greater than 80% after 28 days are indicative of a positive
pozzolanic activity for fly ash for a cement replacement of 30 wt
%. ASTM C618 [64] requires a SAI greater than 75% after 7 and
28 days for fly ash and natural pozzolans at a cement replacement
of 20 wt%. Regarding BOS1 and BOS2 SAI (Table 3), they are greater
than all of these specifications at 7 and 28 days; therefore, BOS is
considered as pozzolanic material with respect to this method.
3. Methods

3.1. Expansion tests

Concrete mixtures incorporating the aggregate materials men-
tioned above were prepared according to recommendations from
Moundoungou et al. [10]. The alkali content of the bulk concrete
was adjusted to 5.125 kg/m3 through and initial proportion of
0.89% Na2Oeq with the cement and the addition of NaOH to the
mix water. The clinker is admixed with various amounts of burnt
oil shale (0 wt% – BOS0, 17 wt% – BOS1, 30 wt% – BOS2). The ratios
used are coarse on fine aggregate ratio of 2 and a water to cement
ratio of 0.47. The proportions of concrete specimens are presented
in Table 4. Concrete specimens were manufactured with clinker
and gypsum from Obourg in proportions adapted to BOS addition.
The clinker and gypsum compositions are in Table 5.

The binder used for reference concrete without BOS is equiva-
lent to CEM I. Regarding the concrete with BOS, the clinker was
substituted by 17 wt% and 30 wt% BOS to form an equivalent
CEM II. Concrete specimens were tested for expansion at 38 �C.
Indeed, according to Moundoungou et al. [10], testing at 60 �C in
accordance with French standard NF P 18-454 and FD P 18-456
[65,66] generates mechanisms changing the observations by a
reduction of the expansive behaviour versus temperature
compared to testing at 38 �C. That change would be explained by
a leaching of OH� out of the pore solution and a major diffusion



Table 6
Compressive strength of concrete specimens at 28 days, in MPa.

Aggregates BOS proportions

BOS0 BOS1 BOS2

cC+fN 56.6 58.0 65.3
cT+fT 53.7 56.0 60.5
cS+fS 49.3 58.4 60.1

0 20 40 60 80 

Ex
pa

ns
io

n 
(%

) 

Time (weeks) 

cC+fN+BOS0 
cC+fN+BOS1 
cC+fN+BOS2 0.10 

0.08 

0.06 

0.04 

0.02 

0.00 

Fig. 3. Expansions of concrete based on flint aggregate without burnt oil shale (cC
+fN+BOS0), 17 wt% (BOS1) and 30 wt% (BOS2) of burnt oil shale.
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of alkalis with a more homogeneous repartition in aggregates. Con-
sequently, experiments were performed using the French standard
[65] but at 38 �C and 100%RH. The concrete specimens were prisms
of dimensions 70 � 70 � 282 mm. The expansion test was
performed on 6 prisms of the concrete mixtures.

Compressive strengths determinations of concrete specimens,
performed on 150 � 150 � 150 mm cubes at 28 days, are pre-
sented in Table 6. The strength development is not affected by
the use of BOS in the mixture. The BOS replacement has an impact
on the mechanical properties of concrete specimens by an
enhancement of compressive strengths by approximately 4–18%
with 17 wt% BOS and 13–22% with 30 wt% BOS.
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Fig. 4. Expansions of concrete based on siliceous Swiss limestone S (cS+fS) (A) and silice
(BOS1) and 30 wt% (BOS2) of burnt oil shale.
3.2. Petrography by SEM

The aim of this study was to describe microscopic deterioration,
to link between characteristic ASR defects and expansion curves.
Concrete specimens containing reactive aggregates (flint and
siliceous limestone) and BOS, i.e., damaged concretes (BOS0) and
undegraded concretes (BOS2) were studied. Concretes based on
flint aggregate C, siliceous limestone T or S were studied by SEM
at the beginning of the asymptotic expansion of curves at 38 �C.
The petrography study was performed on polished sections from
the concrete prisms. Between 3 and 5 thin sections were made
for the concrete mixture selected. All of these samples were pre-
pared and studied under the same conditions. The specimens were
impregnated and hardened in a low-viscosity epoxy resin (Araldite
2020 from Huntsman) under vacuum at room temperature to pre-
vent the material from breaking. Metal discs at 15 rotations per
minute were used to remove saw marks. The samples underwent
a sequential series of pre-polishing on SiC discs (Struers) with pro-
gressively finer grains (500; 1200; 2400; 4000 grit). Sections have
been subsequently dry polished with diamond pastes (successive
size of 6; 3; 1; 0.5; 0.25 lm) and subjected to ultrasonic cleaning
with ethyl alcohol.

The petrographic studywas carried out on concrete polished sec-
tions. An FEG-HITACHI S-4300SE/N Scanning Electron Microscope
(SEM) equipped with a Thermoscientific Ultradry EDS (Energy Dis-
persive X-ray Spectroscopy) detector was employed to highlight
cracks, ASR products, altered burnt oil shale and more or less
degraded silica in the aggregates. To identify the presence of alkalis
in siliceousphases, EDS semi-quantitative analyseswere performed.
Viewing and imaging techniques were equally employed using
backscatter electron (BSE) and secondary electron (SE) imaging.
SEM analyses were performed at an accelerating voltage of 20 kV,
a working distance of 15 mm, between the probe and the sample,
at a current of the order of 3 nA and a dead time of 20% on average
in the EDS detector. The increase in the intensity of the alkali signals
was considered to be proportional to their enrichment in part of the
grains analyzed according to the principle given by [67]. The relative
intensity of an X-ray line is approximately proportional to the mass
concentration of the element investigated. All of the spots were
recorded under the same conditions (one minute by spot) to allow
comparison between them.
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ous Tournai limestone T (cT+fT) (B) without burnt oil shale (BOS0) and with 17 wt%
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4. Results

4.1. Longitudinal expansions of concrete specimens

Regarding the concrete based on Conchil the Temple flint aggre-
gate, cC+fN, at 38 �C, the expansion is approximately 0.1%. By add-
ing 17 wt% of burnt oil shale (cC+fN+BOS1), an expansion of 0.01%
is shown in Fig. 3, which is confirmed when adding 30 wt% of BOS
with a lower expansion. The pessimum effect of the reactive aggre-
gate C was operated after 80 weeks, and the expansion was
decreased from approximately 0.1% to 0.01% by the addition of a
very small quantity of silica, brought by burnt oil shale.

In the case of the siliceous limestones T and S without BOS, con-
crete expansions exceeded 0.02% with approximately 0.16% at
38 �C, as shown in Fig. 4. The expansion was reduced by using
burnt oil shale. A marked decrease in expansion is noticed between
BOS concretes (BOS1 and BOS2) and ordinary concretes (BOS0).
The decrease in expansion is proportional to the increasing rate
of BOS addition. Expansion of the mix with BOS1 decreases by half
to 0.08%. For the mix with BOS2, the expansion is low to only
0.01%, and so this mix does not present degradation.

Thus, it is necessary to use more burnt oil shale in siliceous
limestone concrete than in flint concrete. As a result, used blended
cements of BOS show themselves to be effective but the added BOS
quantity depends on the reactive aggregate used.
50 µm 

B 

1 2 3 

50 µm

A 

Fig. 5. ASR degradation in flint of concrete mixture ‘‘cC+fN+BOS0” observed by SEM: crac
of CA(K,N)ASAH in zone 1 (C), internal zone 2 (D) and altered flint with alkalis in zone
4.2. Microstructural ASR effects

4.2.1. Concrete based on PRP flint ‘‘cC+fN”
Concretes based on aggregate C without burnt oil shale (CC+FN

+BOS0) show a degradation related to ASR according to SEM obser-
vations. Indeed, the flint aggregates have characteristic cracks
(Fig. 5A) previously observed by other authors in reactive aggre-
gates [eg. 2,12,68,69]. Silica in the form of microcrystalline quartz
in flint aggregate is altered and appears lumpy (Fig. 5B). The poros-
ity is thus significantly increased. At the interface between the
aggregates and the cement paste as well as cracks, expansive ASR
reaction products are present with a C/S ratio of approximately
0.5 and contain alkalis Na and K (Fig. 5C). The degraded silica
was analysed by SEM-EDS. Alkalis are present both at the interfa-
cial zone (Fig. 5D) and in the particle of the aggregate (Fig. 5E).
Their proportions are as important as the distance to the interface
cement paste/aggregate decrease. The substitution of clinker by
30 wt% burnt oil shale (cC+fN+BOS2) avoids major degradation of
the microcrystalline quartz. Aggregates exhibit no marked alter-
ation and the surface has a dense microstructure (Fig. 6A). This sil-
ica in flint aggregates, affected little or not affected at all, presents
little or no alkalis. SEM-EDS analyses have effectively demon-
strated the presence of low sodium close to the interface with
the cement paste (Fig. 6B). In the same way, no alkalis are detected
in the aggregate (Fig. 6C). Reaction products can be observed
E 
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C Zone 1

ked flint and ASR gel (A), cement paste/aggregate interfacial zone (B). EDS spectrum
3 (E) from (B).
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Fig. 6. Undegraded flint in concrete cC+fN+BOS2 (A). EDS spectrum of cement paste/aggregate interfacial zone with few alkalis (B) and in the aggregate without alkali (C).
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Fig. 7. Reaction products near an interface aggregate/cement paste in concrete cC+fN+BOS2 (A). EDS Spectrum of gel (B), a mixture of gel and ettringite (C), and ettringite (D).
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Fig. 8. ASR degradation in an aggregate of concrete mixture cT+fT+BOS0: cracks with ASR products (A), cracks as clay veins orientation (B), large crack in an aggregate (C) with
ASR reaction products (D). EDS spectrum of ASR reaction products from (D), with variable C/S ratios (E and F).
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Fig. 9. Degraded siliceous limestone in concrete mixture cT+fT+BOS0: degraded micro-quartz <10 lm (A) and undegraded quartz >20 lm (B). EDS spectrum of micro-quartz
with alkali Na (C) and large quartz without alkalis (D).
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Fig. 10. Undegraded siliceous limestone in concrete mixture cT+fT+BOS2: undegraded quartz >20 lm (A) and micro-quartz <10 lm (B). EDS spectrum of large quartz without
alkalis (C) and micro-quartz without alkalis (D).
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Fig. 11. Rare gels in siliceous limestone observed in concrete cT+fT+BOS2 (A). EDS spectrum of the CASAH (B) from (A).
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Fig. 12. ASR degradation in the aggregate of concrete mixture cS+fS+BOS0 observed by SEM (A): large crack at the interface aggregate/cement paste with ASR products (B).
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(Fig. 7A) as a gel at the interface with the aggregate with a C/S ratio
of approximately 0.4 and alkalis Na and K (Fig. 7B) and then as a gel
mixture with ettringite moving away from the interface (Fig. 7C) to
finish with only ettringite in the farthest area (Fig. 7D).
4.2.2. Concrete based on PR siliceous limestone
4.2.2.1. ‘‘cT+fT”.

Concrete incorporating gravel and sand siliceous limestone T
without burnt oil shale (cT+fT+BOS0) has large cracks (Fig. 8). These



Fig. 13. Elemental X-ray images of altered concrete cS+fS+BOS0 from Fig. 12B: crack with CA(K,N)ASAH.
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Fig. 14. Elemental X-ray images of the main phases present in Fig. 12B.
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cracks may have the same orientations as the clay veins (Fig. 7B). In
these cracks, ASR products are observed (Fig. 8A, C and D) by SEM-
EDS analysis, with variable C/S ratios from 0.4 to 1.5
(Fig. 8E and F). Aggregates exhibit many microcracks around the
micro-quartz (Fig. 9A and B). This micro-quartz of <10 lm is altered
and presents alkalis from the SEM-EDS analyses with sodium in
varying proportions (Fig. 9C). In contrast, larger quartz particles
>20 lm do not appear altered (Fig. 9B), and SEM-EDS analyses do
not detect alkalis (Fig. 9D). The clinker substitution by 30 wt% burnt
oil shale (cT+fT+BOS2), reduces micro cracks and macrocracks
(Fig. 10). Rarely, macrocracks (Fig. 11A) contain gel reaction prod-
ucts at a 0.3 C/S ratio (Fig. 11B). Themicro-quartz seemsonly slightly
altered (Fig. 10A and B) and shows no alkali or low proportion by
SEM-EDS analyses (Fig. 10C and D). The quartz particles larger than
20 lm are not impaired (Fig. 10B), and alkalis are not detected
through SEM-EDS analyses (Fig. 10D).

4.2.2.2. ‘‘cS+fS”. The present study shows that concrete incorporat-
ing siliceous limestone S without mineral addition (cS+fS+BOS0)
exhibits an altered aggregate morphology under SEM. In
concrete cS+fS+BOS0, limestone aggregates are characterised by
large cracks such as in concrete based on siliceous limestone T
(Fig. 12A) with ASR products (Fig. 12B). An elemental X-ray image
points out the presence of alkalis (sodium and potassium) (Fig. 13).
The reaction products, rich in alkalis, are said to be CA(K,N)ASAH
identified by the treatment with the Compass software with a C/S
ratio of approximately 0.5 (Fig. 14). SEM observations are also
evidenced by micro-cracks between the micro- to crypto-quartz
(<10 lm) and the limestone matrix (Fig. 15A and B). The silica in
the form of coalescence of micro-quartz particles has cracks
(Fig. 15C) as well as some alkalis (Fig. 15E). The larger quartz
particles >20 lm were also observed and analysed (Fig. 15D)
without alkalis (Fig. 15F). The addition of burnt oil shale at
30 wt% (cS+fS+BOS2) significantly reduces aggregate degradation
related to ASR. Indeed, macrocracks are rarely observed and micro-
cracks are reduced (Fig. 16A). In the cracks, reaction products are
observed as gels (Fig. 17A) with a C/S ratio of approximately 0.3
(Fig. 17B). The silica does not exhibit marked deterioration. The
micro-quartz does not present alkalis according to the EDS analysis
(Fig. 16B). Similarly, quartz over 10 lm does not exhibit alkalis
(Fig. 16C).

5. Discussion

In concrete incorporating flint and siliceous limestone
aggregates, the microcrystalline quartz and the finely dispersed
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Fig. 15. Degraded siliceous limestone in concrete mixture cS+fS+BOS0: degraded micro-quartz (A), porous area around crypto-quartz (B), altered quartz particles coalescence
(C) and undegraded quartz >20 lm (D). EDS spectrum of micro-quartz with alkalis Na from C (E) and large quartz without alkalis from D (F).
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micro-quartz respectively neutralise alkalis until a threshold is
reached. Without SCM – that is, BOS in this study – added in con-
crete, the neutralising capacity is exceeded generating a degrada-
tion of the aggregate and a longitudinal expansion of the
concrete. From SEM observations, concrete mixtures without BOS
have different degradation characteristics related to the ASR with
impaired micromorphology aggregate as observed by Çopuroğlu
et al. [4]. Indeed, the aggregates exhibit degraded facies with
cracks, preferably in veins areas [70] as in aggregate T, and reaction
products such as CASAH gels rich in alkalis, resulting in the expan-
sion of any concrete. The gel reaction products have a low C/S that
can be explain by the high initial concentration of alkalis added to
concrete, with sodium hydroxide influencing the gel composition
[71–74]. The significant presence of alkalis in the siliceous phases
evidences degradation. The degradation in concrete cC+fN+BOS0 is
observed by an alteration in the microcrystalline quartz. In the case
of the concrete mixtures based on siliceous limestone (cT+fT+BOS0
and cS+fS+BOS0), degradation of silica aggregates is observed by
the presence of cracks around a micro-quartz of less than 10 lm
and the alteration of this reactive form. Thus, the micro-quartz in
siliceous limestone seems to be involved in the ASR as demon-
strated by Guédon-Dubied et al. [58]. The reactivity of the latter
would be related to its size [75–79]. The microcrystalline quartz
and the micro-quartz present alkalis when they are altered.
Detected alkalis are sodium and potassium. The presence of alkalis
in the reactive silica is consistent with the measured longitudinal
expansions: the neutralization capacity of alkalis would be
exceeded creating a degradation of silica in the aggregate and gen-
erating expansion.

To mitigate ASR, burnt oil shale was added to concrete. The sub-
stitution of clinker with burnt oil shale seemed to be beneficial for
decreasing the alteration of siliceous aggregates and allows saving
healthy zones with little or no alkalis without impairing mechani-
cal performance as shown by numerous studies [24,25,27,37,80–
84]. The use of burnt oil shale results in reducing the deterioration
of microcrystalline silica in flint aggregate and the micro-quartz in
siliceous limestones and the production of gel with a lower C/S
[85–88] that can be mixed with ettringite [89] because of the pres-
ence of sulphates in the BOS. Indeed, sulphates have a high capac-
ity of adsorption on CASAH favoured by high temperature and
basicity [90]. Regarding the flint aggregate, a pessimum effect
was observed in previous studies [10,12,55]. This pessimum effect
seems to be operated by adding only 17 wt% BOS (cC+fN+BOS1).
Indeed, the addition of BOS that contains silica would play a
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Fig. 16. Undegraded siliceous limestone in concrete mixture CS+FS+BOS2: undegraded micro-quartz and quartz >20 lm. EDS spectrum of micro-quartz without alkalis (B)
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Fig. 17. Rare gels in siliceous limestone observed in concrete cS+fS+BOS2 (A). EDS spectrum of the CASAH (B).
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significant role. The silica in BOS could fix enough alkalis to avoid
ASR development by not allowing the exceedance of the alkali neu-
tralising capacity of the flint aggregate. In siliceous limestones
aggregates, the micro-quartz aggregates of less than 10 lm are
no longer degraded and only rarely have alkalis by adding 30 wt
% BOS (cT+fT+BOS2 and cS+fS+BOS2). Thus, the pozzolanic reaction
must set enough alkalis, to avoid the development of ASR products
highlighted in concrete without burnt oil shale. The presence of
reactive silica in oil shale would initiate the pozzolanic reaction
[91]. In addition to the pozzolanic reaction generated by the burnt
oil shale, the micro-quartz highlighted by Thiéry et al. [52] from an
STEM study is probably more accessible and could neutralise alka-
lis, thereby decreasing the pore proportion of the alkalis in the
micro-quartz aggregates. The microscopic observation can be cor-
related with macroscopic results. According to the calculation from
Yeğinobali et al. [27], the addition of 17 wt% BOS reduces expan-
sion from 87%, 53% and 45% for concretes based on flint aggregate
and the two siliceous limestones T and S respectively. By adding
30 wt% BOS, the reduction is approximately 91% to 93%. Conse-
quently, the addition of BOS allows for reducing the expansion
due to ASR, similar as in other studies with reactive aggregates
(chert or Pyrex glass) [27,42], by non-expansive pozzolanic CASAH
formation. Finally, BOS likewise has a positive impact on the
mechanical properties by a small enhancement, with an optimum
at 17 wt% BOS, that could be explained by the reduction of the
cracks developed because of ASR and an increased amount of
CASAH [92,93].
6. Conclusion

The use of burnt oil shale (BOS) in concrete with reactive flint
aggregate showed an immediate impact: concretes were low to
only 0.01%, from the addition of 17 wt% of burnt oil shale (BOS1).
The addition of BOS allows the operation of the pessimum effect
of these concretes. For concrete mixes with siliceous limestone
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aggregate, the action of BOS is more progressive and appears to be
dependent on the substitution rate. Expansions decrease with the
BOS addition rate and go to approximately 0.01% for a 30 wt% addi-
tion. The substitution of 30 wt% and 17 wt% of clinker by burnt oil
shale results in a reduction in the degradation of the micro-quartz
in siliceous limestones and microcrystalline silica in flint aggre-
gate. Burnt oil shale would fix alkalis through non-expansive prod-
ucts generated by the pozzolanic reaction that would be initiated
by the micro-quartz they contain. Thus, the action of burnt oil
shale does not allow exceedance of the neutralisation capacity of
alkalis in siliceous aggregate phases. Therefore, the results show
a beneficial effect of burnt oil shale toward ASR in the presence
of reactive aggregates with a reduction of the alteration of siliceous
phases observed in petrography and consequently a concrete
expansion reduction at 38 �C.
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