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ABSTRACT: The present work aims at studying the formulation and characterization of self-compacting 
concrete equivalent mortars, using calcined mud from the dredged sediments brought from the dam (Western 
Algeria) and fly ash from the Central Thermal EDF (France). Three SCCEM samples were prepared; a control 
mortar sample and two mortar samples containing 22% of mineral additions, with a ratio W/B = 0.47. The 
analysis of the experimental results obtained indicates that mortars comprising calcined mud develop greater 
compressive strengths than those containing fly ash. Regarding free shrinkage, mortar with calcined mud is 
characterized by an autogenous shrinkage similar to those of control and fly ash mortars. However, it is more 
sensitive to total shrinkage and drying as compared to the other mortars. Under the conditions of restrained 
shrinkage, control and calcined mud mortars are more sensitive to early cracking than mortar based on fly ash.
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RESUMEN: Influencia del lodo tratado en la retracción libre y en la tendencia a la fisuración de morteros equiva-
lentes de hormigón autocompactante. El presente trabajo tiene como objetivo estudiar la formulación y caracter-
ización del morteros equivalentes de hormigón autocompactante, que utilizan lodo calcinado de los sedimentos 
dragados traídos de una presa (oeste de Argelia) y cenizas volantes del (EDF Central térmica, Francia). Se pre-
pararon tres muestras de MEHA ; una muestra de mortero de control y dos muestras de mortero que contienen 
22% de adiciones de minerales, con una relación a/s = 0.47. El análisis de los resultados experimentales obteni-
dos indica que los morteros que contienen lodo calcinado desarrollan mayores resistencias a la compresión que 
los que contienen cenizas volantes. En cuanto a la retracción libre, el mortero con el lodo calcinado se carac-
teriza por una retracción autógena similar a los de los morteros de control y de cenizas volantes. Sin embargo, 
es más sensible a la retracción total y al secado en comparación con los otros morteros. En las condiciones de 
retracción restringida, los morteros de control y de base de lodo calcinado son más sensibles a la fisuración 
temprana que el mortero a base de cenizas volantes.
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1. INTRODUCTION

The siltation phenomenon of dams in Algeria 
has significantly increased in recent times. This 
has greatly reduced their storing capacity (sig-
nificant decrease in the volume of water stored). 
Today, desilting is an effective technique to get rid 
of  sediments from the bottom of dams. However, 
the deposition and storage of these sediments is a 
serious and costly problem (1). In order to answer 
to important request of  construction materials used 
in the composition of cementitious materials, it 
becomes necessary to find new sources of  materials 
as calcined mud from dredged sediments. Indeed, 
today it has become urgent and necessary to find 
new alternative materials that are cheaper than 
cement. In recent years, many researchers have been 
interested in the mud (sediment) from Oued Chorfa 
watershed which is well known for its high siltation 
rate (675000 m3 in 2015, as released by the National 
Agency of Dams) (2).

The valorization of  sediments from dams has 
both an environmental and economic objective, 
it represents an interesting alternative solution to 
dumping sediments (mud and silt) in nature on the 
one hand. On the other hand, it is advantageous 
to use calcined mud as a cement substitute in the 
preparation of  concrete, because today cement 
manufacturing is quite costly and considerably 
polluting, since considerable amounts of  car-
bon dioxide CO2 are released in the atmosphere. 
The search for a cheaper binder can be beneficial 
because nowadays cement is expensive and some-
times unavailable (3).

Concrete shrinkage can be defined as the defor-
mation of a concrete element that is not subjected to 
any external mechanical stress in a constant thermo-
dynamic environment (4). Indeed, deformations can 
be responsible for cracking, losses in prestressing, 
redistribution of stress, and sometimes, but more 
rarely, damage to the structure (5).

Several studies have been carried out, in recent 
years, on the effect of  mineral additions, such as 
fly ash, silica fumes, blast furnace slag, calcareous 
filler, metakaolin, natural pozzolan and artificial 
pozzolan (calcined mud) on shrinkage in mortars 
and concretes (6–15). In general, incorporation of 
mineral additions in the formulation of  mortar and 
concrete results in additional water demand, higher 
paste volume, and formation of  additional C-S-H 
products, resulting in significant shrinkage (4). 
Similarly, the presence of  additions is accompanied 
by a change in the microstructure and an increase 
in the percentage of  finer capillary pores in hard-
ened mortar and concrete, which may also lead to 
greater shrinkage (16, 17). However, smaller pores 
also reduce the diffusion rate and lead to less dry-
ing shrinkage (18), less total shrinkage, and smaller 

crack opening, which certainly increases the dura-
bility of  concrete (19).

Based on studies conducted on the effect of min-
eral additions on self-compacting concrete shrink-
age, it is possible to classify research works into 
two groups; a first group involving the majority 
of authors (20–26) who indicate that the shrinkage 
of SCCs, whether autogenous or in drying mode, 
is of the same order of magnitude, or even a little 
higher, but with smaller deviations, than those of 
vibrated concrete of the same class of strength. 
On the other hand, a second group of researchers 
observed more significant differences (27- 29), with 
values   that can be up to 20% higher in the case of 
SCCs (30). Though the measurement methods used 
are precise and accurate, the test conditions are 
most likely to play an important role in the varia-
tion of results; the formulation criteria may explain 
the obtained shrinkages, which may sometimes be 
similar or even larger (31).

Cracking is a complex phenomenon. Therefore, 
it would be interesting to emphasize that the risk of 
cracking depends not only on the extent and rate 
of shrinkage but also on other material properties, 
such as the modulus of elasticity, creep, flexural 
strength and fracture resistance (32). As reported by 
Hammer 2003 (33), all these properties must be taken 
into account in shrinkage in order to evaluate the 
cracking potential of SCCs (34). Indeed, Samouh 
2015 (35) indicated that the sensitivity to cracking 
also depends among other the rate of impediment 
and the relaxation of the constraints (36,37). The 
valorization of the materials extracted during the 
dredging of the silted dams was the object of our 
research, with the essential aim of not considering 
them as waste, but rather like raw material as syn-
thesis pozzolan, that’s why, it is imperative to study 
and identify the effects of treated sediments on the 
fresh and hardened properties of self-compacting 
concrete equivalent mortars. 

The present work is devoted to the study of the 
influence of Chorfa dam mud compared to that of 
fly ash on the mechanical properties (compressive 
and flexural), free shrinkage, crack development due 
to restrained shrinkage, using ring tests, porosity 
accessible to water and bound and free water content 
of self-compacting concrete equivalent mortars. The 
study was conducted at the Laboratory of Civil and 
Mechanical Engineering Laboratory (LGCGM) of 
the University Institute of Technology of Rennes, 
and at the National Institute of Applied Sciences of 
Rennes (France).

2. EXPERIMENTAL PROGRAM

All tests were carried out under hygrothermic 
conditions, at a temperature of 20 °C±1°C and 
50% ± 2% relative humidity

https://doi.org/10.3989/mc.2019.02318�
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2.1. Materials

2.1.1. Cement

The cement CEM I 52.5N-SR5 used for the dif-
ferent mortar formulations in accordance with the 
requirements of the NF EN 197-1 standard was 
from the Lafarge cement plant (France). It had 
a Blaine surface of 3800 cm2/ g (38) according to 
the standard EN196-6 and an absolute density of 
3.13 g / cm3(38) according to the standard NFP18-
555. The mineralogical composition of the clinker 
used is presented in Table 1.

2.1.2. Mineral additions

We used in our study two types of additions: the 
calcined mud and fly ash. The results obtained by 
the laser granulometry technique of these additions 
are shown in Figure 1. 

The laser granulometry analysis was carried out 
using the CILAS 1180 granulometer. The samples 
were also subjected to wet analysis. The granular dis-
tribution of the grains of the calcined mud showed a 
higher proportion of the fine particles compared to 
the fly ash. It can clearly be noted that the proportion 
of 95% of the particles of the calcined mud was less 
than 50 microns in comparison with 75% for the fly 
ash, which confirms the great fineness of treated mud.

2.1.2.1. Mud

The mud used in the formulation of  self-com-
pacting concrete was brought from Chorfa Dam, 
which is located in the province of  Mascara, in 
western Algeria. It was first dried in an oven at 
a temperature of  50 °C; then, it was crushed and 
passed through an 80 µm, and after that it was sub-
jected to heat treatment by calcination. To avoid 
thermal shock, the baking rate was set at 5 degrees 
per minute. The temperature was  then kept con-
stant (750 °C) for 5 hours (39). The product thus 
obtained (calcined mud) was then kept away from 
air and moisture (39). The physical characteristics 
of  this mud are given in Table 2.

Additional analyses, aimed at identifying the cal-
cined mud, were conducted by Scanning Electron 
Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS). The spectra of the microanal-
ysis indicated the presence of several chemical ele-
ments (Table 3 and Figure 2). The images obtained 
by Scanning Electron Microscopy showed irregular 
shapes of quartz grains of different sizes, ranging 
between 1µm and 6 µm, in the calcined mud.

2.1.2.2. Fly ash

The fly ash used in the formulation of  the self-
compacting concrete equivalent mortar came from 
the Central Thermal EDF to Cordemais (France), 
it was a silico-aluminous “Class F” fly ash (38). 
The physical and chemical characteristics by 
X-ray fluorescence of  this fly ash are summarized 
in Tables 4 and 5 respectively (38). 

Table 1. Mineralogical composition of clinker (38).

Minerals C3S C2S C3A C4AF

% 62 22 8 8

Table 2. Physical characteristics of the calcined mud.

Tests
Standards  
used

Results 
obtained

Fineness (Blaine) (cm2/g) EN196-6 8310

Specific gravity (g/cm3) NFP18-555 2.65

Pozzolanic activity index i 28 NFP 18-506 0.93

Figure 1. Laser granulometry of calcined mud and Fly ash.
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Table 3. Chemical elements in calcined mud.

Element C O Mg Al Si K Ca Ti Fe

Mass % 9.69 44.74 1.19 6.66 16.77 1.91 13.09 0.67 5.27

Atomic % 16.21 56.15 0.98 4.95 11.99 0.98 6.56 0.28 1.90
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2.1.3. Sand 

An alluvial siliceous sand was used, of par-
ticle size 0/4, from the quarry of La Repennelais 
(France), with a density of 2.58 g/cm3 (NFP 18-555) 
and a water absorption coefficient of 1.2 % (38) fol-
lows normative rules NF P 18-554 .

2.1.4. Admixture

A superplasticizer Sika Viscocrete Tempo 11 was 
used, of a new generation multi-purpose water reducer 
based on acrylic copolymer, with a density of 1.06 ± 
0.01 and a solid content between 28.5 and 31.5 %.

2.2. Formulations of self-compacting concrete 
equivalent mortars (SCCEM)

Considering the different data on the materials 
used, we derived three compositions of SCCEM 
from one composition of Self  -Compacting 
Concrete containing fly ash (SCC5) formulated 
by Mesbah (40), a control mortar sample and two 
mortar samples containing the same percentage 
(22%) of mineral additions. The preparation of the 
binder consisted of replacing 22% of the mass of 
the cement with the calcined mud and fly ash respec-
tively, with a ratio W/B = 0.47. Their compositions 
are given in Table 6.

Table 5. Chemical composition of fly ash (38).

Oxides SiO2 CaCO3 CaO Fe2O3 Al2O3 MgO Na2O SO3 HCL

Content (%) 49.6 - 3.0 17 23.8 1.3 0.6 0.1 -

Table 4. Physical characteristics of Fly ash (38).

Tests Standards used Results obtained

Fineness (Blaine) (cm2/g) EN196-6 4334

Specific gravity (g/cm3) NFP18-555 2.05

Pozzolanic activity index i28 NFP 18-506 0.79

Table 6. Composition of SCCEMs.

Designation SCCEM (g/l) W/B Cement Mud Fly ash Water Admixture  S (0/4)

SCCEM C 0.47 649 - - 304 1.5 1277

SCCEM CM 0.47 500 143 - 299 4.5 1266

SCCEM FA 0.47 494 - 141 295 1.5 1250

Figure 2. SEM and EDS analysis of calcined mud.

Label A:

Si
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Fe
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where:
SCCEMC: Control self-compacting concrete 

equivalent mortar 
SCCEM CM: self-compacting concrete equiva-

lent mortar containing calcined mud
SCCEM FA: self-compacting concrete equiva-

lent mortar containing fly ash.

2.3. Tests on SCCEM fresh

2.3.1. The Slump flow

As an integral part of a SCC, self-compacting 
mortars (SCEMs) may serve as a basis for the design 
of concrete since the measurement of the rheo-
logical properties of SCCs (41). According to the 
procedure recommended by EFNARC committee 
(European Federation for Specialist Construction 
Chemicals and Concrete Systems) (42), the measure 
technique helped to characterize rheological proper-
ties of SCCEM. All mortar mixtures were designed 
to give a slump flow diameter of 20 ± 1 cm instead 
of 25 ± 1 cm to avoid bleeding and segregation. In 
the production of SCEMs, the mixing process was 
kept constant to supply the same homogeneity and 
uniformity in all mixtures (41).

After leaving the cone, the final diameter reached 
by the slump flow slab is measured. 

2.3.2. Setting time 

The initial and final setting times of the self-com-
pacting concrete equivalent mortars prepared were 
measured using a classical automatic VICAT appa-
ratus, according to standard NF EN 480-2.

2.4. Tests on SCCEM hardened

2.4.1. Testing the mechanical behavior

The tests were carried out on prismatic specimens 
of dimensions 4x4x16 cm3, previously preserved 
in water as soon as they were demolded, until the 
crushing deadline (28 days) in order to determine 
the flexural (tensile) strength, using the three-point 
bending test, and the compressive strength accord-
ing to the standard EN 196-1.

2.4.2.  Thermal measurement of free and bound  
water content

The main objective of the thermal analysis was 
to follow the evolution of bound and free water con-
tent of the binder pastes. The compositions of these 
pastes are given in Table 7. It is worth reminding that 
bound water can be considered as an important and 
reliable indicator of hydration progress and micro-
structure modification (43). A crushed sample, with 
particle size less than 2.5 mm (about 4 g), was placed 

in a calcined and tared crucible. Let Mi be the initial 
mass of the paste. The crucible was then introduced 
into the oven at the temperature of 80 °C to dry the 
sample. Each weighing was carried out after allow-
ing the crucible, holding the paste, to cool down for 
15 minutes inside a desiccator containing silica gel. 
Let M80 °C be the final dry mass of paste (44). The 
relative mass loss corresponding to free water is then 
given by [1]:

	 DM free water = (Mi-M80°C) /Mi (44) [1]

After that, the crucible containing the dry ground 
matter was introduced into the oven at 105 °C, for 
2 hours; then, it was allowed to cool for 15 minutes 
inside a desiccator containing silica gel; next, it was 
weighed. The operation was repeated, but with the 
oven temperature set first at 400 °C and then at 
600  °C, for 1 hour, for the two temperatures. The 
relative loss of mass at 600 °C is then given by [2]:

	 DM hydration water = (M 80°C- M600°C) /M80°C (44) [2]

The operation was repeated in the oven where 
the temperature was previously set at 1000 °C. The 
relative loss of mass between 600 °C and 1000 °C is 
therefore equal to [3]:

	 DMCO2 of carbonates = (M600 °C - M1000 °C) / M80 °C (44) [3]

2.4.3. Porosity accessible to water

This test consisted of measuring the percentage 
of voids, inside the mortar mass, which are con-
nected to the surface, in accordance with standard 
NF P 18-459. Porosity is measured on prismatic 
specimens of dimensions 4x4x16 cm3, at 28 days. The 
porosity accessible to water, ε, which is expressed as 
a percentage of the volume, is given by the following 
relation [4]: 

 100
MAIR -MDRY

MAIR MWATER
ε =

−
×  [4]

Table 7. Formulations of binder pastes.

Identification 
of Pastes (g/l)

PC (Control 
paste)

PCM (Paste 
containing 

calcined mud)

PFA(Paste 
containing  

fly ash)

Cement 649 500 494

Calcined mud - 143 -

Fly ash - - 141

Water 304 299 295

W/B 0.47 0.47 0.47

https://doi.org/10.3989/mc.2019.02318�
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Where:
Mwater is the mass in grams of the half  specimen 

immersed in water 
Mair is the mass in grams of the soaked half-spec-

imen weighed in air
Mdry: the mass in grams of the dry half-specimen 

2.4.4. Free shrinkage

The present study was carried out on mortar 
samples of dimensions 4x4x16 cm3, in accordance 
with the French standard NF P 15-433. The autog-
enous shrinkage and total shrinkage measurements 
were carried out from 24 hours after the beginning 
of malaxation. The specimens used to investigate the 
autogenous shrinkage were fully coated with adhe-
sive aluminum foil to prevent any water exchange 
with the outside environment. All test pieces were 
then stored in a room with a controlled atmosphere. 
The measurements were carried out using a microm-
eter comparator, at a rate that is adapted to the 
kinetics of the observed phenomena. The difference 
between the total shrinkage and autogenous shrink-
age allows obtaining the drying shrinkage. 

2.4.5.  Initiation and development of cracks by the 
restrained shrinkage test

In order to study the early-age cracking tendency 
of SCCEMs, it was decided to carry out restrained 
shrinkage tests using ring tests (43), according to the 
standard ASTM C.1581(45). The approach consist-
ing of casting a mortar ring next to a steel ring was 
used to simulate the restrained shrinkage cracking 

(46). The test method involves casting a mortar ring 
around a steel ring. The geometry and testing device 
for specimens are described in Figure 3 (18). In this 
study, the upper surfaces of mortar rings were pro-
tected from desiccation by a double layer of alumi-
num adhesive, only the circumferential surface was 
exposed to drying (47). When the crack appeared on 
the surface of the mortar ring, its width was first 
measured using a microscope, then, a sensor was 
placed on the crack for measuring that same width. 
The evolution of the crack opening was recorded, 
every 15 minutes, over time.

3. RESULTS AND ANALYSES

3.1. Fresh state

The test results of self-compacting concrete 
equivalent mortars (SCCEMs) in the fresh state are 
given in Table 8.

3.1.1. The Slump flow

All mixtures of mortar were made to give slump 
flow diameter of 20±1cm (avoiding segregation) 
which was acquired by adding the used admixture 
(41). The slump flow test results presented in table 
6 and figure 4, show clearly that SCEMs present 
satisfying values, between 19.25 and 20cm. It was 
noticed that the use of calcinated vase increased 
slightly slump flow diameter of mixtures. In addi-
tion, it should be noted that all the mortars tested 
are located in relatively narrow ranges of values, 
given the uncertainties recognized for this test (48).

Table 8. Characterization of SCCEMs in the fresh state.

SCCEM Slump flow (cm) Ø Initialsetting time (min) Finalsetting time (min) Settingtime (min)

SCCEMC 19.25 245 458 213

SCCEMCM 20 282 520 238

SCCEMFA 19.25 360 590 230

Figure 3. Geometry of the steel and concrete rings used in this study (18).
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 3.1.2. Setting time

The measurement results of the setting times of 
the different concrete equivalent mortars are pre-
sented in Figure 5. It was easy to observe that the 
mineral additions (calcined mud and fly ash) had a 
very light effect on the setting times of the formu-
lated mortars as compared with the SCEMC with a 
maximal gap of 25 minutes. 

This may be explained by the fact that the fineness 
of the mixture, which is attributed rather to calcined 
mud (8310 cm2/g) and fly ash (4334 cm2/g) than to 
cement (3800 cm2/g), allowed having a larger area 
of contact with water. In addition, the setting time 
increased is attributed to the low hydration heat of 
mortars containing additions, because of the lower 
clinker content. Indeed, Jian. S et al. (49) studied the 
effect of mineral additions, such as fly ash, silica fume 
and blast furnace slag, with different percentages, on 
the hydration heat of mortars. They found out that the 
endothermic hydration process of mortars was greatly 
influenced by the partial replacement of cement with 
one of these additions (50). Thus, the delay in setting 
times during introduction of the studied additions 
may be due to the low hydraulicity of the fly ash and 
calcined mud. It is also noted that the replacement of 
Portland cement with fly ash involved a delay in the 
initial and final setting time of the obtained mortar 
as compared to that of mortar containing calcined 
mud. The time delay can be attributed to several fac-
tors, such as the high fineness of calcined mud, higher 
superplasticizer content of SCEM CM as compared 
to that of SCEM FA, low hydration heat, and slow 
hydration kinetics of SCEMCM at young age.

3.2. Hardened state

3.2.1. Compressive strengths

The evolution of the compressive strength, at 28 
days, as a function of the mineral additions is illustrated 

in Figure 6. According to the results obtained the 
SCEMC displayed better mechanical performances 
than those of SCEMCM and SCEMFA.

Depending on the nature of the addition, the 
calcined mud SCEM developed better strengths 
as compared to the fly ash SCEM. This can be 
explained by the physical effect of the calcined mud 
as a result of great finesse (8310 cm2 /g) compared 
to the fly ash (4334 cm2/g). Indeed, Sabir and al 2001 
have shown that finesse, the morphology of the par-
ticles is also an influential parameter on the inten-
sity of the Pozzolanic activity (51). In addition, the 
activity index of the calcined mud was 0.93 at 28 
days compared to 0.79 at 28 days of fly ash, which 
was a sign of a strong Pozzolanic activity.

In addition, this can also due to the latent property 
of hydration of cements containing fly ash (43). The 
kinetics of the development of strengths in SCEMCM 
may be explained by the activity of mud and by the 
fact that the pozzolanic action became sensitive from 
the early age, this action broke out and started fixing 
the lime released by cement during its hydration. As 
a result, the newly formed calcium silicate hydrates 
(CSHs) will contribute to strength (52).

Figure 4. Slump flow variation of SCEMs studied.

16

16,5

17

18

19

20

20

21

17,5

18,5

19,5

19,25

SCEMC

F
lo

w
 d

ia
m

et
er

 (
cm

)

SCEMFA SCEMCM

19,25

20,5

21,5

Figure 5. The initial times of setting, the final of setting and 
the setting time of SCEMs studied.

590

360

213245100

0

200

300

400

500

600

700

458

230
282

520

238

SCEMC SCEMFA SCEMCM

T
im

e 
(m

in
)

Setting time

Final setting time

Initial setting time

Figure 6. Evolution of the compressive strength at 28 days 
of SCEMs studied.

80,00

70,00

60,00

50,00

40,00

30,00

20,00

10,00

0,00
SCEMCMSCEMFA

C
om

pr
es

si
ve

 s
tr

en
gt

h 
at

 2
8 

da
ys

(M
P

a)

SCEMC

63,9360,4256,76

https://doi.org/10.3989/mc.2019.02318�


8 • F. Taieb et al.

Materiales de Construcción 69 (334), April–June 2019, e186. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2019.02318

For better visualizing the evolution of the com-
pressive strength, we compared the various ratios of 
the SCEM containing the mineral additions (calcined 
mud and fly ash) with the SCEMC, as illustrated in 
Figure 7. This fraction was greater for calcined mud 
SCCEM than for fly ash SCCEM. At 28 days, the 
compression strengths of fly ash SCCEM and cal-
cined mud SCCEM were smaller by 5% and 2%, 
respectively, than that of control SCCEM.

3.2.2. Flexural strength

The 28-day flexural strengths were shown graphi-
cally in Figure 8. It is well known that the factors 
that affect the compressive strength evolution of 
mortars also influence their flexural strength evolu-
tion (14). However, this was not true for our mor-
tars because calcined mud SCCEM had the smallest 
tensile strength value. Neville (1996) indicated that 
there was a direct proportionality between splitting 
tensile strength and compressive strength of the 
concrete strength (53). Nevertheless, the two flexural 
strengths of mortars with the two additions (cal-
cined mud and fly ash) remain close to each other.

According to the results obtained, control 
SCCEM displays higher flexural strength than those 
of calcined mud SCCEM and fly ash SCCEM.

For better visualizing the evolution of the flex-
ural strength, we compared the various ratios of the 
SCEM containing the mineral additions (calcined 
mud and fly ash) with the SCEMC, as shown in fig-
ure 9. The fraction of fly ash SCCEM was greater 
than that of calcined mud SCCEM. At 28 days, the 
flexural strengths of fly ash SCCEM and calcined 
mud SCCEM were smaller by 17% and 22%, respec-
tively, than that of control SCCEM.

3.2.3. Bound and free water content

Figures 10 display the results of measurements 
of the quantities of free water and bound water, for 

the three cement pastes, after 28 days of dry cure. 
The results showed a lower bound water content 
for the mortar paste containing fly ash compared 
to calcined mud and reference paste, which indi-
cated less hydration and therefore the likely devel-
opment of a smaller amount of hydrates at young 
age, and so less compressive strength in compari-
son with the compressive strength of SCEMC and 
SCEMCM. The results obtained indicated that the 
bound water content was greater in paste contain-
ing calcined mud as compared to the other two. 
This means that hydration was more important, and 
therefore a larger amount of hydrates was very likely 
to develop. The binder containing calcined mud had 
the highest free water content; it was close to that 
of the control binder. These results were consistent 
with those relating to porosity accessible to water. 
Indeed, it was clearly noted that the porosity of 
control SCEM was lower, then came that of fly ash 
SCEM. The measured free water content allowed an 
estimation of the porosity of the mortars studied. 
This free water occupied part of the porous network 
(44), so the quantity of free water in each mortar 
depends on the porous structure of this mortar. 

Figure 9. Evolution of the fraction of flexural strengths  
of SCEMs based on mineral additions compared to  

control SCEM.
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Figure 11 showed the results for CO2 content in 
the three cement pastes, after 28 days of dry cure. 
These results indicated that the CO2 content was 
lower in the mixtures containing calcined mud than 
in those containing fly ash. The state of carbon-
ation also plays a major role. In the case of Portland 
cement materials, carbonation caused a decrease in 
the diffusion coefficient which was well correlated 
with the decrease in porosity (54). In contrast, the 
CO2 content of fly ash paste increased while its 
porosity and bound water content decrease. The 
increase in carbonation for fly ash with less poros-
ity compared to calcined mud may be related to dif-
ferences in the porous structure. The use of fly ash 
gives a denser porous structure, but at the same time 
a portion of Ca(OH)2 was consumed by the hydra-
tion of fly ash, which lead to a high depth of pen-
etration (38). 

The carbonation depth also depended on the 
nature of the addition, in particular the CaO con-
tent of the fly ash. The higher this content, the lower 
the carbonation depth (38). This can be explained 
by the low percentage of CaO (3%) in the fly ash 
compared to the calcined mud (17%). 

According to Audenaert et al. (2007), the incor-
poration of fly ash had no noticeable effect on 
improving the strength of SCCs to carbonation 
(55). Ongoing studies, such as capillary absorption 
and permeability may to corroborate these results.

3.2.4. Porosity accessible to water

Figure 12 showed the porosity results obtained 
for the three concrete equivalent mortars under 
study, after 28 days of dry cure. It can be seen that the 
porosity of concrete equivalent mortar containing 

Figure 10. Free and bound water content of the mortar pastes studied.
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fly ash was lower than that of calcined mud concrete 
equivalent mortar, and the accessible water porosity 
of fly ash SCEM is 8% higher than that of control 
SCEM. In addition, the use of calcined mud as a 
partial substitute for Portland cement lead to an 
increase in water porosity of 17.2%, at 28 days, with 
respect to that of control SCEM. These results were 
in agreement with those relating to the free water 
content. Comparison between the results relating 
to the mortars studied allows concluding that the 
porosity accessible to water increases in mortars 
containing mineral additions as partial substitute 
for cement (38). This increase in porosity during the 
introduction of calcined mud and the fly-ash can be 
due to the least pozzolanicity and hydraulicity of 
these additions in short-term (28 days). In addition, 
the pozzolanicity or the hydraulicity of the fly-ash 
can reduce the porosity in long-term if  the mortar is 
preserved wet (56). 

3.2.5. Free shrinkage

3.2.5.1. Autogenous shrinkage: Autogenous 
shrinkage was a phenomenon that was specifically 
related to cement hydration, which testifies to its 
evolution and to the quantity of  hydrates formed. 
This shrinkage increased rapidly as the amount 
of  water decreases, it ended (95%) after 1 to 4 
weeks (5). 

From Figure 13, two steps can be distinguished: 
during the first 20 days, the autogenous shrink-
age of SCEMs evolves rapidly with time, from 20 
to 100 days, the shrinkage evolution was stabilized. 
All mortars exhibited almost similar deformations, 
from the first days and for the entire period of 
the tests with a slight superiority for the SCECM. 
Because this shrinkage was attributed mainly to the 

C-S-H content which would be relatively higher in 
the case of mixtures of Portland cement-pozzolan 
(57). This slight predominance in the presence of 
calcined mud may be attributed to the fact that the 
volume of hydrates formed was slightly lower than 
the total volume of the initial constituents (water + 
cement). Hydration causes a decreased in volume 
after mortar setting. It can thus be clearly stated 
that mortars containing calcined mud reveal the 
formation of additional hydrates than those due to 
the hydration of the cement. Indeed, the eventual 
pozzolanic reaction of calcined mud may well be the 
cause, without neglecting the physical effect of this 
same mud whose fineness was quite high. Thus, a 
filling effect was observed, which lead to a decrease 
in capillarity, and consequently favored the internal 
capillary tensile forces (15). In contrast, the fly ash 
mortar presented the lowest autogenous shrinkage, 
this may be attributed to lower hydration.

Based on the definition of  SCEMs contain-
ing mineral additions and adjuvants, with pro-
portions higher than those in ordinary mortars, it 
can be said that these two elements have an influ-
ence on the hydration of  cement and on its con-
sequences (58). The volume of hydrates formed is 
much smaller than the sum of the volumes of  the 
two constituents, i.e. anhydrous cement and water, 
which participated in the chemical reaction (Le 
Chatelier contraction) (47). It was widely admitted 
that autogenous shrinkage is caused by the rela-
tive humidity changes that took place in pores (59). 
Various mechanisms can be triggered depending 
on the structure of  pores and the available water 
(59).Autogenous shrinkage of  SCEMFA showed a 
similar development, depending on the mechanical 
strengths. This had already been noted in the results 
relating to compression.

Figure 13. Evolution of autogenous shrinkage as a function of time.
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3.2.5.2. Total shrinkage: Hydration and water 
exchanges with the atmosphere caused shrink-
age deformations on mortars, irrespectively of any 
external mechanical stress. Spontaneous variations 
due to the total shrinkage were due to changes in 
moisture content that was engendered by the hydra-
tion reactions and evaporation (52).

It can be seen from Figure 14 that the total shrink-
age changed very rapidly, for all types of samples that 
were stored in the open air; this may be attributed 
to their size which was more favorable to desiccation 
(14). We observed a similar evolution of deformation, 
at young age (until the first 7 days), for all SCEMs, 
since at a very young age, it was difficult to distin-
guish between the graphs representing each mortar. 
However, after 7 days, the SCEMFA displayed the 
lowest total deformations starting from the first week 
and remained as such for the entire period of the tests. 
However, the shrinkages of SCEMC and SCEMCM 
grew within a very tight beam until the age of 12 
days. After this period, the mortar containing cal-
cined mud started to move away from the other mor-
tars; it displayed the highest shrinkage values. This 
can be explained by what had previously been seen 
with the results on the crack tendency through the 
ring test where the calcined mud-based mortar was 
the first to crack, the control mortar was second and 
the fly ash-based mortar was last.

3.2.5.3. Drying shrinkage: The deformation of the 
specimens was due to the drying shrinkage when 
there was an exchange of water between them and 
the environment. The shrinkage values represented 
the combination of drying and carbonation which 

testify to the porosity of the microstructure and to 
its ability to promote drying (4).

Figure 15 showed that the SCEMFA had the 
lowest shrinkage values after the first week of hard-
ening. On the other hand, the SCEMCM showed 
the highest shrinkage value as compared to control 
mortar and fly ash concrete equivalent mortar.

Regarding drying, it was noted that shrinkage 
depended on the amount of evaporable water within 
the cement paste (52). Therefore, calcined mud-
based paste was characterized by high free water 
content and, consequently, greater drying shrink-
age. The low desiccation shrinkage of fly ash-based 
mortar had been demonstrated and confirmed by 
Atiz et al. (60) who studied the evolution of shrink-
age of mortar specimens with a ratio W/C equal to 
0.4. The results they obtained enabled them to con-
clude that the shrinkage of a mortar containing 10, 
20 and 30% of fly ash decreased by 25, 37 and 43%, 
respectively, after 5 months of observation. This 
was certainly attributed to the high concentration 
of free lime (CaO) and periclase (MgO) in fly ash. 
Chindaprasirt et al. (61) examined the effect of fly 
ash fineness on deformation due to drying shrink-
age; they obtained results that allow confirming that 
all fly ash mortars had a lower shrinkage, regard-
less of their fineness. This was probably due to the 
smaller amount of water needed in the presence of 
fly ashes. The American Concrete Institute (ACI) 
Committee 232 (62) indicated that the shrinkage of 
fly ash-based mortar increased slightly if  the W/C 
ratio remained constant. The difference between the 
shrinkage values remains low for a substitution level 
lower than 20%. Similarly, Mehta (63) confirmed 

Figure 14. Evolution of total shrinkage as a function of time.
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that the shrinkage remained practically constant 
for concretes containing less than 25% of fly ash. 
Therefore, it can be said that the addition of fly ash 
limits the drying shrinkage of mortar.

3.2.6. Initiation and development of cracks using the 
restrained shrinkage test

The restrained shrinkage tests were performed 
during a 49-day period. The formwork removal took 
place 24 hours after the manufacture of the SCEMs. 
Figure 16 showed the evolution of crack widths.

Flexural stresses developed under the effect 
of  the restrained shrinkage; cracks appear when 
these  stresses exceed the flexural strength of  the 
mortar (64).

When monitoring the restrained shrinkage using 
the ring test under desiccation conditions, the 
SCEM CM and SCEMC were the first to crack, 
as illustrated in Figure 16. The SCEMCM cracked 
first at 2.71 days after formwork removal, followed 
by SCEMC at 2.81 days, and by SCEMFA at the age 
of 3.98 days. From Figure 16, crack openings due 
to the restrained shrinkage are determined using a 
sensor. The results obtained clearly showed the age 
of the appearance of the crack as well as the evolu-
tion of its opening, for all the SCEMs under study. 
Cracks can occur when the flexural stress due to the 
restrained shrinkage created within mortar exceeds 
the flexural strength of the material (43). At early 
ages, this flexural strength increased steadily and the 
constraints were generated by volume changes (18). 
Improvement in flexural strength of the concrete 
provided resistance against shrinkage cracking (65).

The SCEM CM and SCEMC cracked earlier 
than the SCEMFA. However, the crack openings in 
the control concrete equivalent mortar were smaller 
than those in the mortars containing mineral addi-
tions. The SCEMC crack presented an aperture that 
was 1,2 and 1,3 times lower than those of SCEM 
FA and SCEM CM, respectively. This difference 
was certainly due to the low porosity of SCEMC. 
The differences between widths of cracks observed 
in this study should be related to the differences 
in the fracture energy, flexural strength, and stress 
developed in mortar rings at early age (43). The 
incorporation of 22% of fly ash in mortar delays the 
appearance of cracks. This result can be explained 
by the high flexural strengths and the low compres-
sive strengths of SCEM FA in comparison with 
the SCEM CM. The flexural strength of the mor-
tar containing the calcined mud clearly intervened 
in the sensitivity to cracking, where the SCEMCM 
underwent higher flexural stresses despite its higher 
compressive strength, it cracked the first, i.e. the 
stress increased with early crack. Also, one can refer 
to its higher drying shrinkage and its weak autog-
enous shrinkage, since drying shrinkage was one of 
the major parameters responsible for cracking (66).

The results relative to bound water content 
showed that there was an indirect correlation 
between the amount of bound water in mortar and 
the age of cracking. In fact, the increase in bound 
water lead to a decrease in the age of cracking, thus 
increasing the risk of cracking. In effect a normal 
consistency test was performed by the Vicat appa-
ratus, on a paste of 100% of calcined mud was in 
normal consistency with a ratio water / mud of 0.45 

Figure 15. Evolution of drying shrinkage with time.
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whereas a paste of 100% of cement was in normal 
consistency with an E / C equal to 0.26. (67), in addi-
tion to the great finesse of this mud which explained 
the high demand for water for this mud and there-
fore a high bound water content leading to the risk 
of an early crack. We suggest a setting retarder to 
reduce the risk of cracking. Ongoing studies, such 
as capillary absorption, ATG and XRD analysis, 
SEM observations that corroborate these results.

4. CONCLUSION

This study makes a useful contribution to the 
formulation and characterization of more environ-
mentally friendly concrete equivalent mortars that 
are based on the use of mineral additions in substi-
tution for Portland cement. Two different mineral 
additions were considered, namely calcined mud 
(CM) and fly ash (FA).

Three SCEMs were formulated, a reference (con-
trol) mortar and two mortars containing 22% min-
eral additions, with a ratio W / B = 0.47.

The effects of the type of binder used on the 
kinetics of development of strengths (compressive, 
flexural) at 28 days, free shrinkage, and cracking 
tendency using the ring test were quantified. The 
bound and free water content and the porosity 
accessible to water were evaluated as well. 

• The results of the study of the behavior of fresh 
concrete equivalent mortar show the possibility 
of formulating mortars with calcined mud and 
fly ash, which can be characterized as self-com-
pacting mortars.

• The 28-day compressive strength of the calcined 
mud mortar is greater than that of the fly ash 
mortar. Indeed, the eventual pozzolanic reac-
tion of calcined mud may well be the cause, with 
the physical effect of this mud which its fineness 
is quite high and its activity index which is close 
to 1. These findings are contrary to those obtai-
ned for flexural strengths at 28 days.

• After 100 days of drying, the fly ash mor-
tar displayed the best free shrinkage results 
by decreasing the amplitude of autogenous, 
total  and drying shrinkage. The compactness 
of the microstructure and the improvement of 
pore refinement led to a decrease in permeabi-
lity and prevented the diffusion of water, and 
therefore decreased the desiccation shrinkage. 
These results are similar to those found in the 
literature. Calcined mud-based mortar develops 
deformations, due to shrinkage under autoge-
nous conditions, similar to those of the control 
mortar and fly ash mortar; however, it remains 
the most sensitive mortar with regard to total 
shrinkage and drying shrinkage. These last 
two conditions are directly related to the age at 
which cracking occurs.

• In the case of restrained shrinkage, a crack 
was observed on the SCEMs, at different ages, 
depending on the mineral additions used. The 
crack was observed, on the same day and at 
close times, first on the SCEMCM and on the 
SCEMC, then on the SCEMFA. The crack 
width on mortars containing the mineral addi-
tions is greater than the one on the reference 
mortar. The presence of heat-treated mud in 

Figure 16. Measuring crack widths using a crack sensor.
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self-compacting concrete equivalent mortars 
seems to increase the risk of earlier cracking as 
compared to mortars containing fly ash. This is 
due to its lower flexural strength, also it is due 
to its higher drying shrinkage and low autoge-
nous shrinkage. In fact, the increase in drying 
shrinkage leads to a decrease in the age of crac-
king so the reduction in drying shrinkage reduces 
the risk of cracking. However, the good correla-
tion between free shrinkage and age of cracking 
should be analyzed carefully (68). While the 
XRD, thermogravimetric and microstructural 
analysis allow us to provide explanations. 

• However, the opening of the crack in the con-
trol concrete equivalent mortar is at least 1,2 
and 1,3 times lower than that of SCEMFA and 
SCEMCM, respectively. Therefore, it can be 
concluded that the crack width is directly pro-
portional to the porosity of the material and 
the amount of free water, while the age at which 
cracking occurs is inversely proportional to the 
amount of bound water.

• The partial replacement of  Portland cement by 
fly ash did not decrease the CO2 content, on 
the contrary the porosity accessible to water 
and the total (bound and free) water content 
diminished.

Overall, the mortar with treated mud exhibited 
comparable behaviors towards autogenous shrink-
age and early cracking to those of the control mor-
tar. This substitution of cement with mud shows 
a real economic, environmental and technological 
advantage.
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