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The granulated blast furnace slag exhibits pozzolanic reactivity when combined with 
appropriate activator and can be used in a wide range as cement replacement. The aim of 
this study is to investigate the effect on the mechanical and microstructure properties of 
incorporating admixture composed by granulated blast furnace slag (GBFS), calcined 
eggshell (CES), and brick waste (BW), as replacement of cement in the formulation of 
mortar. Ten different mixes of mortar prismatic specimens were tested with different 
replacement levels of raw materials (50, 75, and 100%). The results show that the 
increase in the proportion of raw materials decreases significantly drying shrinkage, dry 
unit weight and strengths of mixtures mortar compared to control mortar at early age. 
The decrease in strengths is less important in the long term due the development of 
pozzolanic reaction. Moreover, the water absorption and open porosity were increased 
for all cases. The microscopic analysis by Scanning Electron Microscopy (SEM) shows 
that the proportion of 15% of calcined eggshell powder in admixture, provides more 
Calcium Silicate Hydrate gel (C-S-H) in the internal cementitious matrix of the mortar, 
which explains the best mechanical strength provided by this mixture. 
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1. INTRODUCTION

Most of the environmental problems associated with cement
production relate to the manufacture of clinker, and especially 
the high carbon dioxide (CO2) emissions and energy 
consumption [1]. However, in the face of growing 
environmental challenges, cement industries are now 
constrained to limit its environmental impact by finding an 
alternative binder to cement.  

Various Algerian industries bear a major share of 
responsibility for the overall pollution of the country, 
including the petrochemical, chemical, metallurgical and 
mineral processing industries. In Algeria, the quantity of 
GBFS produced annually from manufacturing iron and steel is 
estimated at more than 500 000 tons [2]. For 1m3 of the molten 
metal about 200 to 300 kg of slag is produced [3], the major 
composition of GBFS is a mixture of four oxides: lime (CaO), 
silica (SiO2), alumina (Al2O3), magnesium (MgO) and other 
miscellaneous oxides, this composition is relatively identical 
to chemical composition of Portland cement [4]. 

The blending of GBFS as a raw material in the concrete, 
mortar and cement sectors to substitute a part of cement or fine 
aggregates is studied by many [5-10]. 

In Algeria, the use of GBFS is limited to the cement industry 
because of its low hydraulic capacity. Contrary to cement 
which hydrates by adding water, GBFS is recognized by its 
low hydraulicity index due to its low CaO/SiO2 ratio [7]. The 
GBFS cannot be used alone as hydraulic binder because it 
cannot lead to any phenomenon of setting or hardening of the 
mixture. It is necessary to activate GBFS to make it reactive to 
water. To activate hydration of this co-product, several 

methods are used to provide stable Calcium Silicate Hydrates 
(C-S-H). The activation of GBFS requires pH≥12 to dissolve 
the components of the slag to form a hydrated product [11]. 
The most common activators are calcium hydroxide, calcium 
sulfate, ordinary Portland cement, cement kiln dust, calcium 
carbide residue, lime, alkalis, sodium hydroxide, sodium 
carbonate, sodium sulfate and sodium silicate [12, 13]. Sodium 
silicate is considered the most effective and most studied 
activator in the literature for slag; it is often the activator that 
achieves the best mechanical performance [13, 14] compared 
to NaOH-activated and reference mortar [14]. However, the 
use of the Sodium silicate activator is associated with some 
disadvantages because the most of these activators do not exist 
naturally, and require energy consumption in the 
manufacturing processes [15], making them less economically 
efficient. In this context, the use of activator easy to handle 
and in the form of waste canreduce the cost production and 
environmental pollution. The calcium oxide present in lime 
(CaO) is the main factor responsible for the activation of 
GBFS [13]. The eggshell lime is rich with this compound 
(CaO) and can potentially replace limestone for calcic lime 
production [16, 17]. 

The lime obtained from calcined waste eggshell has been 
used in various applications: as filler in feed, fertilizer, paper, 
printing ink, pharmaceutical and cosmetic products, treatment 
of synthetic wastewater, starting materials of dielectrics and as 
bio-catalysts [18]. Many studies are focused on the use of 
eggshell waste in civil engineering applications. It has been 
reported that calcined eggshell is used as an alternative for a 
clayey soil stabilizing agent that replaces quicklime lime to 
improve soil properties [19]. Eggshell can be used as 
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accelerator to reduce the cure time of the rigid road pavement 
in the peak of rainy seasons [20]. Also, eggshell is used as a 
filler material in Portland cement mortars and concretes [21]. 

Brick waste (BW) is considered an artificial pozzolan [22]; 
it is used to produce supplementary cementitious composites 
at later age. The potential pozzolanic reactivity of BW is 
effective when it is used in ultrafine powder form. Current 
research is focused on the usage of brick waste as coarse or 
fine aggregate in concretes and mortars. Unfortunately, little 
researches are conducted to investigate the possibility of 
replacing cement with brick-powder. Some recent studies [23, 
24] show that there is an improvement in durability and 
compressive strength of concrete and mortars when 
substituting cement by filler brick waste. 

From the foregoing, it is clear that the effect of 
incorporation of granulated blast furnace slag (GBFS), 
calcined eggshell (CES) and brick waste (BW) on mortar 
properties was not widely studied. The aim of this work is to 
study the combined effect of these raw materials as cement 
replacing material of hardened mortar. The CES is used at 
different proportions in order to determine the optimum 
percentage to activate GBFS. The brick waste is used for their 
capacity to improve mechanical strength of mortar at later age.  

Laboratory tests were conducted on the prepared samples 
with different substitution including, mechanical strength at 
different ages 7, 28, 56, 90 and 180 days, dry unit weight, open 
porosity, capillary water absorption, dying shrinkage. 
Scanning Electron Microscopy (SEM) analysis was conducted 
to support and confirm the interpretation of their observed 
macroscopic behavior. 
 
 
2. MATERIALS AND METHODS 
 
2.1 Materials 
 

Natural siliceous sand, extracted from Oum Ali sandpit 
(Region of Tebessa, northern Algeria). It is used for all 
mixtures. This material has particle size according to standard 
sand, their size distributions are ranged from 0-2mm, with 60–
90% of the fine aggregate passing through a 600-micron sieve; 
the main physical properties and granulometric curve of sand 
are presented in Figure 1 and Table 1. 

 

 
 

Figure 1. Particle size distribution curves of sand 
 

Table 1. Physical properties of natural sand 
 

Apparent 
density(kg/m3) 

Absolute 
density(kg/m3) 

Sand 
equivalent 

(%) 

Fineness 
modulus 

  ESV ES  
1664 2676 85 81 2.55 

The cement used for all the mortar mixtures was a blended 
Portland cement (PC) type (CEM I 42.5R) (95% clinker with 
5% gypsum), manufactured by Ain Touta Cement Company, 
which is located at the wilaya of Batna (Algeria), complying 
with the Algerian Standard NA433-2002. Specific gravity and 
Blaine specific surface area of ordinary Portland cements 
(CEM I) were 3.15 and 5000 cm2/g respectively. 

The GBFS required in this study provided by the 
metallurgic unit of El Hadjar, in the north east of Algeria 
(Annaba). To increase their reactivity; the GBFS is dried 
inoven at 105℃ for 24 hours and milled by the Micro Deval 
machine to a fine powder for 12 hours. The crushed GBFS has 
a specific surface area about 4000 cm2/g. The GBFS is the 
same material used in the study of Bensaifi et al. [25]. 

Chicken waste eggshells used in this work were the white 
and brown color type. They were collected from local bakeries. 
The collected eggshells were thoroughly washed in tap water 
to remove any unwanted materials adhered on its surface. Next, 
the eggshells were dried in oven for 24 hours at 40℃ to 
remove the moisture and make pre-grinding easy. 

The eggshell was calcined in a muffle furnace for 2h at 
900℃ [25]. The purpose of the calcination is the 
transformation of the calcium carbonate (CaCO3) to calcium 
oxide CaO, as illustrated in Eq. (1): 
 

CaCO3→CaO+CO2 (1) 
 

It is noted that the best calcination temperature of eggshell 
to produce components about 98.56% of CaO is 900℃ [25]. 

 
Table 2. Chemical compositions of the PC, GBFS, CES and 

BW 
 

Chemical 
composition 

PC 
(%) 

GBFS 
(%) 

CES 
(%) 

BW 
(%) 

SiO2 21.62 41.07 0.41 69.26 
Al2O3 4.49 9.06 0.11 14.17 
Fe2O3 5.37 3.31 0.02 6.30 
CaO 63.91 42.71 92.02 4.28 
MgO 1.66 2.25 1.21 2.25 
SO3 1.92 0.28 0.12 0.02 

Na2O 0.08 0.25 0.19 0.28 
K2O 0.25 0.83 0.09 1.34 
LoI 0.81 0.32 5.22 1.96 

 

 
 

Figure 2. Preparation of raw materials 
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Table 3. Mortar mixture proportions used (g) 
 

Mortar Mixes Cement replacement (%) PC NS W GBFS CES BW 
F0 0% 450 1350 225 0 0 0 
F1 

50% 
225 1350 225 157.5 56.25 11.25 

F2 225 1350 225 180 33.75 11.25 
F3 225 1350 225 202.5 11.25 11.25 
F4 

75% 
112.5 1350 225 236.25 84.37 16.87 

F5 112.5 1350 225 270 50.62 16.87 
F6 112.5 1350 225 303.75 16.87 16.87 
F7 

100% 
0 1350 225 315 112.5 22.5 

F8 0 1350 225 360 67.5 22.5 
F9 0 1350 225 405 22.5 22.5 

 
After calcination, the eggshell was crushed in small pieces. 

Only eggshell powder with particles sizes lower than 80 μm 
was used in the preparation of mortars to allow better packing 
and to have the same fineness of Portland cement and 
granulated furnace blast slag. The specific surface of calcined 
eggshell powder was approximatively 3000cm2/g. 

Commercial brick waste (BW) from brick factory located in 
Guelma’s department was used in this study. The brick waste 
was incorporated in mortars in the form of filler (fine powder). 
First, the material was crushed manually using a hammer to 
produce small aggregates. Then, it was dried in oven at 105℃ 
for 24h and grounded with Los Angeles machine until 
exhibited the required fineness sizes. Finally, the fine powder 
obtained was sieved to remove particles with diameters greater 
than 80 μm.  

To ensure the same workability for all mixtures, a 
polycarboxylic-ether based superplasticizer (SP) admixture 
marketed under the name Medaplast SP40 with a specific 
gravity of 1.20 ± 0.01, solid content of 40% and a solution of 
pH= 8.2 (manufactured by Granitex Algeria), was used at 
different dosage by weight of Portland cement (the 
manufacturer's recommendation dosage is between 0.6 and 
2.5% of the PC weight). 

The chemical compositions and physical pictures of the all 
raw materials (RM) used in mixtures according to Bogue 
formulas are given by the Table 2 and Figure 2 respectively. 
 
2.2 Mixtures proportions 
 

The formulation method used to prepare the mortar 
mixtures was based on the normalized mortar composition 
(one part of Portland cement 450g, three parts of sand 1350g, 
and constant water-cement (W/C) ratio at 0.5). 

In order to evaluate the effect of waste incorporation in the 
mortar mix on material properties, ten (10) mortars were 
prepared from the adopted mix design below. The mix without 
additions serves as reference mix for comparison with various 
series of mixes which were designed with different 
replacement level by weight of PC. The proportions of GBFS 
are 25, 50 and 100%, CES are 5, 15 and 25, and the BW 
content is constant at 5% by weight of cement. Materials 
proportions and quantities of mortar mixes tested are shown in 
Table 3. 

The workability of various mixes, including the control mix 
has been checked by flow table. The content of supeplasticizer 
was adjusted in order to obtain plastic mixtures around 160 
mm. 
 
2.3 Tests procedures 
 

Brief descriptions of the tests conducted are given in this 
section. The mechanical behaviors of mortars specimens 

4×4×16 cm3 are evaluated using compressive and flexural tests. 
The testing period for the mechanical properties was 
conducted at 7, 28, 56, 90 and 180 days. All specimens were 
demolded after 24 h of casting and maintained in water tank 
(20±2℃) until testing ages. A total of 100 mortar specimens 
were cast (10 specimens for each mix). 

In the case of flexural strength, hardened mortar prismatic 
samples were subjected to three points loading until failure. 
The nominal distance between the supports was 100 mm. 
According to EN 196-1, the flexural strength is measured 
using a hydraulic load testing equipment control with 150 KN 
capacities, at the rate of 2400 N/s. 

After the failure of specimens in flexural tests, the two parts 
of each prism were subjected to compressive stress by using a 
hydraulic press with a capacity of 1500 KN at a loading rate 
of 2400 N/s. The tests were conducted using the principles and 
procedure outlined in the standard NF EN 196-1(2006). Each 
mechanical property value is the average value from tests 
performed on three specimens. 

The change of the open porosity and the density of the 
different mortars are monitored on three prismatic specimens 
(40×40×160 mm). The accessible porosity was measured by 
hydrostatic weighing, according to standard NF EN18-459 
(2010). It measures the percentage of voids connected with the 
surface within the matrix of the mortars. This parameter 
determined for a wide variety of mortar and concrete is 
considered as an indicator of sustainability from a 
microstructural point of view because it influences the transfer 
properties of concrete. These tests were carried out after 
immersing the samples in water at room temperature for 28 
days. 

The capillary water absorption test was conducted 
conforming to the European standard NF EN 480-5 (2006). 
First, specimens were previously oven dried at 70℃ until a 
constant weight was obtained. Then, the specimens were 
weighed one by one before starting the absorption test. 

The side faces of prismatic samples were waterproofed 
using epoxy resin to avoid evaporative effect as well as to 
maintain uniaxial water flow during the test. The bottom and 
top surfaces were exposed to water and air respectively. The 
sample was placed on supports in a shallow tray. The 
specimens were soaked from their bottom in a 5 mm water 
level for a specific period. To compensate the water absorbed 
during the experiment, the level of water was maintained 
constantly. The timing device was started when the sample 
contacted water. The weights of samples were measured at a 
definite interval time 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10, 24, 48, 
72, 96, 120, 144, 168 and 192 h (8 days). The relationship 
between the capillary suction depth and the square root of time 
is used to evaluate the sorptivity (S), as shown below Eq. (2) 
[26]: 
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𝑆𝑆(𝑚𝑚/𝑠𝑠1/2) =
𝐼𝐼
𝑡𝑡1/2 (2) 

 
This parameter characterizes the tendency of a porous 

material to absorb and transmit water by capillarity for the first 
eighth (8) hours.  

Drying shrinkage is a very important property of 
cementitious materials that affects their durability. It was due 
to the loss of capillary water of hardened mortar that causes 
contraction and formation of cracks in the concrete [27].  

Testing was conducted in accordance with ASTM C 157 
(2008) by using a mechanical strain gauge. The dial gauge was 
installed on top of the specimen to measure the change in the 
length which is expressed in (mm/m) with an accuracy up to 
1/1000 mm. The samples were then left to dry under laboratory 
conditions (23℃) for the measurement. The shrinkage of three 
samples was measured every week until three months. The 
average value was calculated at any time using Eq. (3): 
 

𝜀𝜀 =
∆𝐿𝐿(𝑡𝑡)
𝐿𝐿

 (3) 

 
The microstructure analysis allows a deeper understanding 

of the influence of GBFS, CES and BW on the hydration 
process of different mortars. It was performed using prepared 
broken samples at 56 days of water curing in form of small 
pieces. The samples were coated with silver before introducing 
them into the analysis chamber. This metallization allows 
avoiding substantial charge accumulation on the surface of 
samples (thus improving image quality). The microstructures 
of specimens were studied using the Tescan Vega3 
Microscope of the University of Biskra-Algeria. The 
Morphology and structure of different samples can be 
provided by magnifications at 20 μm. 
 
 
3. RESULT AND DISCUSSION 
 
3.1 Compressive strength 
 

All specimens were tested in compression at different short, 
medium, and long-term curing time 7, 28, 56, 90 and 180 days) 
and the results are presented in Figure 3. 

 

 
 

Figure 3. Compressive strength of mixes made with 
combined GBFS, CES and BW 

This result shows that during the first 7 days, the strengths 
are low for all mixes, while after 28 days, the strength was 
increased significantly (>50%). However, during later ages 

(between 28 and 180 days) the pozzolanic reaction of raw 
materials (GBFS, CES and BW) will take place. It interacts 
with the calcium hydroxide to form an additional amount of 
calcium silicate hydrates (C–S–H) in blended cement pastes 
structure, which tend to increase significantly the compressive 
strength. 

At early ages (7 and 28 days), the CES content replacement 
of 15% (F2 and F8) provides higher strength, compared to the 
other mixes (F1, F3, F7 and F9). However, 5% of CES content 
provides higher strength for F6 mix compared to F4 and F5 
mixes. 

At medium (56 days) and later ages (180 days), the 
compressive strength increases as a function of increasing of 
CES content for all mixes. The higher strength is obtained for 
F1, F4 and F7 mixes (50%, 75% and 100% of PC replacement). 
This can be explained by the interaction of eggshell CaO 
which helps to accelerate the cement hydration process by 
reacting with the C3S and form C-S-H, thus allowing to 
increase the strength [28, 29]. The integration of CaO into 
cementitious composites can thus be carried out as high 
activity particles which stimulate the pozzolanic reaction [30]. 

The results shows also that the increasing of GBFS content 
in all mixes tend to decrease the compressive strength. The 
quantity of CES is not enough to activate GBFS necessary for 
hydraulic and pozzolanic reactions of mixes. It seems that a 
low content of the eggshell activates only a part of the GBFS 
and form the cementitious compounds. 

The results also show that the compressive strength 
decreases clearly at different curing ages by increasing rate 
replacement (25%, 50% and 100%) of raw materials (GBFS, 
CES and BW) for all curing times. The compressive strengths 
of all mixes are lower than the control mortar F0. This decrease 
in compressive strength for different mixes is more 
accentuated at 7 days because they are less rapidly developed 
in hardened cementitious compounds than control mortar. The 
hydrates of GBFS, CES and BW are created more slowly than 
cement, which has an impact on strength especially at early 
age. For example, the incorporation of 50% of PC and 50% of 
GBFS with different CES rates 5%, 15% and 25% (F1, F2 and 
F3) provides compressive strengths lower than the control 
mortar (F0) and the deviation on strength is about 76%, 63% 
and 68% respectively. 

However, after 28 days, the compressive strength tends to 
approach each other especially for mortars with low content of 
raw materials (GBFS, CES and BW). It is observed that the 
replacement of 50% of PC in F1, F2 and F3 mixes provides 
about 167% of average deviation between 7 and 28 days on 
compressive strength and about 50% between 28 and 180 days. 
The average deviations of these three mixes are higher than 
those obtained for control mortar (53% between 7 and 28 days 
and 17% between 28 and 180 days). The improvement of 
compressive strength at alter age can be explained by the 
potential pozzolanic reactivity of BW-powder. 
 
3.2 Flexural strength 
 

The result of flexural strength of all mixes at deferent curing 
times is shown in Figure 4. Overall, the evolution of flexural 
strength follows almost the same tendencies previously 
observed for compressive strength. The result shows that the 
flexural strength is highly influenced by the amounts of raw 
materials in the mixes. The C-S-H gel has been produced and 
has therefore contributed to the strength development of 
specimens because the raw materials contain a high level of 
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calcium. 
For all combined cases, the flexural strength of control 

mortar F0 was higher than the other mixes, indicating the fast 
kinetics of cement hardening. It is observed that the maximum 
flexural strengths are provided by mixes with 50% 
replacement ratio compared to the other levels (75% and 100% 
replacement ratio). The minimum flexural strengths are 
obtained for 100% replacement ratio. 

At 7 days, the flexural strength of all combined mixes is 
lower than conventional cement mortar F0. The deviation of 
F1, F2, F3, F4, F5, F6, F7, F8, and F9 mixes are about 19%, 
5%, 30%, 73%, 80%, 79%, 78%, 87%, and 90% respectively. 
This result can be explained by the effect of the slow hydration 
at early age of mortars incorporating raw materials. 

The same behaviour was noticed at 180 days, flexural 
strengths of all mortars with 50%, 75% and 100% replacement 
ratio combined with 25, 15 and 5% of CES were respectively 
about 12%, 13%, 14%, 19%, 23%, 23%, 55%, 49%, and 57% 
lower than the control mortar (F0). These findings are also in 
accordance with previous studies [31]. 

Hence, it is clearly evident that flexural strengths of mortars 
are considerably reduced versus the increase of raw materials 
content. The increase of CES content in RM binder increases 
also the flexural strength. For example, for 75% RM 
replacement at all curing ages, flexural strength of 25% of CES 
content (F4) is higher than that of 5% (F5) and 15% (F6). This 
behavior is also observed for 50% replacement Portland 
cement ratio at later ages (180 days) and for 100% replacement 
ratio at early ages (7 and 28 days). However, when cement is 
replaced at 50 and 100% of RM at later ages and early ages 
respectively, it was found that 15% of CES provides better 
flexural strength. Calcined eggshell used as activator binder 
play a central role in producing C-S-H gel. 

 

 
 

Figure 4. Flexural strength of mixes made with combined 
GBFS, CES and BW 

 
3.3 Dry unit weight 
 

Bulk density is one of the significant parameters in the mix 
design process. The key factors affecting mortars density are 
related to the aggregate density, air content, water content, and 
cement [32]. 

The effect of hydraulic binder content (GBFS, CES and BW) 
on dry weight values of all mixes mortars at 28 days is 
presented in Figure 5. 

It can be seen that the density of control mortar F0 is slightly 
higher than all mixes incorporating RM. The dry unit weights 
of all specimens decreased as function of increasing of RM 

content. This is mainly due to the low density of raw materials 
compared to those of Portland cement (unit weight of GBFS is 
3.07 g/cm3 while unit weight of PC is 3.23g/cm3). These 
results are in line with those obtained by Thakur et al. [8] 
during the early ages of curing hydration process and 
pozzolanic reaction led to a higher loss in average density. 
Concerning the inclusion of 15% CES as activator appears 
suitable for all mixes and it is possible to identify a minor 
increase in density compared to 5% and 25% CES content. 

 

 
 

Figure 5. Dry unit weight of mixes with combined GBFS, 
CES and BW 

 
3.4 Open porosity 
 

The results of open porosity of different mixtures are shown 
in Figure 6. 

 

 
 

Figure 6. Effect of combined GBFS, CES and BW on open 
porosity 

 
The data shows that the control mortar F0 has a lower 

porosity compared to other mortars containing RM. In addition, 
it notes that the open porosity increases with the increase in 
the rate substitution of Portland cement by raw materials (50%, 
75% and 100%). The average porosity values for the first, 
second and third groups of mortars (50%, 75% and 100% 
replacement) are respectively about 17, 18%, and 19%; 
Similar results are obtained by Hadj-Sadok et al [9], the 
presence of slag seems to increase the porosity level of mortars 
at different ages (28, 90 and 360 days). The highest porosity 
was provided by F8 mix, which increases the open porosity 
about 25% compared to control mix F0. Previous studies [10] 
have shown that the use of GBFS lead to a low hydration rate 
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of binders, which means that the specimens with low levels of 
PC lead to a micro-structure low densification due to 
insufficient hydrates development and consequently porosity 
increases. 

For the first (F1, F2, and F3) and the second (F4, F5, and 
F6) group of mixtures (50% and 75% of replacement levels), 
it is clear that the use of 15% of CES (F2 and F5) is the 
optimum dosage for GBFS activation with an enhancement of 
10% compared to 5% and 25% CES content. For the third 
group of mixtures (F7, F8, and F9), the optimum content of 
CES is 25%. In this case, the activation of GBFS requires a 
higher amount of CES to produce cementitious compounds. 
Further, the addition of CES caused pozzolanic reaction that 
results in improving pore structure of mortar leading to lower 
porosity at higher percentage replacement. The visual porosity 
aspects for all specimens with different amounts of GBFS, 
CES and BW are shown in Figure 7. 

 

 
 

Figure 7. Visual aspect of different mixes 
 
3.5 Capillary water absorption 
 

The absorption kinetics is presented by the variations in the 
amount of water absorbed per unit area as a function of the 
square root of time. The capillary absorption curves for all 
samples are shown in Figure 8. 

 

 
 

Figure 8. Kinetics of capillary water absorption of all mixes 
 

For all mixes, water absorption capillarity increases over 
time and then stabilizes. The absorption curves contain two 
linear portions which show that there was a marked inflection 
point in the curve. This point corresponds to the instant of 
beginning effect of the gravity of absorbed water. The first 
absorption phase is mainly controlled by capillary pores [33, 
34]. The physical limit occurs when the front of capillary rise 
reaches the top of specimens. Thereafter, the water continues 
to be transported by pores of the gel, which is mainly 
controlled by the diffusion mechanism [35]. 

It can be noted that from the first hour of testing, the 
capillary absorption kinetics of all mortars rapidly increased 
versus time. The water absorption curves are almost coincident 
for samples of different mixes. It can be seen clearly that 
control mix F0 absorbs less water compared to all mixes 
containing different levels of RM. The absorption rate and the 
sorptivity were around 4.5x10-3 m and 10-4 m/s1/2 respectively.  

For the first group of mixes with 50% of Portland cement 
replacement (F1, F2, and F3), the absorption curves are similar. 
Capillary water absorption rates and the sorptivity are around 
8.5x10-3 m and 1.5x10-5 m/s1/2 respectively for the three mixes 
(Figures 8 and 9). In this case, it is clear that the variation of 
CES content between 5% and 25% has no incidence on the 
kinetics of capillary water absorption. 

For the second group of mixes with 75% of Portland cement 
replacement (F4, F5, and F6), the result shows that absorption 
rates are increased as a cause of decreasing CES content. The 
absorption rates of F4, F5, and F6 were around 6x10-3 m, 
9.5x10-3 m and 15x10-3 m respectively. Moreover, it is 
reported that the sorptivity present similar trend as absorption 
rate with values around 1.3x10-5 m/s1/2, 1.6x10-5 m/s1/2 and 
2.5x10-5 m/s1/2 respectively. 

For the third group of mixes with 100% of Portland cement 
replacement (F7, F8, and F9), it is found that absorption rate 
increases then decreases slightly as function of decreasing of 
CES content. The absorption rates of F7, F8, and F9 were 
around 16x10-3 m, 25x10-3 m and 23x10-3 m respectively. The 
same behavior was observed for sorptivity with values around 
2.2x10-5 m/s1/2, 3.5x10-5 m/s1/2 and 3x10-5 m/s1/2 respectively. 
The maximum water absorption value was found for F8 with 
100% of PC replacement and 15% of CES content. This value 
was 25 times greater than the control mortar. In contrast, it is 
observed that mortar made with 75% of PC replacement and 
25% of CES content (F4) provided lower water absorption 
compared to other mixes. The comparison between different 
groups mixes and control mortar shows that replacement of PC 
by raw materials (GBFS, CES and BW) increases the water 
absorption rate and the sorptivity. 

 

 
 

Figure 9. Sorptivity of different mixes mortars 
 

It is stated in the literature that the hydration of GBFS with 
water was slower than the hydration of cement binder which 
is the result of the reduced CaO content in GBFS compared to 
Portland cement. This may reduce the amount of C-S-H gel 
and consequently produce more permeable voids that allow 
excessive water particles that move freely within the open 
porosity as a result of less hydration process of cement [9]. 
Moreover, calcined eggshell is one of potential sources of CaO 
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which can have both chemical and physical effects on the 
cement hydration process. Calcium carbonate is more 
successful by speeding up the formation of calcium silicate 
hydrated (C-S-H) gel by reacting with calcium silicate (C3S) 
[30]. Increased C-S-H gel formation can be a cause of pore 
reduction. 
 
3.6 Drying shrinkage 
 

The evolution of drying shrinkage of the mortar samples 
over curing time is presented in Figure 10. Overall, it can be 
seen that with rising curing time, the shrinkage increases for 
all mixes. This is caused by evaporation of water and cement 
hydration. The rate of shrinkage increase being the greatest 
during early ages. 

 

 
 

Figure 10. Average drying shrinkage of all mixes 
 

From the curves it is obvious that the values of shrinkage 
were decreased as function of increasing the substitution rate 
of Portland cement by raw materials (GBFS, CES and BW). 
The shrinkage of all mixes was lower than the control cement 
mortars. The same observation was found by (Li and Yao 
2001), it was reported that ultra-fine GGBS-blended concrete 
showed reduction in drying shrinkage value compared to 
ordinary Portland cement concrete. The maximum values of 
shrinkage measured at 105 days are 900 µm/m, 682 µm/m, 747 
µm/m, 866 µm/m, 428 µm/m, 530 µm/m, 595 µm/m, 235 
µm/m, 276 µm/m, and 240 µm/m for mixtures F0, F1, F2, F3, 
F4, F5, F6, F7, F8, and F9 respectively. In generally, it can be 
observed that the increase in the cement replacement tend to 
increase the drying shrinkage. The evolution of shrinkage and 
mechanical strengths of mortars in this case follow the same 
tendency. This can be explained by the height reactivity of PC 
compared to RM, the mixtures containing more cement 
consume more water for hydration. Moreover, it can be seen 
that there is not relationship between drying shrinkage 
tendency and both water absorption and open porosity. The 
values were dispersed when compared to the RM content. 

At 28 days, the recorded shrinkages for the first group of 
mixtures with 50% of Portland cement replacement (F1, F2, 
and F3) were around 28%, 11%, and 12% respectively lower 
than the control shrinkage of ordinary mortar (F0). At 105 days, 
the deviations were reduced to 24% and 4% for F1 and F3 
respectively and increased to 17% for F2 compared to control 
mortar F0. Moreover, the drying shrinkage values of the 
second group of mixtures with 75% of Portland cement 
replacement (F4, F5 and F6) were even more minimized at 
53%, 44% and 25% at 28 days respectively compared to 

control mortar. At 105 days, the deviations slightly decreased 
over time and they were 52% and 41% for F4 and F5 mixes 
respectively and increased at 33% for F6 mix. For the third 
group of mixtures with 100% Portland cement replacement 
(F7, F8 and F9), the deviation was 82%, 78%, and 77% at 28 
days and the values decreased to 74%, 69%, and 73% at 105 
days compared to control mortar. Generally, it can be observed 
that shrinkage was reduced as function of increases of 
percentage of replacement of Portland cement by raw 
materials. This can be explained by the low reactivity of GBFS 
compared to cement. The mixtures containing less cement 
consume less water for hydration which generates less 
capillary menisci responsible for shrinkage. The results 
obtained is consistent with previous findings by Akçaözoğlu 
et al. [36], they concluded that replacing cement with GBFS in 
mortars regardless of aggregate type PET or sand aggregates, 
the shrinkage was reduced. It is perceived that the amount of 
calcined eggshell to activate GBFS is another important factor 
affecting the drying shrinkage with enhancing the properties 
of the mortar. The results indicate that the shrinkage of F1, F4, 
and F7 mortars with 25% of CES amount in raw materials is 
lower than that of mixes for each group mixtures. 
 
3.7 Scanning electron microscopy analysis 
 

The effect of the partial and total replacement of Portland 
cement by different raw materials on hydration process and 
microstructure system of the mortars was analyzed. As can be 
seen from the SEM images demonstrated in Figures 11-14. 

The works of Seungwon et al. [37-42] were used to perform 
the microstructural analysis. 

In general, the micrographic images of control mix (F0) 
show a dense and homogeneous microstructure owing to the 
formation of a compact binder with less microscopic voids 
compared to other mixtures. The denser matrix of F0 is 
consistent with its higher value of compressive strength which 
results in a high level of Portland cement hydration. While in 
the case of mortars with raw materials, it is found that the 
calcium silicate hydrate (C-S-H) was dispersed throughout the 
matrix. The incorporation of GBFS, CES and BW affects the 
morphology of hydration materials and also changes the pore 
structure into a hardened compound matrix leading to the 
variation of the C-S-H composition. 

It appears that the mortar with 50% Portland cement 
replacement (F1, F2 and F3) present a less dense texture than 
the control mix (F0). This could be due to the effect of the low 
content of Ca(OH)2. The content of Ca(OH)2 depends to the 
hydration of PC, GBFS and CES, which is higher in the first 
group of mixes (50% Portland cement replacement) compared 
to second and third mortars groups (75% and 100% Portland 
cement replacement). Despite a less Ca(OH)2, crystals were 
produced in all mixtures. The compressive strength decreases 
after 56 days by increasing raw materials content due to the 
fact that the C3S and C2S content in ordinary Portland cement 
have decreased. The hydrates present in the microstructure are 
essentially calcium silicates C-S-H. It can be seen that C–S–H 
gel of control mortar mainly exists in the shapes of needle or 
fiber and granulated and its structure is denser. 

A few amounts of GBFS are still present in its anhydrous 
form in specimens F7 (Figure 12a), suggesting that the 
hydration of a part of binder is not yet completes at this stage. 
The hydration of the clinker in this quaternary formulation is 
faster than the hydration of the GBFS because more anhydrous 
slag grains are observed than anhydrous clinker grains.  
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Figure 11. SEM micrograph of reference mortar (F0) after 
56 of curing time 
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Figure 12. SEM micrographs of 100% cement replacement 
mortars incorporating a) 5% CES, b) 15% CES and c) 25% 

CES after 56 days of curing time 
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Figure 13. SEM micrographs of 75% cement replacement 
mortars incorporating a) 5% CES, b) 15% CES and c) 25% 

CES after 56 days of curing time 
 

By comparing the same GBFS level with the incorporation 
of different CES powder, changes in the morphology of the 
samples were investigated, for 100% of Portland cement 
replacement. It can be seen from photos Figure 12b that partial 
replacement with 15% of CES (F8) becomes more compact 
and homogeneous with a denser C-S-H and present a good 
relationship between the different constituents of the mortar. 
This finding is almost identical to microstructure of F7 with 
25% of CES (Figure 12c). Furthermore, the microstructure of 
F9 exhibits that the structure is less dense with weak liaison 
and less C-S-H present when compared to F7 and F8, which is 
the reason of the lowest compressive strength obtained for F9. 
For the second group of mixes (75% of Portland cement 
replacement), it can be found that GBFS has less effect on 
sample structure. It can see from Figure 13b, for F5 mix, the 
presence of the C-S-Hgel is visible in a higher amount. 
However, there are voids between the links. It also found that 
there is a slight improvement in morphology of F6 mix 
presented in Figure 13a. It can clearly be observed that C-S-H 
with a dense structure between mixing components is 
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developed and thus reaches complete GBFS and CES 
hydration. 

The improvement of microstructure was usually observed 
in the case of mortar including 50% of replacement Portland 
cement (group 1). The best result was provided by F1 mix with 
25% of CES content. This replacement level was beneficial to 
the development of more C-S-H gel formed in comparison to 
F2 and F3 mixes (Figure 14b and 14a). This observation was 
confirmed by the high mechanical compressive strength of F1 
mix compared to other mixes. 

 

 
F3 

 
F2 

 
F1 

 
Figure 14. SEM micrographs of 50% cement replacement 
mortars incorporating a) 5% CES, b) 15% CES and c) 25% 

CES after 56 days of curing time 
 
 
4. CONCLUSIONS 
 

Based on the experimental results using granulated blast 
furnace slag (GBFS), calcined eggshell (CES) and brick waste 
(BW) as Portland cement replacement, the following 
conclusions can be done: 

- The compressive and flexural strengths exhibited a 
tendency to decrease when the content of RM increased from 
50 to 100%.  

- The strength loss caused by increasing raw materials 
content is more evident at early age. However, the strength 
loss is less important in later age. 

- The value of unit weight for all mixtures was close to each 
other. However, there was a slight decrease in the unit weight 
value when raw materials content increases. 

- The drying shrinkage is reduced when Portland cement is 
partially replaced by raw materials. The drying shrinkage is 
associated with the amount of produced C-S-H gel. 

- The incorporation of RM shows a higher water absorption 
value and porosity compared to control mortar. 

- The SEM results showed that the mixes containing limited 
amounts of raw materials could promote the C-S-H gel 
nucleation and densification. 

- Future studies need to be done to investigate the 
performance of mixes under the effect of chemical attacks. 
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NOMENCLATURE 
 
GBFS granulated blast furnace slag  
CES calcined eggshell 
BW 
CSH 

brick waste 
calcium Silicate Hydrate gel 

PC Portland cement 
RM raw material 
CO2 carbon dioxide 
CaO lime 
SiO2 silica 
Al2O3 alumina 
MgO magnesium 
NaOH sodium hydroxide 
CaCO3 calcium carbonate 
W/C water-cement ratio 
∆l the longitudinal contraction of the specimen (mm); 
I the volume of absorbed water 
S sorptivity 
t time 
 
Greek symbols 
 
ε the strain due to drying shrinkage (mm/m) 
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