
Contents lists available at ScienceDirect

Journal of Building Engineering

journal homepage: www.elsevier.com/locate/jobe

Development the properties of brick geopolymer pastes using concrete waste
incorporating dolomite aggregate

Ahmed S. Oudaa,b,∗, Mahmoud Gharieba

a Raw Building Materials Technology and Processing Research Institute, Housing & Building National Research Center, HBRC, Cairo, Egypt
b The University College of Taymaa, Tabuk University, Saudi Arabia

A R T I C L E I N F O

Keywords:
Brick waste
Concrete waste powder
Alkali-activated binder
Mechanical properties
Microstructure

A B S T R A C T

This paper investigates the effects of dolomite-concrete powder (DCP) on the microstructure and strength de-
velopment of alkali-activated brick waste. Raw DCP waste was used to replace alkali-activated brick waste at
replacement ratios of 0%, 5%, 10%, 15%, 20% and 30% by mass. Similarly, raw DCP thermally treated at 800 °C
for 2 h with a heating rate of 5 °C/min was also used to replace alkali-activated brick waste at replacement ratios
of 0%, 5%, 10%, 15%, 20% and 30% by mass. The water/binder ratio and compressive strength of the samples
were measured. Laboratory techniques of Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric
Analysis along with its derivatives (TGA/DTG) and Scanning Electron Microscopy (SEM) were utilized for
studying molecular and microstructure of hardened samples. The experimental results obtained in the present
procedure showed the feasibility of using DCP for enhancing the mechanical properties and the microstructure of
alkali-activated brick waste-based geopolymer.

1. Introduction

Construction and demolition of old structure generates large quan-
tity of masonry waste in urban areas. This waste is generally diverted
towards landfill [1]. Construction waste is a growing problem in many
countries [2]. reported that, the current trend in brick manufacturing
focuses primarily on the optimization of post-consumption waste, as
this procedure will reduce the land area required for waste disposal and
reduce the use of non-renewable natural resources used in the pro-
duction of construction units, thus reducing their impact on the en-
vironment. For sustainable development, many researchers have stu-
died the possibility of using waste in the production of bricks, of them
[3] studied the possibility of manufacturing bricks from hematite tail-
ings. Likewise (Bilgin et al., 2012), investigated the usability of waste
marble dust as an additive material in industrial brick. Brick waste
constitutes a huge percentage of construction and demolition in most
countries of the world; therefore its recycling is of great importance.
The possibility of using bricks in the construction sector to produce
several materials has been clarified [4]. studied the effect of replacing
cement with percentages of brick dust up to 20% on the properties of
hardened concrete; they found that the physico-mechanical properties
increase upon increasing the dust in the blend to 15%, as well brick dust
can be used as plasticizer to reduce the amount of water required. In the
same trend [5] studied the effect of replacing cement with percentages

of waste brick powder (WBP) up to 15% on the physico-mechanical
properties of concretes containing natural coarse aggregate and those
made of 30% recycled aggregate replacing natural ones. They con-
cluded that the concrete mixture containing 15% WBP along with 30%
of recycled aggregate do not suffer a clear loss of mechanical properties
compared to the reference sample. Accordingly, the recycling of brick
debris is of great strategic importance. The traditional methods used in
the building materials industry generally have many adverse effects on
public health and/or the environment; so alternative ways to be safer,
more efficient and durable had to be considered. In recent years, geo-
polymer technology has been used especially in the construction sector
as a substitute for cement to ensure sustainability, and reduce en-
vironmental and health problems. The geopolymer is synthesized from
interaction between alumino-silicate oxides and alkali-metal silicate
solutions under alkaline conditions. In the last years, miscellaneous
wastes such as fly ash and slag have been widely used as potential raw
materials for the manufacturing of geopolymer [6]. The use of demo-
lition and construction remains a major challenge, as there are huge
quantities of waste that can be used in geopolymerization to form new
linkable phases as well as to preserve the sources of natural raw ma-
terials from depletion. Previous studies investigated the possibility of
recycling brick debris in the synthesizing of geopolymer, among them
[7] studied the effect of quantity of alkaline activator on the rheological
and mechanical properties of brick pastes prepared from two types of
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brick dust. The concluded that brick powder precursors with high
content of calcium and amorphous phase have better strength char-
acteristics. Whilst [8], investigated the properties of fresh and hardened
alkali-activated brick powder pastes in connection with the grain size of
the powder. They concluded that the paste structure became less
hardness upon increasing particle size of brick powder. Also, pastes
manufactured with the smallest grain size exhibited mostly total pore
and cracks volume [9]. studied the possibility of using alkali-activated
brick powder pastes for repairing brick masonry, whether through
filling the most external part of mortar joints or lost due to deterioration
processes. In the same context [10], developed new geopolymer binders
through the alkali activation of ceramic and clay brick wastes for pro-
duction of heavy buildings with compressive strength of more than
35MPa upon replacing ceramic waste with 20% of brick waste. In
geopolymerisation, alkaline solution plays an important role. The
choice of the alkaline solution mainly depends upon the reactivity and
the cost of the alkaline solutions. Many authors have indicated that the
concentration of NaOH solution generally affects the quality of syn-
thesized geopolymer with regard to physico-mechanical properties, of
which [11] studied the strength development of geopolymer as a
function of alkali concentration and Si/Al ratio. They concluded that
strength got improved significantly with higher alkali concentration
and Si/Al ratio [12]. pointed out that the reactivity of geopolymer
enhances upon increasing alkali concentration at elevated tempera-
tures. Accordingly, the reactivity result is also reflected in compressive
strength development [13–15]. reported that flexural strength, com-
pressive strength and apparent density of the geopolymer increase upon
increasing NaOH content of 4–12mol/L. According to Ref. [16] the
geopolymer pastes achieved approximately 33.9MPa compressive
strength with the inclusion of 10% sodium hydroxide, 15% sodium si-
licate and 5% MnO2 after 24 h of moisture curing at 50 °C. While [17],
studied the mechanical properties of geopolymer concrete with the
inclusion of alccofine alkali-activated by 16M NaOH. They concluded
that higher compressive strength of 40MPa was achieved upon in-
creasing the activator content. On the other hand [18], observed that
alkaline solution with 10–12M sodium hydroxide was desirable in
terms of early compressive strength. Recycled concrete also contributes
massive quantities which pose a threat to the environment and thus can
be used in the development of new binding materials. Recycled con-
crete including dolomite as coarse aggregate has not been previously
used in development the characteristics of alkaline activated building
materials-based geopolymer. Accordingly, the main purpose of the
current work is to study the effect of concrete waste powder made of
dolomite aggregate either in raw or calcined form on the mechanical
and the microstructure properties of brick waste-based geopolymer. In
this procedure, three categories of geopolymers were prepared. The first
was manufactured upon replacing brick waste with 5%, 10%, 15%,
20% and 30% of raw concrete powder, while the other was synthesized
by substituting brick waste with 5%, 10%, 15%, 20% and 30% of cal-
cined concrete powder. The compressive strength of all mixtures was
determined at different curing ages of 1, 3, 14 and 28 days. The geo-
polymer phases were identified using FTIR, TGA/DTG and SEM tech-
niques.

2. Materials and methods

2.1. Materials

For synthesizing geopolymer, brick (BW) waste and dolomite-con-
crete powder (DCP) wastes were used as raw materials. These materials
were obtained from demolition and construction landfills in 6th of
October, Egypt. The dry materials were crushed and grinded in a ball
mill prior to the design of the geopolymer mixes. Commercially sodium
hydroxide (SH) flakes with purity of 99% were used as an alkaline
activator. The chemical composition of primary materials was de-
termined using XRF analysis device and their oxides were listed as

percentages in Table 1. Is evident from Table that, brick debris contains
high ratios of SiO2 (58.60%) and Al2O3 (17%). Although the concrete
waste has SiO2 of 19.10%; however it is characterized by percentages of
CaO (37.60%) and MgO (8.82%), which makes it suitable for use in the
development of geopolymeric systems.

2.2. Preparation of geopolymer mixtures

Three geopolymer classes were prepared. The first category (re-
ference mixtures) was prepared by alkali activation of brick waste with
6%, 8%, 10% and 12% SH, by weight. The mixtures termed as M6, M8,
M10 and M12, respectively. The second category was prepared through
the partial substitution of brick waste-containing 10% and 12% SH,
respectively by 5%, 10%, 15%, 20% and 30% of raw-dolomite-concrete
powder. The mixtures termed as M10DCP5, M12DCP5, M10DCP10,
M12DCP10, M10DCP15, M12DCP15, M10DCP20, M12DCP20, M10DCP30 and
M12DCP30, respectively. On the other hand, the third category was
manufactured upon replacing brick waste-containing10% and 12% SH,
respectively by 5%, 10%, 15%, 20% and 30% of calcined-dolomite
concrete powder exposed to high temperature of 800 °C for 2 h with a
heating rate of 5 °C/min. The mixtures termed as M10CDCP5,
M12CDCP5, M10CDCP10, M12CDCP10, M10CDCP15, M12CDCP15,
M10CDCP20, M12CDCP20, M10CDCP30 and M12CDCP30, respectively.
Table 2 represents the mix proportions for all prepared mixtures. The
raw materials were grinded to a fixed particle size, then they passed
through a 90 μm sieve as shown in Fig. 1. Before designing the geo-
polymer mixtures, sodium hydroxide solution was prepared as follows:
full melting of sodium hydroxide flakes in mixing water and then stir-
ring for 5min to ensure the homogeneity of the solution. The prepared
solution was left for 24 h prior using.

The geopolymer blends are experimentally designed as follows:

1. The activator was prepared by adding mixing water to sodium hy-
droxide flakes, and then flipping for 5min. Due to the heat gener-
ated by melting of sodium hydroxide; it allows for solution cooling
down for a sufficient period until reaches the room temperature.

2. The water-to-binder ratio (w/b) for all mixtures was determined
according to standard specification [19].

3. The prepared NaOH solution was slowly added into sieved dry
powder in a rotary pan mixer of 2- liter capacity, and then mixed for
extra 5min to make sure the homogeneity of the mixture.

4. Fresh paste was poured into three layers inside cubic-steel moulds
with dimensions of 50×50×50mm then compacted using vi-
brating machine.

After completing the casting procedure, the cubic moulds were
placed in an oven at 80 °C for 24 h. After demoulding, three cubes of

Table 1
Chemical composition of raw materials, (wt., %).

Oxides, % BW DCP

SiO2 58.60 19.10
Al2O3 17.00 2.45
CaO 2.94 37.60
Fe2O3 9.97 1.50
MgO 1.92 8.82
SO3 2.28 1.50
Na2O 1.34 0.49
K2O 1.19 0.17
Cl− 0.34 0.13
TiO2 1.06 0.19
P2O5 0.21 0.14
MnO – –
ZrO2 – –
LOI 2.78 27.80
Total 99.63 99.89
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each mixture underwent for compressive strength measurement at 1
day; while the rest of the cubes were cured at 40 °C ± 2 in humidity
chamber of> 95% RH until the test date.

2.3. Description of test methods

The compressive strength of the hardened mixtures was carried out
after curing times of 1, 7, 14 and 28 days in accordance with [20].
Thermogravimetric analysis and its derivative (TGA/DTG) was de-
termined by warming the specimens in nitrogen atmosphere up to
1000 °C with a heating rate of 10 °C/min using a DT-50 Thermal Ana-
lyzer (Schimadzu Company, Kyoto, Japan). Elmer FTIR Spectrum RX1
Spectrometer (Fourier Transformation Infra-Red) was used to evaluate
the functional groups in the samples. The FTIR was recorded from KBr
discussing Genesis-IIFT-IR spectrometer in the range of
400–4000 cm−1. The microstructure of the hardened specimens was
identified by Scanning Electron Microscopy (SEM), obtained with In-
spect S (FEI Company, Netherland), equipped with an energy dispersive
X-ray analyzer (EDXA).

3. Results and discussion

3.1. Relation between SH content and w/b ratio

[21] pointed out that the quantity of water involved in geopolymer
reaction is critical and has a clear impact on both quality and properties
of the synthesized geopolymer. In this section, the effect of activator
dosage on w/b ratio of alkali-activated mixtures based-geopolymer was
verified. The water/binder ratio results of alkali-activated brick pastes
by 6%, 8%, 10% and 12% SH are graphically plotted in Fig. 2. The w/b
ratio values for all geopolymer pastes ranged from 0.239 to 0.306
(Table 2). It is noteworthy that the higher the concentration of SH in the
blend, the lower the water content required in geopolymer reaction.
Based upon, the w/b ratio values of geopolymer mixtures were de-
creased by almost 9% upon increasing the concentration of SH from 6%
(M6) to 12% (M12). In current section, the relation between the content
of SH and w/b of prepared geopolymer incorporating different pro-
portions of DCP and CDCP, respectively was also evaluated. Fig. 3 re-
presents the graph of geopolymer mixtures containing 5% and 30% of
DCP (M10DCP5, M12DCP5, M10DCP30, M12DCP30), as well those con-
taining 5% and 30% of CDCP (M10CDCP5, M12CDCP5, M10CDCP30,
M12CDCP30) compared to their reference samples (M10, M12). W/b ratio
of selected samples was in the range of 0.306 to 0.239. In general, w/b
ratio values were decreased when SH concentration was increased from
10% to 12% for all geopolymeric pastes. Likewise, the w/b ratio values
were decreased when the replacement of BW waste with DCP was in-
creased from 10% to 30%. Only, alkali-activated brick pastes in-
corporating 5% DCP (M10DCP5, M12DCP5) exhibited approximately 7%
and 9%, respectively higher w/b values than their reference counter-
part. While the pastes M10DCP30 and M12DCP30 showed low w/b values

Table 2
Mixing composition of all recorded mixtures, (wt., %).

Geopolymer category Mixtures ID BW DCP CDCP NaOH w/b

A M6 100 – – 6 0.303
M8 100 – – 8 0.300
M10 100 – – 10 0.283
M12 100 – – 12 0.275

B M10DCP5 95 5 – 10 0.306
M12DCP5 95 5 – 12 0.303
M10DCP10 90 10 – 10 0.273
M12DCP10 90 10 – 12 0.273
M10DCP15 85 15 – 10 0.268
M12DCP15 85 15 – 12 0.253
M10DCP20 80 20 – 10 0.250
M12DCP20 80 20 – 12 0.243
M10DCP30 70 30 – 10 0.241
M12DCP30 70 30 – 12 0.239

C M10CDCP5 95 – 5 10 0.283
M12CDCP5 95 – 5 12 0.256
M10CDCP10 90 – 10 10 0.266
M12CDCP10 90 – 10 12 0.263
M10CDCP15 85 – 15 10 0.276
M12CDCP15 85 – 15 12 0.263
M10CDCP20 80 – 20 10 0.276
M12CDCP20 80 – 20 12 0.276
M10CDCP30 70 – 30 10 0.296
M12CDCP30 70 – 30 12 0.286

Fig. 1. Dry powder of brick and dolomite-concrete wastes used for preparation of geopolymer blends.

Fig. 2. Water/binder ratio of alkali-activated brick pastes with 6%, 8%, 10%
and 12% SH.
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of approximately 15% and 13%, respectively. On the contrary, all al-
kali-activated brick pastes incorporating various proportions of CDCP
displayed low w/b values compared to M10 and M12 reference pastes.
For instance, pastes M10CDCP5 and M12CDCP5 achieved w/b values of
5% and 3%, respectively lower than their neat mixes. However, pastes
M10CDCP30 and M12CDCP30 demonstrated approximately 4% higher w/
b ratio than their reference counterparts. This effect can be attributed to
increased viscosity caused from increased SH content, resulting in less
water of consistency required.

3.2. Relation between ratio of substituted DCP, CDCP and w/b ratio

The data in Table 2 describe the w/b values of geopolymer mixtures
containing different ratios of DCP and CDCP waste, respectively. The
results were also graphically represented in Fig. 3. Evidently, there is an

inverse relationship between w/b of mixes and the increase in the re-
placement rate of DCP; in other words, the higher the content of the
substituted DCP in brick-geopolymer, the lower the w/b values. The
replacement ratio of DCP in alkali-activated samples with 10% and 12%
SH was ranged from 5% to 30%. The inclusion of 5% DCP led to an
increase in w/b values compared to their reference samples, respec-
tively. At replacement levels of 10–30% DCP, w/b values were de-
creased approximately 3.53%, 5.30%, 11.77% and 14.84%, respec-
tively for alkali-activated brick pastes with 10% SH (M10DCP10,
M10DCP15, M10DCP20, M10DCP30), and by about 0.72%, 8%, 11.63%
and 13.09%, consecutively for alkali-activated brick pastes with 12%
SH (M12CDCP10, M12CDCP15, M12CDCP20, M12CDCP30). With regard to
pastes containing CDCP waste, reference geopolymer samples experi-
enced a slight increase with respect to w/b ratio than other pastes
containing 5%, 10%, 15% and 20% CDCP. Only, a significant increase

Fig. 3. Water/binder ratio of alkali-activated geopolymer pastes containing 5% and 30% different ratios of DCP and CDCP.

Fig. 4. Compressive strength of BW-geopolymer mixtures at curing times of 1, 7, 14 and 28 days.
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in the w/b ratio was obtained upon increasing the content of CDCP to
30% than their M10 and M12 samples. At 30% CDCP replacement level,
the w/b ratio of M10CDCP30 paste was increased approximately 4.59%,
11.28% and 7.24% than those made of 5%, 10%, 15% and 20%, re-
spectively; whilst M12CDCP30 specimen showed a significant increase in
the w/b values of 11.71%, 8.74% and 3.62, respectively than those
incorporating 5%, 10%, 15% and 20%.

3.3. Effect of SH concentration on compressive strength of geopolymer
pastes

Concentration of sodium hydroxide is the most important parameter
for geopolymer preparation [22]. Fig. 4 shows the effect of sodium
hydroxide solution in terms of concentration on compressive strength of
geopolymer pastes made of brick waste after curing ages of 1, 7, 14 and
28 days. It is observed that, the compressive strength of all pastes in-
creases with increasing curing time. This is due to the continuity of
geopolymer reaction resulting in an increment in the geopolymeriza-
tion products. In addition, increasing the concentration of sodium hy-
droxide also increases compressive strength [23,24]. Significantly,
there is a positive correlation between the concentration of SH and
compressive strength. Accordingly, alkali-activated M12 pastes with
12% SH displayed superior compressive strength values than their
precursors M6, M8 and M10 at all processing times. The highest com-
pressive strength achieved by M12 mixture after 28 days was 247 kg/
cm2. This effect can be explained by larger amount of Na+ cations at-
tack the surface of solid phase, resulting in dissolution of more Si and
Al. With respect to the increase in compressive strength as a function
with increased sodium hydroxide content, the mixture M12 has
achieved 51.6% and 35%, respectively higher values than its counter-
parts at 1 day. While, the increase in the 7-days compressive strength
was 86%, 76% and 71%. The same trend of results was achieved when
the treatment period was increased to 14 days; where the increase was
88%, 76% and 69%. At later ages of 28 days, M12 paste has advanced
compressive strength of 87%, 59% and 44% over its corresponding
mixtures. Many of previous literature have examined the effect of in-
creased sodium hydroxide content on mechanical properties of waste
materials-based geopolymer. Of them [13–15], investigated that the
higher concentration of SH solution produces more reactive binding for
monomers, causing increase inter-molecular bonding strength of geo-
polymer. Also, they concluded that the compressive strength of geo-
polymer made of metakaolin depends basically on sodium hydroxide
concentration. In a similar fashion [25], revealed that solubility of fly
ash depends mainly on concentration of NaOH, where 10M and 15M
NaOH showed relatively high strength. However [26], pointed out that
the higher content of sodium hydroxide in the aqueous phase proved to
have positive effect on geopolymerization process and this has been
demonstrated by increasing compressive strength of self-compacting
geopolymer concrete (SCGC). From foregoing, the optimum ratio of SH,
which achieved the highest compressive strength values for alkali-ac-
tivated brick waste was 12%.

3.4. Effect of both DCP and CDCP content on compressive strength of
geopolymer pastes

The compressive strength results of alkali-activated pastes con-
taining BW waste as a function of different ratios of DCP waste up to
30% after 1, 7, 14 and 28 days is graphically plotted in Fig. 5. It is
noticeable that the compressive strength of all mixtures at different ages
has increased. As well, a significant increase in compressive strength at
all processing times with the increase of DCP content. Replacement of
BW with 5% DCP seemed to increase the compressive strength of pastes
at ages of 1, 7, 14 and 28 days by 19%, 23%, 0.53% and 4%, respec-
tively than their corresponding mixes. A notable increase in compres-
sive strength of 48%, 47%, 30% and 12% at 1, 7, 14 and 28 days, re-
spectively when BW is replaced with 10% DCP. A similar trend to paste

containing 15% DCP was observed, where it exhibited an increase in
compressive strength of 268%, 106%, 73% and 48%, consecutively at
all ages. The M12DCP20 paste displayed superior compressive strength
in comparison with their counterpart. The compressive strength was
increased by 80%, 63%, 58% and 46%, respectively after 1, 7, 14 and
28 days processing times. The inclusion of 30% DCP enhanced the
compressive strength of 1, 7, 14 and 28 by about 77%, 53%, 49% and
39% folds, respectively.

The effect of incorporating 5%, 10%, 15% and 20% different ratios
of CDCP on the compressive strength of the alkali-activated BW-based
geopolymers as compared to reference mixtures can be graphically il-
lustrated in Fig. 6. As depicted, a remarkable increase in compressive
strength was observed for all mixtures with curing periods. A significant
increase in compressive strength was observed upon increasing CDCP
content up to 20%. The highest values were achieved at 14, 28 days
with the replacement of 5%. It is worth noting that for ratios above 5%,
i.e. 10%, 15% and 20%, the compressive strength of the mixtures de-
creases significantly than the optimum mixture particularly in later
ages; which is probably due to the reduced amount of soluble alumi-
nosilicates present in the geopolymeric system. However, an extra
amount of CDCP in the mix had a positive impact in enhancing com-
pressive strength when compared with M12 plain mixtures. The strength
improvement of the CDCP-replaced BW with 10%, 15% and 20% is only
significantly higher than those of the mixtures with 5%, particularly at
early periods of 1 and 7 days. This increase is as follows: 78%, 88% and
87%, respectively for 1-day, and 59%, 54% and 41%, respectively for 7-
days. Whereas the strength of the 5% increases significantly by about of
23%, 27% and 47%, and by about of 19%, 27% and 45%, respectively
than their counterparts at 14 and 28 days. It may be suggested that the
impact of concrete waste in reinforcement of the compressive strength
of geopolymeric-binder systems is principally due to the physical
hardness of the unreacted particles as they serve as a micro-aggregate in
the matrix. In return, the observed lower compressive strength at initial
times obtained by BW-incorporating different CDCP is therefore most
likely related to lower dissolved calcium level or differences in surface
properties brick and dolomite-based waste, which may affect the
binding of the minerals to geopolymer gel [27,28].

3.5. Infrared spectrometric analysis

Fig. 7 displays the IR spectra of alkali-activated brick waste with 6%
and 12% SH after 1 and 28 days curing time. The spectra of all mixtures
exhibited the presence of typical O–H stretching vibration as evidenced
by a broad absorption band around 3450 cm−1 and bending vibration
centered at 1645 cm−1. The absorption bands of water serve as in-
dicator for crystalline H2O of the hydrated products such as C–S–H and
C–A–H [29]. The band intensities increase with curing age and acti-
vator dosage. Figure also indicated the existence of enormous absorp-
tion band at 996-1026 cm−1 assigned to asymmetric stretching in tet-
rahedral T-O (T= Si, Al) [30]. Noticeably, the bands are shifted to
lower wave numbers, which attributed to the partial substitution of
SiO4 with AlO4 tetrahedrons [31]. Also, the shift of band suggests that
the amorphous phase in the brick waste has a higher degree of cross-
linking. The intensity of bands as well shifting to low frequency in-
creases with alkali concentration. These findings are compatible with
obtained by Refs. [13–15,32]. The absorption band characteristic for
carbonate species resulted from the reaction of alkali metal hydroxide
with CO2 is located at 1420-1454 cm−1. FTIR analysis results of alkali-
activated brick waste incorporating 5% and 20% DCP after 28 days of
curing compared to the plain BW-mixture are given in Fig. 8. A sig-
nificant change in the bond structure was observed upon replacing BW
with proportions of DCP. IR spectrum displays the similar composition
of phases as indicated in Fig. 7 but with different intensities. Generally,
more intense band located at around 1000 cm−1 appeared in all mix-
tures. This band was assigned to the asymmetric stretching vibrations of
Si–O and Al–O bonds indicating the progress of geopolymerization
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process. Notably, bands shifts to lower wave numbers of 994 cm−1 to
1012 cm−1. This shift has been strictly observed for alkali-activated
M12DCP20 mixture containing 20% DCP. This effect is due to the in-
creasing number of tetrahedral aluminum atoms as a result of en-
hancement of geopolymerization [33]. According to Ref. [34], this shift
occurs due to the formation of aluminosilicate gel. It is shown that the
intensities related to bands of dolomite-concrete waste increase with
DCP content up to 20%, indicating the dissolution of waste material in
alkaline and shifted to lower frequencies. In addition, the shifting de-
monstrates the formation of amounts of hydration products, including
C–S–H along with N–C-A-S-H. Furthermore, the band signals located at
around 1645-1651 cm−1 and at 3450 cm−1 are characteristic for

bending vibrations of the bonds of water molecules present as well the
stretching vibration of the O–H bonds. On the hands, all geopolymer
mixtures exhibited a doublet of bands at about of 1425 cm−1 and
1490 cm−1, which are attributed to asymmetric stretching and out of
plane bending modes of CO3. The band at 1425 cm−1 is quite strong for
mixtures for alkali-activated pastes containing DCP. Fig. 9 displays the
FTIR spectrum of alkali-activated brick waste including 5% and 20%
CDCP after 28 days of curing. As seen, the bands featured for asym-
metric stretching vibration of Si–O-T at approximately 1000 cm−1 are
shifted to lower frequency of 987 cm−1 as in mixture M12CDCP5 and at
998 cm−1 for mixture M12CDCP20. This shift indicates the formation of
an amorphous aluminosilicate phases [34]. The intensity of band of

Fig. 5. Compressive strength of BW-geopolymer mixtures containing different. Proportions of DCP at curing times of 1, 7, 14 and 28 days.

Fig. 6. Compressive strength of BW-geopolymer mixtures containing different proportions of CDCP at curing times of 1, 7, 14 and 28 days.
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mixture M12CDCP5 is higher than its counterparts. The intensity in-
crease of band is an indication to an increase of a mean chain length of
aluminosilicate polymers [35]. Sequentially, the intensities of absorp-
tion bands characteristics for H–O–H vibration at around 3460 cm−1

and at 1645 cm−1 for O–H stretching vibration obtained for M12CDCP5
mixture are greater than M12CDCP20 containing 20% CDCP. This ten-
dency suggests the progress of geopolymerization process along with
formation of hydration products within the geopolymeric matrix which
contribute to the development of higher compressive strength.

3.6. Thermogravimetric analysis (TGA/DTG)

The results of the thermogravimetric analysis of the selected brick
waste-based geopolymer after 1 and 28 days are graphically plotted in
Fig. 10A (TGA curve) and Fig. 10A− (DTG curve), respectively. The
investigated samples were exposed to temperatures in the range of
25 °C–1000 °C. Evidently, most of weight loss for all samples occurred
at the temperatures between 25 °C and approximately 250 °C. In ther-
mograms, three distinct endothermic peaks are detected. The en-
dothermic peaks corresponding to weight loss around 25–250 °C as-
cribed to the phenomena of dehydration and pre-dehydroxylation of
free water and bound water [36], in addition of dehydration of C–S–H
[37]. It was observed that, the weight loss of alkali-activated samples
increases with processing times, beside SH content. Accordingly, the
amount of hydration products formed in alkali-activated M12 paste is
higher than that formed in its counterpart M6 sample. This has been
proven by the increase in the intensity of endothermic peaks with
curing time and increasing SH content; explaining that the rate of dis-
solution of BW samples is enhanced by SH content; which in turn re-
flected the mechanical performance. While, too minor endothermic
peaks ascribed to weight loss below 500 °C is due to de-hydroxylation of
clays originally contained in brick waste recipe [38]. These peaks are
greatly diminish or may disappear as the lifetime of curing increases.
Furthermore, small quantity of ill-crystalline carbonate containing
calcite phase was confirmed by minor endothermic peaks corre-
sponding to a weight loss around 650 °C. This phase can be established
during preparation procedures.

Fig. 11 (B) and (B−) shows the thermogravimetric analysis and its
derivative curves of brick pastes-based geopolymer incorporating 5%
and 20% DCP after 28 days of curing compared to their plain BW-
mixtures. It was noted that the rate of weight loss is increased with
increasing DCP content in the blend. Therefore, the amount of hydra-
tion products formed in M12DCP20 paste is higher than its counterpart
M12DCP5 paste, indicating that the rate of dissolution/condensation of
BW is progressed with DCP. Endothermic peak of weight loss located
almost at 370 °C is attributed to the decomposition of hydrotalcite [39].
This peak is shown in M12DCP20 mixture; whereas disappeared in both
M12DCP5 and M12, respectively. This proves the continuity of the ac-
tivation of alkali-activated-BW samples containing DCP through the
dissolution of waste material in alkaline medium. The intensity of en-
dothermic peaks characteristics for carbonate containing phases in-
creases with increasing DCP content. This indicates that concrete waste-
based dolomite aggregate contains high ratios of CaO besides MgO
(Table 1).

The TGA-DTG curves of brick geopolymer mixtures containing 5%
and 20% CDCP after 28 days are presented in Fig. 12 (C) and (C−). As
expected, weight loss increased with increasing CDCP content. The
intensity of endothermic peaks specified for weight around 25–250 °C
was stronger in geopolymer paste containing 5% CDCP than those made
of 20% as well the control ones, which was attributed to the formation
of more hydration products. The endothermic peak characteristic for
hydrotalcite decomposition was also detected at weight loss of ap-
proximately 370 °C. This peak was clearly appeared in M12CDCP5 paste;
whilst it disappeared in M12CDCP20 and M12, respectively. In DTG
thermograms of M12CDCP20 sample, minor endothermic peak located at
almost 400 °C, which could be associated with dehydroxylation of

Fig. 7. FTIR spectra of alkali-activated brick waste with 6% and 12% SH after.
Curing ages of 1 and 28 days.

Fig. 8. FTIR spectra of alkali-activated brick waste with 12% SH and.
Containing 5% and 20% DCP after curing age of 28 days.

Fig. 9. FTIR spectra of alkali-activated brick waste with 12% SH and.
Containing 5% and 20% CDCP after curing age of 28 days.
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brucite, Mg(OH)2 according to Ref. [40]. Endothermic peak related to
the carbonated phases decomposition has also detected with mass loss
around 690 °C and shifted to a higher temperature with increasing
CDCP content.

3.7. Microscopic structure by SEM

The SEM investigations of alkali-activated brick geopolymer har-
dened pastes with 12% SH along with 20% DCP and 5% CDCP, re-
spectively compared to the plain free M12 mixture after curing age of 28

days are presented in Fig. 13. In Fig.13 (A, A−), it is shown that the
microstructure of reference matrix is heterogenous and grains of var-
ious sizes are detected, indicating partial reaction during alkali acti-
vation. As well un-dissolved particles can be observed, which are
widely spread throughout the entire matrix. The un-reacted particles
reduce the compressive strength of geopolymeric structure [41].
Moreover, large amount of non-interconnected and irregular pores can
be observed across the cross-section of the microstructure. These pores
could be arise as a result of impairment ITZ between geopolymer gel
and un-reacted particles or could be relevant to the reorganization of

Fig. 10. (A) TGA and (A−) DTG thermograms of alkali-activated brick waste with 6% and 12% SH after curing ages of 1 and 28 days.
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gel throughout formation [42]. In addition, the micrographs of re-
ference hardened paste seems to be less compact and denser, suggesting
that the brick waste could not serves alone as source materials for
geopolymerization, which in turn reflected negatively on mechanical
properties. The incorporation of 20% DCP reduced the amount of ir-
regular voids, indicating the development of geopolymerization process
Fig.13 (B, B−). The progress of geopolymeric system led to a denser
crystalline microstructure. In addition, it is observed that the matrix
doped with DCP particles presents a greater degree of homogeneity
compared to pure mixture, which is consistent with improved com-
pressive strength. The DCP particles reduce the porosity by filling effect
resulting in the densification of paste microstructure. Some minute

cracks were observed over the geopolymeric matrix. These cracks may
be arising from the shrinkage of the gel during the hardening process.
Despite the low solubility of concrete-containing dolomite aggregate in
an alkaline activated system. Dolomite will play a more significant role
as a surface-bound physical filler in improving the compressive strength
of the binder where a significant amount of geopolymer gel is formed
[43]. [43] reported that the carbonate particles are responsible for the
increased strength up to 20% in replacement. In Fig.13 (C, C−), which
corresponds to brick geopolymer pastes containing 5% CDCP, more
homogenous microstructure is observed that improves the final com-
pressive strength of mixtures. The massive homogeneous micro-
structure suggests a well polymerization behavior. The incorporation of

Fig. 11. (B) TGA and (B−) DTG thermograms of alkali-activated brick waste with 12% SH and containing 5% and 20% DCP after curing age of 28 days.
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CDCP particles within the brick geopolymer matrix resulted in an im-
provement in geopolymer morphology by formation of massive geo-
polymeric layers along with other hydration products such as C–S–H
and C–S-A-H that spread out through the microstructure. This behavior
led to strengthening the microstructure with formation of a more dense
and compacted matrix. The presence of calcium species in geopoly-
meric system provides nucleation sites for precipitation of dissolved
materials, causing rapid hardening [44]. When zooming in (10 μm) on
surface of hardened matrix as in Fig. 13 (C−), a considerable amount of
needle-like products were formed in the geopolymer structure. By
comparison the SEM micrographs in Fig. 13 (B, C), it was observed that
the embedding of CDCP particles within the BW-geopolymer matrix led

to a significant improvement in the structure through the acceleration
of geopolymerization. This indicates that the reactivity of CDCP is
higher than that of DCP, which positively affects the compressive
strength values.

4. Conclusions

The results discussed here have included innovative information
with respect to geopolymers synthesized from alkali-activated of brick
waste derived from the construction and demolition debris. In the
current procedure, concrete waste made of dolomite aggregate was first
included in the preparation of geopolymer-based on alkaline activation

Fig. 12. (C) TGA and (C−) DTG thermograms of alkali-activated brick waste with 12% SH and containing 5% and 20% CDCP after curing age of 28 days.
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of brick waste. The effect of embedding 5%, 10%, 15%, 20% and 30%
dolomite-concrete powder (DCP) either in raw or calcined form on the
mechanical characteristics and microstructure of alkali-activated brick
waste has been explained. According to the experimental results, the

following conclusions are drawn:

1. There is an inverse correlation between the concentrations of SH
and w/b ratio, implying the higher the concentration of SH in the

Fig. 13. SEM micrographs of alkali-activated brick waste with 12% SH, (A, A−). M12, (B, B−) mixture containing 20% DCP, (C, C−) mixture containing 5%, CDCP
after curing age of 28 days.
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blend, the lower the water content required in geopolymer reaction.
Based upon, the w/b ratio values of geopolymer mixtures were de-
creased by almost 9% upon increasing the concentration of SH from
6% (M6) to 12% (M12). Likewise, the w/b ratio values were de-
creased when the replacement levels of BW waste with DCP waste
was only increased from 10% to 30%. On the contrary, all alkali-
activated brick pastes incorporating various proportions of CDCP
displayed low w/b values compared to their reference mixtures.

2. In a similar way, there is an inverse relationship between w/b and
increase content of DCP in geopolymer blend. With regard to pastes
containing CDCP waste, reference geopolymer samples experienced
a slight increase with respect to w/b ratio than other pastes con-
taining 5%, 10%, 15% and 20% CDCP. Only, a significant increase
in the w/b ratio was obtained upon increasing the content of CDCP
to 30% than their plain counterparts.

3. The optimal concentration of sodium hydroxide from compressive
strength viewpoint was found to be 12% by weight of prepared
geopolymer. Therefore, alkali-activated M12 pastes with 12% SH
displayed superior compressive strength values than their precursors
at all processing times. This tendency can be explained by larger
amount of Na+ cations attack the surface of solid phase, resulting in
dissolution of more Si and Al.

4. The incorporation of both DCP and CDCP in BW-geopolymer pastes
caused a positive effect on the compressive strength of all mixtures
at different curing ages.

5. The geopolymer brick specimens prepared at 12% SH concentration
along with 20% DCP displayed superior compressive strength than
their reference pastes. A significant increase in compressive strength
was also observed upon replacing BW by different proportions of
CDCP up to 20%. The highest values were achieved at 14, 28 days
with the replacement level of 5%.

6. Regarding the microstructure, the inclusion of CDCP particles within
the BW-geopolymer matrix resulted in more denser and imperme-
able microstructure.
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