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Abstract

This study investigates the potential of using silica based industrial waste specifically waste calcined
clay (WCC) from ceramic industry as partial cement replacement. Pozzolanic activity characterization
was done by using thermal and mechanical characterization techniques namely Thermal Gravimetric
Analysis (TGA) and Compressive Strength Test (CS), respectively. Finely grounded waste vase of
varying particles sizes range from less than 75um, 75um and 150.m were used as 10%, 20%, and
30% cement replacements with 0.45 water to cement ratio (w/c). First, progression of CS from day 1
to 28 of WCC modified mortar and unmodified cement mortar (UCM) was monitored as an indirect
indication of pozzolanic activity. It was found that 75WCC10% performed higher 28 day compressive
strength compared to unmodified cement mortar (UCM).  To further confirm the result, TGA
characterization of Calcium Silicate Hydrate (C-S-H) and Calcium Hydroxide (CH) as pozzolanic
activity indicator was done on WCC modified cement pastes in comparison to unmodified cement
paste (UCP). TGA analysis has shown the pozzolanic activity indicated by the decrease of CH and the
increase of C-S-H in WCC modified cement paste. Based on this study, WCC possesses pozzolanic
characteristic which is the main criteria to be qualified as an effective material as partial cement
replacement.

Keywords: Waste calcined clay, cement replacement, Thermal gravimetric analysis (TGA),
compressive strength test (CS)

1. Introduction

Production of unsustainable cement that emits CO, has lead researchers to find several
sustainable alternatives to partially replace it if not all [1, 2]. This is why the terms such as
supplementary, partial cement replacements, mineral admixtures and geo polymer emerges in the
recent development on cement and concrete research. One of the ways to reduce cement dependency is
by using industrial by-product or waste as partial cement replacement in concrete production. This
serves as two edged sword whereby it can reduce the negative environmental impact caused by the
waste and cement production [3].One of the industrial wastes that has not been fully utilized, is waste
from ceramic industry called calcined clay.

Historically, structures such as water tank, walls and bridges have been constructed using
thermally activated clay and lime mortars before the invention of Portland cement. The Romans used
crushed tiles as cementitious material other than volcanic ash since they discover that the combination
of lime and calcined earths could form strong cementing materials [4—6].Several studies have been
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conducted on the use of waste calcined clay brick and calcined china clay or calcined kaolin as cement
replacement in concrete production [6— 9]. The results showed that 10% - 20% of WCC improve the
mechanical properties of concrete due to its high pozzolanic reactivity. Any siliceous or siliceous and
aluminous material that has no cementitious quality but can react with lime in the presence of water at
normal temperature to from cementitious compound are categorized as pozzolan [10]. To date there is
limited understanding on potential of waste vase from ceramic industry to be used as partial cement
replacement. Since the calcined earthenware is commonly produced from blended kaolin and soil,
hypothetically, it possesses pozzolanic properties that would be potentially suitable for reuse as partial
cement replacement. Therefore, the motivation of this study is to investigate the pozzolanic activity of
WWC modified cement paste and mortar by focusing on particle size effect on the activity.

2. Materials and methods

2.1. Materials

WCC used as cement replacements was waste vase collected from Naga Emas Ceramic Ind.
Sdn. Bhd. The waste vase was cleaned with water to remove dirt and washable contaminants. It was
then crushed into smaller piece and finely grounded to three finer particle sizes of 150 um, 75 um, and
smaller than 75 um. Table 1 shows the chemical composition of WCC obtained from X-ray
fluorescence (XRF) analysis. Cement used was Ordinary Portland Cement (OPC) (ASTM Type 1
recognized by ASTM C150) manufactured by Cahaya Mata Sarawak Cement Sdn. Bhd.(CMS) and it
exceeds the quality requirements specified in the Malaysian Standard MS 522: Part 1: 1989
Specifications for OPC. The raw materials are clinker (90%), limestone (5%) and gypsum (5%). The
physical properties and chemical compositions of the OPC are shown in Table 1. Water used in
mixing for this study was regular water tap. Meanwhile, sand used as a fine aggregate was natural
river sand.
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Table 1. Physical properties and chemical composition of OPC and WCC

Ordinary Portland Cement (OPC)

ASTM Type 1
Physical Bulk_d_ensity _ 1.2-1.4kg/L
Properties Specific gra\{lty _ 3.15
Amount retained on 90 um sieve (%) 2%
Amount retained on 45um sieve (%) 18 %
Waste Calcined
OPC Clay (WCC)
Silicon dioxide, SiO, 19.34 53.30
Aluminum oxide, Al,O4 5.20 18.36
Ferric oxide, Fe,O5 3.41 16.43
Sulphur trioxide, SO; 2.85 0.73
Magnesium oxide, MgO 1.44 -
Chemical Pota§sium o_xide, K,0 0.47 5.54
Composition Cglmym ox!de,_ CaO_ - 212
(%) Tlta_nlum [-)IOXIde, TiO, - 1.92
Barium oxide, BaO - 0.61
Sodium oxide, Na,O 0.10 -
Manganese oxide, MnO - 0.26
Loss on ignition, LOI 3.42 0.24
Free Cao 1.39 0.17
Total Alkali 0.41 0.41

2.2 Sample preparation for Compressive Strength (CS) test

The mix proportion for mortar was set at (water: sand: cement) 1:0.6(c/s):0.5(w/c) for all
specimens that were casted into 150 mm cubes for compressive strength (CS) tests. All specimens
were wet cured in the concrete laboratory at Universiti Malaysia Sarawak 28 days. 28-day CS test
was performed according to BS 1881-116 (1983) on 150 mm cubes samples [11]. It was used to
determine the maximum compressive load that a sample can carry per unit area. The compressive
strength gives the overall picture of the quality of mortar as it hydrates. Each strength value was
the average of the strength of three specimens [11]. All samples were prepared using the mix
proportion as shown in Table 2.
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Table 2.Mix proportions by weight per 50 x 50 x 50mm mortar cubes

Name Water (g) OPC (9) Sand (g) WCC (g)
UCM 39.07 86.83 144.72

150umWCC10% 3907 78.15 144.72 8.68
150umWCC20% 3907 69.47 144.72 17.37
150umWCC30% 3907 60.79 144.72 26.05
75umWCC10% 3907 78.15 144.72 8.68
75umWCC20% 3907 69.47 144.72 17.37
75umWCC30% 39.07 60.79 144.72 26.05
<75umWCC10% 39.07 78.15 144.72 8.68
<75umWCC20% 3907 69.47 144.72 17.37
<75umWCC30% 39.07 60.79 144.72 26.05

2.3 Sample preparation for Thermal Gravimetric Analysis (TGA)/ Derivative Thermo
Gravimetry (DTG) characterization technique

The mix proportion for cement paste was set at 0.45water to cement ratio (w/c) for all
specimens that were casted into Universal Container 30ml, Diameter 28x85mm for TGA)/ DTG
analysis. Three particle sizes of 150 um, 75 pm and lower than 75 um finely grounded WCC were
used to replace 10%, 20%, and 30% of OPC. After 28 days, the specimen was removed from tube, cut
in the middle and finely grounded into powder. All specimens were cured in the concrete laboratory at
Universiti Malaysia Sarawak at daily room temperature (T) and relative humidity (RH) in the range of
18-28°C and 65-90%, respectively. The fine powder (passing 75 um) was prepared and analyzed using
TGA at day 28. Ethanol was used to discontinue the hydration process of these samples.

In this study, TGA/DTG measurements were carried out on 5-10 mg powder samples of
control mortar and modified mortar using a TA Analyzer (Mettler-Toledo TGA/SDTG 851e). This
combined thermal characterization technique was set up to run samples in nitrogen with a flow rate of
100 mL/min and a constant heating rising of 20°C/min up to 1000°C .Thermal decomposition of each
samples occurred in a programmed temperature range of 200 — 1000 C. The continuous weight loss
and temperature were recorded and analyzed to determine the following TGA parameters: thermal
degradation rate (% weight loss/min), initial degradation temperature and residual weight at 200°C.

3. Results and Discussions

3.1 Compressive strength of mortar

Figure 1 shows the 28-day compressive strength of all samples. Generally the compressive
strength of modified and non-modified mortar increase with respect to time [1]. It can be seen in
Figure 1 that WCC modified mortar of 75 um particle size of 10% cement replacement achieved
highest compressive strength compared to all samples. The result indirectly indicated that WCC with
particle size of 75 pm have higher pozzolanic reactivity compared with 150 pm and <75 pm in 28
days. It has been established from previous pozzolanic activity studies that particle size plays
significant role for pozzolanic material to react. As mentioned before, pozzolanic reaction will
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produce fine hydrated phase of C-S-H gels that will densify the microstructure hence increased the
compressive strength. The larger the surface area of the pozzolan, the more reactive it will be. On the
other hand, the tendency for agglomeration that prevents full pozzolanic reaction will increase as the
particle size gets smaller [12, 13] This is reflected by the lesser 28-day compressive strength of WCC
samples with particle size <75 um. Based on this result, optimum mix to produce the maximum
pozzolanic activity is 75umWWC with 10% cement replacement that was used for further
confirmation with TGA analysis specifically on the pozzolanic activity.

50.00

45.00

N
o
Q
¢)

=

= 35.00

=

£ 30.00

g

Z o0 = UCM

v 25

= = =7SWCC
=3

' 20.00 = 75SWCC
E‘ 1sowcCcc
g 15.00

10.00

5.00

0.00

10 20 30
Percentage Replacement (26)

Figure 1. Compressive strength various size of waste calcined clay with UCM at 28 days.

3.2 Thermal Gravimetric Analysis (TGA)/ Derivative Thermo Gravimetry (DTG)

Pozzolanic activity of 75umWWC10% cement paste and UCP was further investigated using
Thermal Gravimetric Analysis (TGA)/ Derivative Thermo Gravimetry (DTG). Figure 2(a) and (b)
shows the TGA/DTG mass loss graph of UCP and 75pmWCC10% samples, respectively. Both graphs
show a gradually decreasing pattern and this explained that the hydration process rate for both
samples. It can be observed from the graphs of that there are three stages of mass loss. The first stage
of weight loss, located at 30 to 200°C, is the result of dehydration of several hydrates (C-S-H,
ettringite, carboaluminates, etc.) This loss of water is mainly due to the dehydration of the C-S-H. The
second major mass loss, observed at 450 — 500 °C, correspond to the dehydroxylation of portlandite
(CH), another hydration product. The third mass loss appears at 750°C and corresponds to the
decarbonation of calcium carbonate (CaCO3) coming from clinker and the filler [14, 15]. It can be
clearly seen from the graph that CH has significantly reduced in 75pumwWCC10% sample compared to
UCP sample indicating the pozzolanic reaction has occurred that produced more C-S-H. This result
corroborates the 28-day compressive strength test result that confirmed the optimum mix as 75 pm
WWC with 10% cement replacement.
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Figure 2. TGA result for (a) UCP and (b) 75umWCC10% samples at day-28.
4. Conclusions

In conclusion, WCC modified cement system has shown pozzolanic characteristic
reflected in higher 28-day compressive strength than UCM. Based on this study, the optimum
mix is 75 um WWC with 10% cement replacement. TGA/DTG analysis has shown the
pozzolanic activity indicated by the decrease of CH and the increase of C-S-H in WCC
modified cement paste. This result corroborates the 28-day compressive strength test result that
confirmed the optimum mix as 75 um WWC with 10% cement replacement. Based on this study,
WCC possesses pozzolanic characteristic which is the main criteria to be qualified as an
effective material as partial cement replacement. Utilizing WCC as cement replacement is not
only can improve concrete properties but it can provide the means of industrial waste material
disposal and reduce the environmental negative impact of cement production.
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