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Abstract 

The effect of firing temperature on the properties of pozzolanic cement was assessed. A set of specimens were prepared by 
mixing different mass ratios (40%, 50%, 60% and 70%) of imported granulated blast furnace slag, (IGBFS) with Ordinary 
Portland cement, (OPC). Different dosages of GBFS were investigated for weight loss, bulk density, total porosity, and 
mechanical compressive strength. The results show that the weight loss as well as the porosity for all mix proportions 
increases in the same trend with firing temperature. Quite in contrast, the bulk density and compressive strength gradually 
decrease with firing temperature. Finally, recrystallization, phase change, distortion, and other hydration products were 
investigated using XRD.  The research also suggested using the specimen with more slag as a fire-resistant bonding material, 
which has significant environmental and financial benefits. 
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1. Introduction 

Fires are regular catastrophes that pose a major 
threat to both human life and property. 

After a fire, strengthening and restoring the 
bearing capacity and employing the function of the 
building are based on performance analysis and 
evaluation of the burned building's construction. It is 
unquestionably crucial to assess how typical 
structural materials behave after being exposed to 
high temperatures. Under conditions of high 
temperatures, concrete experiences severe and 
complicated physical and chemical changes that 
impair performance and even eliminate its load-
bearing capacity. Weight loss, colour change, 
increased porosity, cracking, and bursting is some of 
the physical modifications that high temperatures can 
cause to concrete [1–4].  

Many organizations and countries have stated their 
intentions to become carbon neutral by 2050 in 

response to the urgent need to address global 
warming and climate change [5]. Carbon capture and 
storage technologies are considered promising means 
of achieving this aim [6], particularly for 
cementitious materials, which may safely and 
permanently capture and store CO2 [7–10]. 
Consequently, tremendous effort is made to lower 
cement use. It also involves the use of alternative 
binders and supplemental cementitious materials like 
fly ash, GGBFS, etc.  

Replacing OPC partially with silica fume 
improves the physical, mechanical, and 
microstructural characteristics of concrete when 
exposed to high temperatures [11, 12] When 
subjected to high temperatures followed by high 
humidity or soaking, Portland cement with 20 to 30 
weight percent fly ash more stable and maintains its 
dimensions during exposure to fire [13].  

Egyptian Journal of Chemistry 
http://ejchem.journals.ekb.eg/ 

463 

 



 H.I. Bendary et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem.66, No.10 (2023)  
 
 

126

On the other hand, on replacing (OPC) with 15 % 
meta kaolin and 5 % silica fume, the resistance of all 
prepared samples against thermal shock was 
enhanced by nearly ten times[14]. Burning up to 
800oC increases mechanical strength, porosity, and 
fire resistance while decreasing free lime content and 
bulk density for pozzolanic cement paste prepared 
with 20 wt% Homra as compared to OPC [15].  

Recent research used the mineralogical analysis of 
cement paste to find that carbonation has an 
appositive effect on the resistance of cement pastes to 
high temperatures up to 500 ºC but this property is 
lost at 600 ºC [16]. Experimental work showed that 
using untreated RHA up to 10% in cement mortar 
doesn’t affect the mechanical strength which is 
reduced gradually with high doses till 30% at which 
compressive strength starts to increase. For all doses, 
the resistance against heat was positively affected 
except those have 20% RHA [17].   

Ground granulated blast furnace slag (IGBFS) is a 
glassy, granular by-product formed in the steel 
manufacturing process as a result of quenching 
molten iron from a blast furnace in water or steam, it 
is rich in amorphous calcium, silica and alumina, 
which makes it a material with good bonding 
properties employed in the construction industry [18, 
19]. 65% of the highly abundant slag (530 million 
tons/year) is used as cemenitious material in the 
construction sector [20]. 

The utilization of IGBFS in the construction 
industry improves durability and helps to prevent 
early-age thermal cracking, it is also cost-effective 
[21]. This work aims to produce a good fire-resistant 
blend using iron slag by-product in high proportions 
as a partial substitute for OPC in cement pastes which 
will have a positive environmental and economic 
impact. 

 
2. Experimental Work 
2.1. Starting materials and their characterization 

(OPC) utilized in this experimental work came 
from Suez Cement Company, while (IGBFS) was 

purchased and provided by (Kokan Mining Co. LTD, 
Japan). A laboratory-size, 5 kg steel ball mill is used 
to grind the slag into a fine powder. Using the Blaine 
air-permeability equipment with the ASTM technique 
[22], the specific surface area shown in table (1) was 
calculated. Table (2) displayed the results of chemical 
analysis for utilized materials. 

 
Table (1) 

The specific surface areas of starting materials 
 

Starting Materials IGBFS OPC 

Specific Surface Area (cm2/g) 4300 3050 

 

The (OPC) major phase content is as follows: 
C3S = 52.0%, C2S = 19.20%, C3A = 8.80 and 

C4AF = 11.08%. 
The diffractogram of the unreacted slag shows a 

predominantly amorphous material as shown in 
Figure (1). There is also a broad feature ‘amorphous 
hump’ between 20 and 38 2θo attributed to the 
amorphous glassy component. An amorphous glassy 
phase exceeds 90% by wt. (IGBFS) was investigated 
mineralogically by X–Ray diffraction analysis (XRD) 
in a previous work [18, 23, 24]. 

 
 

 

Figure (1): XRD pattern of Imported GBFS 
 

Table (2) 

Chemical constituents of beginning materials (wt. %) 

Item SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O BaO SO3 S-- L.O.I 

IGBFS 37.48 12.86 0.40 37.70 2.45 1.84 0.93 5.31 0.01 0.75 0.0 

OPC 20.51 5.07 4.39 62.21 2.00 0.23 0.29 0.0 2.25 0.0 2.40 
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2.2. Preparation of Anhydrous Pozzolanic Cements 

The GBFS was crushed using a jaw crusher and 
then finely milled using a laboratory steel ball mill 
with a (5 kg) capacity. Table (3) displays the weight 
percentage of the dry components of OPC, IGBFS 
blend that was mechanically combined for (1hr) in 
porcelain ball mill to achieve total homogeneity and 
then stored in airtight containers until the fabrication 
of cement paste. 

 
Mixing of Pozzolanic Cement Pastes: 

The standard water of consistency is used to 
prepare all specimens. Table (3) illustrates the used 
water of consistency (Wt. %) as determined by [25] 
for different blended cement pastes. 

 
Table (3) 

The water of consistency (Wt. %) for different batches 

Mix No OPC Slag 
Water of 

consistency % 

A1 30 70 26.50 

A2 40 60 26.85 

A3 50 50 27.10 

A4 60 40 27.30 

 

2.3. Moulding 

One-inch cubic moulds were employed to 
determine the compressive strength.  

2.4. Curing 

The casted cubes were treated for the first 24 hrs. 
In a 100% humid chamber at 25 °C. The moulds were 
removed and then, placed in fresh water to cure for 
28 days. 

2.5. Firing 

At 105°C, cured specimens were dried for (24 hr.) 
to eliminate humidity, then thermally treated with 
10°C/min of heating, The specimens were held at the 

specified temperatures (105, 250, 450, 600 and 
800°C) two hours to attain the thermal steady state, 
after which they were brought to room temperature, 
[26]. The specimens could now be tested. 

 
3. Results and discussion 
3.1. The Weight loss 

 The following mathematical equation was adapted to 
illustrate the cement pastes reaction to fire exposure: 
 

Ignition Loss, % =
�����

��
× 100(1) 

Wi is the weight before ignition, and 
Wf is the weight after ignition. 
 
The weight loss of different specimens (A1, A2, A3 
and A4) with respect to treatment temperatures up to 
800°C illustrated visually in Figure (2). Due to the 
disintegration of various hydration products, as was 
acknowledged [27, 28], the weight loss gradually 
increases with increasing temperature up to 800°C.   

 

 
 

 
Figure (2): Loss of weight when slag-cement pastes are heated to 
800°C 
 
It has been demonstrated that up to 600°C, A1, A2, 
and A3 lose weight more quickly than A4. The 
weight loss of A4 is greater than that of any other 
cement pastes at a higher temperature, 800°C. It's 
possible that A4's weight loss at 800 °C increased 
because there were more CaCO3 present thanks to the 
carbonation of CH into CaCO3. These pastes provide 
higher free lime content that is frequently carbonated. 

3.2. Bulk density measurements: 

To calculate the saturated weight of the samples, four 
chips from each mix composition were collected, 
burned at the appropriate temperature, and then 
submerged in kerosene (0.8 g/cm3) for a full day. The 

samples were then reweighed while suspended in 
kerosene, and their dried weight was calculated after 
24 hours of drying at 105 ºC in the air. The following 
equation was used to evaluate the bulk density: 

 

Bulk density (dp) = 
�	
��	
�����


�	
��	
�����
������������

g/cm3 (2)
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The evaluated density of treated pozzolanic 
samples with varied dosages of IGBFS is plotted with 
the treatment temperature up to 800°C in Figure (3). 
The three phases involved in changing the bulk 
density of variously treated cement pastes are as 
follows. In general, up to 250°C, the temperature 
affects apparent density negatively (first step) due to 
the elimination of free or adsorbed as well as 
combined water contents of CSH or CAH. The 
density is nearly the same in the second stage, which 
occurs between 250 and 400 °C. All pozzolanic 
cement pastes see an increase in density during the 
third step (from 400–800°C) due to the 
decomposition of Ca(OH)2 to CaO which reacts to 
amorphous aluminosilicate leads to denser structure, 
A4 cement paste that is rich in OPC gained the 
highest apparent density. This is mostly explained by 
the hydration yield growth, which results in a denser 
structure.  This forms also some ceramic minerals 
with high bulk density, due to the reaction of CH 
with pozzolanic material (IGBFS). 

 
Figure (3): Bulk density of various doses versus treatment 
temperature 
 

3.3. Total porosity (ε): 

Using the results of weight calculations obtained 
previously, it is possible to find the total porosity as 
follows:                                                                      

�=
�	
��	
�����
���������


�	
��	
�����
������������

× 100(3) 

 
The porosity of heat-treated samples for different 

doses of (IGBFS) at the aforementioned temperatures 
is graphically plotted in Figure (4). The change in 
porosity goes through two main steps in the same 
trend. Initially, (up to 250 °C), total porosity 
decreases with temperature as it coincides with an 
increase in cement hydration products that fill the 
pores in the presence of a pozzolanic reaction. The 

second step, which starts at 450 and ends at 800 °C, 
where an increase in porosity is observed, is 
explained by the dehydroxylation of free CH and the 
decomposition of (CaCO3) to (CaO), which is 
responsible for the appearance of micro cracks 
involved with a significant coarsening of the pore 
size distribution in the specimens [29, 30]. A1 (rich 
in slag) achieved the lowest porosity values than 
other cement pastes, starting from 105 to 450 ºC 
where the pozzolanic activity increases with 
temperature increasing. On the other hand, A4 (poor 
in slag) gained the lowest porosity values at the 
temperature range (450-800 ºC) where (IGBFS)% 
content was responsible for slowing the rate of 
hydration of slag cement pastes. 

 
Figure (4): The effect of thermal treatment temperature on 
porosity  
 

3.4. Compressive strength determination: 

Four cubes were used to determine the mechanical 
strength of the previously prepared samples [31].  
 
Figure (5) illustrates the effect of temperature which 
ranged from 105 to 800 °C on the compressive 
strength of thermally treated specimens with different 
(IGBFS) doses. The compressive strength increases 
as the treated temperature rise to 250 °C before 
declining up to 800 °C. The increase in cement paste 
hydration products and the pozzolanic reaction of 
(IGBFS) with CH to produce larger amounts of CSH 
with a low Ca/Si ratio and high strength are both 
responsible for the increase in compressive strength 
up to 250 °C [32]. This is also because of the internal 
self-autoclaving effect, which results from the 
accumulation of steam created by the removal of 
capillary, adsorbed, and mixed water at high 
temperatures. This steam pressure increase speeds up 
the hydration of cement pastes to form dense 
structures [33]. Compressive strength decreases 
significantly at 800 °C as a result of severe 
deterioration of CSH gel and water layer expansion in 
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cement pastes [34]. Additionally, because the pore 
size distribution has become more coarse, the 
porosity has increased. It may be inferred that the 70 
wt% (IGBFS) pozzolanic cement pastes are more 
heat resistant than the other pozzolanic cement pastes 
at all temperatures. This is a result of the reaction 
between released lime and the (IGBFS), which 
produces more calcium silicate, aluminate, and 
aluminium silicate hydrates. These hydrates are 
embedded in the pore system and boost compressive 
strength. 
 

 
Figure (5): Mechanical strength variation for specimens treated up 
to 800°C 

3.5. X-Ray diffraction analysis: 

Crushed samples from compressive strength tests that 
had been dried and burned were pulverized for X-ray 
diffraction. The XRD patterns of 40% IGBFS (A4) 
cement pastes thermally treated at 250 ºC and 800 ºC 
are shown in Figure (6). The treatment temperature 
causes a decrease in the intensity of the (CH) 
characteristic lines (4.90, 2.62, 1.92, and 1.79 Aº). 
The lines of tobermorite and CSH are still visible at 
800 ºC but the lines of (CH) have almost completely 
vanished. When CaO reacts with SiO2 from slag, 
anhydrous calcium silicate phases such β-C2S form 
around 800 oC, causing new lines to appear. Alite 
decreases whereas belite increases. This is because 
the C/S ratio in pozzolanic cement has decreased. 
The majority of the hydrated phases vanished at 800 
ºC and were primarily replaced by crystalline phases 
with a structure resembling that of β-C2S [35]. 
During diffraction lines (2.84698, 2.74999, 2.18954 
and 2.03751). The breakdown of the CSH and 
tobermorite phases, as well as the breakdown of 
Ca(OH)2 and CaCO3, all contribute to the creation of 
β-C2S. The same is true for C2S, and this is present in 
every heated specimen [35]. The cement pastes 
demonstrate that Ca(OH)2 and calcite dissolved into 
CaO are slightly revealed from the calcination of 
CaCO3 to generate CaO, which can be rehydrated in 

the ambient air, as the heat treatment is increased 
beyond 500 ºC. 
 

 
Figure (6): XRD patterns of (40 % IGBFS + 60 % OPC) specimen 
heated at 250 and 800 ºC 

4. Conclusion 

The main conclusion derived from the partial 
replacement of OPC by (IGBFS) may be summarized 
as follows:  

1. Weight loss typically increases as the 
treatment temperature rises to 800°C.  

2. In comparison to other pozzolanic cement 
pastes, A4 rich in OPC has a smaller 
porosity and a higher apparent density. 

3. In comparison to other pozzolanic cement 
pastes, A1 rich in (IGBFS) is more heat 
resistant at all temperatures, has higher 
compressive strength, and loses less weight, 
making it a good choice for fire-resistance 
bonding materials. 
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