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A B S T R A C T   

Induction furnace steel slag is a secondary product obtained when molten steel is separated from the impurities 
in the steel-producing furnaces. Though numerous studies have been published on the mechanical strength of 
concrete/mortar made with steel slag as fine aggregate, relatively few studies focus on the shrinkage, durability 
(i.e., porosity, water absorption, and resistance to chloride penetration) at ambient temperature, and especially 
the mechanical and durability performances after exposure to elevated temperatures. Within this context, the 
present study investigates mechanical strength, shrinkage, and durability of mortar made with different contents 
of steel slag powder (SSP) at two different water-to-cement (w/c) ratios before and after exposure to elevated 
temperatures (120, 250, 400 and 600 ◦C). Mortars made with SSP showed significantly higher mechanical 
strength and better durability than mortar made with 100% natural sand (control mortar). Compressive, tensile, 
and flexural strength increased by 45%, 72% and 56%, respectively, when SSP entirely replaced natural sand. 
Porosity, water absorption, and chloride penetration decreased by 42%, 61% and 52%, respectively, for 100% 
SSP mortar. Furthermore, the shrinkage of the mortar decreased with increasing percentages of SSP. Conversely, 
residual compressive strength after heat exposure was lower for 100% SSP mortar than for the control mortar. 
Therefore, this study presents a first step towards the successful utilization of SSP in cementitious mortar.   

1. Introduction 

With the reprocessing of industrial waste and secondary industrial 
products as raw construction materials (such as induction furnace steel 
slag), the concrete industry can contribute to sustainable development, 
bringing considerable environmental benefits. This aspect can be very 
important, considering that concrete is the most used construction ma-
terial globally, with more than 4 billion tons of cement produced per 
year. 

These byproducts can be used to (partly) replace fine or coarse 
aggregate or, in some cases, even part of the cement as a binder. 
Regarding fine aggregate, it is well known that they allow to reduce the 
cost of concrete, on the one hand, and to bring in important benefits in 
terms of time-dependent (such as shrinkage and creep) and mechanical 

properties [1], even though their relative volume in the concrete mix is 
usually just around 20–30% [2]. 

Fine aggregate is generally made by natural sand (NS), mostly 
dredged from the riverbeds. Due to the global rise of construction ac-
tivity, the demand for concrete is continuously increasing, particularly 
in developing economies. In some cases, this can lead to problems in the 
supply chain: for example, in the Netherlands, the supply of natural fine 
aggregates is becoming limited [3]. In this regard, finding possible al-
ternatives to limited natural resources is important. Using steel slag as 
an aggregate in concrete is additionally appealing, considering that the 
demand for other construction materials such as steel and iron is 
increasing (with more than 1.8 billion tons of steel produced per year in 
the world), thus resulting in increased generation of waste from the 
production process. If part of this waste would be used to replace NS in 
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concrete, this would (1) partly relieve the need for its disposal, (2) lower 
new aggregates demand, and (3) reduce the overall demand for cost and 
energy. 

One of the byproducts of the steel-making process is steel slag. Some 
studies have shown that it can replace natural coarse aggregate in 
concrete [4–7] or even part of the cement as a binder. Other studies have 
shown that steel slag fine aggregate (SSFA) improves concrete perfor-
mance and allows a general reduction of carbon footprint and impact on 
the environment [7–10]. The literature has reported increases by 
1.1–1.3 and 1.4–2.4 times in compressive and tensile strength, respec-
tively, of concrete made with SSFA [9]. The optimum replacement ratio 
of sand by SSFA was identified as 15–30% for compressive and 30–50% 
for tensile strength, respectively. However, a decrease in concrete 
workability was found by introducing SSFA because of the increased 
amount of finer particles and the angular shape of the SSFA compared to 
sand. Devi and Gnanavel [11] confirmed this trend. They reported that 
the compressive and flexural strength increased by up to 40% upon 
replacement of NS by SSFA, though accompanied by a consequent 
decrease in workability. Similar results were reported by Qasrawi et al. 
[9], who also found that concrete made with 40% SSFA showed higher 
resistance to HCl and H2SO4 compared to the control mix. The benefits 
of using SSFA in concrete (by partially or fully replacing natural sand) in 
terms of strength, toughness, and energy absorption capacity have also 
been reported in other studies [12–15]. Furthermore, due to the higher 
specific gravity of slag, concrete density is usually increased, which 
could make such concrete more effective in special applications such as 
radiation shielding [16]. 

Fire can cause severe damages (e.g., cracks, ruptures and explosive 
spalling, etc.) or even drive to the failure of the entire concrete struc-
tures, which could raise the risk of people’s lives and economic loss. Fire 
significantly diminishes the stiffness, strength properties (by increasing 

permeability, porosity, and decomposition of binder hydrated minerals) 
and provokes concrete spalling, which seriously jeopardizes the integ-
rity of the entire concrete structure [17–18]. Roy et al. [19] reported 
that concrete made with Electric Arc Furnace (EAF) fine aggregate had 
an inferior fire performance compared to concrete made with NS in 
terms of mechanical behavior, especially when exposed to temperatures 
above 500 ◦C. On the other hand, Rashad et al. [20] reported an 
improvement in the compressive strength after exposure to elevated 
temperatures (200, 400, 600 and 800 ◦C) when GBFS is used to replace 
NS in alkali-activated slag mortars. The residual tensile ad flexural 
strength of mortar made with waste steel slag (WSS) and waste clay 
brick (WCB) were investigated after exposure to elevated temperatures 
(up to 600 ◦C). The mortar specimens were made with 50% and 100% 
replacement of NS by WSS and WCB. The strength tests of mortar 
specimens were performed at 90 days [21]. The strength of the mortar 
decreased as the temperature increased. A significant strength loss was 
observed for the specimens heated at 600 ◦C, and both residual tensile 
and flexural strength reduction was more for the mortar made with WSS 
and WCB than NS. Further research is, therefore, needed to elucidate the 
effect of cementitious materials with steel slag as fine aggregate exposed 
to elevated temperatures. 

A literature study reveals that most published studies have focused 
on the mechanical response of concrete/mortar incorporating steel slag 
as fine aggregate. In contrast, very limited research has been devoted to 
its shrinkage, durability (i.e., total porosity, capillary water absorption, 
and chloride penetration resistance) at ambient temperature and me-
chanical strength and porosity performances after exposure to elevated 
temperatures (120, 250, 400 and 600 ◦C). Therefore, the current study 
addresses the physico-mechanical behavior of cementitious mortars 
made with SSP as partial/full replacement for NS at ambient tempera-
ture and after heat exposure. As the safety of people inside a building 

Fig. 1. Pictures of Steel Slag Powder - SSP (a) and Natural Sand - NS (b), and SEM images of SSP and NS (c-d).  
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structure is of utmost importance during an unexpected fire, it is 
essential to have comprehensive knowledge about the fire response of 
the cementitious mortar made with SSP to ensure stable fire resistance of 
the structural elements. 

2. Experimental methodology 

2.1. Mortar mixes and fine aggregate characterization 

The materials used to prepare mortar mixes comprised cement (CEM 
II 42.5 N), water, and SSP, NS or a combination of both as fine aggregate 
(Fig. 1a-b). The natural sand was received from the market, commonly 
collected by dredged from ocean and river beds. While, the SSP was 
produced during mechanically crushing the solid steel slag boulders to 
produce steel slag coarse aggregate, and this waste powder was used as a 
replacement for NS in this study. Scanning Electron Microscopy (SEM) 
was used to investigate the microscopic morphology of SSP and NS, and 
the resulting SEM images are shown in Fig. 1c-d. SSP appears highly 
angular with a rough surface texture obtained from steel slag chunk 
crushing [6]. 

Both NS and SSP were sieved with an ASTM standard No. 4 sieve 
(4.75 mm aperture) [22], showing the particle size distribution reported 
in Fig. 2 (bounded by the limits provided by the ASTM C33 [23]). 
Table 1 shows the main properties of NS and SSP tested following ASTM 
C128 [24]. As shown in Table 1, SSP has higher specific gravity than NS, 
while its absorption capacity is lower. Grading curves of NS and SSP 
(Fig. 2) show that SSP is characterized by a higher content of smaller 
(from 0.15 to 0.074 mm) and bigger size particles (from 1.18 to 4.75 
mm) compared to NS. On the other hand, for the intermediate size, the 
grading curve of SSP falls below the lower limit proposed by ASTM 33 
[23]. It is to be expected that the increased amount of smaller particles 
will fill the micropores of the cementitious matrix, thereby densifying 
the microstructure and consequently result in improved strength and 
durability. 

Table 2 shows the oxide composition of SSP determined using X-ray 
fluorescence (XRF). As expected, the Fe2O3 content of SSP was consid-
erably higher, resulting in a higher specific gravity with respect to NS 
(see Table 1). 

Ten different mortar mixtures have been designed, with two w/c 
ratios (0.30 and 0.50) and five levels of NS replacement by induction 
furnace SSP (0%, 25%, 50%, 75% and 100%). Superplasticizer (Sika-
Plast® – 204 TH) was used in the content of 0.5% wt. of cement in the 
case of w/c equal to 0.30 to increase mortar workability. The mix design 
of the mortar mixes is given in Table 3. 

2.2. Experimental program and test procedures 

The study was undertaken in two parts: (i) determination of me-
chanical and durability properties at ambient conditions and (ii) 

Fig. 2. Grading curves of NS and SSP compared with the upper and lower limits recommended by ASTM C33 [23].  

Table 1 
Physical properties of the fine aggregates used in this study.  

ID Fineness modulus Specific gravity Absorption capacity [%] 

NS  2.86  2.56  5.9 
SSP  3.35  3.24  1.0  

Table 2 
Oxide compositions of cement and steel slag powder (SSP).  

Oxide composition Cement [%] SSP [%] 

CaO  53.43  4.94 
SiO2  24.90  26.18 
Al2O3  7.52  4.94 
Fe2O3  3.96  44.39 
MgO  2.52  0.47 
MnO  0.07  12.9 
SO3  4.77  0.43 
TiO2  1.18  1.73 
K2O  1.00  0.56 
Na2O  0.27  0.45 
P2O5  0.21  0.08 
SrO  0.08  0.09 
ZrO2  0.01  0.11  

Table 3 
Mortar mix designs used in this study (all quantities in kg/m3).   

Mix ID Cement Aggregates Water  
NS SSP 

w/c = 0.3 SSP 0% 811 1216 0.0 243 
SSP 25% 811 912 385 243 
SSP 50% 811 608 770 243 
SSP 75% 811 304 1155 243 
SSP 100% 811 0.0 1540 243 

w/c = 0.5 SSP 0% 545 1362 0.0 272 
SSP 25% 545 1021 431 272 
SSP 50% 545 681 862 272 
SSP 75% 545 340 1293 272 
SSP 100% 545 0.0 1724 272  
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assessing the influence of high temperature on compressive strength and 
porosity. The details are described below. 

2.2.1. Characterization at ambient temperature 
Fresh property 
Slump values (as a measure of workability) of fresh mortar before 

casting test specimens were measured by investigating the viability of 
the mortar mixes (using an inverted cone under the action of gravity) for 
all replacement levels of NS by SSP. 

Mechanical properties 
For all the mortar mixes, compressive, tensile, and flexural strengths 

were determined at ambient temperature, according to ASTM C109 

Fig. 3. Slump of fresh mortar mixes made with different percentages of SPP.  

Fig. 4. Dry density of mortar made with two water-cement ratios (w/c) of 0.3 (a) and 0.5 (b) at different percentages of SSP.  
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[25], ASTM 307 [26], and ASTM 348 [27], respectively, at 7, 14, 28 and 
60 days from casting. 

The dry density of each specimen was measured before compressive 
strength tests. In addition, autogenous shrinkage was measured for all 
mortar mixes (on specimens 25 mm × 25 mm × 285 mm) according to 
ASTM C 490 [28]. 

Durability 
The overall durability performance of the mortar mixes was char-

acterized by measuring their porosity, water absorption, and resistance 
to chloride penetration. Three specimens were used for each mix, and 
the average result was evaluated. 

Porosity was investigated via water absorption porosity according to 
French standard NF P18–459 [29], capillary water absorption was 
determined as indicated in AFPC–AFREM [30] (with mass measurement 
of specimens recorded up to 120 h until a constant mass was achieved). 
At the same time, a chloride penetration resistance test was conducted 
according to ASTM C1202 [31]. 

2.2.2. Characterization after exposure to elevated temperature 
The detrimental effect of heat exposure has been investigated in re-

sidual conditions by heating the specimen at the heating rate of 2 ◦C/ 
min up to the target temperature (120, 250, 400 and 600 ◦C). Once the 
target temperature was reached, it was maintained for 28, 10, 4 and 4 h, 
respectively, to attain stability [32] in the mortar. Subsequently, the 
furnace was allowed to cool down to room temperature before the 
specimens were taken out. The control tests were performed at 20 ◦C 

after 90 days from casting to determine the reduction of compressive 
strength due to elevated temperature. Furthermore, the residual 
porosity of mortar specimens was also evaluated using the same pro-
cedures described for room temperature. 

3. Results and discussion 

3.1. Workability 

The workability of the fresh mortar mixes measured using the Slump 
Test is presented in Fig. 3. As the percentage of SSP increases, the 
workability of fresh mortar decreases, down to a reduction of about 35% 
when SSP fully replaced the NS. This agrees with other studies in the 
literature [9,11]. The significant decrease of the slump flow can be 
explained by the highly angular and rough surface texture of SSP (see 
Fig. 1b-c). This results in the decreased mobility of the fresh mortar due 
to better particle interlocking. 

On the contrary, NS is relatively round, thereby enhancing the 
flowability due to the rolling effect. Besides, the reduction in slump 
could also be attributed to the higher percentage of bigger particles 
(from 1.18 to 4.75 mm, see Fig. 2) of SSP with respect to NS. It was found 
that SSP particles retained on the sieve opening of 4.75 mm, 2.36 mm 
and 1.18 mm were 10, 12.5 and 1.9 times higher than NS. Furthermore, 
the fineness modulus (FM) of SSP and NS were 3.35 and 2.86, 
respectively. 

The combination of higher coarser particles and higher FM could 

Fig. 5. Compressive strength of mortar specimens made with w/c of 0.3 (a) and 0.5 (b) tested at 7, 14, 28 and 60 days.  
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induce higher friction among the particles in the mortar mix with SSP. 
Similar trends of the slump with respect to SSP content were observed 
for w/c of 0.3 and 0.5 (see Fig. 3). 

3.2. Physico-mechanical properties at ambient temperature 

3.2.1. Dry density 
Fig. 4 shows the average density of the hardened mortar as a function 

of SSP content. As expected, with increased SSP content, an increase in 
the dry density at both w/c ratios was observed due to the higher specific 
gravity of SSP (28% higher than NS). As expected, the highest mortar 
density was achieved with 100% SSP, with a 14–19% increase over the 
reference at all ages. Similar results are also reported by other re-
searchers [9,10,14]. 

3.2.2. Compressive strength 
Compressive strength (f′c) of mortars at 7, 14, 28 and 60 days is 

presented in Fig. 5. The results illustrate that cementitious mortars made 
with SSP as fine aggregate have a significantly higher compressive 
strength than the mortar made with 100% NS (control specimen). For 
example, the mean compressive strength for w/c ratio of 0.30 at 28 days 
for mixes with 0%, 25%, 50%, 75% and 100% SSP contents were 48.9 
MPa, 52.1 MPa, 56.4 MPa, 62.4 MPa and 71.0 MPa, respectively. At the 
same SSP contents, the strength is 45.0 MPa, 47.3 MPa, 53.3 MPa, 56.5 
MPa and 64.5 MPa, respectively, for a w/c ratio of 0.50. Therefore, an 
increase in the range of 19–45% was observed for the mortar made with 

100% SSP at all curing ages with respect to the control specimen. The 
increase is attributed to the higher content of finer particles (from 0.074 
mm to 0.15 mm) than NS, fostering a denser microstructure. Further-
more, SSP used in the present study was a crushed-coarser particle with 
rough surface texture and angular shape (see Fig. 1). These properties 
may enhance the strength of the interfacial transition zone (ITZ) be-
tween the cement paste and the aggregate, resulting in a strength in-
crease in cement-based composites [33,34]. 

Furthermore, the higher strength of mortar made with SSP could also 
be partially explained by the pozzolanic nature of SSP that reacts with 
calcium hydroxide [Ca(OH)2] and then forming secondary calcium sil-
icate hydrate (CSH) gels. Such behavior has been reported by Santa-
maría-Vicario et al. [10]. 

3.2.3. Tensile and flexural strength 
Fig. 6 shows tensile strength at 7, 14, 28 and 60 days. It can be seen 

that the incorporation of SSP leads to a significant increase in tensile 
strength at all curing ages. These results are consistent with the results of 
compressive strength (see Fig. 5). The maximum strength was attained 
for SSP relative content of 100%, which increased by 72% for w/c ratio 
of 0.30, and 68% for w/c of 0.50 with respect to the control mortar at 28 
days. Compared to compressive strengths, the relative increase in terms 
of tensile strength is higher. 

The flexural strength of mortar mixes made with SSP is presented in 
Fig. 7. Similar to tension, the flexural strength of mortar mixes with SSP 
was significantly higher for all curing ages than the control mortar. The 

Fig. 6. Tensile strength of mortar specimens for w/c ratio of 0.3 (a) and 0.5 (b) tested at 7, 14, 28, and 60 days.  
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most remarkable improvement was observed for the mortar made with 
100% SSP, which showed about 43–57% higher strength than the con-
trol mortar for both w/c and all curing ages. As previously noted, this is 
related to the denser matrix, the better aggregate-cement ITZ, and the 
higher angularity of the SSP particles. 

As previously noted, this is related to the denser matrix and the 
better aggregate-cement ITZ of mortar made with SSP than NS. It should 
be noted that the particle shape of NS is almost rounded (because NS is 
received from riverbeds and uncrushed) and less angular (see Fig. 1b 
and d). On the contrary, the SSPs are highly angular, dense, and have an 

Fig. 7. Flexural strength for w/c ratio of 0.3 (a) and 0.5 (b) at 7, 14, 28 and 60 days.  

Fig. 8. Shrinkage as a function of time for w/c ratio of 0.30.  
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excellent rough surface texture due to the crushing of solid steel slag 
boulders (see Fig. 1a and c). This allows better ITZ than NS, resulting in 
higher mechanical strength. Moreover, as mentioned earlier, the higher 
mechanical strength of mortar made with SSP could also be the contri-
bution of the secondary CSH gels produced by the pozzolanic reaction of 
SPP [10], which is believed to be the strength-giving compound of the 
binder. Indeed, SPP particles might have an adequate specific surface 
area to allow pozzolanic responses. It contains a significantly higher 
finer particle content (from 0.074 mm to 0.15 mm and even smaller, 

thus rest on the Pan of the ASTM Sieve, see Fig. 2) than NS. 
Lower w/c ratios lead to higher strength for all curing ages and SSP 

relative contents. On the other hand, it is worth noting as the variation of 
the strength with the relative content of SSP is not significantly depen-
dent on the initial w/c ratio. 

3.2.4. Shrinkage 
Autogenous shrinkage has been monitored overtime for all the mixes 

with a w/c ratio of 0.30, and the results are presented in Fig. 8, where 

Fig. 9. Porosity for w/c ratio of 0.30 and 0.50 at 28 days.  

Fig. 10. Capillary water absorption (a) and detail in data near the origin to represent the slope of the curves (b) of mortar specimens made with w/c ratios of 0.30 
and 0.50. 
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the average of three specimens is shown. It can be observed as shrinkage 
decreases significantly with SSP, especially at a higher content. Speci-
mens with 100% SSP show a 94% reduction at 28 days and 89% at 150 
days than to control mortar. Such a decrease can be ascribed to two main 
reasons. On the one hand, the higher water absorption capacity [35] of 
NS than SSP (5.9% for NS and 1% for SSP, see Table 1), leading to a 
larger absorption of water from the capillary pores of the cement paste. 
On the other hand, the higher angularity of SSP particles more effec-
tively restrain the shrinkage of the matrix. 

3.3. Durability 

3.3.1. Porosity 
The total porosity of mortar has been measured at 28 days to 

investigate the role of SSP, and the results are shown in Fig. 9. The 
apparent porosity of mortar regularly decreases with increasing 
replacement percentages of NS by SSP for mortar mixes at both w/c 
ratios. This is consistent with the higher strength of the latter (see Fig. 5, 
Fig. 6 and Fig. 7). The maximum decrease in porosity was determined in 
the mortar with 100% SSP, which was 42% lower than the control 
mortar for w/c of 0.30 and 35% for a w/c ratio of 0.50. The reduction in 
porosity can be explained by the significant reduction of the micropores 
within the range from 74 µm to 150 µm, and also for lower dimensions. 
As described in Section 3.2.2, a higher quantity of finer particles (lower 
than 0.15 mm, see Fig. 2) is present in SSP thereby filling the micropores 
with a resultant lower porosity. 

3.3.2. Capillary water absorption 
The effect of SSP on the capillary water absorption (WA) of mortar is 

shown in Fig. 10a, with the details of data points near the origin rep-
resenting the slope of the curves shown in Fig. 10b. Water absorption 
decreases for increasing values of SSP relative content. A notable 
depletion in water absorption was observed for the mortar mixes made 
with 75% and 100% SSP (see Fig. 10b). Water absorption decreased at 
170 h by 61% for a w/c ratio of 0.30 and 55% for a w/c ratio of 0.50, 
when SSP entirely replaced NS. These results agree with the results of 
total porosity (see Fig. 9). 

As previously discussed, this could be due to significantly lower 
absorption of SSP and denser microstructure in the matrix, particularly 
the ITZ. These results imply that the use of SSP as fine aggregate en-
hances the resistance against water penetration, which can improve the 
corrosion resistance. Similar trends have been observed for both w/c 
ratios, even though lower water absorption values have been obtained 
for all mortar mixes in the case of w/c ratios of 0.3, as expected. 

3.3.3. Resistance to chloride penetration 
Fig. 11 shows the resistance of mortars to chloride penetration. As 

can be seen, the use of SSP as a replacement of NS significantly improves 
chloride penetration resistance of mortar mixes since the transmitted 
charge was decreased for increasing contents of SSP. The mortar mix 
made with 100% SSP had the lowest charge transmission. The average 
charge passed into mortar specimens made with 0%, 25%, 50%, 75% 
and 100% SSP were 2595C, 2207C, 1959C, 1806C and 1271C, respec-
tively, for w/c of 0.30 and 3327C, 2805C, 2517C, 2257C and 1589C, for 
w/c of 0.50. The results indicate that the chloride ion permeability 
ranges from moderate (0% to 25% SSP mortar for w/c of 0.30 and 0% to 
75% SSP mortar for w/c of 0.50) to low (50% to 100% SSP mortar for w/ 
c of 0.30 and 100% SSP mortar for w/c of 0.50) level according to ASTM 
C1202 [31]. The average current passing through mortar with 100% SSP 
was 52% lower than the control mortar. This means that the inclusion of 
SSP in mortar as fine aggregate enhances the resistance against chloride 
penetration, which could provide good protection to steel reinforcement 
against corrosion. These results are consistent with the other parameters 
investigated. Such lower chloride penetration of mortar made with SSP 
can be ascribed to the denser microstructure. 

3.4. Compressive strength and porosity after exposure to high temperature 

3.4.1. Residual compressive strength 
The effect of high temperature on the decay of compressive strength 

is shown in Fig. 12a for all the mortar mixes, while the normalized 
compressive strength is presented in Fig. 12b and c. The experimental 
results are compared with the curves recommended by Eurocode 2 [36] 
and ACI 216–1.07 [37], which, however, refers to concrete. A mono-
tonic decrease with temperature has been observed for all the mixes, and 
except for 100% SSP specimens, the results are within limits indicated 
by Eurocode 2 [36] and ACI 216–1.07 [37]. At 120 ◦C, the strength 
decreased by 2–7% for w/c ratios of 0.30 and 0.50 compared to the 
strength in virgin conditions (without thermal treatment). The evapo-
ration of free water and part of the physically bound water is the cause of 
the reduction in strength at this temperature due to porosity increase 
(see next section) [32,38]. This is in good agreement with Miah et al. 
[32], where a sharp increase in permeability in the temperature range of 
80–120 ◦C. Similar behavior was also reported by Kalifa et al. [39] and 
Bazant [40]. 

At 250 ◦C, the strength dropped gradually for each mix. A sharper 
decrease was observed for the mortar mixes made with 100% SSP. The 
residual strength for mortar with 0%, 25%, 50%, 75 and 100% were 
86%, 85%, 82%, 78% and 74%, respectively, at w/c ratio of 0.30. At a 
w/c ratio of 0.50, residual strengths were 88%, 85%, 84%, 81% and 78% 
compared to ambient temperature. The results agree with the concept 
that denser matrices usually show a sharper decrease of strength with 
the temperature [41]. This is due to the increase of vapor pressure in the 
pores [42] on the one hand, and the decrease of the transient thermal 

Fig. 11. Charge passed, a measure of chloride resistance, for different mortar mixtures.  
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strain, on the other hand. Lower transient thermal strain means higher 
apparent stiffness at high temperature, thus higher thermal stresses. The 
combined effect of higher pore pressure and higher thermal stresses 
brings in more severe cracking of the specimen during heating, with a 
consequent lower strength in residual conditions. 

From 400 to 600 ◦C, strength dropped sharply, reaching a reduction 
with respect to virgin conditions of 69–34% for w/c ratio of 0.30 (see 

Fig. 12b) and 72–37% for w/c ratio of 0.50 (see Fig. 12c). This can be 
attributed to the significant loss of water from gel pores, dehydration, 
increase of porosity and permeability [39]. Besides, strength reduction 
could be due to atmospheric moisture absorption and rehydration of 
lime (CaO) during cooling, resulting in the higher cracking caused by an 
increase in volume [43]. 

The reduction of strength resulting from exposure to high 

Fig. 12. Residual compressive strength (a) and normalized strength at w/c of 0.3 (b) and w/c of 0.5 (c), for all mortar mixes after exposure to high temperatures, 
together with the recommendation provided by Eurocode 2 (EC 2) [36] and ACI 216–1.07 [37]. 
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temperature was higher for the mortar mixes with SSP at both w/c ra-
tios. For instance, the loss in strength for mortar with 100% NS and 
100% SSP exposed to 600 ◦C were 50% and 66%, respectively, at a w/c 
ratio of 0.30, and 47% and 63%, accordingly, at a w/c ratio of 0.50. The 
higher reduction in strength for the mortar with 100% SSP can be 
ascribed to the following reasons: (a) significantly higher initial 
compressive strength (compressive strength for mixes with 100% NS 
and with 100% SPP was 55.76 MPa and 81.31 MPa for w/c of 0.30 and 
51.78 MPa and 71.47 MPa, accordingly, for w/c ratio of 0.50) and (b) 
the presence of bigger size particles (from 1.18 to 4.75 mm) in SSP ag-
gregates (see Fig. 2). When the mortar is exposed to high temperatures, 
the cement paste shrinks due to water loss while aggregates expand due 
to thermal dilation [32,39]. This different behavior of the two different 
constituents, called kinematic incompatibility, induces tensile stresses in 
the matrix, resulting in crack formation [32,39]. This aspect is expected 
to be more evident for bigger aggregates. 

Since SSP contained a higher content of aggregate ranging from 1.18 
to 4.75 mm than NS (see Fig. 2), thermal incompatibility is expected to 
be more severe in the former, this resulting in higher micro-cracks and a 
lower compressive strength after exposure to high temperature. It was 
found that thermal cracks were less in number but more opened in the 
mortar mix with 100% SSP after exposure to 600 ◦C (Fig. 13), which 

underline the role of the aggregate size. 
Regarding the effect of w/c, the reduction of strength due to heating 

was lower for the mortar with a higher w/c ratio. The strength difference 
was more evident in the range 250–600 ◦C, as shown in Fig. 12b and c. 
The reduction in strength with respect to virgin conditions for w/c ratios 
of 0.30 and 0.50 at 600 ◦C was 50% and 47% for 100% NS and 66% and 
63%, accordingly, for 100% SSP. 

3.4.2. Residual porosity 
The residual porosity of mortar mixes exposed to elevated temper-

atures is shown in Fig. 14. For all mixes, porosity monotonically in-
creases with temperature. At 120 ◦C, a sharp increase in porosity was 
found for all mortar mixes, about 1.4–1.5 times higher than the porosity 
at ambient temperature. As discussed in Section 3.4.1, this behavior is 
linked to the rising pore volume resulting from the evaporation of 
capillary water and part of the physically adsorbed water [32]. At 
250 ◦C, porosity increases with almost the similar slope of the range 
20–120 ◦C for mortar mixes made with a w/c ratio of 0.30, while a 
milder slope was observed for w/c ratio of 0.50. These results confirm 
the measurements of compressive strength in the same range of 
temperatures. 

Above 400 ◦C, a notable increase in porosity was found for all mixes, 

Fig. 13. Images of mortar specimens made with 0% and 100% SSP at w/c of 0.30 and 0.50 after exposure to 600 ◦C.  

M. Jihad Miah et al.                                                                                                                                                                                                                           



Structures 33 (2021) 2811–2823

2822

which could be attributed to a remarkable increase in the average pore 
size in the mortar matrixes. This higher porosity satisfactorily agrees 
with the results on compressive strength at higher temperatures 
(Fig. 12). It is noted that a higher increase in porosity was observed for 
the mortar made with a lower w/c ratio compared to higher w/c, which 
agrees with the residual compressive strength of mortar mixes made 
with those two w/c ratios. 

4. Conclusions 

In the present study, the effects of steel slag powder (SSP) as a par-
tial/full replacement of natural sand (NS) is investigated, addressing 
physico-mechanical properties of cementitious mortar at ambient after 
exposure to high temperature. Five different replacement levels of NS 
with SSP have been considered (namely, 0, 25, 50, 75 and 100%) for two 
values of w/c ratios (0.3 and 0.5). At ambient temperature, porosity, 
water capillary absorption, chlorides penetration, on the one hand, and 
compressive, tensile and flexural strengths, on the other hand, have been 
studied. In residual conditions, namely after exposure to 120, 250, 400 
and 600 oC, compressive strength and total porosity have been assessed. 

Based on the experimental evidence and of the discussion on the 
results, the key finding of the present study can be reported as follows:  

1. Decreasing workability of mortars was observed as SSP relative 
content increased, with a slump reduction of around 35–36% when 
the NS was entirely replaced.  

2. Compressive, tensile and flexural strengths increased as SSP content 
increases due to the denser microstructure, rougher surface texture 
and angular shape of SSP particles and improved ITZ. Such increase 
reached the values of 45%, 72% and 56% for compressive, tensile, 
and flexural strength, respectively, when SSP entirely replaces NS. 

3. Porosity, water absorption, and chloride penetration were signifi-
cantly reduced for increasing percentages of SSP, thanks to the 
denser microstructure. Porosity, water absorption, and chloride 
penetration decreased by 42%, 61% and 52%, respectively, when NS 
was entirely replaced.  

4. The higher the SSP contents, the lower the mortar autogenous 
shrinkage, thanks to the lower water absorption and the higher an-
gularity of the SSP particles (this latter aspect fosters a more effective 
restrain against the matrix contraction).  

5. The residual compressive strength monotonically decreased with the 
maximum temperature reached in the thermal cycle. The decrease 
was significantly higher when SSP entirely replaced NS. Conversely, 
residual porosity increased with temperature, which is consistent 
with the results on residual compressive strength. The worst 
behavior at high temperature in a mortar with SSP can be ascribed to 
the denser microstructure, fostering higher pore pressure during 
heating and higher thermal stresses, both aspects inducing a more 
severe crack pattern. 

The findings of this study reveal that SSP can be used as a full 
replacement of NS, thanks to its improved mechanical properties, 
shrinkage, and durability, even though a slightly worse behavior has 
been observed after exposure to high temperature. This high strength 
(compressive strength at 28 days ≈ 70 MPa) cementitious mortar made 
with SSP could be used in the ferrocement technique/repair work, 
providing higher strength, better bond, and higher durability of 
strengthened structural elements as ferrocement has a lower net cover 
and the higher surface area of the reinforcement (i.e., higher risk of 
corrosion). Besides, SSP mortar gives environmental benefits by solving 
the disposal problem, reducing the demand for new fine aggregate, and 
leading to sustainable construction building materials. 

Fig. 14. Residual porosity (P) of mortar after being exposed to elevated temperatures.  
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