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A B S T R A C T   

Recent developments in lightweight concrete (LWC) have led to a renewed interest in incorpo-
rating fibers in concrete. However, research on the specific application of rock wool fiber in LWC 
is scarce. Hence, the present study aims to investigate the physical and mechanical characteristics 
of LWC with the inclusion of rock wool fibers (0%–15%) in different water-cement ratios (0.4, 0.5 
and 0.6). The relationships between mix proportion and the density, permeable void, water ab-
sorption, compressive strength, splitting tensile strength and flexural strength of the composite 
were investigated. The results showed the density of the rock wool-incorporated specimen was 
highly reduced (up to 73% reduction) when the incorporation of rock wool fiber reached 15%. 
The oven-dry densities of the specimens for fiber contents from 2.5% to 10% are 800 kg/m3 to 
2000 kg/m3, which can be classified as LWC. Permeable voids of the specimens were increased by 
63% by volume with 15% of rock wool inclusion. Only a certain mix proportion fulfilled the 
requirement to be used as load-bearing internal walls. The correlation between compressive 
strength and splitting tensile strength was subsequently analyzed. Lastly, the empirical models for 
all properties were generated using the response surface method with R2 > 0.90. In conclusion, 
the selection of different mix ratios of rock wool and the water-cement ratio (w/c) for attaining 
better physical or mechanical properties of LWC will be presented, and hopefully serves as a 
sound basis for future related studies.   

1. Introduction 

In recent years, land resources in cities have become increasingly limited as the economy and society have developed rapidly. The 
number of high-rise buildings has increased dramatically, allowing additional living and development space [1,2]. In line with the 
soaring demand for high-rise buildings, researchers are focusing on investigating innovative lightweight concrete (LWC) materials [3, 
4]. The benefit of LWC is to reduce the material’s self-imposed weight on the structure, which lowers reinforcement ratios and reduces 
the construction cost. A recent study proved that using LWC blocks as partition walls reduces the direct cost of an apartment by 8.2% to 
13.9% [5]. Besides, LWC also found its potential in thermal insulation [6,7], sound insulation [8,9], seismic structural response [5] and 
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energy-saving [10] applications. Extensive research has shown that incorporating LWC in a high-rise building can achieve 3.2%– 
14.8% of energy savings. 

The average density of regular concrete is around 2400 kg/m3. The British Standard European Norm (ACI) specifies the dry density 
of structural LWC ranges from 800 kg/m3 to 2000 kg/m3 [11]. The concrete below this weight range is considered non-structural and 
sometimes coined as ultra-lightweight or infra-lightweight concrete [12,13]. The density of concrete is well acknowledged to 
significantly impact and improve the specific properties of LWC such as sound insulation [14], thermal insulation and fire resistivity. 
As a result, more recently, there has been a surge of interest in incorporating different materials and investigating their influences on 
the density of LWC [15,16]. 

As of late, development in LWC has garnered the interest of many researchers, spurring them to incorporate different types of fibers 
(natural or synthetic) in concrete. Aside from density reduction, the use of natural fibers in LWC can help to reduce the carbon footprint 
and agricultural waste [17]. A recent review study has summarized the common natural fibers used in LWC, including oil palm waste 
[18], rice husk [19], crushed groundnut shell, olive waste, sugarcane waste, hemp, buckwheat husk, etc. [20]. Despite the numerous 
benefits described above, natural fibers have recurring biodegradation issues, including UV-induced degradation and breakdown of 
the structures that cement the fibers together cause by weak bonding. Pre-treatments are commonly used to fix these difficulties, but it 
is expensive and not environmentally sustainable [21–23]. Furthermore, a few studies have reported that the homogeneous qualities of 
natural fibers are difficult to control because they are highly dependent on field climate conditions. This can cause an undesired 
variation of fiber properties and subsequently leading to other quality problems down the road [24,25]. Overall, microbial activity and 
degradation are the major hindrances in using natural fiber in the concrete matrix [26,27]. 

One of the alternative materials is synthetic fiber. A previous review study has stated that numerous researchers were focusing on 
incorporating different synthetic fibers into LWC, such as basalt fiber, glass fiber, bagasse fiber, carpet fiber, polyvinyl alcohol fiber, 
polyethylene fiber, polypropylene fiber and tire wire fiber [28]. Synthetic fibers are widely regarded as superior than natural fibers in 
terms of heat and sound insulation [29]. Other than the above-mentioned synthetic fibers, one of the most popular synthetic fibers 
which has been extensively applied as an insulator material is rock wool. Rock wool is a product of molten rock at a temperature of 
around 1600 ◦C that is blown through with a stream of air. Basalt fibers and expanded or extruded polyurethane resins are used to 
create rock wool composites. For decades, rock wool fibers have been extensively applied as insulator materials due to their excellent 
heat and sound insulating properties, low densities, high tensile strengths, and most importantly, low costs [30]. For instance, several 
researchers have studied the incorporation of rock wool fibers into popular materials such as polyurethane foams [31,32] and aerogels 
[33,34]. Generally, the incorporation of rock wool fibers has improved the physical and thermal characteristics of said materials. 

However, based on current literature, the application of rock wool fiber in LWC is relatively scarce. This study aims to bridge this 
knowledge gap through a thorough investigation on the physico-mechanical effects of incorporating rock wool fibers with the concrete 
matrix (a mixture of cement and water). The relationship between mix proportions and the density, permeable void, water absorption, 
compressive strength, splitting tensile strength and flexural strength of the final composite were investigated. The relationships be-
tween the compressive strength of the specimens and the weight ratio, as well as the splitting tensile strength, were analyzed 
respectively. Lastly, the empirical models for each property were identified using the response surface method. 

2. Materials and methods 

2.1. Materials 

The lightweight material used in this study was rock wool, procured from local commercial sources and certified by MS 1020:2016 
and BS EN 13501-1: 2007 +A1:2009. The bulk density of rock wool used in this study was 80 kg/m3. The rock wool was cut into 2 cm3 

cubes as shown in Fig. 1(a), before mixing with the binder. The binder comprises of tap water and Ordinary Portland Cement, certified 
by MS EN 193-1:2004. 

Fig. 1. (a). Rock wool in cubic shape; (b) air-dried curing environment.  
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2.2. Mix design 

The mix formulation is shown in Table 1. The manipulating variables are rock wool-cement ratio (wt.%) and water-cement ratio 
(wt.%). The rock wool-cement ratios used were 0%, 2.5%, 5%, 7.5%, 10%, 12.5% and 15% with different water-cement ratios (w/c) 
0.4, 0.5 and 0.6. During the investigation of the relationship between hardened concrete properties and water uptake, the amount of 
water is fixed, although the workability of fresh concrete might differ from one to another. 

2.3. Specimens’ preparation 

The rock wool cubes were dry-mixed with cement for at least 120 s, followed by a slow addition of water and uniform mixing for an 
additional 120 s to ensure a homogeneous concrete matrix. After mixing, the fresh concrete was poured and layered into cubic (100 ×
100 × 100 mm3), prismatic (75 × 75 × 300 mm3), and cylindrical (diameter 100 mm and height 200 mm) steel molds, for a total of 
three layers. Each layer of fresh concrete was subjected to mechanical vibration for 5 s on the vibrating table for compaction, and the 
process was repeated for the subsequent layer. The compacted specimens were covered with an impervious plastic sheet for 24 ± 8 h at 
the laboratory temperature (26 ◦C ± 2 ◦C) to reduce the evaporation of water. Then, the specimens were unmolded and dry-cured in a 
vibration-free environment for more than 28 days before testing as shown in Fig. 1(b). 

2.4. Experimental procedures 

2.4.1. Bulk density 
Bulk density is the fundamental parameter that must be determined to accurately predict the properties of the concrete block while 

also monitoring the consistency of the specimen’s production. The triplicate cubic samples (100 × 100 × 100 mm3) for each mix were 
tested at the age of 28 days. The specimens were dried in the oven at a temperature of 110 ± 5 ◦C for 72 h to acquire the oven-dry mass. 
The density was then measured according to the appropriate ASTM standards [35]. 

2.4.2. Permeable void ratio and water absorption 
The permeable void ratio and the degree of water-tightness of the porous concrete specimens were determined in accordance to the 

modified ASTM standards [36] by drying and subsequently immersing said specimens in water. 63 cubic specimens (in triplicates) with 
a length of 100 mm were cured for 28 days before the test. Three key parameters were measured in order to determine the permeable 
void ratio and the percentage of water absorption, namely the oven-dried mass of the specimen, the saturated-surface-dry mass of the 
specimen, and the apparent mass when the specimen is submerged. The procedures for determining the oven-dried mass were the same 
as the previous section. To obtain the apparent mass during submersion, the specimens were placed in the water for more than 24 h and 
their masses were subsequently measured while being submerged. The specimens were removed from water and the surface was dried 
immediately to obtain the surface-saturated-dry mass of each specimen. Using these parameters, the calculations of the percentage 
absorption and the permeable void ratio were shown as follows. 

Absorption  after  immersion,  %  = [(B − A) /A]  x  100 (1)  

Permeable  pore  space  (voids)  ratio,  %  = [(B–A) / (B–C)]  x  100 (2)  

where: 

A = mass of oven-dried sample in air, g 
B = mass of surface-dry sample in the air after immersion, g 
C = apparent mass of sample in water after 24-h immersion, g 

2.4.3. Compressive strength 
This test aims to determine the compressive strength of hardened concrete [37] to ensure the material meets the specific structural 

requirements. The cubic specimen triplicates (100 × 100 × 100 mm3) for each mix were tested at the age of 28 days. The specimens 
were positioned in the Universal testing machine so that the load was applied perpendicularly to the direction of casting. The testing 

Table 1 
Mix proportion of rock wool concrete.  

Notation Rock Wool to Cement (wt%) Water-Cement-Ratio (wt%) Notation Rock Wool to Cement (wt%) Water-Cement-Ratio (wt%) 

R0W4 0.0 0.4 R10W4 10.0 0.4 
R0W5 0.5 R10W5 0.5 
R0W6 0.6 R10W6 0.6 
R2.5W4 2.5 0.4 R12.5W4 12.5 0.4 
R2.5W5 0.5 R12.5W5 0.5 
R2.5W6 0.6 R12.5W6 0.6 
R5W4 5.0 0.4 R15W4 15.0 0.4 
R5W5 0.5 R15W5 0.5 
R5W6 0.6 R15W6 0.6 
R7.5W4 7.5 0.4    
R7.5W5 0.5    
R7.5W6 0.6     
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machine, with a capacity of 200 kN, applied a loading rate of 6 kN/s to the specimens until failure was reached. The compressive 
strength of the specimen was subsequently calculated according to Eq. (3). The average of the compressive strength values of the 
triplicates was obtained as the final compressive strength for a particular mix design. 

fc = (F /Ac) × 100 (3)  

where: 

fc = compressive strength, MPa; 
F = maximum load at failure, N; 
Ac = cross-sectional area of the specimen on which the compressive force acts, mm2 

2.4.4. Splitting tensile strength 
Cylindrical specimen triplicates (200 mm height and 100 mm diameter) for each mix were subjected to splitting tensile strength 

testing in accordance to the appropriate ASTM standards [38] at the age of 28 days. The specimens were placed in the testing machine 
and aligned to the center. Thin, plywood bearing strips were used to distribute the load applied along the length of the cylinder. A 
loading rate of 0.04 MPa/s was applied continuously on the specimens without any shock until failure was reached. The maximum load 
applied to the specimens was recorded. The splitting tensile strengths were then calculated as follows: 

ft = 2P/π/d (4)  

where: 

ft = splitting tensile strength, MPa; 
P = maximum applied load indicated by the testing machine, N 

2.4.5. Flexural strength 
The flexural test in this study was carried out strictly according to the specific standards [39]. A flexural test machine with 

two-point loading was used in this test. Specimens were placed in the flexural test machine without shock, and the loading rollers were 
lowered down until they were in contact with the test specimen. A 0.04 MPa/s loading rate was applied to the specimen until failure 
occurred and the maximum load values were recorded. The flexural strength can be calculated using the equation below: 

ff = FL
/(

bd2) (5)  

where: 

ff = flexural strength, MPa; 
F = maximum load, N; 
L = distance between the supporting rollers, mm; 
b = width of the test specimen, mm; 
d = thickness of test specimen, mm. 

2.5. Predictive regression models 

A three-level factorial experimental design with 5 replicates at the center point, and a set of points lying at the midpoint of each 

Fig. 2. Density against w/c ratio and rock wool content.  
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edge of the multidimensional cube that defines the region of interest was used. The processing variables (rock wool and w/c ratio) and 
predictive regression models were constructed for density, permeable void, water absorption, compressive strength, splitting tensile 
strength and flexural strength. The experimental design involved 21 runs where all checkpoints were performed over the entire 
experimental domain to validate the chosen experimental design and polynomial equations. The response surface analysis was per-
formed using Design Expert Version 6.0 software, where 3D response surface plots were drawn for each model. 

3. Results 

3.1. Density 

The oven-dry bulk density for each specimen was measured to predict the properties of the concrete while monitoring the con-
sistency of the specimen’s production. Fig. 2 depicts the trends for the influence of rock wool ratio and w/c ratio on oven-dry density. 
Generally, all the figures show a decreasing trend in bulk density by increasing rock wool proportion. These results could be explained 
by the addition of rock wool significantly generating the pores between the hardened paste. Thus, the overall bulk densities were 
significantly reduced. 

A closer inspection of the figure shows little difference in water-cement ratio to the decreasing rate of bulk density. The mixtures 
with a 0.4 w/c ratio show approximately 73% reduction after incorporating 15% of rock wool, while mixtures with 0.5 and 0.6 w/c 
ratios dropped 64% and 53%, respectively. In other words, with the increasing of rock wool fiber content, additional water is needed to 
maintain the density of the concrete. The differences may be attributed to the water absorption competition between binder and rock 
wool during the mixing process. Also, the water absorbed by rock wool was partially dried out from the open continuity pores, leading 
to a decrease in oven-dry bulk density. This result aligns with previous findings on LWC [4,40,41]. Hence, a higher w/c ratio is needed 
to avoid water absorption competition between rock wool and the binder for higher rock wool content. 

Through predictive regression, a density model has been generated empirically in the form of Eq. (6). The Model F-value of 415.19 
implied that this model is significant and there is only a 0.01% chance that a "Model F-value" this large could occur due to noise, thus 
implying that it is a well-fitted model. In addition, the values of "Prob > F" are less than 0.0001, indicating model terms are significant. 
The aforementioned empirical density model expressed in terms of all the factors in this research is presented as follows, with the 
notation Rw being rock wool and W being water: 

Density= 2075.85 − 974.98(W) − 144.76(Rw) + 153.57(W)(Rw) (6) 

A predicted against actual data was plotted in Fig. 3(a). The R2 of 0.9865 indicated that this model was desirably fitted and 
adequately explained the data. The ratio of adequate precision of 63.766 was greater than 4, indicating adequate model discrimi-
nation. Overall, the 3D response surface was plotted as shown in Fig. 3(b), and this empirical model can be used to navigate the future 
experimental design space. 

Overall, the oven-dry density for fiber content from 2.5% to 10% is in the range of 800 kg/m3 to 2000 kg/m3, which can be 
classified as LWC according to the standard guide stated in British Standard [11]. However, a closer look at the concrete with rock wool 
content >12.5% shows that it has less than 800 kg/m3, and is thus considered as ultra-lightweight concrete. As lightweight concrete or 
ultra-lightweight material is in demand in high-rise buildings nowadays [5,42], incorporating rock wool into concrete is a potential 
alternative LWC to the future development of construction materials. 

3.2. Permeable void volume 

Fig. 4 shows the trend of the permeable void in the specimens with different rock wool fiber content and w/c ratio. It is hy-
pothesized that the volume of permeable voids increases as the rock wool content increases due to the high porosity property of rock 
wool fiber. This finding is in agreement with previous fiber reinforcement concrete studies [43]. 

A closer look in the figure shows that the impact of the w/c ratio on the permeable void content depends on the amount of rock wool 
fiber. For instance, at 0% and 2.5% of rock wool content, when the w/c ratio increases from 0.4 to 0.6, the volumes of permeable voids 
increase 63% and 35%, respectively. It is understood that when only a small amount of rock wool is added into the mixtures, the 

Fig. 3. (a). Predicted density against actual density (b) 3D response surface for density based on the empirical prediction model.  
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cement paste becomes the major component. Hence the relationships may be primarily explained from the cement paste. When more 
w/c ratio was added to the mixture, the excess water in the cement paste was not consumed by the hydration reaction, causing 
extremely small pores between the gel after hardening. This indicated that for a low amount of rock wool, the more water is added, the 
more permeable pores are formed in the medium. 

Interestingly, when the rock wool amount exceeded 10%, the increase in w/c ratio had the opposite effect on the permeable voids 
volume. For example, at 10%, 12.5% and 15% of rock wool (Fig. 4), when the w/c ratio increased from 0.4 to 0.6, the permeable voids 
volume decreased by 11%, 28% and 34%, respectively. The voids volume declined when the w/c ratio increased because when more 
water is added into the mixtures, the high workability of the cement paste is more easily filled into the empty spaces of the rock wool, 
causing lower porosity in the general mixtures. A previous study also recorded a similar observation [44]. 

A predictive regression model for the permeable void was generated empirically in the form of Eq. (7). The Model F-value of 48.8 
implied that this model is significant and there is only a 0.01% chance that a "Model F-value" this large could occur due to noise, 
showing that it is a well-fitted model. In addition, values of "Prob > F" are less than 0.0001, indicating that the model terms are 
significant. The final empirical model for the permeable void in term of various factors is presented as follows: 

PermeableVoids= − 12.64 + 93.40(W) + 5.66(Rw) − 20(W)
2
+ 0.10(Rw)2

− 11.16(W)(Rw) (7) 

A predicted against actual data was plotted in Fig. 5(a). The R2 of 0.9413 indicated that this model was desirably fitted and 
adequately explained the data. The ratio of adequate precision of 27.379 was greater than 4, indicating adequate model discrimi-
nation. Overall, the 3D response surface was plotted as shown in Fig. 5(b), and this empirical model can be used to navigate the future 
experimental design space. 

3.3. Water absorption 

This section examines the impact of varying rock wool fiber contents in concrete on the water absorption of the specimens. Water 
absorption was determined according to the ASTM-C20 standard. The trend depicts an increase of water absorption percentage when 
fiber content increases (Fig. 6). The trend in water absorption of concrete can likely be attributed to the resulting void volume. In 
particular, in specimens with a large void percentage, water absorption was higher. This performance is in alignment with the 

Fig. 4. The volume of permeable voids against w/c ratio and rock wool content.  

Fig. 5. (a). Predicted permeable void against actual permeable void (b) 3D response surface for permeable void based on the empirical prediction model.  
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outcomes of a similar fiber-incorporated concrete study [43]. 
One interesting finding is that the impact of the w/c ratio on the water absorption is in contrast with the impact of varying rock 

wool content. For an instant, 0% and 2.5% of rock wool, as the w/c ratio increases, the water absorption capacity increases. This 
increase is due to the presence of too much water in the hydration reaction that causes massive small gel pores in the hardened cement 
paste. As mentioned in the literature review, those gel pores are called capillary pores, mainly within the size range 0.01–10 μm, 
resulting in the permeability and diffusivity of the concrete [45]. One unexpected finding was the extent to which the w/c ratio shows a 
different set of results in water absorption for more than 10% of rock wool content (see Fig. 6). This result is similar to that observed in 
the permeable voids volume section. As previously mentioned, a higher w/c ratio provokes higher workability of hydration products 
which may occupy the inner space of rock wool. Thus the overall voids decreased. In addition, the high absorptive properties of rock 
wool may cause an excessive absorption of water and lead to insufficient water for the hydration reaction, resulting in more pores in 
between the hydrated gel. Hence, the lower w/c ratio of the mixtures shows a higher water absorption at that point. Overall, lower 
water absorption is expected at a higher w/c ratio, or vice versa, owing to the permeable voids volume. 

To develop an empirical model for water absorption, predictive regression was used once again. The empirical model was 
generated in the form of Eq. (8). The Model F-value of 89.57 implied that this model is significant and only a 0.01% chance that a 
"Model F-value" this large could occur due to noise, showing that it was a well-fitted model. In addition, values of "Prob > F" are less 
than 0.0001, indicating model terms are significant. The final empirical water absorption model in term of all factors is presented as 
follows: 

WaterAbsorption= − 40.75 + 167.41(W) + 6.60(Rw) − 93.43(W)
2
+ 0.25(Rw)2

− 14.35(W)(Rw) (8) 

A predicted against actual data was plotted in Fig. 7(a). The R2 of 0.9676 indicated that this model was desirably fitted and 
adequately explained the collected data. The ratio of adequate precision of 33.173 was greater than 4, indicating adequate model 
discrimination. Overall, the 3D response surface was plotted as shown in Fig. 7(b), and this empirical model can be used to navigate the 
future experimental design space. 

Overall, although the water absorption cannot be used as a measure of the quality of the porous concrete, the result suggests that 
when rock wool or other high water absorptive fiber are being introduced in batches, the amount of water added to the plant must be 

Fig. 6. Water absorption against w/c ratio and rock wool content.  

Fig. 7. (a). Predicted water absorption against actual water absorption (b) 3D response surface for water absorption based on the empirical prediction model.  
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increased to maintain the desired porosity and water absorption properties. According to recent literature findings and perspectives 
[46–48], high water-absorbing materials like rock wool has the potential to be used as an internal curing agent. The pre-wet rock wool 
can act as a reservoir that slowly releases moisture to cementitious hydration reaction in the pores to improve shrinkage issues in 
high-strength concrete [49]. 

3.4. Compressive strength 

Despite LWC possessing many advantages, it is substantially more fragile than traditional concrete, and it is imperative to find the 
optimum rock wool content and w/c ratios that yield LWC batches with strength being comparative to that of typical concrete. Hence, 
this study investigates the variation of compressive strength with different rock wool ratios and w/c ratios. For R10W4, R12.5W4, 
R15W4, R12.5W5, R15W5 and R15W6, the compressive strength values were below the measurable range of the machine, hence they 
are not shown in Fig. 8. As depicted in the figure, the compressive strength decreases dramatically as the rock wool ratio increases. The 
negative influence of non-structural fibers on compressive strength is often found in literature as well [40,50,51]. The decrease in 
compressive strength is mainly due to two possible reasons: (i) the increased rock wool content lowers the binder’s ratio in the fixed 
mixture’s volume, leading to many intergranular voids. The compressive strength depends on the hardened binder surrounding the 
rock wool fibers, which affects the proper load distribution, and (ii) the high water absorptive properties of the rock wool inclusions 
will hinder the formation of the hydration products in the paste and lead to a decrement in mechanical strength. As a summary, 
incorporating rock wool fiber in the matrix could lead to perforations and subsequent internal flaws in interfacial transition zones and 
thus reduce the compressive strength. Similar findings were found in previous studies [52,53]. For instance, one of the recent studies 
revealed 88.9% of strength degradation after adding 1.5 wt% of polypropylene fiber into the concrete matrix [54]. 

It is apparent from this Fig. 8 that there was a slight difference in compressive strength results with different w/c ratios. The lower 
w/c ratio in the LWC decreases more significantly with increases in rock wool content. For instance, 0.4 w/c ratio yielded a strength 
decrease by 93.6% after adding 5% of rock wool fiber, while 0.5 w/c ratio & 0.6 w/c ratio have resulted in a drop of 83.6% and 80.6%, 
respectively. This could be due to the adsorption of water by the rock wool fiber in the freshly mixed material (high water absorption 
rate found in high open-end pores of rock wool), thereby not leaving sufficient water for the hydration reaction of the lime. The 
incomplete hydration process would prevent the lime from reaching its maximum potential strength. In summary, different w/c ratios 
play a crucial role in attaining the desired compressive strength. A lower w/c ratio has a significant negative effect on compressive 
strength as the fiber content increases. Therefore, when the volume of fiber increases, a higher w/c ratio is needed to avoid the 
incomplete hydration of lime, which will negatively affect the concrete strength. 

A predictive regression model for compressive strength has been generated empirically in the form of Eq. (9). The Model F-value of 
27.22 implied that this model is significant and there is only a 0.01% chance that a "Model F-value" this large could occur due to noise 
showing it was a well-fitted model. In addition, the values of "Prob > F" are less than 0.0001, indicating that the model terms are 
significant. The final empirical compressive strength model in terms of all factors is presented as follows: 

CompressiveStrength= 75.50 − 74.26(W) − 11.23(Rw) + 0.86(W)
2
+ 0.35(Rw)2

+ 7.17(W)(Rw) (9) 

A predicted against actual data was plotted in Fig. 9(a). The R2 of 0.9007 indicated that this model was desirably fitted and 
adequately explained the collected data. The ratio of adequate precision of 16.315 was greater than 4, indicating adequate model 
discrimination. Overall, the 3D response surface was plotted as shown in Fig. 9(b), and this empirical model can be used to navigate the 
future experimental design space. 

Overall, the determination of the compressive strength of hardened specimens ensures the material meets the specific strength 
requirements. According to LWC standard [55], the concrete produced with a combination of normal weight and lightweight 

Fig. 8. Compressive strength against w/c ratio and rock wool content.  
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aggregates shall conform to a minimum compressive strength of 17 MPa and a maximum density of 1,680 kg/m3 to be considered as a 
structural LWC. Only R2.5W4 meets the requirement. R2.5W5 and R2.5W6 fulfilled the Class 1 and Class 2 load-bearing block re-
quirements respectively, according to Standard [56] whereas R5W4, R5W5, R5W6, R7.5W6 and R10W6 fulfilled the requirement to be 
used as load-bearing internal walls block with not less than 2.8 MPa compressive strength. In conclusion, despite the rock wool 
composite concrete being extremely low in compressive strength, it is still sufficient to use them for non-structural applications for less 
than 5 wt% of fiber content. 

3.5. Splitting tensile strength 

It is crucial to determine the capacity of LWC to resist cracking or breaking under tension. Numerous studies have investigated the 
mixing of fiber in the cementitious matrix to improve the tensile strength of concrete. However, rock wool fiber did not yield a 
desirable result in this study. Fig. 10 depicts the splitting tensile strengths for three different w/c ratios. The values for samples with 0.4 
w/c ratio dropped dramatically from 0% to 15% of rock wool, followed by samples with 0.5 w/c ratio and 0.6 w/c ratio. Samples 
R12.5W4, R12.5W5, R15W4, R15W5 and R15W6 have failed to produce conclusive results due to the limitation of the machine on 
lower strength specimens. The strength degradations may be caused by the generation of voids as mentioned in the previous section 
and the agglomeration of rock wool, resulting in the non-uniform distribution of stresses and inferior performance as a whole. 
Although most of the fiber-reinforced cementitious composite studies exhibited excellent dynamic mechanical properties in splitting 
tensile strength [51,57,58], there are some studies which reported a degradation of strength after fiber incorporation. For instance, in a 
recent study, the recorded splitting tensile strength with 1.5% of polypropylene fiber content was 0.92 MPa [54], which was a 68.8% 
decrease from the control specimen. Another study revealed that the addition of fiber does not produce a clear conclusive effect on the 
variation in splitting tensile strength [57]. The inconsistent tensile strength results of fiber inclusion in concrete can be attributed to the 
unpredictable tensile strength of fiber as well as the diameter ratio of the fibers [59] and its bonding strength with the matrix [58,60], 
as most fiber sources consist of non-homogeneous fibers with different properties. 

The rock wool concrete in this study was compared with other LWC findings. A comparison graph on splitting tensile strengths from 

Fig. 9. (a). Predicted compressive strength against actual compressive strength (b) 3D response surface for compressive strength based on the empirical predic-
tion model. 

Fig. 10. Splitting tensile strength against w/c ratio and rock wool content.  
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different academic sources was plotted against the compressive strength (Fig. 11). The predictions on splitting tensile strengths were 
made based on the LWC mathematical models (Table 2), and a comparison was made between the experimental and predicted data. 
Other than the standard equation proposed by the American Concrete Institute [61], a few more equations were proposed by previous 
LWC studies, including models for foam concrete [62], lightweight aggregates concrete [63–65] and fiber-incorporated concrete [66]. 

Evidently, the experimental data were distributed above all the predicted data points (Fig. 11). In other words, none of the 
equations in previous LWC studies can accurately estimate the splitting tensile strength of rock wool concrete. Therefore, a novel 
empirical equation was proposed for rock wool concrete, as shown in Eq. (10). Single regression analysis is performed on the figure to 
identify the correlation of the equation to the experimental results. R2 = 0.88 was obtained, which explains this equation was fitted to 
the actual data adequately. 

ft = − 20.33 + 20.77 f 0.085
c (10) 

The proposed equation is a powerful model in line with most of the previous LWC studies in Table 2. Some studies showed a linear 
relationship [66]. A simpler directly-proportional relationship was proposed by a review study [67], which reported that the splitting 
tensile strength of LWC ranges from 15% to 35% of its compressive strength. Such variations may be attributed to the fact that the 
determination of tensile strength is more sensitive to the test conditions than that of compressive strength. 

To develop an empirical model for splitting tensile strength in the form of Eq. (11), predictive regression was used once again. The 
Model F-value of 34.60 implied that this model is significant and there is only a 0.01% chance that a "Model F-value" this large could 
occur due to the noise, showing that it is a well-fitted model. In addition, the value of "Prob > F" is less than 0.0001, indicating that the 
model terms are significant. The final splitting tensile strength empirical model in terms of all factors is presented as follows: 

SplittingTensileStrength= 18.67 − 30.04(W) − 1.70(Rw) + 16.79(W)
2
+ 0.03(Rw)2

+ 1.49(W)(Rw) (11) 

A predicted against actual data was plotted as shown in Fig. 12(a). The R2 of 0.9202 indicated that this model was desirably fitted 
and adequately explained the collected data. The ratio of adequate precision of 19.566 was greater than 4, indicating adequate model 
discrimination. Overall, the 3D response surface was plotted as shown in Fig. 12 (b), and this empirical model can be used to navigate 
the future experimental design space. 

In whole, the presence of fibers yielded a degradation of the splitting tensile strength, which is similar to the observations in the 
previous compressive strength study. It can be concluded that the compressive strength factors also affect the tensile strength and vice 
versa. The improvement in strength development of tensile strength shared a similar trend and displayed a power model relationship 
with the compressive strength development. One of the potential solutions proposed by the previous study to address the degradation 
in splitting tensile strength is to reinforce the fly ash-based geopolymer in the matrix [68]. Nevertheless, more studies concerning the 
tensile strength of rock wool-incorporated LWC is essential in order to better grasp and assess the feasibility to fully substitute con-
ventional concrete with rock wool LWC in major structures. 

3.6. Flexural strength 

After reviewing compressive and splitting tensile strengths, this section is aimed toward flexural strength, which also displayed a 
similar trend. Fig. 13 shows the influence of rock wool fiber content on flexural strength with different w/c ratios. Some of the 
specimens with 10% and above fiber content were below the measurable range of the machine and hence, were excluded from the 
figure. Flexural strength decreases dramatically with increasing fiber for all different w/c ratios (0.4, 0.5 and 0.6). The results indicated 
that the flexural strength values depend on the fiber content but were less controlled by the w/c ratio. One of the potential factors 
which causes the degradation of flexural strength is that the incorporation of rock wool reduces the solid content in the overall matrix. 
To be more precise, when rock wool was being incorporated up to a certain limit, the binder volume relatively decreased as the total 

Fig. 11. Splitting tensile strength against compressive strength.  
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volume remained fixed, which caused an insufficient amount of binder to fill up the pores of the rock wool, which in turn resulted in a 
high porosity of rock wool fiber in the matrix space, significantly reducing the concrete density, and by extension, the bending/flexural 
strength. This result is in agreement with previous studies [60]. 

It is interesting to note that previous studies produced inconsistent findings on the flexural strength with similar fiber inclusions 
into the concrete matrix. For instance, one of the studies showed a 55.8% decrease in mechanical strength to 2.8 MPa after incor-
porating 1.5% of polypropylene fiber [54] whereas another study showed a 53% increase up to 8.9 MPa after incorporating 0.4% of 
glass fiber [51]. Although both studies used flexible and crunchable fibers similar to rock wool fiber, they reported very different 
changes in flexural strengths. This may be due to the different properties of fiber, such as the fracture toughness or tensile strength [28] 
and the bonding strength between the fibers and cement paste [69]. 

A predictive regression model for flexural strength was generated empirically in the form of Eq. (12). The Model F-value of 38.36 
implied that this model is significant and there is only a 0.01% chance that a "Model F-value" this large could occur due to noise, thus 
suggesting that it was a well-fitted model. In addition, the value of "Prob > F" is less than 0.0001, indicating that the model terms are 

Table 2 
Presents empirical equations developed by previous LWC on splitting tensile strength (ft) against compressive strength (fc).  

Equation Annotations References 

ft = 0.56 λ (fc)0.5 λ = 0.75 for LWC [61] 
ft = 0.23 (fc)2/3 Foam concrete [62] 
ft = 0.358 (fc)0.675 Expanded polystyrene [63] 
ft = 0.27 (fc)0.5 Fly ash aggregates [64] 
ft = 0.0177 (fc)1.33 Expanded shale [65] 
ft = 2.08 + 0.032 (fc) Glass fiber & polypropylene fiber [66]  

Fig. 12. (a). Predicted splitting tensile strength against actual splitting tensile strength (b) 3D response surface for splitting tensile strength based on the empirical 
prediction model. 

Fig. 13. Flexural strength against w/c ratio and rock wool content.  
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significant. The final empirical model for flexural strength in terms of all factors in this study is presented as follows: 

FlexuralStrength= 4.93 − 2.74(W) − 0.92(Rw) + 3.29(W)
2
+ 0.4(Rw)2

− 0.04(W)(Rw) (12) 

A predicted against actual data was plotted in Fig. 14 (a). The R2 of 0.9275 indicated that this model was desirably fitted and 
adequately explained the data. The ratio of adequate precision of 19.566 was greater than 4, indicating adequate model discrimi-
nation. Overall, the 3D response surface was plotted as shown in Fig. 14 (b), and this empirical model can be used to navigate the future 
experimental design space. 

4. Conclusions 

This study investigated the variation in multiple physico-mechanical properties of LWC made with rock wool, cement, water in two 
proportions: rock wool (0%–15%) and w/c ratio (0.4 to 0.6). The physical and mechanical properties were measured for 21 specimens 
with different mix proportions and were subsequently evaluated. The properties being measured were density, porosity, water ab-
sorption, compressive strength, splitting tensile strength, and flexural strength. Empirical models for each property were proposed 
with a general desirable fit (R2 > 0.90) based on the measurement results. The overall conclusions were drawn and enumerated as 
follows:  

(a) The rock wool inclusions have a negative effect on bulk density. For fiber content between 2.5% and 10%, the oven-dry bulk 
density is 800 kg/m3 to 2000 kg/m3, which can be classified as LWC.  

(b) At a lower w/c ratio (0.4), the permeable voids volume increases dramatically (up to 213%) as the rock wool content increases 
from 0% to 15%. On the other hand, at a higher w/c ratio (0.6), the increase of rock wool content does not contribute much on 
the permeable voids volume (up to 26%).  

(c) From 0% to 2.5% of rock wool, as the w/c ratio increases, the water absorption capacity increases. Lower water absorption is 
expected at a higher w/c ratio, owing to the higher permeable voids volume.  

(d) Overall, the compressive strength has a negative correlation with rock wool content regardless of different w/c ratios. Only 
mixtures with (i) < 5% of rock wool content with w/c ratio of 0.4, (ii) < 7.5% of rock wool content with w/c ratio of 0.5, and 
(iii) < 10% of rock wool content with w/c ratio of 0.6 fulfilled the requirement to be used as load-bearing internal wall blocks 
with at least 2.8 MPa compressive strength.  

(e) Similar to the compressive strength observations, incorporating and increasing rock wool content in the specimens resulted in a 
dramatic drop in splitting tensile strength across different w/c ratios. Nevertheless, when compared to the splitting tensile 
strength against compressive strength ratios of other LWCs from past studies, the rock wool-incorporated concrete specimens in 
this study still showed an overall better tensile strength over the aforementioned LWCs.  

(f) Overall, the flexural strength of rock wool-incorporated concrete has a similarly negative correlation with the rock wool 
content. In this case, the flexural strength of the specimens showed a strong dependence on the rock wool content but not on the 
w/c ratios, thus implying that the w/c ratio has little effect on the specimen flexural strength. 

In conclusion, the selection of different mix ratios of rock wool and w/c ratio for attaining better physical or mechanical properties 
of LWC was commended in this study, which could be beneficial for future research and development. Further research may be needed 
to investigate the effects of fiber size and fiber distribution on different characteristics such as morphology, pore size, sound insulation 
and thermal insulation of LWC, thus providing a more holistic and comprehensive research and improving the understanding of the 
properties of rock wool-fiber-incorporated LWC as a whole. 
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