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Abstract 

The mechanical properties of Ultra High Performance Fibre Reinforced Cementitious 

Composite (UHPFRCC) is basically influenced by the type of fibres and reactive binders 

used. Fibres primarily influence the ductility whereas reactive binders influence the 

compressive strength of UHPFRCC. Among the commonly used reactive binders, Ground 

Granulated Blast Furnace Slag (SL) with its vitreous nature has the ability of influencing both 

the compressive strength and ductility of UHPFRCC. This study discussed the microstructure 

and mechanical properties of six different mixtures made up of 0%, 20%, 40%, 60% 75% and 

90% cement replacement of SL. The XRD results indicated that, increased levels of C-S-H 

and ettringite retard the hydration process leading to lower compressive strength and vice 

versa. The SL-cementitious composite can achieve a compressive strength of up to 108.1MPa 

and ductility of up to 1.67% without the use of fibres. The maximum compressive strength 

and ductility were achieved with 40% SL replacement of cement whereas the minimum 

compressive strength and ductility were achieved with 60% and 20% SL contents, 

respectively. Moreover, the optimum mechanical properties (i.e. compressive strength, tensile 

strength, flexural strength, and tensile strain) were achieved with a 40% SL replacement of 

cement in the cementitious composite. 
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1. Introduction 

Ultra-High-Performance Fibre Reinforced Cementitious Composite (UHPFRCC) is a 

relatively new type of cementitious composites with superior mechanical and material 

properties than standard reinforced concrete [1] UHPFRCC can achieve compressive strength 

in excess of 150MPa [2, 3] and a measure of ductility which is about 15 times higher than 

that of standard concrete [4, 5]. The higher compressive strength of UHPFRCC is achieved 

by lowering the  water-to-binder ratio, eliminating of coarse aggregate and replacing it by 

higher amount of binders [6]. This leaves cement, the primary binder in the production of 

UHPFRCC having higher volume than the individual volumes of components of the 

cementitious composite. Moreover, since cement production contributes to about 7% of 

global C02 emission [7, 8], higher volume usage of cement in UHPFRCC calls into question 

the environmental sustainability of its usage [9]. 

Due to its low water-to-binder ratio, cement hydration in UHPFRCC is only limited to about 

30% after 28days of curing [10, 11]. Therefore, about 70% of anhydrous cement clinker 

particles remain as filler in the cementitious matrix which can be replaced with secondary 

cementitious materials [12]. Furthermore, the higher compressive strength of the UHPFRCC 

is often accompanied by brittleness which makes the composite prone to cracks and unable to 

sustain higher deformation under load similar to standard concrete [6, 13-15]. 

Studies show that, replacing part of cement with secondary cementitious materials as reactive 

binders do not only contribute to the reduction of carbon footprint [7, 8] but also enhance the 

microstructure and the mechanical properties of UHPFRCC [16, 17]. The commonly used 

reactive binders in UHPFRCC include Silica Fume (SF), Fly Ash (FA), Silica Flour (SFL), 

Glass powder (GP), Ground Granulated Blast Furnace Slag (SL) etc [18-20]. 

Many studies have focused on the use of these reactive binders to enhance cement hydration 

and to further improve the compressive strength of UHPFRCC [12, 21, 22]. However, the 

major mechanical deficiency of UHPFRCC which is low ductility has been less explored.  

Few studies that do focus on ductility indicate that SL is a potential contributor to the 

ductility of fibre reinforced cementitious composites [19, 22, and 23]. Even so, studies that 

achieved higher ductility using SL as a reactive binder also used binary binders notably with 

SF, FA or SFL.  For instance, Yu et al [24] achieved ductility of 8% using SL and SF as 

reactive binders whereas Ding et al [25], achieved a ductility of 9.5% using SL and lime 

powder. On the other hand, Zhu et al [22] achieved ductility of up to 4.8% using SL and FA 

reactive binders. Due to the complex reactivity of the reactive binders in the cement matrix, it 

is difficult to isolate the degree of contribution of SL to the ductility of the fibre reinforced 

cementitious composites. 

Furthermore, little studies have focused on  evaluating the ductility of cementitious 

composites using only SL as reactive binders. Kim et al [23] demonstrated that, SL can 

contribute to the ductility of fibre reinforced cementitious composite up to 1.5%. This is 

because as vitreous particles, SL promote f`ibre dispersion in the cementitious composite 

which tend to enhance the ductility of the cement composite Ding et al, [25]. However, when 

used without fibres in the cementitious composite, the extent with which SL influences the 

ductility of the cement composite is not entirely known. To date, very little has been done to 

explore the effects of SL on the ductility of cementitious composites. This chapter, therefore, 

is to investigate the effects of SL on the ductility of fibre UHPFRCC. 
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2. Mix Design 

2.1. Constituent Materials  

In order to evaluate the ductility of SL in cementitious composite, the raw materials selected 

include Ordinary Portland Cement (OPC), Granulated Blast Furnace Slag (SL), Silica Sand 

(SS), High-Rate-Water-Reducing-Agent (HRWR-), and water (W). The OPC used in this 

study conformed to BS EN 197–1[26]. The chemical composition of the cement is presented 

in Table 1. Grade S105 Ground granulated blast furnace slag (SL) of particle size 1 to 100 

µm was also used as a secondary reactive binder to replace cement in cementitious 

composite. 

 

2.2 Mix Design 

2.2.1 Constituent Materials  

In order to evaluate ductility of SL-cementitious composite, the raw materials selected 

include Ordinary Portland Cement (OPC), Granulated Blast Furnace Slag (SL), Silica Sand 

(SS), High-Rate-Water-Reducing-Agent (HRWR-), and water (W). The OPC used in this 

study conformed to BS EN 197–1[26].  

The mean particle size of cement is 13.8µm (Fig 1.0b). The chemical composition of the 

cement is presented in Table 1.0. Grade S105 Ground granulated blast furnace slag (SL) of 

mean particle size (D50) 11µm in accordance to manufacturers specification (see Appendix 1) 

was also used as a secondary reactive binder to replace cement. The chemical composition of 

SL is shown in Tables 1. Silica sand of size 0.15mm (see Fig 1a). The chemical composition 

of silica sand is presented in Table 1. Finally, polycarboxylic-ether type superplasticizer 

(MasterGlenium 315C) which conforms to BS EN 934-3:2009+A1 [27] was added to achieve 

the desired workability. MasterGlenium 315C has a proven ability to work with extremely 

low water/cement ratio, promote high early strength, increases the initial and final 

compressive strength, flexural strength, tensile strength and the elastic modulus of the 

cementitious composite [28]. 
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Fig 1a – Particle Size Distribution of silica sand 

 

 

 
Fig 1b – Particle Size Distribution of cement 
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Table 1- Physical and chemical composition of cement, SL and Silica sand 
Composite OPC (%) SL(%) Silica Sand (%) 

Physical Properties 

Fineness (m
2
/kg) 341.3 450 2650 

Mean Particle size (µm) 13.8 11 151 

Density (kg/m³) 3.1 2.8 1.54 

Specific gravity(g/cm
3
) 3.15 2.9 2.65 

Chemical Properties 

SiO2 21.0 39.7 96.62 

CaO 63.63 34.2 0.57 

Al2O3 4.73 12.9 1.54 

Fe2O3 2.93 1.6 1.02 

MgO 2.67 6.9 0.57 

Na2O 0.3 0.2 - 

K2O 0.65 1.4 - 

SO3 3 0.7 - 

TiO2 - 0.6 - 

Cl - 0.01 - 

SO - 0.1 - 

L.O. I 3.84 1.2 <0.5 

 

2.3. Mixing, Casting and Curing of specimens  

The mix design by Yu et al., [24] was adopted in the study because of its groundbreaking 

achievements in terms of compressive strengths above 120MPa and ductility above 8% using 

SL as reactive binder.  Slight modifications were made to SL content in the mixture. For 

instance, the SL- to-cement ratio was increased from 0 to 90%. Fibres were omitted to enable 

evaluating the actual contribution of SL to ductility of the cementitious composite. The SL 

content used in both mixes are 20%, 40%, 50% 75% and 90% replacement of cement 

respectively. The details of the design mix is summarised in Table 2. The design mix has not 

been corrected for yield as the effect of yielding was insignificant on the results of the 

mechanical properties and variation in terms of cost is not the focus of this research. A 

mixture procedure followed that proposed by Yu et al., [24] in order to achieve a consistent 

mix. First, all dry materials, i.e. cement, SL and sand were mixed with a high-speed mixer of 

140 rpm for approximately 1 minute to achieve homogeneous dry mix. 
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Table 2- Mixture proportion for SL-Cementitious Composite (in kg/m
3
) 

Mixture ID Cement SL Sand Water HRWR SL% 

SL-SL00 1723 - 550 210 20 0% 

SL-SL90 912 821 550 210 20 90% 

SL-SL75 1049 684 550 210 20 75% 

SL-SL60 1186 547 550 210 20 60% 

SL-SL40 1368 365 550 210 20 40% 

SL-SL20 1551 182 550 210 20 20% 

* SL-GGBS; HRWR- High-Rate-Water-Reducing-Agent. 

 

Then, water and superplasticiser (HRWR) were gradually added and mixed in a 5 Litre 

Capacity Bowl GTE Automatic Mortar Mixer for approximately 5minutes with a speed of 

140rpm. The speed was increased to 420rpm for additional 8minutes. After that the mix was 

cast in three layers into moulds and compacted using vibrating table at a frequency of 

4000rpm for 15 seconds. The specimens were kept in the moulds at room temperature of 

20°C ± 2°C and relative humidity of 65% ± 2%.  The specimen were then covered plastic 

membrane to prevent evaporation and then demoulded after 24hours. Each specimen was 

clearly marked and cured in distilled water at a temperature of 20°C ± 2°C for 28 days. 

 

2.4. Experimental Methods 

2.4.1. Flowability Test 

In order to evaluate the workability of the cementitious composite mortar, the flow table test 

was conducted in accordance with BS EN 12350-8 [29]. The flow test was used because the 

composite did not retain its shape when the cone was removed. The cementitious composite 

mortar was  filled into a 100mm conical frustum shaped specimen in three layers and placed 

on a flow table.  Each layer is compacted firmly with 25 strokes of a standard 16mm diameter 

and 600mm long round tipped rod. The conical frustum was carefully removed, and the mix 

is dropped 15 times within 15 seconds. Two diameters perpendicular to each other are 

measured. The test is repeated for two more times in order to determine the mean of the three 

tests. 

 

2.4.2. Flexural Test 

The flexural test performed was the three-point bending test in accordance with the BS EN 

12390-5:2019 . Standard 40mm x 40mm x 160mm prisms were used for the test on three 

samples. To determine the ultimate load, a constant loading rate of 0.006mm/s was gradually 

increased to 0.02mm/s using the Instron 5960 test machine with a load capacity of up 100KN. 

After the ultimate load has been determined, a one-point load was applied symmetrically over 

the clear span of the beam (see Fig 2). 
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The flexural test performed was the three-point bending test in accordance with the BS EN 

12390-5 [30]. Standard prisms of dimensions 40mm x 40mm x 160mm were used for the test 

and the test was conducted on three samples. To determine the ultimate load, a constant 

loading rate of 0.006mm/s was gradually increased to 0.02mm/s using the Instron  5960  of 

load capacity up 100KN. After the ultimate load has been determined, a one-point load was 

applied symmetrically over the clear span of the beam (See Fig 2). 

 

 
                                Fig 2- Three-point bend test on Instron 5960 (100kN). 

 

 

2.4.3. Compressive Test 

 

The compressive strength and strain were determined by taking the half of each 40mm x 

40mm x 160mm prism from the three-point bend test and perform a test in accordance with 

BS EN 12390-3[31]. Each half of the standard prism was subjected to compressive stress at a 

rate of 250 ± 50 kPa/s on a 40mm x 40mm area on the two-smooth surfaces in a Universal 

Hydraulic Testing Machine (UTM)- see Fig 3. The maximum load capacity of  the UTM was 

2500KN. The compressive strength was found by dividing the load at each point by the cross-

sectional area of (40mm x 40mm). The compressive strain was determined by dividing the 

extension at each point by the length. 
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Fig 3 – Compressive test of 40 x 40mm prism using UTM 

 

 

 

2.4.4. Direct Tensile Test of the Concrete 

 

A dog-bone shaped specimen (Fig. 4a) was used to perform the direct tensile test in 

accordance with the JSCE [32] standards. Threaded steel rods were placed at the sides and 

bottom of the specimen at length of 225mm on each side and a wooden rod of 50mm 

diameter and 50mm length was connected to the steel in the middle for better alignment and 

to reduce bending stress [33].  

The ends of the specimen were further reinforced with aluminum mesh (0.8mm diameter, 

50mm x 50mm holes) to ensure failure occurs at the mid-span - weakest portion of the 

specimen. The dog-bone-shaped specimen was mounted in a 2500kN capacity UTM machine 

through the two 19mm threaded rods (see Fig 4b). The test was conducted in a displacement 

controlled mode using two external LVDTs at both front and rear of the specimen at a 

constant rate of 0.001mm/s until the peak load is obtained and then gradually increased up to 

a maximum speed of 0.01mm/s. Three specimens were tested in each experiment. 
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Fig 4a- Tensile test (dog-bone-shaped) specimen (Chasioti e al, 2017) 

 

 

The test was conducted in a displacement controlled mode using two external LVDTs at both 

front and rare of the specimen at a constant rate of 0.001mm/s until the peak load is obtained 

and then gradually increased up to a maximum speed of 0.01mm/s. Three specimens were 

tested in each experiment. 

 

 
                  Fig 4b- Set-up for tensile test of dog-bone shaped specimen.  
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2.4.5. X-ray Diffraction (XRD) Test 

 

The micro-structure of the cementitious composite was analysed through X-ray Diffraction 

(XRD). To prepare the composite for the XRD test, specimens cured at 28 days were crushed 

and then ground in a mortar by means of a pestle until it turned into powder.  A sample of the 

cementitious composite powder was placed in the sample holder and inserted into the 

Siemens D500 X-ray Diffractometer. The X-ray diffractograms were recorded from each 

powdered sample over a 2θ angle range from 10° to 70° using Fe filtered Co Kα radiation. 

Crystal phases in the cementitious matrix were identified using the Joint Committee on 

Powder Diffraction Standard powder data file. 

2.4.6. Void Distribution 

Three samples of each mixture were cold cut through the cross-section into 40mm x 40mm 

size. They were then air dried at room temperature. After that the cross sections were coated 

with paint and polished using a rotary sand paper machine. The image analyser was then used 

to take images from each section so as to obtain the distribution of voids over the surface 

area. Voids with diameters larger than 2mm were considered as large (D > 2mm), those 

between 1mm and 2mm were considered as medium (i.e. 1mm < D < 2mm) and those less 

than 1mm were considered as small (D < 1mm). Each section was divided into three equal 

areas namely top section, bottom section and middle section. The voids that fell within each 

range were then counted and categorised according to their diameters. 

3. Test Results  

3.1. Flowability Test 

The flowabilities of SL-cementitious composite are shown in Table 3 and Fig 5. From Fig 5, 

the flowability of SL-cementitious composite increased from 167.7mm to 275mm when the 

SL content was increased from 0% to 90%. There was at least 8% increase in the average 

flowability rate of each successive mixture when the SL contents increased in 20% 

increment. However, there was a decrease in the average flowability rate when the SL 

contents was increased from 40% to 60%. 

 

Table 3. Effect of SL on the flowability of SL-cementitious composite 

  Mixture ID Sample 1 Sample 2 Sample 3 Average STD 

 SL-SL00  168.0   170.0   165.0  167.7 2.5 

 SL-SL20  190.0   190.0   195.0  191.7 2.9 

SL-SL- Mix SL-SL40  210.0   215.0   215.0  213.3 2.9 

 SL-SL60  225.0   222.0   224.0  223.7 1.5 

 SL-SL75  252.0   254.0   250.0  252.0 2.0 

  SL-SL90  275.0   275.0   272.0  274.0 1.7 

*STD -Standard Deviation 
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Fig 5 -Effects of SL on the flowability of cementitious composite 

 

The increase in flowabilities because of corresponding increase in the content of SL is 

consistent with past studies [23, 34-38]. Since SL particles are smaller than cement and 

have larger specific area, they filled up the voids in the cementitious mixture and 

displaced more free water [39]. 

Moreover, SL particles are vitreous and adsorb superplasticizer molecules and disperse in 

the cementitious mixture [35]. Therefore, increase in SL contents free more water which 

makes the mixture more workable and increase its flowability. A similar trend of 

optimum flowability at 40% SL was obtained by Shi et al, [38] where increase in SL 

contents resulted in a corresponding increase in the flowability of cementitious 

composite. 

 

 

3.2. Setting Time 

 

The setting times of SL-cementitious composite are given in Table 4 and Fig 6. It was 

observed that the effect of SL increased the setting times of the cementitious composite. This 

observation is consistent with previous studies on use of SL in cementitious composites. 

Studies such as Ling et al [34], Hill and Sharp [35], Johari et al [36] and Shi et al [38] 

reported that inclusion of SL in cementitious composite increased its setting time. Johari et al 

[36] and Shi et al [38] further indicated that, the extent of this increase depends on the 

percentage of SL replacement, the water-to-binder ratio and the temperature of curing.  
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Table 4- Setting Times of SL-Cementitious composite 

           Initial Set Time Final Set Time 

 Mixture ID                 (Hours)     (Hours)  

 SL-SL00 6.82      10.09   

 SL-SL20 8.2      11.81   

SL-SL- Mix SL-SL40 9.63      13.00   

 SL-SL60 10.23      14.53   

 SL-SL75 13.64      20.05   

  SL-SL90 15.28       22.92    

 

 

Since in this study the water-to-binder ratio was kept constant at 0.12 and specimens were 

cured in water at room temperature of 20°C ± 2°C and relative humidity of 65% ± 2%, the 

difference in setting times may be attributed to the replacement levels of SL in the 

cementitious composite.  Table 4 shows that, compared to SL-SL00 the initial setting times 

increased by 20.2%, 41.2%, 50%, 100% and 124 % for SL-SL20, SL-SL40, SL-SL60, SL-

SL75 and SL-SL90 respectively.  The final setting times for all SL-cementitious composite 

samples increased compared to the control (i.e. without SL). It is significant to note however, 

that the final setting of all composites were within 24 hours which is within the normal time 

for setting of cementitious composite. 

 

 

 
Fig 6- Effects of SL on the setting time of cementitious composite 

 
 

0

5

10

15

20

25

SL-SL00 SL-SL20 SL-SL40 SL-SL60 SL-SL75 SL-SL90

S
et

ti
n
g
 T

im
e 

(H
o

u
rs

) 

SL percentage in cementitious composite 

Initial Set Time Final Set Time

                  



13 
 
 

 

 

 

The increased setting time observed with SL replacement of cement in composite may be 

attributed to the high calcium content in SL (see Table 1) as well as its high surface area 

which tends to absorb more water in the mixture and thus decreasing the final setting time 

compared to the control. 

 

3.2. Compressive Strength 

The compressive strength figures for mixtures containing SL at 28 days is presented in Table 

5 and Fig 7. The average compressive strength of SL-SL00, SL-SL20, SL-SL40, SL-SL60, 

SL-SL75, SL-SL90 mixtures are 102.7MPa, 105.3MPa, 111.2MPa, 87MPa, 92.7MPa and 

102.3MPa, respectively.  Compared to the control mixture (SL-SL00), 20% SL replacement 

of cement slightly increased the compressive strength (i.e.2.5% ), 40% SL showed 5.2% 

increase, 60 to 75% SL showed a reduced compressive strength (i.e. 15 and 14% 

respectively) and 90% SL slightly maintained its compressive strength. 

 

 

 

Table 5- Compressive strength of SL-SL cementitious composite 

  Mixture ID Average (MPa) STD 

 SL-SL00 102.7 13.9 

 SL-SL20 105.3 8.4 

SL-SL- Mix SL-SL40 108.1 18.2 

 SL-SL60 87.0 7.7 

 SL-SL75 92.7 12.7 

  SL-SL90 102.3 6.3 

*STD -Standard Deviation 

Although previous studies show that SL retards the hydration process in cementitious 

composite [36, 40, 41], the results from Fig 7 demonstrates that, within 28 days of wet 

curing, SL may not necessarily retard the hydration process. Since hydration rate is positively 

related with the compressive strength of concrete [42-44], it is expected that SL-cementitious 

composite with slow hydration rate will have lower compressive strength compared to 

cement mortar of the same binder ratio. The relatively higher compressive strength of up to 

40%SL cementitious composite can therefore be attributed to the fact that, unlike standard 

concrete, the lower water to binder ratio ( i.e. 0.12) used in this research will generally retard 

hydration in all mixtures which require enough water for the hydration processes. 

However, SL particles, with larger specific area than cement are able to fill voids and extra 

free water for continued hydration [35, 39] resulting in improved compressive strength. 

Nevertheless, when the optimum SL contents of 40% [38] is reached, any further increase in 

the SL content free extra water making the mixture more workable. The increase in 

workability creates pores in the cementitious composite which reduces its compressive 

strength due to low compactness of the constituent materials [45]. 
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Fig 7- Effects of SL on the compressive strength of SL-SL-cementitious composite 

 

Furthermore, some studies obtained significantly different SL content that achieved the 

optimum compressive strength other than the 40% (see Fig 7) obtained in this study.  Johari 

et al [36], Siddique and Kaur [40] and Yazici et al [46], obtained optimum compressive 

strength with 20% SL whereas Zhao et al [41] and Oner and Akyuz [47] obtained 50% and 

55% SL contents, respectively. The apparent inconsistencies emanate from various factors. 

First, Johari et al [36] and Siddique and Kaur [40] used coarse aggregate in the mixture 

design. The coarse aggregate content in some case was about 45% of the total weight of the 

mixture. Others such as Oner and Akyuz [47] used Fly Ash and SL as binary binder with 

whereas Yazici et al [46] used SF and SL binary binders in the mixture. By using binary 

binders and/or coarse aggregates, these studies altered the microstructure of what should have 

been a GGBS mono-binder in cementitious composite which explains the reason for the 

inconsistencies in the percentage of SL which result in the highest compressive strength. 

 

3.4. Flexural Properties 

The effects of SL on the flexural strength of cementitious composites is shown in Table 6 and 

Fig 8, respectively. The maximum average flexural strength was 24.1MPa whereas the 

minimum average flexural strength was 16.3MPa. Compared to the control, (i.e. SL-SL00), 

there was a general significant increase in the flexural strength when the percentage of SL in 

the cementitious mixture was increased from 0% to 60% and at 90%. However, the inclusion 

of 90%SL in the cementitious mixture resulted in a 14.2% reduction in the flexural strength.  
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Table 6- Flexural strength of SF-SL and SL-SL cementitious composite 

  Mixture ID Average STD* 

 SL-SL00 19.0  1.5  

 SL-SL20 24.0  1.5  

SL-SL- Mix SL-SL40 24.1  2.5  

 SL-SL60 23.0  3.9  

 SL-SL75 16.3  2.6  

  SL-SL90 21.3  1.0  

*STD- Standard deviation 

 

The average peak flexural strength was obtained with a 40%SL replacement of cement, but 

there was no significant change in flexural strength when the SL content in the cementitious 

mixture was increased from 20% to 40%.  

 

 
Fig 8- Effects of SL on the flexural strength of SL-SF cementitious composite 

 

 

Similar trends were observed by Yazici et al [46] who achieved a maximum flexural strength 

with a 40% SL replacement of cement in the cementitious composite. However, they 
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respectively. Though the use of coarse aggregate could have affected the morphology of the 
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flexural stress [48] meant that, changing the contents of SL, had significant effects on the 

flexural strength. 

Zhu et al [49] also achieved a maximum flexural strength with 50% SL and a minimum 

flexural strength with an 80% SL contents in the cementitious mixture. The results obtained 

in Fig 8 is not significantly different from that achieved by Zhu et al [49]. This is because the 

difference between the flexural strength obtained with the 40% SL and 50% SL is not 

significant (i.e. below 2%) whereas that obtained with 75% SL and 80% SL is below 1%. 

Other studies such as Zhu et al [49] also obtained peak flexural strength with incorporation of 

30% SL in the cementitious mixture. 

On the other hand, the effects of the SL on the flexural strain (see Table 7 and Fig 9) indicate 

that, compared to the control specimen (i.e. 0% SL),  20% SL achieved a 25% increase in 

flexural strain whereas 40% SL and 60% SL achieved 12.5% and 4.2% decrease in flexural 

strain respectively. Moreover, 75% SL in the cementitious composite achieved the peak 

flexural strain of 0.45% (i.e. 87.5% increase over the control) whereas 90% SL achieved the 

minimum flexural strain of 0.17% (i.e. 29.2% reduction over the control).  

 

 

 

Table 7- Flexural strain capacity of SL-SL and SL-SF cementitious composites at peak 

load 

  Mixture 

ID 

Average Peak Load 

(kN) 

Av. Extension (ε) 

(mm) 

Average        Strain 

(%) 

 SL-SL00 5.07 0.39 0.24 

 SL-SL20 6.39  0.48   0.30  

SL-SL- 

Mix 

SL-SL40 6.42  0.33   0.21  

 SL-SL60 6.13  0.36   0.23  

 SL-SL75 4.35  0.72   0.45  

  SL-SL90 5.68  0.27   0.17  

*𝑆𝑡𝑟𝑎𝑖𝑛 =
𝜀

𝐿
; 𝐿 = 160𝑚𝑚 
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Fig 9-Comparison of the effects of SL on the flexural strain of SL-SL and SF-SL-

cementitious composite 

 

The effects of SL on the flexural strain of cementitious composites (Figs. 8 and 9) 

demonstrate that 75% SL in cementitious composite, resulted in maximum flexural strain but 

at a minimum flexural strength. Moreover, 40% SL in the cementitious composite achieved 

maximum flexural strength but at reduced flexural strain. However, since 20% SL resulted in 

no significant change in flexural strength with 40% SL but a significant increase in the 

flexural strain, the optimum relationship between the flexural strength and the flexural strain 

can be achieved with 20% SL content. 

3.5. Tensile Properties 

The details of the influence of SL on the tensile behaviour of cementitious composites are 

shown in Table 8 and Figs 10a to c. Fig 10a demonstrate that, the inclusion of SL in 

cementitious composite resulted in a general increase in the tensile strength. The average 

peak tensile strength achieved was 3.22MPa with 40% SL whereas all the other mixtures (i.e., 

SL-SL20, SL-SL60, SL-SL-75, and SL-SL90) maintained a tensile strength of 3.16MPa. 

Compared to the control specimen, the average peak tensile strength increased by 40.6% 

whereas all the other mixtures increased by 38%.  
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Table 8 -Tensile strength and tensile ductility of SL-SL -cementitious composite 

  Mixture ID  Tensile Strength (MPa)  

Tensile Strain 

(%)   

    Average STD* Average STD* 

 

SL-SL00  2.29   0.01   0.24   0.02  

 

SL-SL20  3.16   0.02   0.43   0.04  

SL-SL- Mix SL-SL40  3.22   0.02   1.67   0.04  

 

SL-SL60  3.16   0.02   0.70   0.02  

 

SL-SL75  3.16   0.03   0.51   0.02  

  SL-SL90  3.16   0.02   0.89   0.03  

 

Similar positive effects of the use of SL to improve the tensile strength of cementitious 

composite was reported by Al-Majidi et al [50]. Using FA and SL were used as binary 

binders, they achieved the highest tensile strength of 3 MPa using 40% SL contents. Even 

though both Al-Majidi et al, [50] and this study achieved a peak tensile strength with 40% SL 

replacement of cement, the tensile strength achieved by this study is 7.3% higher. Other 

studies also reported improvements in the tensile strength with increase in SL contents         

[25, 51, and 52].  

 

 
            Fig 10a– Effects of SL on the tensile strength of SL -cementitious composite 
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Fig 10b– Effects of SL on the tensile strength of SL-cementitious composite 

 

Apart from enhancing the tensile strength, SL contributed to the ductility of cementitious 

composite even without fibres is demonstrated in Fig 10b. From Fig 10b, incorporation of SL 

in cementitious composite, irrespective of the percentage results in improvement in tensile 

strain. A maximum tensile strain of 1.67% was achieved with 40% SL whereas the minimum 

tensile strain of 0.43% was obtained with a 20% SL contents in the cementitious composite.  

After the peak tensile strain was achieved with 40% SL, any further increase in the SL 

content resulted in a reduction of about twice the value of the peak strain. Figs 10a and 10b 

also show that, both the maximum tensile strength and strain can be achieved with a 40% SL 

replacement of cement in SL-cementitious composite. 

The effects of SL in SL-mono-binder cementitious composite without fibres are not well 

studied. The few studies that used fibres and SL and another reactive binder still indicate the 

positive results of SL on the ductility of cementitious composite. For instance, though Kim et 

al [23] used steel fibres as micro-reinforcement, they achieved a ductility of 4% and 2.5% 

with and without SL-binder, respectively. They therefore concluded that, incorporating SL 

binder in cementitious composite can achieve a ductility of 1.5%. Similarly, though Zhu et al 

[22] used FA and SL as binary binders together with PVA fibres as micro-reinforcement, 

they could deduce that the incorporation of SL binder in the cementitious composite can 

achieve a ductility of 0.67%. 
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Fig 10c– Effects of SL on the strain-hardening behaviour of SL-SL cementitious composite 

 

One characteristics of ductile cementitious composite is strain-hardening. Fig. 10c shows the 

stress-strain behaviour of 0-90% SL- cementitious composite under tensile load. After the 

first crack, all but the control cementitious composite (i.e. without SL) fracture behaving as a 

typical standard concrete under tension [53]. However, the SL-cementitious composites 

residual resistance to tensile stress after the first crack. All the SL-cementitious composite 

except SL-SL40 underwent abrupt failure after further increase in tensile load without any 

significant increase in strain. On the other hand, SL-SL40 underwent significant strain 

reaching about twice that of the maximum strain of the other composite under increased 

tensile load. Thus, compared to the other composite, SL-SL40 showed prospects of strain-

hardening effects under tensile load.   

 

3.6. XRD Test  

Figs 11a-f show the experimental results of the XRD test for samples cured for 28 days.  The 

crystalline phases identified include ettringite, gypsum, unreacted cement clinkers (i.e. C2S, 

C3S, C3A), portlandite (CH), quartz (Si02), anhydrate (CS), ferrite (C4AF), hydrate layer 

(CSH), anhydrite (CS) and corundum (Al203).  
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Table 9 -Effects of SL on the Peak Intensity of Essential Crystalline phases in cementitious 

composite (summary of Fig 11a-f) 

Mixture 

ID 

                             

Intensity  

                               

(Counts) 

                      Relative 

Intensity  

                             (%) 

    

  C3S+C2S+C3

A 

C

H 

CS

H 

Af

t 

Si02 C3S+C2S+C3

A 

CH CS

H 

Aft Si0

2 

SL-SL00 0 75

7 

26 0 594

0 

0% 11

% 

0% 0% 88

% 

SL-SL20 132 78 113 0 620 12% 7% 10

% 

0% 54

% 

SL-SL40 296 27

3 

209 0 137

7 

13% 12

% 

9% 0% 63

% 

SL-SL60 386 15

4 

242 44 647 19% 7% 12

% 

2% 31

% 

SL-SL75 349 22

5 

72 18

8 

411 23% 15

% 

5% 13

% 

27

% 

SL-SL90 589 55

1 

199 72 109

0 

20% 19

% 

7% 2% 37

% 

 

Compared to the other mixtures, Fig 11a demonstrate that, a 0% SL (i.e. SL-SL 00) content in 

cementitious composite, achieved the highest quantities of unreacted quartz of 88% of the 

total crystal intensities (see Table 9). SL-SL00 also showed no noticeable peak of unreacted 

cement clinkers (C2S, C3S, and C3A). Even though there was no noticeable peak of unreacted 

cement clinkers, this only translated to about 11% of portlandite (CH) formation. Moreover, 

the higher percentage of unreacted quartz also led to a no noticeable peak of formation of 

CSH. 

 

Table 10- Effects of SL on the Peak Intensity of gypsum (CSH2), corundum (Al2O3) and 

ferrite (C4AF) (summary of Fig 11a-f) 

Mixture 

ID 

                             Intensity 

(Counts) 

                   Relative 

Intensity (%) 

   

  CSH2 C3A C4AF C

S 

Al2O

3 

CSH2 C3A C4AF C

S 

Al2

O3 

SL-SL00 0 0 0 0 0 0% 0% 0% 0

% 

0% 

SL-SL20 79 51 0 0 68 7% 4% 0% 0

% 

6% 

SL-SL40 21 24 0 0 24 1% 1% 0% 0

% 

1% 
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SL-SL60 386 67 35 6

4 

55 19% 3% 2% 3

% 

3% 

SL-SL75 143 38 38 0 39 10% 3% 3% 0

% 

3% 

SL-SL90 129 265 43 0 33 4% 9% 1% 0

% 

1% 

 

 

 

 

 

 

 

 

 

 

 

 

                                       Fig 11a- XRD Pattern of SL -SL00 

 

 

The effects of SL on the crystal phase of cementitious composite is shown in Figs 11b-f.  

When 20% of SL was incorporated in the cementitious composite, the XRD pattern showed 

12% and 54% peaks of unreacted cement clinkers (C2S, C3S, C3A) and unreacted quartz 

(SiO2) respectively (see Fig 11b). In addition, 7% of portlandite (CH) remained unreacted 

whereas 10% of C-S-H gel was formed. Compared to the six, the 20% SL cementitious 

composite showed the highest peak of Al2O3 peak of 6% (see Table 10).  
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                              Fig 11b- XRD Pattern of SL -SL20 

 

As the SL content in the cementitious composite was increased to 40%, the peak intensity of 

quartz increased to 63% and that of portlandite (CH) increased to 12% compared to 20% SL 

contents (see Fig 11c and Table 9). 13% as well as 1% of cement clinkers and Al2O3 

remained unreacted (see Tables 9 and 10). After 28 days of hydration, only 9% of C-S-H gel 

was formed.  

 

  

 

 

 

 

 

                             Fig 5.14c- XRD Pattern of SL -SL40 

 

In Fig 11d, three new crystal phases namely, ettringite (AFt), anhydrite (CS) and ferrite 

(C4AF) (see also Tables 9 and 10) forming 2%, 3% and 2% respectively of the total crystal 

phases. In addition to this, about half or the quartz (SiO2) was reacted compared to 40% SL 

leaving only 31% of unreacted quartz. SL-SL60 achieved the highest peak of unreacted 

gypsum (CSH2) as well as the highest peak of C-S-H gel of 19% and 12% respectively of the 

total crystal peaks compared to all other samples (see Table 10).  
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                                  Fig 11d- XRD Pattern of SL -SL60 

 

Incorporating 75% SL in cementitious composites resulted in significant change in the 

intensities of its crystal peaks.  The mixture achieved the highest peaks of unreacted clinkers 

(C2S, C3S, C3A), ferrite (C4AF), ettringite (AFt) and portlandite (CH) making up 23%, 3%, 

13% and 15% of the total crystal peaks respectively (see Fig 11e and Tables 9 and 10). Even 

though 75% SL achieved the lowest intensity of unreacted quartz, it did not lead to the 

composite achieving the lowest peak of 5% of C-S-H gel (see Table 9) 

 

 

  

 

 

 

 

 

 

Fig 11e- XRD Pattern of SL -SL75 

 

 

The results of the XRD test for SL-SL90 showed that, an increase of 90 % of SL in 

cementitious composite led to the highest increase in portlandite contents of the total 

noticeable crystals compared to all other six samples (see Fig 11f and Table 8). Other 

significant peaks include 37% of unreacted quartz, 2% of ettringite formed as well as 1% of 
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ferrite contents. The combined peas of C-S-H gel and portlandite (CH) made up of 23% of 

the total crystal peaks which were the highest combined peaks achieved by 90% SL 

compared to all six samples (see Table 9). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

                              Fig 11f- XRD Pattern of SL -SL90 

 

Figs 11a -f demonstrate a general increase in the quantities of unreacted clinkers as the 

contents of SL increases in cementitious composites. This underscores the fact that SL retards 

the hydration process in the cementitious composite [22, 40, 41, and 54]. The no noticeable 

peaks observed in SL-SL00 (i.e. without SL) is consistent with the general behaviour of the 

hydration of cement. The initial stages of the hydration reaction involve the reaction of the 

silicates (i.e. C3S and C2S) into portlandite (CH) [53]. The no noticeable peaks of the silicates 

observed in SL-SL00 (see Fig 11a), means that they have been consumed in the hydration 

reaction with water to produce portlandite (CH). This is evident from the higher peak of the 

SL-SL00 compared to the 20 -90% SL cementitious composite samples that showed peaks of 

unreacted silicates (Fig 9). Even though there were larger quantities of portlandite in each 

sample (see Fig 9), they did not translate into the formation of C-S-H gel - the main product 

of the hydration process. The intensities of portlandite (CH) were relatively higher compared 

to C-S-H exceeding it by 29, 1.3, 3.1 and 2.8 times for SL-SL00, SL-SL40, SL-SL75 and 
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SLS-SL90, respectively. The   C-S-H peaks were higher than portlandite by 1.4 and 1.5 times 

for SL-SL20 and SL-SL60, respectively. The general low peaks of C-S-H in 0% SL, 40% SL 

and 75% SL can be attributed to the inadequate amount of water for the complete hydration 

of the cementitious products [55-57]. This can be seen in the higher peaks of unreacted quartz 

(SiO2) in Figs 11a-f. During the hydration reaction involving the silicates, the belite (C3S) 

and the alite (C2S) react with water to produce C3S2H3 (i.e. C-S-H) and CH. Portlandite (CH ) 

is soluble than  C-S-H [58],  and therefore reacts more readily with water molecules 

compared to C-S-H gel. Since the hydration reaction is exothermic, increase in temperature 

further reduces the solubility of the C-S-H [59] making the C-S-H an amorphous instead of a 

crystalline structure.  The low water/binder ratio retards the hydration process and prevents 

further formation of C-S-H thereby increasing the contents of quartz formed. 

Compared to SL-SL00 (i.e. no SL content), the SL-cementitious composites showed lower 

peaks of Si02 and relatively higher peaks of C-S-H (see Table 9).  The relatively higher peaks 

of C-S-H in SL-cementitious composite shows that SL acts as pozzolanic material in the 

presence of water [60]. Moreover, since SL has larger surface area than cement, it 

demonstrates higher rate of reactivity by filling in pores in the cementitious composite 

displacing extra water needed for the hydration process. Furthermore, SL-SL60, SL-SL75, 

SL-SL90 recorded lower levels of Si02 contents (see Table 9) although these did not 

generally translate into higher C-S-H levels. This can be attributed to ettringite formation 

during the hydration process. Because of the larger quantities of gypsum (CSH2) and 

aluminate (C3A) in SL-SL60, SL-SL75 and SL-SL90 (see Table 10), they reacted together in 

the presence of water to form ettringite (C6AS3H32) consuming most of the Si02 contents 

[61,62]. Conversely, relatively higher levels of Si02 and lower levels of gypsum were as 

observed for SL-SL20 and SL-SL40 (see Tables 8 and 9 and Figs 11b-c). The higher levels of 

Si02 are also due to the reactivity of C3A in the presence of water and absence or gypsum to 

form C4AH13 and C2AH8 [53].  Since this reaction involves no gypsum, no silica contents are 

consumed resulting in more unreacted Si02 observed in SL-SL20 and SL-SL40.  

 

3.7. Void Distribution 

 

The results of the void distribution analysis are indicated in Table 11. It can be observed that 

the void distribution pattern of 2mm diameter voids were smaller for all composites. This can 

be attributed to the use of fine powders and elimination of coarse aggregates. The void 

distribution however showed a general trend of reduction in number of voids as the 

percentage of SL contents increased. SL-SL00 had larger void distribution compared with all 

others whereas SL-SL90 recorded the lowest void distribution across the cross-section of its 

surface area. The lower void distribution observed as the content of SL is increased is due to 

the filling effect of SL in the cementitious composite. The mean particle size of cement used 

in this study was 13.8µm (see Fig 1b) whereas that of silica sand (see Fig 1a) and SL (see 

appendix 1) are 150µm and 11µm respectively. Thus SL particles, being smaller are able to 

fill the voids in the cementitious composite. The higher the SL content, the higher the filling 

effect leading to the reduction in void distribution in the composite. 
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Table 11- Void distribution of SL-Cementitious composite 

Mixture ID   TOP (mm)   MIDDLE (mm)   BOTTOM(mm) 

 D>2 1<D<2 D>1 D>2 1<D<2 D>1 D>2 1<D<2 D>1 

SL-SL00 7 21 26  8  29  29  5  21  39  

SL-SL20 3 17 18  4  14  16  3  17  12  

SL-SL40 2 13 11  3  12  13  3  11  12  

SL-SL60 1 11 10  1  12  7  2  9  6  

SL-SL75 0 10 7  1  8  7  1  4  5  

SL-SL90 0 6 5  0  4  4  0  4  5  

*D is the diameter of the void 

 

Li et al [63] stated that the amount of bleeding in cementitious composite is directly 

correlated to its porosity. As the number of large voids is higher in composites with low SL 

content, the content of the water becomes greater leading to bleeding. On the other hand, 

increasing the content of SL which has a larger surface area has the ability to hold more water 

casing a decline of bleeding rate.  

 

4. Discussion 

 

4.1. The Relationship between the microstructure and the mechanical properties of                                            

SL- Cementitious Composite 

 

Yang and Qi [64] experimentally indicated that, the intensity of diffraction peak of a crystal 

phase increases when the relative content increases. Inclusion of SL in the cementitious 

composite reduced the contents of the portlandite in the cementitious composite relative to 

the control sample (i.e. without SL). Since portlandite (CH) is a significant crystal phase in 

the cementitious composite [65], the peak intensity of CH shows the residual amount left 

after its consumption in the hydration reaction. This means that SL has pozzolanic effect and 

consumed CH in the hydration process. The pozzolanic reaction is vital factor which affect 

the strength development of cementitious composite [56, 66]. The basic mechanical property 

mostly affected by the pozzolanic activity is the compressive strength [67]. Kang et al et al 

[57] demonstrated that, there is a negative linear correlation between percentage of 

portlandite and the 7-day compressive strength of cementitious. However, in this study, there 

was no defined statistical relationship between the percentage of portlandite and the 

compressive strength of cementitious composites (see Fig 12). 
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Fig 12 -Relationship between portlandite content and compressive strength 

 
Fig 13a-Effects of portlandite on the compressive and flexural strength of SL-cementitious 

composite 

 

Even so, the peak intensity of portlandite plays a critical role in influencing the mechanical 

properties of cementitious composites [65].  According to Kang et al et al [57], higher 

intensity peaks of portlandite lead to lower mechanical strength whereas lower intensity 

peaks of portlandite lead to higher compressive strength.  
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Fig 13b-Effects of portlandite on the compressive and flexural strength of SL-cementitious 

composite 

 

 

However, Fig 13 a and b, though the lowest peak of portlandite was at 20% SL, it did not 

necessarily result in the higher compressive strength, flexural strength, tensile strength, or 

highest flexural and tensile strain capacities. 

On the other hand, studies show that, in comparison to Portland cement where the main 

strengthening material is C-S-H, ettringite is the main bonding material in slag cementitious 

composite [68-70]. That in addition to C-S-H, ettringite is another main strengthening 

material in SL-cementitious composite is consistent with the results in Figs 11d-f as evident 

by the peak intensity of ettringite as the SL contents exceed the cement content in the 

composites (i.e. SL-SL60, SL-SL-70 and SL-SL90).  
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Fig 14- Relationship between C-S-H and Ettringite contents and the 28-day compressive 

strength of SL-cementitious composite. 

 

Fig 14 showed a statistical relationship between the percentage peaks of C-S-H and ettringite 

and the compressive strength of SL-cementitious composite. Based on this relationship, the 

maximum strength of 236 MPa for SL-cementitious composite can be predicted when the 

hydration process progresses and all but 0.1% of C-S-H gel and ettringite together remain to 

be formed. A drop in C-S-H and ettringite content by 1% can result in a 29MPa loss in the 

compressive strength of SL-cementitious composite. By using a non-destructive test, the 

percentage of the C-S-H and the ettringite contents can be tested on SL-cementitious powder 

to predict the compressive strength. 

4.2. The Relationship between the Compressive Strength and the Ductility of SL-

Cementitious Composite  

Past studies focus on tensile ductility as the sole criterion for evaluating the ductility 

performance of fibre reinforced cementitious composites [71-74]. This is problematic 

because, for a typical structural concrete beam under flexure, parts of the beam tend to be 

subjected to tensile stresses and other parts  in compression. Therefore, assessing the ductility 

performance on tensile ductility alone may not represent the actual behaviour under stress. 

Since most structural concrete members are expected to resist both tensile and compressive 

stress, the mode of failure is primarily flexural [71].  

Flexural performance is a function of tensile behaviour under bending whereas direct tensile 

performance does not necessarily incorporate flexural behaviour [71, 74]. In the flexural 

design of strain-hardening cementitious composites, ductility requirements are evaluated 

based on the flexural strain capacity of the composite [75, 76].  

The relationship between the compressive strength and the ductility (i.e., both tensile and 

flexural) is shown in Fig 15. Without the use of SL as reactive a binder, the cementitious 

composite achieved compressive strength of 102.7MPa, and a tensile and flexural ductilities 

y = -28.54ln(x) + 38.647 

R² = 0.7352 
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of 0.24% each. The cementitious composite shows no sign of strain hardening (see Fig 10c) 

and there is little to distinguish between the tensile and flexural ductilities.  The tensile and 

flexural ductilities changed significantly when the SL contents increased from 20% to 90% 

whereas the cementitious composite showed signs of strain- hardening behaviour compared 

to the one without SL contents (see Fig 10c).  

The ultimate compressive strength of 108.1MPa and the maximum tensile ductility of 1.67% 

were both achieved with a 40% SL content in the cementitious composite. However, using 

the same 40% of SL, the cementitious composite achieved a drop in flexural ductility from 

1.67% to 0.21%. On the other hand, at 75% SL, the flexural ductility achieved maximum 

value of 0.45%. Compared to 40% SL, the compressive strength, and the tensile ductility of 

75% SL decreased by 14% and 32% respectively. 

This indicates that, with an increase in SL content, compressive strength is positively 

correlated to the tensile ductility but negatively correlated to flexural ductility. Since the 

tensile ductility is more sensitive to changes in SL contents than flexural ductility (see Fig 

15), the optimum behaviour between the compressive strength and the ductility may be 

defined using the tensile ductility of the SL-cementitious composite. Fig 15 demonstrate that, 

the optimum relationship between the compressive strength and the ductility can be achieved 

with a 40% SL contents in SL-only cementitious composite. 

 

 
Fig 15- Relationship between compressive strength and ductility of SL-cementitious 

composite. 

 

Incorporating 40% SL results in higher compressive strength and tensile strain compared to 

some existing fibre reinforced cementitious composites. Fig 16 demonstrates that, ductility of 

40% SL-only cementitious composite outperforms studies such as Park et al [1], Wille et al 

[6], Fantillini et al [77],  and Habel et al, [78] which used at least 2% steel fibres as micro- 

reinforcement but fall short in term of compressive strength. 
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Fig 16- Performance of non-reinforced 40%SL-cementitious composite with steel fibre 

reinforced cementitious composite 

 

On the other hand, the compressive strength of 40% SL-cementitious composite is nearly 

twice that of Son et al [79] as well as Yu et al [78] which used steel fibres as micro-

reinforcement but is outperformed in terms of tensile ductility. This suggests that, though SL 

has the capacity to improve the ductility of cementitious composite it is unable to achieve a 

compressive strength of 150MPa, the minimum strength for an Ultra High-performance 

concrete. Therefore, to achieve an UHPFRC of at least 150MPa and a ductility of at least 

10%, SL may not be recommended for use as a reactive binder. 

 

5.  Conclusion 

SL was explored as contributing to enhanced relationship between ductility and the 

compressive strength of cementitious composites. Based on the experimental analysis, the 

following can be summarized: 

1. Increasing the content of SL improves the workability of cementitious composite 

because as a vitreous particle, SL dissolves and liquefy in the mixture increasing its 

flow of the mixture. 

2. SL retards the hydration process of the cementitious composites, leaving many 

unreacted clinkers even after 28days of wet curing. 

3. SL-cementitious composites can achieve compressive strength of 108.1 MPa and tensile 

ductility of 1.67%. 
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4. The optimum mechanical properties (i.e. compressive, tensile, and flexural strengths and 

tensile ductility) are achieved with 40% SL contents. At 40% SL, the composite show 

signs of strain-hardening behaviour compared to when one without SL contents. 

5. The compressive strength of SL-cementitious composites is not only affected by the 

levels of portlandite (CH) but also by the levels of C-S-H and ettringite. Increased levels 

of C-S-H and ettringite lead to lower compressive strength and vice versa. 
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