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2. Experimental program
2.1 Materials
In all investigated mixes, high strength cement type CEM 52.5N was used for casting

the high strength mortar. Table 1 demonstrates the physical and chemical properties 
provided by the manufacturer (Hanson UK Company). Ground-granulated blast-furnace slag 
(GGBS) satisfying BS EN 15167-1:2006 [31] obtained from Hanson Heidelberg Cement group 
was utilized. The chemical compositions and physical properties of GGBS are listed in 
Table 1 (as supplied by the manufacturer). X-ray analysis of the GGBS demonstrates a high 
peak of SiO2 at 2ʻ equal to 21ű. However, the peak had less intensity comparing the silica 
fume peak, which indicates a lower content of SiO2 in GGBS mineral content, as shown in 
Figure 1. In addition, no frequent peaks were observed that state an amorphous phase [32]. 
The chemical composition and physical properties of the densified (DSF) and un-densified 
silica fume (UDSF) obtained from the manufacturer (Elkem A Bluestar Company) are presented 
in Table 1. The X-ray patterns of a powder of both type of silica fume explained a peek at 2ʻ 
equal to 22ű, which refers to a high characteristic of amorphous SiO2 [22], as shown in Figure 
1. Fly ash type 450-S satisfying BS EN 450-1:2012 [33] was adopted in the mixes of high-
strength mortar. This class of fly ash was used because of its high pozzolanic activity, and it
has a constant fineness and carbon content. It was supplied from the Drax Power Station,
North Yorkshire, UK under the CEMEX brand. The chemical and physical properties of the FA
are listed in Table 1. The X-ray diffraction analysis of fly ash (Figure 1) explained that the
most crystalline constituents of the fly ash are quartz (SiO2) at 2ʻ equal to 26ű. However, the
amorphous SiO2 appeared at 2ʻ of 21ű at less intensity.

Fine silica sand satisfying BS EN 12620:2002+A: 2008 [34] obtained from Sibelco UK 
was utilized in casting all investigated mixes. It contains a high proportion of silica in quartz 
configuration with a colour of yellow/brown. The grain distribution ranges between 0.5 to 0.1 
mm. Table 1 lists the chemical composition of silica sand (as supplied by the manufacturer).
To achieve the desired workability, Fosroc Auracast 200 high-performance concrete
superplasticizer based on polycarboxylate polymers (obtained from Resapol UK company)
was used. It has a pH of 4 +/- 1 with a specific gravity of 1.050 – 1.070.

Table 1 
The chemical and physical properties of cement, SCMs, and silica sand 

Characteristics CEM52.5N Silica fume GGBS Fly ash Silica sand 
CaO 63.8 0.1 40 2.38 -- 
SiO2 19.9 92 35 59 99.73 
Al2O3 4.8 0.7 12 23 0.1 
Fe2O3 3.1 0.8 0.2 8.8 0.05 
MgO 1.1 -- 10 1.39 1.0 
SO3 3.3 -- -- 0.27 -- 
Na2O 0.7 0.33 -- 0.74 <0.05 
K2O 0.6 1.45 -- 2.81 0.01 
L.O.I 2.7 4.6 2.8 1.61 0.09 
Specific gravity 3.18 2.20 2.90 2.20 2.6 
Specific surface area (mm2) -- 15-30 -- -- -- 
Mean particle size (μm) -- 0.15 9.2 -- -- 
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Table 2 
Mix proportions of ultra-high strength mortar including SCMs 

Mix C 
(kg/m3) 

S.S
(kg/m3) 

W 
(kg/m3) 

S.P
(kg/m3) 

GGBS 
(kg/m3) 

DSF 
(kg/m3) 

UDSF 
(kg/m3) 

FA 
(kg/m3) 

Control (M105) 1100 1100 200 30 -- -- -- -- 
10 GGBS 
20 GGBS 
30 GGBS 
40 GGBS 

990 
880 
770 
660 

1100 
1100 
1100 
1100 

200 
200 
200 
200 

30 
30 
30 
30 

100 
200 
300 
400 

-- 
-- 
-- 
-- 

-- 
-- 
-- 
-- 

-- 
-- 
-- 
-- 

10 DSF 
20 DSF 
30 DSF 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

-- 
-- 
-- 

76 
152 
228 

-- 
-- 
-- 

-- 
-- 
-- 

10 USF 
20 USF 
30 USF 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

-- 
-- 
-- 

-- 
-- 
-- 

76 
152 
228 

-- 
-- 
-- 

10 FA 
20 FA 
30 FA 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

-- 
-- 
-- 

-- 
-- 
-- 

-- 
-- 
-- 

76 
152 
228 

5GGBS+5DSF 
10GGBS+10DSF 
15GGBS+15DSF 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

51 
102 
153 

39 
78 

117 

-- 
-- 
-- 

-- 
-- 
-- 

5GGBS+5UDSF 
10GGBS+10UDSF 
15GGBS+15UDSF 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

51 
102 
153 

-- 
-- 
-- 

39 
78 

117 

-- 
-- 
-- 

5GGBS+5FA 
10GGBS+10FA 
15GGBS+15 FA 

990 
880 
770 

1100 
1100 
1100 

200 
200 
200 

30 
30 
30 

51 
102 
153 

-- 
-- 
-- 

-- 
-- 
-- 

39 
78 

117 
5GGBS+5DSF+5FA 
10GGBS+10DSF+10FA 

935 
770 

1100 
1100 

200 
200 

30 
30 

51 
102 

39 
78 

-- 
-- 

39 
78 

5GGBS+5UDSF+5FA 
10GGBS+10UDSF+10FA 

935 
770 

1100 
1100 

200 
200 

30 
30 

51 
102 

-- 
-- 

39 
78 

39 
78 

C : cement, S.S: silica sand, W: water, S.P: superplasticizer, GGBS: ground granulated blast furnace slag, DSF: 
densified silica fume, UDSF: undensified silica fume, FA: fly ash. 

2.3 Test methods 
2.3.1 Workability  
Flowability of the fresh cementitious material is an essential property to assure 

compatible mixing, casting, and adequate consolidation as a homogenous mass. 
The amount of water within the mix has a crucial role in controlling workability. 
A large amount of water improves the workability but impairs the strength by 

increasing the voids inside the hardened mortar. In addition, the presence of voids reduces 
the durability by increasing the gas and liquid permeability of the hardened structure. In this 
research, the workability of the mortar was measured using the flow table test based on the 
BS-EN 1015-3:1999 [35], as shown in Figure 2. 
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radiation (˂ = 1.5418 A) operating at 40 kV, 30 mA. This test is adopted to identify the variation 
of the amount of calcium hydroxide (Ca(OH)2) in the sample. The Ca(OH)2 variation 
demonstrates the reactions between the SCMs with the Ca(OH)2 to produce supplementary 
C-S-H. The peaks at 2ʻ equal to 34° were adopted to refer to the amount of Ca(OH)2 based
on previous studies [11, 14, 28, 36]. The test includes preparing a powder of the sample that
tested under compression load at 28 days and then measures the reflection of the X-ray. The
results of the test were analysed using the provided software with the X-ray machine.

3. Results and discussion
3.1 Influence of SCMs on the workability
The effect of the addition SCMs on the workability of high-strength mortar (HSM) is

demonstrated in Figure 4. Single replacements of all replacement ratios of GGBS and FA 
displayed higher workability as the replacement ratio increases. The effectiveness of  GGBS 
in improving the workability was due to the surface characteristics of the GGBS particles, 
which are smooth and absorb little water during mixing [2]. Similarly, most FA particles are 
spherical and solid which reduces the water demand for a particular workability [2]. Megat 
Johari et al. (2011) [11] reported a similar observation of enhancing the workability of FA and 
GGBS with high-strength concrete. In the same field, Dave et al. (2017) [30] observed that the 
addition of FA was significantly increasing the workability of concrete.  

In contrast, mixes with DSF and UDSF explained a reduction in workability. That could 
be attributed to the particles patterns of silica fume which have a high surface area that 
absorbs a high amount of water during mixing, which led to increasing the water demand of 
the mix. A similar reduction in workability due to silica fume was observed by previous studies 
[5, 7, 8]. However, in binary replacement, the addition of GGBS combined with DSF enhanced 
the workability for all replacement ratios. Similarly, to less extent, the workability of mortar 
with UDSF increased as the replacement ratio increased in the presence of GGBS. However, 
the addition of GGBS with FA reduced the workability comparing with the single replacement 
of FA counterparts. The workability of ternary replacements of all ratios proportional 
increasingly with the replacement ratios. Also, it can be observed that mixes with SCMs 
contain UDSF explained higher workability than DSF counterparts. These results agree with 
the findings observed by  Dave et al. (2017) [30]. 

In summary, the results demonstrated the effectiveness of addition GGBS in improving 
the workability of mortar in all forms of replacements (single, binary and ternary). Moreover, 
regardless of the type and amount of SCMs replacement, binary and ternary replacement 
explained a higher enhancement of the workability of high-strength mortar. 

Figure 4. Effect of SCMs replacements of on workability of HSM. 
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Figure 5. Effect of SCMs on compressive strength of HSM. 

Figure 6. Effect of single replacement of SCMs on compressive strength of HSM. 
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for all replacement rations. However, DSF presented an optimum replacement ratio of 10% 
which could be due to a decrease in the compactness of the mix as a result of reducing the 
flowability of mixes. 

The best performance was observed for binary with tensile strength ranged between 
5.3 MPa and 6.7 MPa. The maximum tensile strength was reported for a replacement ratio of 
15% GGBS and 15% UDSF with 6.7 MPa. The lowest tensile strength was found for binary 
replacement of GGBS and FA. That could be because of less silica in the chemical composition 
of FA in comparison with silica fume. 

Figure 9 demonstrated a negligible effect of DSF and FA in enhancing the tensile 
strength. However, UDSF exhibited enhancement in the tensile strength with a replacement 
ratio equal to 15%. Above this replacement ratio, a reduction in tensile strength was 
observed. The tensile strength of ternary replacements mixes was ranged between 4.5 MPa 
and 6.3MPa which explains less effectiveness comparing to binary replacement.  

Figure 9. Effect of SCMs replacement on tensile strength of HSM. 

Figure 10 demonstrates a consistency of the general behaviour between the tensile 
and compressive strength of high-strength mortar with SCMs. However, there is no direct 
proportionality between the two types of strength. In addition, in some cases, particularly of 
high replacement ratio, the increase in compressive strength did not accompany with 
increasing in tensile strength. That could be due to the lack of calcium hydroxide for a high 
replacement ratio, and the SCM works as a filler rather than cementitious material. That will 
be effective in resisting the compressive stresses by friction, while it has a negligible 
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Figure 11. XRD of calcium hydroxide peaks of HSM with SCMs. 

4. Conclusions
Based on the result of the investigated SCMs, the following conclusions can be drawn: 
- Apart from both types of silica fume, all replacement of the SCMs improved the

workability of the fresh mixes depending on the type and ratio of replacement. In
addition, the most considerable improvement in workability was observed for mixes
with fly ash.

- Both types of silica fume reduced the workability of mortar. However, the un-densified
form explained better fresh mortar properties.

- Fly ash demonstrated a relatively low enhancement in the mechanical properties of
high strength mortar compared with other SCMs.

- Regarding the mechanical properties, both types of silica fume exhibited
approximately similar behaviour up to 10% replacement. Higher replacement
indicated the superiority of unidentified silica fume in increasing the strength.

- GGBS explained enhancement in workability as well as in the mechanical properties.
- Binary replacement of 15% of un-densified silica fume and 15% of GGBS presented

the highest mechanical properties. Moreover, the effect of enhancing the strength of
mortar was evident from the low intensity of the Ca(OH)2 that determined from the X-
Ray diffraction analysis compared with mixes with lower strength.

- Despite of the obvious consistency between the compressive and tensile strength, a
direct relationship between them is unavailable due to the variation in the hardened
structure on mortar  due to flowability.
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