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ABSTRACT 
 

The aim of this paper is to examine the effects of using Ground Granulated Blast 
Furnace Slag (GGBFS) as a complete replacement to Ordinary Portland Cement (OPC) 
in Reinforced Concrete (RC) beams. The proposed GGBFS mix had an air content of 
1.4%, a unit weight of 2480 kg/m3, a slump of 201 mm, and a compressive strength of 
30 MPa after 56 days of curing. In addition, the GGBFS-based sample have shown an 
increased durability as it passed less chloride ions when compared to conventional 
concrete. A total of four beams were cast using the proposed mix and then tested under 
three-point loading and four-point loading. The beams were categorized into group 1, 
samples designed to fail in flexure, and group 2, samples designed to fail in shear. The 
performances of the GGBFS-based specimens were evaluated and compared to the 
control beams. In flexure, the GGBFS-based sample carried 83% of the control 
sample’s ultimate load which is considerably less than the expected 96%. Whereas the 
GGBFS-based shear deficient sample carried 79% of the load carried by the control 
beam. Although GGBFS samples carried less load, it is concluded that use of GGBFS 
as a full replacement to OPC is practical as the normalized capacity of GGBFS samples 
is comparable to that of the control samples. Additionally, using GGBFS contributes to 
the reduction of CO2 emissions and hence promotes the use of sustainable and green 
concrete.  

 
Keywords: Compressive strength, Flexure, Shear, Concrete, Geopolymer concrete, 
GGBFS. 
 

 
1. INTRODUCTION 
 

The concern about the environmental impacts of the materials used in construction 
has grown rapidly in recent decades. Ordinary Portland Cement (OPC) is one of the 
primary materials used in forming Reinforced Concrete (RC) structures. The global 
production of OPC has increased rapidly in recent years (Andrew, 2018). This is 
because OPC has been extensively used in construction. Nonetheless, it contributes to 
approximately 5-7% of annual anthropogenic global CO2 emissions and hence causes 
greenhouse effect (Turner and Collins, 2013; Huntzinger and Eatmon, 2009). Moreover, 
the production of OPC is associated with the continuous depletion of the ozone layer 
and global warming. Therefore, there is an urgent need to reduce OPC related CO2 
emissions and explore potential eco-friendly alternatives. 

Ground Granulated Blast Furnace Slag (GGBFS) is an alternative material to OPC in 
concrete mix that is less energy intensive and has lower carbon emissions (Andrew, 
2018). GGBFS is a by-product from blast-furnace in water or steam used to make iron. 
It is produced from placing the mixture of iron-ore, coke, and limestone in blast 
furnace at about 1500OC temperatures. The products of this mixture are molten iron 
and molten slag (Saranya et al., 2018). The molten is less dense and formulates a layer 
above the molten iron. Thus, molten slag is channelled out of the furnace as a molten  
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lava and can be separated in the skimmer. Subsequently, 
GGBFS is formulated by quick quenching of the cooled 
molten slag using high pressure water jets. The particles 
are then dried and ground to produce very fine powder of 
GGBFS (Yuksel, 2018). The chemical composition of 
GGBFS is compromised from Al2O3, CaO and SiO2 and 
has two phases, glassy and crystalline (Grist et al., 2015). 
The glassy phase is responsible for its cementitious 
properties, while the crystalline phase is mainly 
responsible for hydration (Wu et al., 2015; Nagaratnam et 
al., 2016). 

Based on its physical and chemical compositions, 
GGBFS-based concrete mixes has better mechanical 
properties, durability, and corrosion resistance compared to 
OPC-based concrete (Oner and Akyuz, 2007; Ma et al., 
2018; Cheng et al., 2005). According to an experimental 
study on the optimum usage of GGBFS for the 
compressive strength performed by Oner and Akyuz, 
(2007), the compressive strength of concrete mixtures 
containing GGBFS increases as the amount of GGBFS 
increases till it reaches the optimum point at around 55% 
of the total binder content. Moreover, based on a study 
conducted by Sangeetha and Joanna (2015), the flexural 
behaviour of GGBFS RC beams is comparable to that of 
OPC RC beams. In an experimental study performed by 
Babu and Kumar (2000), load-deflection characteristics, 
crack patterns, and failure modes observed for GGBFS RC 
beams were found to be comparable to that of OPC RC 
beams. 

In 2015, Crossin studied the greenhouse gas 
implications of using GGBFS as a cement alternative. His 
results indicate using GGBFS as cement substitute 
decreases greenhouse gases by 47.5%. A study involving 
the use of GGBFS as an alternative binder to OPC 
illustrated greater durability and corrosion resistance for 
the GGBFS binder (Ma, 2018; Crossin, 2015; Yeau et al., 
2005). According to the literature, GGBFS showed a 
relatively lower cementitious property compared to OPC 
because the activation of GGBFS in alkaline conditions 
decreases the total hydration products of cement. As a 
result, GGBFS provides sufficient spacing to uniformly 
distribute the hydration products of cement and therefore 
impacts the total strength of concrete (Ramakrishnan et al., 
2017).  

Several studies have shown that 50% replacement of 
OPC with GGBFS resulted in higher durability, strength, 
and strength gain of RC (Wan et al., 2004; Jeong et al., 
2017; Babu and Kumar, 2000). In certain situations, such 
as hostile and harsh conditions, OPC can be replaced with 
up to 85% of GGBFS to produce concrete (Samad et al., 
2017; Siddique, 2013). Furthermore, a study investigated 
the use of GGBFS in harsh wastewater conditions 
concluded that partial replacement of OPC with GGBFS 
enhanced the performance of concrete in terms of 
increasing resistance to sulphate attacks and hence 
diminishing the deterioration of concrete (Siddique, 2012). 
Concrete deterioration that leads to a failure in 

construction is caused by the corrosion of steel in RC. 
GGBFS and silica fume have substantially demonstrated to 
increase the corrosion resistance of steel in RC (O’Connell 
et al., 2012; Topçu and Ahmet, 2010).  

Although using GGBFS as form of replacement to OPC 
has many advantages, there are still some disadvantages. 
Generally, using GGBFS reduces the overall workability, 
has less early strength gain, and increases dry shrinkage 
coefficient (Garcia-Lodeiro et al., 2015; Junaid. et al., 
2020). In addition, high quantities of SiO2 in concrete 
mixes causes pozzolanic reaction and delays the setting 
times (Eguchi et al., 2013; Allahverdi et al., 2018). Thus, 
concrete mixes containing GGBFS and OPC require 
additional water for workability (Nagaratnam et al., 2016). 
Nonetheless, adding more water decreases the total 
strength of concrete. 

The literature is lacking relevant experimental research 
on testing RC beams with higher percentages of GGBFS as 
a replacement to cement in concrete mixes (Thomas et al., 
2021; Hamada et al., 2021; Hawileh et al., 2017; Nawaz et 
al., 2019). Even though several studies investigated the 
effects of partial replacement of OPC with GGBFS on the 
behaviour of RC beams. Nonetheless, few studies assessed 
the effect of substituting OPC with GGBFS and different 
proposed mix. Therefore, this paper examines the effects 
of using GGBFS as a full replacement to OPC in RC 
beams. In this experiment, a total of four RC beams, two 
with full replacement of OPC with GGBFS and two 
serving as control samples with 100% OPC as binder, were 
tested under three-point and four-point loading. The test 
results include the midspan deflection response curves, 
load-carrying capacity, ductility, and failure mode. In 
addition, standard tests were conducted to examine the 
fresh and hardened concrete properties for both mixes. 
 
2. MATERIALS AND METHODS 

 
In this study, the effects of full replacement of OPC 

with GGBFS on the behaviour of RC beams are 
investigated. A concrete mix using 100% OPC as binder 
serves as a control mix while a geopolymer concrete (GPC) 
is designed using 100% GGBFS as binder. First, fresh 
concrete properties are investigated for both mixes. In 
addition, cubes, cylinders, and prisms are used to 
investigate mechanical properties of hardened concrete and 
lastly RC beams cast using the same mix were tested for 
shear and flexure behaviour. A total of four beams were 
tested under three-point and four-point loading in simply 
supported condition. The physical and mechanical 
properties of the materials used, concrete mix 
proportioning, detailing of the tested beam specimens, and 
test setups are described in the following subsections. 
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2.1 Materials 
 

2.1.1 OPC and GGBFS 
Binder materials (GGBFS and OPC) used in this 

research were obtained from the Sharjah Cement Factory. 
Table 1 shows the chemical composition of the binding 
material used. 

 
Table 1. Chemical compositions of OPC and GGBFS (%) 

Binder SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O Cl- LOI* Fineness kg/m2 
OPC 20.70 5.40 3.86 63.22 0.99 2.62 0.56 0.02 2.89 346 

GGBFS 34.90 14.46 0.60 39.80 6.00 0.10 0.55 0.02 1.67 430 
* LOI: Loss on Ignition 

 
2.1.2 Water 

The water used in concrete mixing has the properties 
shown in Table 2 as reported by Al Futtaim Element Lab. 
 

Table 2. Water properties 
Property Units Value 

pH pH units 370 
Total Dissolved Solids mg/L 171 

Bicarbonate mg/L 32 
Carbonate mg/L 5 

Total Alkalinity mg/L 34 
Sulphate mg/L < 5 
Chloride mg/L 74.0 

2.1.3 Reinforcing Steel 
Reinforcement used in the beams is A706 low-alloy 

grade 420 deformed steel bars that is produced in the 
United Arab Emirates and have the properties summarized 
in Table 3. Reinforcing steel rebars and shear stirrups are 
supplied by TransGulf Ready Mix Company. 
 
2.1.4 Aggregates  

Four different types of aggregates, 20 mm coarse 
crushed aggregate, 10 mm coarse crushed aggregate, 0-5 
mm sand crushed aggregate, and 0.6 mm dune sand, were 
used. Al Futtaim Element Lab reported the properties of 
the aggregates as shown in Table 4. 

 
Table 3. Properties of reinforcing steel 

Reinforcing steel Type Grade Yield strength (MPa) Diameter (mm) 
Longitudinal Deformed A706 low-alloy 420 590 8 & 12 

Stirrups Deformed A706 low-alloy 420 590 8 
 

Table 4. Properties of aggregates 

Aggregates Particle density 
SSD (kg/m3) 

Sand equivalent 
value (%) 

Water absorption 
(%) 

Los Angeles 
abrasion value (%) 

Material finer than 
75-micron (%) 

0.6 mm Dune Sand 2650 79 0.7 - 1.9 
0-5 mm Dune Sand 2690 79 0.5 - 4.4 

10 mm Crushed Aggregate 2820 - 0.4 17 0.3 
20 mm Crushed Aggregate 2810 - 0.3 19 0.1 
 
2.2 Concrete Mix Proportioning  

Two concrete mixes are prepared: the control mix with 
100% OPC as binder while the other contains GGBFS as a 
full replacement of OPC. Table 5 shows the mix 
proportioning for both the mixes. The admixture is only 
added to the control mix while alkaline activator is only 
used in the GGBFS mix concrete. The mixes are designed 
to achieve a concrete compressive strength of 30 MPa at 
the age of 28 days. 
 
2.3 Test specimens and setup 

Two RC beams, labelled as group 1 (designations of the 
beam specimens are given in Table 6) and designed to fail 
in flexure are tested under a four-point loading setup after 
56 days curing. Beams are reinforced with tension steel 
that is composed of two No. 12 bars with an area of 113.1 
mm2 that makes up 2.83% of the concrete section.  

Table 5. Mix proportioning 
 Control mix 

(100% OPC) 
100% 

GGBFS mix 
OPC dosage ratio 1.0 0.0 

GGBFS dosage ratio 0 1.0 
OPC (kg/m3) 370 0 

GGBFS (kg/m3) 0 370 
Water (L/m3) 170 170 
W/C Ratio 0.46 0.46 

Coarse Aggregates (kg/m3) 1007 1007 
Fine Aggregates (kg/m3) 893 893 

Admixture (L/m3) 4 - 
Alkaline Activator (L/m3) - 14.5 

 
Both beams have a width of 150 mm, a span of 1700 mm, 
and a height of 300 mm and are reinforced with shear 
stirrups internally throughout their entire lengths as seen in 



International Journal of Applied Science and Engineering 
 

Hawileh et al., International Journal of Applied Science and Engineering, 19(2), 2022017 
 

 
https://doi.org/10.6703/IJASE.202206_19(2).009                 4 
    

Figs. 1 and 2. The test setup is show in Fig. 3, representing 
simply supported beams tested under load control mode 
with a loading rate of 150 newtons per second.  

Two RC beams labelled as group 2 (designations of the 
beam specimens are given in Table 6) and designed to fail 
in shear are tested under a three-point loading setup after 
56 days of curing. The samples have a width of 150 mm, a 
span of 1700 mm, a height of 300 mm, are reinforced 
internally by shear reinforcement stirrups over one half of 

the span of the beam to ensure a shear failure of the beam 
over the non-reinforced span and have a shear span to 
depth ratio of 3.58. Tension steel reinforcement is 
composed of two No. 12 bars with an area of 113.1 mm2 
which makes up 2.83% of the concrete section. Fig. 4, Fig. 
5 and Fig. 6 illustrate the detailing of the tested specimens. 
The test setup shown in Fig. 7, represents simply supported 
beams tested under load control mode with a loading rate 
of 150 newtons per second. 

 

  
Fig. 1. Flexural strength test (group 1) specimen side view 

 
Fig. 2. Group 1 samples section A-A 

 
Fig. 3. Flexural strength test setup 

 

 
Fig. 4. Shear strength test (group 2) specimen side view 

 

 
Fig. 5. Group 2 sample section A-A 

 
Fig. 6. Group 2 sample section B-B 
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Fig. 7. Shear strength test setup 

 
Table 6. Test matrix 

 
3. RESULTS AND DISCUSSION 
 
3.1 Properties of Fresh Concrete 

The workability of the control mix and the GGBFS-
based mix, tested following ASTM C143, was found 
having true slump (180-220 mm) as shown in Table 7. In 
addition, air content for the control mix and GGBFS-based 
mix are consecutively 1.2, and 1.4 which are within the 
required limits of ASTM C231 (1% - 2%). Lastly, the unit 
weight results obtained for the control mix and GGBFS-
based mix are 2480 kg/m3, and 2450 kg/m3 respectively 
which are within the acceptable range between 2400 kg/m3 
to 2600 kg/m3. 
 

Table 7. Fresh concrete test results 

Property Control mix 
(100% OPC) 

100% 
GGBFS mix 

Workability (mm) 201 180 
Air Content (%) 1.2 1.4 

Unit Weight (kg/m3) 2480 2450 
 

3.2 Mechanical Properties of Hardened Concrete 
 
3.2.1 Compressive Strength 

The compressive strengths of both concrete mixes 
obtained by testing cube samples following ASTM C39 
testing procedure at 7, 28, and 56 days are summarized in 
Table 8. It is noticed that the control mix reached the 
design compressive strength within 7 days of curing while 
the GGBFS-based mix reached 65% of its design 
compressive strength during the same period. The 
compressive strength gain of GGBFS samples is 
comparable to that of experiment conducted by Oner and 
Akyuz (2007). Notably, the compressive strength ratio of 
GGBFS based sample to that of OPC was around 0.50 
within the first 28 days of curing. However, after testing 
the 56-days-curing samples, the GGBFS-based mix gained 
a higher proportion of compressive strength due to the late 

setting of the mix and the longer period of curing required. 
In addition, it is expected that the GGBFS mix will gain 
more strength when cured more than 56 days considering 
the observed pattern of strength gain. Moreover, the 
compressive strength of both mixes was evaluated using 
standard cylinders following BS 1881 Part 116 testing 
procedure after 28 days curing to determine the 
compressive strength that was later used in the calculations 
of flexural and shear strengths of RC beams. The control 
mix reached a strength of 32.6 MPa while the GGBFS-
based mix reached a strength of 20.2 MPa. Comparing the 
two values, the GGBFS-based mix provided 62% of the 
strength provided by the control mix. 

 
3.2.2 Split Tensile Strength 

The tensile strength of tested specimen at 28 days of 
curing following ASTM C496 split-tension test was 3.1 
MPa and 1.9 MPa for the control mix and GGBFS-based 
mix respectively. Table 8 shows the results of split tensile 
test. 

 
3.2.3 Modulus of Rupture 

Following the ASTM C78 testing procedure, the 
modulus of rupture of the control mix after 28 and 56 days 
was 4.2 MPa and 5.5 MPa respectively. Whereas the 
GGBFS-based mix reached a stress of 2.5 MPa, and 2.6 
MPa after 28 and 56 days respectively before failing. The 
ratio of strength of the two mixes was 0.6 at the 28-days-
curing, however, it decreased to 0.47 at the 56-days-cured 
sample. Table 8 shows the modulus of rupture results. 

 
3.2.4 Durability  

The ASTM C1202 Rapid Chloride Permeability Test 
was conducted on 2 cube samples for each mix after 28 
and 56 days. The control mix passed 4375 and 3122 
Columbs after 28 and 56 days while the GGBFS-based 
mix passed only 1069 and 879 Columbs after the same 
curing periods. Comparing the two mixes, the GGBFS 

Beam Designation Description Number of samples 
G1_BC Control Beam tested for flexure with 100% OPC 1 
G1_BG Beam tested for flexure with 100% GGBFS 1 
G2_BC Control Beam tested for shear with 100% OPC 1 
G2_BG Beam tested for shear with 100% GGBFS 1 
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binder produced a highly durable concrete that passed only 
around 25% of the charge that passed through the 
conventional concrete. This indicates that replacing OPC 
with GGBFS increases durability drastically. Table 8 
summarizes the RCP test results. 

The results obtained from this experiment draws upon 

literature and better assist the impacts of GGBFS as a 
replacement to OPC. Moreover, the outcomes of this 
experiment confirm the findings of previous research 
conducted by Wan et al. (2004), Jeong et al. (2017), and 
Babu and Kumar (2000). 

 
Table 8. Mechanical properties of concrete 

Test Curing (Days) Control mix (100% OPC) 100% GGBFS mix GGBFS/OPC 
Compressive strength (MPa), cubes 7 38.8 19.8 0.51 

 28 49.8 24.8 0.50 
 56 54.0 30.0 0.56 

Compressive strength (MPa), cylinders 28 32.6 20.2 0.62 
Split tensile strength (MPa) 28 3.1 1.9 0.61 
Modulus of rupture (MPa) 28 4.2 2.5 0.60 

 56 5.5 2.6 0.47 
Rapid chloride permeability (col) 28 4375 1069 0.24 

 56 3122 879 0.26 
 
3.3 Behavior of RC Beams 
 
3.3.1 Flexural Behavior  

As seen in Fig. 8, the samples were tested under a four-
point loading test setup. Fig. 9 shows the failed RC beam 
specimens. After loading the beams, the tension 
reinforcement of the control sample and the GGBFS-based 
sample yielded at a load, Py, of 108.37 kN and 90.78 kN 
respectively. Hawileh et al. (2017) obtained a tension 
reinforcement yield load Py, of 70.17 kN for the control 
sample and 67.09 kN for the GGBFS sample (90% 
replacement of OPC). Moreover, the control and the 
GGBFS-based samples reached an ultimate load, Pu, of 
124.05 kN and 103.00 kN respectively. Finally, the control 
sample’s failure load, Pf, was 105.32 kN and the GGBFS-
based sample’s failure load was 80.24 kN.  

 
3.3.1.1 Failure Mode of The Tested Specimens 

As expected and consistent with the literature (Hawileh 
et al., 2017), the tested beam specimens failed in the 
desirable tension-controlled failure mode by yielding of 
the flexural steel reinforcement followed by concrete 
crushing in the top compression zone as seen in Fig. 9. 
Noticeably, the failure was a flexural failure in both 
samples as the shear resistance provided by the concrete 
section was more than the load at which both samples 
failed. 

 
3.3.1.2 Load-Deflection of Beam Specimens 

The ductility of the geopolymer concrete sample is 
compared with the control sample. As seen in Fig. 10, the 
load versus mid-span deflection is plotted and at yielding, 
the control and the GGBFS-based samples witnessed a 
deflection of 7.93 mm and 8.66 mm respectively. This 
observation points out that the GGBFS mix sample 
provides higher ductility than the control sample. The 

deflections of the samples at ultimate loads were 23.93 
mm and 29.99 mm for the control and GGBFS-based 
samples respectively and that supports the indication that 
the GGBFS-based sample is more ductile. Furthermore, as 
seen in Table 9, the ductility of the beam specimens is 
evaluated by computing the ductility index, µ, which 
corresponds to the ratio of midspan deflection at ultimate 
load, δu to δy that corresponds to deflection at yielding of 
the steel reinforcement. For the control sample µ was 3.01 
and 3.46 for the GGBFS-based sample. This indicates that 
GGBFS-based concrete beam exhibits more ductility than 
the concrete using OPC as binder. 

 
Table 9. Deflection and ductility index results 

Specimen ID δu (mm) δy (mm) δf (mm) µ (δu/ δy) 
G1_BC 23.93 7.93 27.42 3.01 
G1_BG 29.99 8.66 53.91 3.46 
 
Moreover, to account for the variability in the 

compressive strength of both mixes which ranged from 
20.22 to 32.59 MPa, the flexural load, on the vertical axis, 
was normalized by the square root of the compressive 
strength as illustrated in Fig. 11. This is done because 
compressive strength variability can impact the cracking 
response of the beams and thus the overall behavior of the 
specimens. Comparing the normalized curves, it is 
observed that the geopolymer concrete sample performed 
better than the control sample. 

Similarly, as seen in Fig. 12 which shows the 
longitudinal strain in the flexural reinforcement measured 
by strain gauges, the strain in GGBFS-based sample’s 
tension steel has reached around 0.015 strain while the 
strain reading of the steel in the control sample reached 
less than 0.007 strain which also proves the higher 
ductility in the geopolymer concrete sample. The flexural 
behaviour of the GGBFS samples is similar to that of the 
experiment conducted by Sangeetha and Joanna (2015). 
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A. G1_BC sample 

 
B. G1_BG sample 

Fig. 8. Specimens under testing 
 

 
A. G1_BC sample 

 
B. G1_BG sample 

Fig. 9. Tested specimens after failure 
 

 
Fig. 10. Load versus mid-span deflection response curves 

for flexural dominant samples 
 

  
Fig. 11. Normalized load vs mid-span deflection response 

for flexural dominant samples 
 

 
Fig. 12. Load vs strain curves for flexural testing samples 
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3.3.2 Shear Behavior  
As shown in Fig. 13, the samples were tested under a 

three-point loading test setup. Fig. 14 shows failed RC 
beam specimens after testing. As expected, the beam 
specimens failed in the desirable conventional mode of 
diagonal shear failure. From the test results of group 2 
samples (summarized in Table 10), it is noticed that the 
control sample reached a maximum load of 82.16 kN at 
6.21 mm and the GGBFS-based sample reached an 
ultimate load of 64.82 kN at 7.63 mm deflection. Moreover, 
the failure load was found to be 60.57 kN for the control 
sample while it was 51.86 kN for the GGBFS-based 
sample. When comparing the deflections at failure for both 
samples, it was found that the GGBFS-based sample 

exhibited more ductility with 8.91 mm deflection 
compared to 6.60 mm for the control sample. Fig. 15 
depicts the load vs mid-span deflection response curves for 
the control and GGBFS based samples. 

To account for the variability in the compressive 
strength of both mixes which ranged from 20.22 to 32.59 
MPa, the shear load was normalized by the square root of 
the compressive strength as seen in Fig. 16. This is done 
because the variability in compressive strength can impact 
the cracking response of the beams thus the overall 
behavior of the specimens. When comparing the 
normalized curves, it is observed that the geopolymer 
concrete sample performance was comparable to that of 
the control sample but with more deflection before failure. 

 
Table 10. Shear strength test results at 56 days 

Specimen ID Pu (kN) δu (mm) Pf (kN) δf (mm) 
G2_BC 82.16 6.21 60.57 6.60 
G2_BG 64.82 7.63 51.86 8.91 

 

 
A. G2_BC sample 

 
B. G2_BG sample 

Fig. 13. Specimens at shear test setup 
 

 
A. G2_BC sample 

 
B. G2_BG sample 

Fig. 14. Tested specimens at shear failure 
 

 
Fig. 15. Load versus mid-span deflection response curves 

for shear deficient samples 

 
Fig. 16. Normalized load vs mid-span deflection response 

for shear defecient samples 
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4. ANALYTICAL PREDICTIONS USING 
ACI 318 DESIGN GUIDELINES 
 

4.1 Flexural Strength 
Using the ACI-318 code, the ultimate flexural 

capacities of the beams were calculated. The compressive 
strength used in predictions was 32.59 MPa for the control 
beam and 20.22 MPa for the GGBFS-based beam. The 
control beam was estimated to fail at an ultimate load of 98 
kN while the GGBFS-based beam was predicted to fail at 
94 kN applied load. After testing, the control beam failed 
at an ultimate load of 124 kN while the GGBFS-based 
concrete reached an ultimate load of 103 kN. Moreover, 
both samples performed better than expected. The 
predicted capacity for the control beam was 79% of the 
experimental value obtained. Similarly, the predicted 
capacity for the GGBFS-based beam was 91% of the 
experimental value obtained. Table 11 presents and 
compares the predicted and experimentally measured 
ultimate loads for both beams. 
 

Table 11. Load-carrying capacity of flexural beams 

Specimen (Pu`) Experimental 
(kN) 

(Pu) Predicted 
(kN) 

(Pu) / 
(Pu`) 

G1_BC 124 98 0.80 
G1_BG 103 94 0.90 
 
4.2 Shear Strength 

Using the ACI-318 code, the shear capacities of the 
beams were calculated. The compressive strength used in 
calculations was 32.59 MPa for the control beam and 
20.22 MPa for the GGBFS-based beam. The control beam 
and the GGBFS-based beam were estimated to fail in shear 
at an ultimate load of 77 and 61 kN, respectively. However, 
after testing, the control beam failed at an ultimate load of 
82 kN and the GGBFS-based sample at 65 kN applied load. 
It was found that both samples performed better than 
expected, i.e., the predicted capacity was 94% of the 
experimental value obtained for both the control and the 
GGBFS-based samples. Table 12 presents the predicted 
and experimentally measured ultimate loads for both 
samples. 
 
Table 12. Load-carrying capacity of shear deficient beams 

Specimen (Pu`) Experimental 
(kN) 

(Pu) Predicted 
(kN) 

(Pu) / 
(Pu`) 

G2_BC 82 77 0.94 
G2_BG 65 61 0.94 

 
5. CONCLUSION 

 
In this paper, a GGBFS concrete mix as an alternative 

to OPC concrete mix was developed and its properties was 
investigated. Mechanical properties of fresh and hardened 
proposed concrete mix was studied as per the commonly 

used test standards. In addition, full scale RC beam 
samples were cast to assess the flexural and shear 
behaviour of beams cast with such concrete mixes. From 
the investigation of test results, the following observations 
and conclusions were drawn: 

1. The slump test result of the GGBFS mix was true 
with 180 mm slump. The air content was 1.4% which 
is within the acceptable range and finally, the unit 
weight was 2480 kg/m3 implying normal weight 
concrete.  

2. The design compressive strength of the GGBFS mix 
was achieved after 56 days of curing because of the 
late setting of geopolymer concrete as a result of the 
chemical activation of GGBFS. 

3. The split tensile strength of the GGBFS-based 
concrete was 1.9 MPa after 28 days and 3.1 MPa for 
the control mix. 

4. The modulus of rupture of GGBFS-based concrete 
was 2.6 MPa after 56 days which is 47% of the 
control mix strength. 

5. The rapid chloride permeability test revealed that the 
use of GGBFS as binder enhances the durability of 
hardened concrete significantly. 

6. Samples tested for flexure behavior failed by yielding 
of longitudinal tension reinforcement followed by 
concrete crushing in the top compression zone of the 
mid-span region. 

7. Both samples performed better than predicted by ACI 
model, i.e., the predicted capacity for the control 
beam was 79% of the experimental value obtained 
and 91% for the GGBFS-based beam. 

8. Both the OPC and GGBFS based shear deficient 
beam specimens failed in a diagonal shear failure 
mode. 

9. Both concrete samples, tested for shear, performed 
better than the prediction by ACI model, i.e., the 
control and the GGBFS-based samples achieved 6% 
more load than predicted. 

In summary, it is concluded that GGBFS can be used 
to produce geopolymer concrete which can serve as an 
acceptable alternative to ordinary concrete. That is because, 
it offers comparable results to that of the control mix in 
both fresh and hardened concrete properties. In addition, 
geopolymer concrete can be considered as a more 
sustainable concrete and that is due to the higher durability 
than that of OPC concrete.  

It is recommended to test more beam samples with 
different parameters in future research studies to ensure 
that cement can be fully replaced with GGBFS or other 
supplementary cementitious materials. 
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