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Şaban Akduman a, Oznur Kocaer a, Alper Aldemir a,*, Mustafa Şahmaran a, Gürkan Yıldırım a, 
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A B S T R A C T   

Concrete requires a vast amount of aggregate and cement production. Although there are some efforts in the 
literature to reduce the amount of Portland cement in the concrete mixture to lessen the greenhouse gas release, a 
limited number of studies were conducted to investigate the possibility of using this geopolymer mixtures to 
serve as a structural component. Therefore, this study firstly aimed to produce geopolymer concrete from con
struction and demolition waste-based precursors, including masonry units (red clay brick, roof tile, hollow brick, 
etc.) and glass. In addition, recycled aggregates produced from the concrete waste portion of the CDW were used 
to obtain 100% recycled construction material on the scale of the binder and aggregate phase. Then, this study 
investigated the possible use of this proposed geopolymer concrete to produce structural components that 
perform similar to conventional concrete. Therefore, the structural properties of reinforced geopolymer concrete 
beams produced from the recycled construction demolition wastes were evaluated in this study by conducting 
laboratory experiments. To this end, bending tests were performed on reinforced conventional concrete beam 
specimens and reinforced geopolymer concrete beam specimens. The test observations clearly showed that 
construction demolition waste could be recycled to produce new constructional components, considering its 
advantage of promoted sustainability.   

1. Introduction 

The excess of waste generated in the industry is a concern for envi
ronmental health. In this respect, utilizing the wastes in concrete are of 
great importance. By replacing a certain amount of cement or aggregate 
with waste products, it is aimed to increase the sustainability of concrete 
and reduce the damage to the environment [1]. Although concrete is one 
of the most widely used construction materials in the world, there exist 
some environmental and structural disadvantages related to its sus
tainability. The main component of concrete is the Portland cement, 
whose production reaches billions of tons each year and responsible for 
7% of human-induced carbon dioxide emissions [11–19]. For instance, 
approximately 1.5 tons of raw materials are required to produce 1 ton of 
Portland cement, emitting nearly 1 ton of carbon dioxide [1–12]. In 
addition, the production stages of the Portland cement require a high 
level of input energy. Considering the growth levels of emerging 

economies from day to day and the exponential increase in con
struction/renovation demand for infrastructures, it is expected that the 
greenhouse gas emissions and energy consumption arising from the 
production of cement will reach 105 Gt (gigatonne) and 505 TJ (ter
ajoule) in 30 years, respectively [20]. Besides, increasing aggregate 
production in proportion to the demand for concrete is another concern 
to overcome due to adverse environmental impact. The carbon dioxide 
emissions derived by aggregate production are responsible for 20% of 
the emitted carbon dioxide by concrete [21]. Therefore, it is apparent 
that the extensive use of conventional concrete is not sustainable with its 
all components. For this reason, the development of eco-friendly, 
cost-effective, and low-carbon-footprint construction materials should 
become a forefront priority worldwide. 

In addition to the environmental damages caused by conventional 
building materials, the repair and/or demolition and reconstruction of 
the infrastructure systems before completing their service life, due to the 
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weakness of these materials in terms of sustainability, causes harmful 
consequences for the national economies. All the operations carried out 
to extend the infrastructure systems’ service life or reconstruction result 
in vast construction and demolition waste. While the amount of CDW 
reached 569.4 million tons in the USA in 2017 [22], it is expected that 
the annual increase rate of CDW for China will reach millions in the 
coming years [23]. Besides the detrimental financial impact of CDW, 
concerns including the use of agricultural lands as waste storage areas 
and the toxic waste components of CDW posing a danger to the envi
ronment and human health have compelled CDW regulation. 

In this context, geopolymer binders produced by activating alumi
nosilicate sourced raw materials using alkali activators are in a prom
ising position in terms of being an alternative to ordinary Portland 
cement (OPC) in recent years. Geopolymer binders stand out by making 
possible lower carbon emissions levels, at least 50% lower than con
ventional cement-based binders, also ensures superior mechanical and 
durability properties [10,20,24]. Life Cycle Assessments on geopolymer 
binders produced using CDW or recycling of CDW to replace raw ma
terials in different phases indicate that environmental impacts have 
remained relatively lower against conventional cementitious binders 
[25–28]. Cement-based materials generally have low tensile strength, 
limited ductility, and brittle behavior in the absence of proper rein
forcement detailing. However, their high compressive strength, tem
perature and acid resistance and durability and, low cost could be 
considered the main reasons for the domination of conventional con
crete in the construction market [6–16]. Geopolymers are members of 
the inorganic polymer family. They show fast chemical reactions on 
Si–Al minerals under alkaline conditions with a three-dimensional 
polymeric chain and ring structure consisting of Si–O–Al–O bonds [18, 
19]. Materials containing silicon and aluminum in their activator 
structure (e.g., fly ash, slag, rice ash, etc.) react with additives such as 
brass ash and produce binders [13–15]. The main difference between 
geopolymer concrete (GPC) and conventional concrete (CVC) is the used 
binder in their mixture (i.e., alkali active aluminosilicate) [6]. Geo
polymer concrete is obtained by using activated pozzolanic materials 
and aggregates instead of cement [10]. Besides, the enhanced alkalinity 
of the obtained geopolymer concrete provides corrosion resistance. With 
its resistance to sulfate and chloride carbonation environments, geo
polymer concrete shows superior properties to conventional concrete 
[18,19,29,30]. 

In recent studies [2–7], the mechanical behavior of geopolymer 
concrete, its durability, and the effects of different by-products used 
were evaluated. It was stated that GPC was a promising candidate for 
conventional concrete in terms of both strength and durability [31–34]. 
In addition, the carbon footprint of geopolymer concrete can be reduced 
up to 80–90%, by optimizing the alkali activators and binder content, 
compared to conventional concrete as it comprises industrial wastes 
such as fly ash, slag, glass powder, etc. [9,10,30,31]. However, studies 
on the use of geopolymer concrete in structural components are limited 
[10,34–37]. Raj et al. [38] determined the behavior of geopolymer 
concrete joints and compared the performance of geopolymer joints 
with the conventional concrete joints. They concluded that the geo
polymer joints with proper steel of fiber reinforcements could behave 
better under cyclic loading. Ahmed et al. [39] examined the behavior of 
geopolymer beams reinforced with glass fiber-reinforced polymer 
(GFRP) bars. In this study, it was shown that the stiffness of geopolymer 
beams was detected to be slightly less than the conventional concrete 
beams, but both types of beams had approximately the same value of the 
ultimate load. In another study conducted by Sumajouw et al. [40], the 
results of experimental research and numerical analysis on the behavior 
and the strength of reinforced geopolymer concrete slender columns. 
They tested twelve columns with different longitudinal reinforcement 
ratios under different axial load ratios. They concluded that heat-cured 
low-calcium fly ash-based geopolymer concrete had excellent potential 
for applications in the pre-cast industry as the tests showed similar 
behavior with the conventional concrete counterpart. In addition, Wu 

et al. [41] conducted shear tests on reinforced slag-based geopolymer 
concrete beams with transverse reinforcement. The test parameters were 
the concrete type, concrete strength, longitudinal reinforcement ratio, 
longitudinal bar strength, shear-span-to-depth ratio, and beam depth. 
Wu et al. [41] concluded that the shear strength and failure modes of 
GPC beams were comparable to those of RC beams. Mathew and Joseph 
[42] investigated the effect of elevated temperatures on the flexural 
performance of geopolymer beams produced from low calcium fly ash. 
They found that the deformation characteristics of reinforced geo
polymer concrete beams at ambient temperature are similar to that of 
the reinforced cement concrete beams. However, the ductility of the 
geopolymer concrete beams reduces rapidly with the increase in expo
sure temperature. Unlike these researches, in this study, the flexural 
behavior of beams produced from geopolymer concrete with 100% 
recycled construction material was determined to unveil the possibility 
to eliminate the CO2-gas emission due to aggregate and cement pro
duction and to enhance the recycling rate in the construction practice. 

To the best of the authors’ knowledge, previous studies focused 
mainly on the structural properties of components made of geopolymer 
concrete produced from fly ash with no or a limited amount of recycled 
materials in the concrete mixture. Therefore, in this study, geopolymer 
concrete was produced from construction and demolition waste-based 
precursors, including masonry units (red clay brick, roof tile, hollow 
brick, etc.) and glass. In addition, recycled aggregates produced from the 
concrete waste portion of the CDW were used to obtain 100% recycled 
construction material on the scale of the binder and aggregate phase. As 
a result of the research team’s extensive preliminary studies on opti
mizing the physical and chemical properties of CDW-based raw mate
rials from different sources, a general mixture ratio for binder and 
activator combinations/concentrations were determined to produce 
geopolymer concrete with the targeted mechanical performance. The 
effect of the inclusion of recycled aggregate in the concrete mixture is 
also examined, to the best of the authors’ knowledge, for the first time in 
the literature. Besides, recycling aggregates obtained from CDW were 
not subjected to any treatment to improve their mechanical properties. 
All the geopolymer concrete beam specimens were cured at ambient 
temperature. For each geopolymer concrete mixture, the flexural 
behavior was determined by conducting the four-point-bending test 
under displacement-controlled loading protocol. To this end, 150 × 250 
× 1100 mm beam specimens (i.e., ½ scaled beams) were produced with 
code-conforming lateral reinforcement detailing. In each test, the load- 
midspan displacement curve, moment-curvature curve, and observed 
crack patterns were obtained. To investigate the effect of shear-span-to- 
depth ratio (a/d) on the flexural behavior, three different shear-span-to- 
depth ratio values for each material type were used, which corresponds 
to a total number of 12 tests. Therefore, the flexural behavior of CDW- 
based recycled geopolymer concrete was obtained. 

2. Materials and methods 

2.1. Details of CDW-based GPC 

GPC mixtures were designed based on extensive preliminary studies 
conducted to develop the geopolymer phase. In this context, the pre
cursor phase of the geopolymer binders was obtained by applying the 
selective demolition procedure of the inert concrete (CW), clay origi
nated brick elements as red clay brick (RCB), hollow brick (HB), roof tile 
(RT), and glass (GW) part of construction and demolition waste. All 
these CDW-based materials are clay-based except for inert concrete 
materials and glass. Visuals of CDW-based precursors taken by using a 
digital camera and by scanning electron microscopy (SEM) are pre
sented in Fig. 1. The chemical compositions of CDW elements were 
determined via X-ray fluorescence (XRF) analysis and are summarized in 
Table 1. These precursors were subjected to a non-complex pre-crushing 
and subsequent grinding, making them suitable for polymerization re
actions and reducing their particle size to cement fineness (i.e., 
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maximum size less than 100 μm). The primary objective of the simple 
procedure for processing precursors is to reduce the amount of energy 
consumption and labor. Given the variability of CDW elements and the 
fact that all CDW elements can be collected at a construction/demolition 
site in a batch, a consistent milling period is critical to ensure that 
separated and non-separated CDW elements have similar particle sizes. 
As a result of the preliminary studies carried out in this context, the 
materials were reduced to their final particle size during the 1-h grinding 
period determined for the binder phase to reach a particle size of fewer 

than 100 μm. Particle size distributions of CDW-based precursors are 
given in Fig. 2. The aggregate phase of GPC mixtures was obtained by 
subjecting concrete waste obtained from construction and demolition 
waste (CDW) only to the pre-crushing process and separating the 
different particle size ranges by using sieves with various openings. In 
the production of geopolymer concrete, the maximum recycling aggre
gate size is determined to be Dmax = 16 mm in line with the particle size 
distribution Fuller-Thompson ideal gradation curve (Fig. 3). Recycling 
aggregates obtained from CDW were not subjected to any procedures for 
their improvements. 

Fig. 1. Visuals of CDW-based precursors (from left to right; raw state, crushed state, ground state, SEM micrograph).  

Table 1 
Chemical compositions of CDW-based precursors.  

Oxides, 
% 

Hollow 
Brick (HB) 

Red Clay 
Brick 
(RCB) 

Roof 
Tile 
(RT) 

Glass 
Waste 
(GW) 

Concrete 
Waste (CW) 

SiO2 39.7 41.7 42.6 66.5 31.6 
Al2O3 13.8 17.3 15.0 0.9 4.8 
Fe2O3 11.8 11.3 11.6 0.3 3.5 
CaO 11.6 7.7 10.7 10.0 31.3 
Na2O 1.5 1.2 1.6 13.6 5.1 
MgO 6.5 6.5 6.3 3.9 0.9 
SO3 3.4 1.4 0.7 0.2 0.5 
K2O 1.6 2.7 1.6 0.2 0.7 
TiO2 1.7 1.6 1.8 0.1 0.2 
P2O5 0.3 0.3 0.3 0.0 0.1 
Cr2O3 0.1 0.1 0.1 0.0 0.1 
Mn2O3 0.2 0.2 0.2 0.0 0.1  

Fig. 2. Particle size distribution of CDW-based precursors.  

Ş. Akduman et al.                                                                                                                                                                                                                               



Journal of Building Engineering 41 (2021) 102776

4

Another essential element for the preparation of GPC mixtures is the 
type and concentration of alkaline activators. Three different activators 
were tested by activating the binding phase at different concentrations 
and in various combinations to determine the activator’s types and 
phases in question. The mixtures with the highest mechanical perfor
mance formed the basis of the GPC mixtures. Calcium hydroxide, so
dium hydroxide, and sodium silicate have been used as activators in 
mixtures as their alkaline properties and capability to ensure a high 
power of hydrogen (pH) medium to provide the geopolymerization re
actions. As a result of extensive studies carried out to determine the 
alkali activator combination, the molar concentration of sodium hy
droxide was selected as 8 M. In contrast, the sodium silicate was chosen 
to be two times the sodium hydroxide amount by weight. Calcium hy
droxide was added to the mixtures as 5% of the total binder amount. 
Considering the properties such as water absorption, porosity, adherent 
cement particle content of the existing fine aggregates in the scope of 
CDW-based recycling aggregates that form the aggregate phase of GPC 
concrete mixtures, different gradations and different binder/aggregate 
ratios are tested at a 1/1 binder/aggregate ratio determined as a result of 
extensive preliminary studies [5,6]. The details on the geopolymer 
concrete compositions could be found in the recent studies conducted by 
Yildirim et al. [5] and Ulugöl et al. [6]. The production of geopolymer 
concrete samples was carried out by a simple mixing operation. The 
sodium hydroxide solution, which was prepared 24 h before the mixing 
operation, was added to the mixture of binder powder, calcium hy
droxide, and aggregate phase, which was mixed for 5 min in a dry state 
to ensure homogeneous distribution, while the mixing operation was 
continued. Afterward, sodium silicate in liquid form was added to the 
mixing slowly; then, the operation was completed after an additional 
mixing for 15 min. 

2.2. Other mixtures 

In this study, control specimens were also produced to compare the 
performance of the GPC (GPC-NA) and GPC with recycled aggregates 
(GPC-RA). Thus, four different mixtures were prepared: GPC-NA, GPC- 
RA, conventional concrete with normal aggregates (CVC-NA), and 
conventional concrete with recycled aggregates (CVC-RA). The only 
difference between GPC-NA (CVC-NA) and GPC-RA (CVC-RA) is the 
inclusion of replacement of normal aggregates with recycled aggregates. 
The other components of the mixtures are kept the same. The details of 
mixtures for GPC and CVC specimens are presented in Table 2. 

3. Beam specimens, testing, and instrumentation 

The geometrical and reinforcement details of the tested specimen 
were selected from the first-story central-internal bay of the three-story 
prototype RC building designed according to the Turkish Earthquake 
Code (TEC2018 [43]). The cross-section of the test beam was 150 × 250 
mm. A similar procedure to determine the inelastic performance of RC 
structural members in the literature was followed in this study [44–48]. 

Fine and coarse aggregates have been used in the production of geo
polymer concrete. The maximum aggregate size (MAS) was selected as 
10 mm in order not to violate the laws of similitude [49,50] since the 
MAS of the prototype CVC was 20 mm. In other words, the scaling 
process was aimed to generate the same stress demands on both the 
prototype and the scaled specimens but the fracture energy of the pro
totype and scaled concrete mixtures should be the same for accurate 
testing [50]. Saouma et al. [51] proved that the fracture energy of the 
concrete was inversely proportional to the fracture process zone, which 
could be reduced to its half value by scaling down the aggregate size [50, 
51]. To this end, MAS was also reduced by the selected scale factor 
during the specimen production. The target compressive strength was 
selected as 35 MPa. The average uniaxial cylinder compressive strength 
and the average splitting tensile strength of the test specimens are given 
in Table 3 (i.e., 150 × 300 mm cylinders). In Table 3, the standard de
viations of each test were also presented. It is apparent that the GPC 
mixtures had larger standard deviations compared to CVC mixtures. The 

Fig. 3. Granulometry analysis of Recycled Aggregates.  

Table 2 
The content of the geopolymer concrete and concrete mixtures.  

Ingredients Masses in Geopolymer 
Concrete (kg/m3) 

Masses in Conventional 
Concrete (kg/m3) 

Red Clay Brick 150 – 
Hollow Brick 200 – 
Roof Tile 250 – 
Glass 100 – 
Recycled 

Concrete 
100 – 

Cement – 316 
Slag 200 – 
Fly Ash 50 – 
Ca(OH)2 50 – 
NaOH 112 – 
Na2SiO3 224 – 
Fine Aggregate 250 917 
Coarse 

Aggregate 
750 917 

Water 200 211 
Water/Binder 0.19 0.67  

Table 3 
Summary of test specimens.  

Specimens Shear- 
span/ 
Depth 

Concrete Compressive 
Strength (MPa) 

Concrete Splitting 
Tensile Strength (MPa) 

CVC-NA- 
0.50 

0.50 34.10 (1.32)a 2.45 (0.15)a 

CVC-NA- 
1.00 

1.00 

CVC-NA- 
1.65 

1.65 

CVC-RA- 
0.50 

0.50 35.20 (1.60) 2.21 (0.17) 

CVC-RA- 
1.00 

1.00 

CVC-RA- 
1.65 

1.65 

GPC-NA- 
0.50 

0.50 37.50 (2.83) 2.56 (0.29) 

GPC -NA- 
1.00 

1.00 

GPC -NA- 
1.65 

1.65 

GPC-RA- 
0.50 

0.50 36.60 (2.06) 2.37 (0.31) 

GPC -RA- 
1.00 

1.00 

GPC -RA- 
1.65 

1.65  

a Numbers in parentheses are standard deviations.  
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yield and ultimate strength of the 10 mm (6.5 mm) bars were 456 MPa 
(330 MPa) and 716 MPa (449 MPa), respectively. Tie spacing was 100 
mm over the beam length. All the ties were anchored to the core using 
135◦ hooks to simulate code-compliant detailing. 

Three different concrete shear-span-to-depth (a/d) ratios (i.e., 0.50, 
1.00, and 1.65) were used in the testing program to observe the change 
in the failure pattern depending on the critical loading effects (i.e., 
shear-dominant behavior and flexure-dominant behavior). The beam 
specimens have the same reinforcement arrangements to examine the 
impact of the application of the geopolymer concrete and the recycled 
aggregate on the performance. All the reinforcement details are in 
compliance with the current seismic code in Turkey (i.e., TEC2018 
[43]). The details of reinforcements used for all specimens are given in 
Fig. 4. In addition, a schematic of all variables and all methods consid
ered in the scope of this study was prepared for clarity (Fig. 5). 

The test setup is shown in Fig. 4. Vertical loads were applied by a 
displacement-controlled hydraulic actuator. The universal testing sys
tem had a loading capacity of 40 tons. The testing equipment was 
designed to represent a closed system, eliminating the strong base an
chorages of the system to the RC slab. It was equipped with an elec
trohydraulic servo valve with a displacement application rate range of 
0.10–1 mm/min. The accuracy of the test was ±0.5%. The tests in this 
study were performed with a constant displacement rate of 0.30 mm/ 
min. All specimens were tested under a four-point loading system, i.e., 
subjected to two-point loads and supported on pin supports at both ends. 
The clear span of each specimen was 1000 mm. For all specimens, 
applied vertical forces were monitored with a load cell. The midspan 
vertical displacement was measured using Linear Variable Differential 
Transformers (LVDTs) placed at the center of the beam. The average 
curvature response of all specimens was also determined by placing 
lateral LVDTs (Fig. 4). Lateral LVDTs were placed in beam specimens at 
100-mm, 50-mm, and 100-mm intervals for left span, midspan, and right 
span, respectively (Fig. 4). The accuracy of each LVDT was ±0.1%. All 
beam specimens were tested under a four-point bending test shown in 
Fig. 4. Load deflection curves, moment-curve curves, and crack patterns 
were determined to compare the performance of geopolymer concrete. 

4. Results 

In this section, the test results and the observed crack patterns during 
each experiment were documented. To this end, the vertical load- 
midspan displacement and the moment-curvature responses of all 
specimens are drawn and compared with different materials for a con
stant a/d ratio. For the sake of clarity, the ultimate force (Fu), ultimate 
displacement (uu: displacement corresponding to the end of the test or 
the 20% capacity drop), the yield force, and displacement (Fy and uy 
determined by using the bilinearization procedure in FEMA356 [52]), 
the displacement ductility (μu: uu/uy), the ultimate curvature (φu: cur
vature corresponding to the end of the test or the 20% capacity drop), 
the yield curvature (φy: yield curvature determined by using the bili
nearization procedure in FEMA356 [52]), the curvature ductility (μφ: 
φu/φy), the energy dissipation capacity (Et) and the normalized energy 
capacity (En: Et/(Fy × uy/2)) measured during the tests are tabulated. 
The damage photographs at different displacement levels are also pre
sented. It should be noted that only one test was performed for each 
selected a/d ratio for all mixtures. The compressive strength and split
ting tensile strength of each specimen were determined on the test day. 
Average strengths and their standard deviations are presented in 
Table 3. 

4.1. Test results of beam specimens with a/d = 0.50 

The total vertical load-midspan displacement and the moment- 
curvature responses of CVC-NA-0.50, CVC-RA-0.50, GPC-NA-0.50, and 
GPC-RA-0.50 are given in Fig. 6. It could easily be inferred from Fig. 6 
that the response of all specimens is brittle. Limited or no post-yield 
response was observed. This observation was also validated by the 
determined crack patterns (Fig. 7). It is apparent from Fig. 7 that all 
specimens failed by a shear – crack reaching the support. The yield and 
ultimate loads, yield and ultimate displacements, as well as the ductility 
indices, are presented in Table 4. 

Fig. 4. Details on reinforcement and instrumentation. *All dimensions are given in mm.  
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4.2. Test results of beam specimens with a/d = 1.00 

The total vertical load-midspan displacement and the moment- 
curvature responses of CVC-NA-1.00, CVC-RA-1.00, GPC-NA-1.00, and 
GPC-RA-1.00 are given in Fig. 8. It could easily be inferred from Fig. 8 
that the response of all specimens is less brittle than previous specimens. 
In these tests, it was observed that GPC specimens failed with a limited 
or no post-yield response due to less amount of flexure cracks at the 
midspan. However, CVC specimens showed a mixed shear-flexure fail
ure, resulting in more ductility. This observation was also validated by 
the determined crack patterns (Fig. 9). The yield and ultimate loads, 

yield and ultimate displacements, and the ductility indices, are pre
sented in Table 4. 

4.3. Test results of beam specimens with a/d = 1.65 

The total vertical load-midspan displacement and the moment- 
curvature responses of CVC-NA-1.65, CVC-RA-1.65, GPC-NA-1.65, and 
GPC-RA-1.65 are given in Fig. 10. It could easily be inferred from Fig. 10 
that the response of all specimens is brittle. Limited or no post-yield 
response was observed. This observation was also validated by the 
determined crack patterns (Fig. 11). It is apparent from Fig. 11 that all 

Fig. 5. Schematic of variables, curing procedures and mechanical tests.  

Fig. 6. Test Results of Beam Specimens with a/d = 0.50: (a) Total vertical load-midspan displacement, (b) the moment-curvature curve from left LVDTs, (b) the 
moment-curvature curve from mid-LVDTs, and (d) the moment-curvature curve from right LVDTs. 
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specimens failed by a shear – crack reaching the support. The yield and 
ultimate loads, yield and ultimate displacements, and the ductility 
indices, are presented in Table 4. 

5. Analysis and discussion 

5.1. Effect of material type 

The performances of beam specimens with different material prop
erties are discussed in this part. Firstly, it should be noted that the GPC- 
NA specimens had similar behavior to CVC-NA specimens as far as the 
load and displacement capacities were considered. This observation was 

Fig. 7. Observed Crack Patterns of Beam Specimens with a/d = 0.50.  

Table 4 
Summary of test results.   

Parameters 
a/d = 0.50 a/d = 1.00 a/d = 1.65 

CVC-NA CVC-RA GPC-NA GPC-RA CVC-NA CVC-RA GPC-NA GPC-RA CVC-NA CVC-RA GPC-NA GPC-RA 

Fy (kN) 230.11 204.51 205.85 220.08 165.10 168.81 165.98 170.06 99.16 98.91 99.08 99.18 
Fu (kN) 270.05 224.46 216.82 228.58 180.40 183.63 184.68 189.66 112.08 102.11 105.04 103.5 
My (kN.m) NA NA NA NA 18.26 16.18 18.91 19.65 18.86 16.49 19.89 18.96 
Mu (kN.m) 16.20 13.46 13.00 13.71 22.10 22.49 23.23 21.85 19.91 20.48 20.18 20.18 
uy (mm) 10.09 11.60 8.20 12.00 9.16 11.25 11.16 10.45 9.16 8.16 9.81 9.96 
uu (mm) 13.18 13.63 14.11 15.5 20.89 27.91 26.18 21.78 39.81 26.63 37.68 26.02 
φy (1/m) NA NA NA NA 0.03 0.03 0.03 0.03 0.11 0.09 0.10 0.10 
φu (1/m) NA NA NA NA 0.13 0.11 0.12 0.10 0.96 0.65 0.98 0.72 
μu 1.31 1.18 1.72 1.29 2.28 2.48 2.35 2.08 4.35 3.26 3.84 2.61 
μφ NA NA NA NA 4.33 3.67 4.17 3.85 8.72 7.22 9.80 7.21 
Et (kN.m) 1.90 1.69 1.87 1.88 4.23 3.67 4.43 3.00 3.53 2.31 3.23 2.27 
En 1.64 1.42 2.22 1.43 5.60 3.87 4.78 3.37 7.77 5.72 6.65 4.60  
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also verified with the curvature capacities. Also, the cracks in these 
specimens showed similar patterns. Therefore, could easily be 
concluded that the proposed GPC mixture could perform as well as the 
CVC mixture. 

However, the inclusion of recycled aggregates in the CVC and GPC 
mixtures resulted in a significant change in the behavior. Although the 
effect of recycled aggregate on the load capacities was negligible, this 
effect on the displacement capacities was substantial. For instance, the 
reduction in the ultimate displacement capacities of CVC and GPC 
specimens were 35% and 30%, respectively. In addition, a second 
observation was that the effect of recycled aggregates was more pro
nounced for flexure-dominated specimens (i.e., a/d = 1.65). This 
observation could be attributed to the secondary interfacial transition 
zone (ITZ) formation. Akbarnezhad et al. [53] claimed that the flexural 
ductility of beams depended on the bond strength between aggregate 
and paste. Since the most important factor affecting this bond strength is 
ITZ, a secondary ITZ formation was observed in mixtures with recycled 
aggregates due to formerly adhered mortar content surrounding the 
recycled aggregates. This secondary ITZ formation reduced the flexural 
capacity, postponing the shear cracks. This observation was also proved 
by comparing the flexural strengths of mixtures with and without 
recycled aggregates (Table 3). It was apparent from Table 3 that 
approximately a 10% reduction in the flexural strength of mixtures with 
recycled aggregates existed. It was, furthermore, known that the effect 
of ITZ depends significantly on the water/binder ratio of mixtures using 
recycled aggregates [54], and the relatively high water/binder ratio in 
the Portland cement beams and free water in geopolymer beams were 
expected to produce a weaker ITZ formation. 

The recycled aggregates caused a significant reduction in the 
normalized energy dissipation capacities of CVC and GPC specimens. 
Independent from the different mixtures and different modes of failures, 
the reduction in the normalized energy dissipation capacities reached 
nearly 30% in the case of the replacement of normal aggregates with 
recycled aggregates. This observation underlined the similarities of CVC 
and GPC specimens in terms of flexural behavior. 

5.2. Effect of shear-span-to-depth ratio 

The first shear-span-to-depth ratio was selected as 0.50 to investigate 
the possible shear failure for these code-conforming beam specimens. As 
expected, all specimens, independent from the construction material 
chosen, failed in shear and showed brittle load-deflection and moment- 
curvature responses. Although the moment-curvature curves were not 
suitable to examine the behavior of reinforced concrete specimens due 
to the formation of inclined cracks between the load application point 
and the support, the change in the curvature response over the beam was 
also provided for the sake of completeness. It could easily be inferred 
from Fig. 6 that geopolymer concrete had very similar behavior 
compared to its conventional concrete counterparts in terms of load and 
deformation capacities. The failure patterns of all specimens were also 
detected to be similar (Fig. 7). This observation proved that, for shear- 
dominant behavior, i) the recycled aggregate had a very limited 
impact on the performance of concrete, and ii) the reinforced geo
polymer concrete could perform nearly the same as conventional rein
forced concrete if the shear-dominant behavior was investigated. In 
addition, the displacement and curvature ductilities of all specimens (i. 
e., CVC-NA-0.50, CVC-RA-0.50, GPC-NA-0.50, and GPC-RA-0.50) were 
determined to be very low (Table 4). The other observation was that the 
normalized energy dissipation capacities of all specimens with recycled 
aggregates were also less than other specimens without recycled ag
gregates (Table 4). 

The second shear-span-to-depth ratio (i.e., a/d = 1.00) was used to 
determine the mixed shear-flexure failure for code-conforming rein
forced beam specimens. All CVC specimens failed in shear-flexure 
combined action, manifesting itself by inclined cracks between the 
support and load application point and vertical cracks at the midspan. 
However, GPC specimens failed with a limited or no post-yield response 
due to fewer flexure cracks at the midspan. Unlike the first a/d ratio (i.e., 
0.50), there exists some ductility, implied by the yield plateau in load- 
displacement and moment-curvature curves in Fig. 8. It should be 
stated that the mid LVDTs attached to specimens CVC-NA-1.00 and GPC- 
RA-1.00 stopped recording at a load value of 81 kN and 96 kN, 
respectively. Therefore, the curvature ductility comparisons of all 

Fig. 8. Test Results of Beam Specimens with a/d = 1.00: (a) Total vertical load-midspan displacement, (b) the moment-curvature curve from left LVDTs, (b) the 
moment-curvature curve from mid LVDTs, and (d) the moment-curvature curve from right LVDTs. 
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specimens were made by using left LVDTs. The curvature ductility 
values of each specimen ranged between 3.67 and 4.33. It was clear from 
Table 4 that geopolymer concrete had a curvature ductility of close to 4. 
If the curvature values determined from the mid LVDTs and left LVDTs 
were compared, the maximum curvature demand (i.e., mid LVDTs) at 
the midspan resulted in nearly three times the curvature demand at the 
left span (i.e., mid LVDTs). The reinforced geopolymer concrete could 
perform almost the same as the conventional reinforced concrete if the 
shear-flexure-dominant behavior was investigated. The other observa
tion was that the normalized energy dissipation capacities of all speci
mens with recycled aggregates were also less than other specimens 
without recycled aggregates (Table 4). The decrease in normalized en
ergy dissipation capacity for CVC and GPC specimens was 30.89% and 
29.50%, respectively. 

The last shear-span-to-depth ratio (i.e., a/d = 1.67) was utilized to 
study the flexure-dominant failure for code-conforming reinforced beam 
specimens with different materials. All specimens failed in flexure- 
dominant action, manifesting themselves by nearly vertical cracks 
concentrated at the midspan. In all of these tests, there exists a signifi
cant amount of ductility, implied by the large yield plateau in load- 
displacement and moment-curvature curves in Fig. 10. The curvature 
ductility comparisons of all specimens were made by using midspan 
LVDTs. The curvature ductility values of each specimen ranged between 
7.21 and 9.80. It was clear from Table 4 that geopolymer concrete had a 
curvature ductility of close to 10, which is near twice the curvature 
ductility of specimens with an a/d ratio of 1.00. The failure patterns of 

all specimens were also detected to be similar (Fig. 11). This observation 
proved that the reinforced geopolymer concrete could perform nearly 
the same as the conventional reinforced concrete if the flexure-dominant 
behavior was investigated. However, the recycled aggregate had a 
negative effect on the performance of concrete, i.e., some reduction 
inductility and hence energy dissipation capacity was observed 
(Table 4). 

The capacity estimation performances of two current codes: ACI318- 
19 [55] and TS500 [56], were also investigated in the scope of this 
study. The nominal shear capacity and the nominal moment capacities 
of each specimen were calculated by using proposed equations in 
ACI318-19 [55] and TS500 [56] and are presented in Table 5. In Table 5, 
the estimated capacity (Vcap) was obtained from the minimum of the 
nominal shear strength (Vn) and the ratio of nominal moment capacity 
(Mn) to moment arm. It could easily be inferred that the estimation 
performance of TS500 [56] is slightly better than the estimation per
formance of ACI318-19 [55]. It should also be noted that the estimation 
performance of codes is independent of the material type and the use of 
recycled aggregates. Besides, the estimation performance is slightly 
better for shear-dominant failures. 

6. Conclusions 

In this study, the structural properties of reinforced geopolymer 
concrete beams produced from 100% CDW-based materials were 
determined by performing laboratory experiments. In addition, the 

Fig. 9. Observed Crack Patterns of Beam Specimens with a/d = 1.00.  
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effect of the inclusion of recycled aggregate in the mixtures was inves
tigated. To this end, bending tests were performed on reinforced con
ventional concrete beam specimens and reinforced geopolymer concrete 
beam specimens. Twelve specimens were tested to compare the struc
tural behavior of geopolymer concrete beams with conventional con
crete beams. The selected parameters in this study are three different 
shear-span-to-depth ratios and the inclusion of recycled aggregates in 
the concrete mixture. Therefore, the structural performance of beams 
was, firstly, compared for mixtures without recycled aggregates to 
control the possible side effects of 100% recycled concrete construction. 
Load-deflection curves, moment-curvature curves, and crack patterns 
were utilized to study the performance of geopolymer concrete. The 
following important conclusions can be drawn based on the results of the 
limited number of tests conducted in this study:  

1 The GPC-NA specimens had similar behavior to CVC-NA specimens 
as far as the load and displacement capacities were considered. This 
observation was also verified with the curvature capacities. Also, the 
cracks in these specimens showed similar patterns.  

2 The inclusion of recycled aggregates in the CVC and GPC mixtures 
resulted in a significant change in the behavior. Although the effect 
of recycled aggregate on the load capacities was negligible, this ef
fect on the displacement capacities was significant (up to 30% dif
ference). In addition, the effect of recycled aggregates was more 
pronounced for flexure-dominated specimens (i.e., a/d = 1.65). This 
observation could be attributed to the secondary interfacial transi
tion zone (ITZ) formation.  

3 The recycled aggregates caused a significant reduction in the 
normalized energy dissipation capacities of CVC and GPC specimens. 
Independent from the different mixtures and different modes of 
failures, the reduction in the normalized energy dissipation capac
ities reached nearly 30% in the case of the replacement of normal 
aggregates with recycled aggregates.  

4 The geopolymer concrete had a significant amount of ductility if 
flexure-dominant behavior could be enforced on the designed 

structural element. The curvature ductility of geopolymer concrete 
was proven to be comparable to conventional concrete. Therefore, 
geopolymer concrete could be a possibly strong replacement 
candidate.  

5 The failure patterns of all specimens were also detected to be similar 
except for shear-flexure dominant behavior. This implies that geo
polymer concrete obeyed nearly the same failure surface.  

6 The normalized energy dissipation capacities of all specimens with 
recycled aggregates were also less than other specimens without 
recycled aggregates. The decrease in normalized energy dissipation 
capacity for CVC and GPC specimens was approximately 30%. 
However, the recycled aggregate had a very limited impact on the 
load capacity.  

7 The reinforced geopolymer concrete was similarly performed to the 
conventional reinforced concrete for especially flexure-dominated a/ 
d ratios as far as the load capacity, displacement capacity, and energy 
dissipation capacity were considered. The percentage deviations for 
the listed parameters were all less than 10%.  

8 The test observations clearly showed that construction demolition 
waste could be recycled to produce new constructional components, 
considering its advantage of promoted sustainability.  

9 Code estimations failed to have low deviations and insignificant 
percentage errors. The percentage of errors reached as large as 45%. 
Although the authors are aware of the fact that the code formulations 
should result in conservative estimations, it should be noted that the 
code calculations in this study did not include the material factors. 
Therefore, the estimates should be reconsidered when the material 
and load factors are applied to them. The material factor along with 
the load factors, would result in a further reduction in the estima
tions in the order of approximately 2. Thus, the code estimations 
would give a factor of safety of around 4 for the tested specimens. 
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Table 5 
Estimation performance of code proposed equations.  

Specimens Experiment TS500 Estimations ACI318-19 Estimations 
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