Construction and Building Materials 416 (2024) 135175

Contents lists available at ScienceDirect

Construction
and Building

MATERIALS

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

ELSEVIER

L)

Check for
updates

Comprehensive analysis of experimental and numerical results of bond
strength and mechanical properties of fly ash based GPC and OPC concrete

Yuksel Gul Aslanbay ?, Huseyin Hilmi Aslanbay * ', Ahmet Ozbayrak *, Hurmet Kucukgoncu”,

C
Oguzhan Atas
2 Erciyes University, Engineering Faculty, Civil Engineering Department, Kayseri, Turkey

Y Abdullah Giil University, Engineering Faculty, Civil Engineering Department, Kayseri, Turkey
¢ Alanya Alaaddin Keykubat University, Engineering Faculty, Civil Engineering Department, Antalya, Turkey

ARTICLE INFO ABSTRACT

Keywords:
Geopolymer concrete
Low calcium fly ash
Pull-out test

Bond strength

Finite element method

Nowadays, materials in the more environmentally friendly waste product class, which can be an alternative to
standard Portland cement (OPC), are frequently used by researchers in concrete production. One of these, namely
fly ash-based geopolymer concrete (GPC), should demonstrate its superiority over OPC in terms of chemical and
mechanical properties to enhance its utilization. One of the mechanical properties of GPC is the bond strength
between reinforcement and concrete. In this study, it was aimed to obtain bond strengths by performing tensile
tests on GPC samples with varying sodium silicate/sodium hydroxide (SS/SH) and alkaline activator/fly ash
(AA/FA) ratios. A pull-out experimental setup was prepared in accordance with RILEM Standard. Experimental
results were compared with numerical results obtained from finite element models designed in ABAQUS software
and were found to be compatible. When evaluated in terms of peak load and max bond stress values, GPC is
superior to OPC. Compared to OPC an increase in the SS/SH ratio enhances mechanical properties such as
compressive strength and bond load, whereas an increase in the AA/FA ratio with a value of 0.7 in the series has
the opposite effect. In the finite element models, stress values are higher in samples with an AA/FA ratio of 0.5
compared to other ratios. An increase in the AA/FA ratio leads to a decrease in stress values. The analytical
results are demonstrated that the proposed model can be utilized to assess the bond strength performance be-
tween traditional reinforced concrete and fly ash-based geopolymer concrete. Additionally, as a result of
experimental studies, a formula that can be used to estimate bond strength based on GPC compressive strength
and shows the superiority of GPC compared to studies in the literature has been proposed.

1. Introduction

In this era, offering alternatives that are environmentally friendly
and energy-efficient to traditional building materials is crucial for the
future of the planet. Ordinary Portland Cement (OPC) is used as the
primary binder most commonly used in traditional concrete production.
Due to the widespread use of cement, there is a significant release of CO?
into the environment during its production. In 2021, the global cement
industry emitted 104 million tons of CO%, which accounts for approxi-
mately 7.4% of all human-caused CO? emissions [1]. Geopolymer con-
cretes (GPC), which can be preferred as alternatives to cement, offer the
benefit of reducing CO2 emissions to the environment while also
providing a way to utilize fly ashes, a hazardous waste material
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produced from the combustion of coal in thermal power plants[2]. In
2011, approximately 30% of the world’s electricity was obtained by
burning coal, and this rate is expected to be approximately 46% by 2030
[3]. Due to the increasing energy demand, the rising use of coal led to
the generation of 500 million tons of fly ash in 2005, a number that
reached 750 million tons by 2015 [4-6]. In summary, GPC is recognized
for its advantages such as sustainability, longer service life, low carbon
emissions, recycled industrial waste, and high durability [7,8]. Trans-
forming this waste is critical for environmental conservation and sus-
tainability [9-12].

When investigating the conducted studies, to discuss the principle of
reinforced concrete behavior, which involves the collaboration of con-
crete and steel reinforcement, it is essential for there to be high
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adherence between the concrete and the reinforcement. Hence, inves-
tigating the adherence behavior between geopolymer concrete and
reinforcement is crucial for considering the use of GPC as an alternative
to OPC in reinforced concrete structures [13,14]. There are studies in the
literature to evaluate the bond properties between geopolymer concrete
and reinforcement. However, there are very few studies in the literature
investigating the bond between GPC and reinforcement, especially
based on low calcium fly ash [15-17]. In their study, Jiang, Zhang et al.
(2020) conducted research on geopolymer samples produced using
low-calcium fly ash. They performed loading using a procedure
compliant with ASTM C900 standard and investigated the bond
strength. Throughout the test, the loading rate was maintained at 3
mm/min. The diameter of the used reinforcement was 0.148 in., and the
embedment length was set at the sample height of 2 in. [18]. As a result,
it was observed that the residual bond strength maintains a consistent
relationship with the compressive strength variation. Castel and Foster
(2015) conducted a study using low-calcium fly ash, subjecting
100x100%x100 mm samples to the standard RILEM pull-out test. In
accordance with RILEM standards, they set the total length of the sample
at 120 mm for a bond length of L = 60 mm. The diameter of the rein-
forcement was 12 mm. The loading rate for all specimens was 0.1 kN/s.
For an equivalent compressive strength, it was observed that the bond
strength of geopolymer concrete was slightly better than that of the
reference OPC concrete; an average increase of around 10% in bond
strength was noted. Jiang, Xiao et al. (2020) produced samples with a
diameter of 1 in. and a height of 2 in. to analyze the bond strength of
geopolymer concrete produced from fly ash in their study, and per-
formed the bond (adherence) test with a loading speed of 3 mm/min
according to the ASTM C900 standard. The used reinforcement diameter
was 0.148 in., and the embedment length was taken as the sample
height. As a result of the experiment, the bond strength of GPC was
higher than that of OPC [19]. In general, while exhibiting behavior
similar to OPC under the same test parameters, GPC demonstrates
higher bond strength [12,20]. Albidah [21] also confirmed that concrete
embedded in geopolymer concrete possessed higher bond strength
compared to traditional concrete. In an experiment presented by Tra-
bacchin et al. [22], it was reported that the diameter of the reinforce-
ment and the bond length have a significant impact on bond strength.
However, there is a limited number of studies that address the variation
in mixture content in geopolymer concrete. Therefore, this study aims to
investigate how changes in the SS/SH ratio and the AA/FA ratio influ-
ence the bond strength. Previous studies utilized experimental methods
such as pull-out tests, beam end tests, beam anchorage tests, and splice
tests [23] to determine bond strength [24]. In this study, the pull-out test
method was employed to determine bond strength due to its conve-
nience during both the manufacturing phase and the execution of the
experiment [25]. The experiment was conducted following the
RILEM-7-11-128 standard [26]. Researchers like Al-Azzawi et al. [27],
Farhan et al. [28], Castel and Foster [12], Zhao et al. [29] and
Topark-Ngarm et al. [30] utilized this test method in their studies on
geopolymer concrete.

In addition to experimental studies, limited research has also
revealed numerical analyses to examine bond strength [31,32]. Firstly,
models were presented to deal with the adherence behavior of geo-
polymer concrete. These proposed models were utilized in finite element
modeling to validate experimental results and investigate the distribu-
tion of bond strength along the embedment length [33]. For this pur-
pose, Le et al. [34] investigated the bond strength on geopolymer
concrete samples with 12, 16 and 20 mm reinforcements using F class fly
ash in their study. The experimental method employed was the pull-out
test. The ABAQUS software was used for finite element analysis. It was
informed that an increase in concrete compressive strength leads to a
significant increase in bond strength. Additionally, it was concluded that
the thickness of the concrete cover affects the bond strength. In another
study [25], analysis was made using ABAQUS finite element (FE) code.
The interface between geopolymer concrete and reinforcement was
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modeled by Rolland et al. [25] using cohesive elements associated with
the previously defined analytical bond-slip law.

A strong bond between reinforcement and concrete is of critical
importance for the structural integrity and durability of buildings. A
robust bond ensures that structural elements of a building are strongly
interconnected, thereby enhancing the structure’s resilience against
external forces such as wind, earthquakes, and loads as well as potential
deterioration over time. The aim of this study is to investigate the bond
between fly ash-based geopolymer concrete and ribbed reinforcement
steel, both experimentally and numerically. The pull-out test method
was applied in this experimental study. The test results were compared
with the performance of the reference OPC specimens. The notable
aspect of this study is its expansion beyond experimental investigations
by incorporating numerical analyses. This extension allows for a
comprehensive exploration of the contributions of geopolymer concrete
(GPC) usage in terms of bond stress compared to Ordinary Portland
Cement (OPC) concrete usage. The study also includes intra-
comparisons of GPC samples, enabling the determination of the
impact of the considered mixture proportions on mechanical properties.
During tests, the occurrence of the collapse mechanism in the samples
takes place in various ways. These situations manifest as the termination
of the experiment due to debonding of the reinforcement or the splitting
of the concrete specimen without the detachment of the reinforcement.
When considering the failure mode parameter of the bond between
reinforcement and concrete, variations according to mixture proportions
were observed. Furthermore, within the scope of finite element analyses,
the models’ damage distributions, stress distributions, and plastic
deformation graphs were incorporated to facilitate a comprehensive
evaluation of GPC and OPC samples. Through both experimental and
numerical investigations, bond stress-slip curves were obtained,
enabling the determination of crucial criteria for comparing GPC and
OPC samples based on load-bearing capacity and displacement data.
This study presents an equation to be used in calculating the adhesion
strength based on compressive strength (fc) for GPC made with fly ash, a
waste product class that shows superior adhesion strength than OPC.

1.1. Research significance

The experimental study put forward in this article is designed to
develop advanced materials for a sustainable industry focusing on the
reuse of raw material waste [35]. These low-cost waste materials would
not only provide a reduction in the total cost of final products but would
also provide significant energy savings because they do not contain
cement. For this reason, geopolymer concrete was used within the scope
of the study. It was investigated whether GPC could be an alternative to
cement-added concrete. The fresh and hardened properties of the GPC
mixture and the parameters affecting it must be well understood before
practical application. Therefore, it is important to conduct comprehen-
sive studies in which all important parameters are taken into account in
order to collect a significant amount of information about the material
and disseminate this relatively new material technology into fields and
field applications [36].

In addition, GPC provides similar or even higher physical-
mechanical performance than conventional concrete. One of these me-
chanical properties is undoubtedly adherence strength, which enables
concrete and reinforcement to work together. The bond strength affects
the anchorage length of the reinforcement at the ultimate limit state and
controls the tension stiffness, crack spacing, and width of the structural
member at the service limit state [37,38]. For this reason, it was
investigated how this bond changes at different Sodium Silicate/Sodium
Hydroxide (SS/SH) and alkaline activator/fly ash (AA/FA) ratios.

In addition, analytical studies to reveal adherence strength are quite
limited and more studies are needed to be validated by reference.
Therefore, the main aim of the study is to expand the knowledge in these
fields both experimentally and analytically in order to promote the use
of this material for structural applications by contributing to the
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Table 1
Chemical components of fly ash.
Components %
Si0,, 1 55.9
Al,03, 2 20.7
Fe 03, 3 9.31
Sumof1,2,3 85.9
CaO 3.98
MgO 2.33
SO3 0.33
NaO 1,35
K0 2.19
Cl- 0.05
LOI (loss of ignition) 2.22
Fineness (>45 pm) 17.4
Si02 Al203 = Fe203 =(CaO = MgO
= SO3 Na20 = K20 = Cl LOI
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Fig. 1. Grading curve for aggregates D= 16 mm.

evaluation of design indicators.
2. Experimental program
2.1. Materials

Low-calcium fly ash (FA) obtained from Adana, Isken Sugézii Power
Plant was utilized for the production of geopolymer concrete (GPC). The
chemical components of the fly ash-based aluminosilicate used in the
study are shown in Table 1. For the used FA to fall within the low-carbon
fly ash class according to ASTM C618 [39], the total SiO,, Al;03, and
FeyO3 ratio must be greater than 70%. It is also seen in Table 1 that the
sum of these three oxides is 85.9% and is in the F class fly ash class. The
reaction performance of FA is affected by several factors such as the
fineness of the material, the percentage of reactive silica, and the quality
of the coal used to obtain the waste. The color of the fly ash is dark green
and its specific gravity is 2.32 g/cm®, measured using the Blaine Air
Permeability method [40].

Although potassium-based activators are also used in the

geopolymerization process, the most preferred alkali activators are so-
dium hydroxide (NaOH) and sodium silicate (NaSiOs). The chemical
reactions of the geopolymer matrix are dependent on the molarities of
NaOH and NaySiOs present in the alkali activator solution. Due to the
presence of readily reactive dissolved silicon particles during the geo-
polymerization process, NapSiO3 solution exhibits a higher activation
potential along with NaOH. NaOH grains in pallet form used to prepare
sodium hydroxide solution (14 M) are 98% pure. After the NaOH solu-
tion was prepared, it was kept at room temperature for at least 24 h
before being used. The proportions of the components in the NaySiOg
solution are NasO = 14.41%, SiO5 = 29.64%, HoO = 55.73% and the
bulk density is 1510 kg/m®. Crushed stone with a diameter of 7-14 mm
was used as coarse aggregate, while river sand with a diameter of
0.3 mm was used as fine aggregate. The gradation curves of the aggre-
gates are shown in Fig. 1. In order to minimize the absorption of water
and chemicals, the moisture content of the aggregates was adjusted to
achieve a saturated surface-dry state.
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Table 2

Formulations and mixture quantities for the experimental samples (kg/m®).
Sample No Sample Name FA SS SH Fine Aggregate Coarse Aggregate SS/SH AA/FA
1 A1.5W0.5 406 122 81 643 1194 1.5 0.5
2 Al1.5W0.6 406 146 97 643 1194 1.5 0.6
3 A1.5W0.7 406 171 114 643 1194 1.5 0.7
4 A2.5W0.5 406 145 58 643 1194 2.5 0.5
5 A2.5W0.6 406 174 70 643 1194 2.5 0.6
6 A2.5W0.7 406 203 81 643 1194 2.5 0.7
7 A3.5W0.5 406 158 45 643 1194 3.5 0.5
8 A3.5W0.6 406 189 54 643 1194 3.5 0.6
9 A3.5W0.7 406 221 63 643 1194 3.5 0.7

FA: Fly Ash, SS: Sodium Silicate Solution (Na,SiO3), SH: Sodium Hydroxide Solution (NaOH), AA: NaOH+Na,SiO3

643 643 =

A1.5W0.5 (kg/m3) A1.5W0.6 (kg/m3) A1.5W0.7 (kg/m3)
SAMPLE 1 SAMPLE 2 SAMPLE 3
(6 Samples) (6 Samples) (6 Samples)

643 643

|

A2.5W0.5 (kg/m3) A2.5W0.6 (kg/m3) A2.5W0.7 (kg/m3)
SAMPLE 4 SAMPLE 5 SAMPLE 6
(6 Samples) (6 Samples) (6 Samples)

643 643 643

}

A3.5W0.5 (kg/m3) A3.5W0.6 (kg/m3) A3.5W0.7 (kg/m3)
SAMPLE 7 SAMPLE 8 SAMPLE 9
(6 Samples) (6 Samples) (6 Samples)

mFA uSS mSH »Fine Aggregate m Coarse Aggregate

Fig. 2. Mix proportions for pull-out test for 54 samples.
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Fig. 3. Placement of the reinforcements.

Table 3
Ordinary Portland Cement based concrete mix.

Materials OPC (kg/m%)

Cement CEM I 52.5 N CE CP2 NF 372

Sand 767

Coarse Aggregate 465

Fine Aggregate 652

Total Water 156
Plastic Tube

200

Fig. 4. Schematic representation of samples and post-production view.

2.2. Mix proportions

The most common activator used for preparing GPC is a combination
of NaSi»O3 and NaOH. The activators have a significant impact on the
polymerization process. When the alkali activator dissolves Si and Al
from the binding material to form the matrix, polymerization occurs to a
high degree. The activator prepared using NaOH and Na,SiO3 enhances
the reactivity of FA. Therefore, the amounts of alkaline activators should
be carefully adjusted when designing the GPC mix [41,42]. The for-
mulations with different alkali activator ratios used in the study are
given in Table 2.

A total of 54 cubic samples with dimensions of 200x200x200 mm
were produced, with 6 samples from each of the 9 different mixtures.
These mixtures had SS/SH ratios of 1.5, 2.5, and 3.5, as well as AA/FA
ratios of 0.5, 0.6, and 0.7. Fig. 2 depicts the schematic distribution of the
samples. In the sample designations, the term "A" indicates the SS/SH
ratio, while "W" indicates the AA/FA ratio.

2.3. Mixing and casting

An apparatus shown in Fig. 3 was designed and fabricated to ensure
that the reinforcements could remain in an upright position during the

concrete casting process without being affected by the concrete pouring.
The reinforcements were placed in the molds with the help of the setup
and made ready for concrete casting. For the production of geopolymer
concrete mortar, firstly, coarse and coarse aggregate with saturated dry
surface and ash were mixed for 2 min. After the entire solution of
NaySiO3 from the alkali activators was poured into the mixture, the
NaOH solution prepared 24 h before it was added to the mixture slowly
for 5 min [7,8]. After 8 min in total, no extra water or plasticizer was
added to the concrete mix. The samples to be subjected to the pull-out
test were placed in the cube molds by skewering in two stages just
after the concrete was poured. Each of the test samples given in Table 2
were produced in 6 pieces and 3 were used in compressive tests and 3 in
bond tests.

2.4. Curing procedure

The concrete samples were subjected to thermal curing by heating
them at 90 °C for 24 h in an oven [43,44]. Afterwards, the samples
removed from the molds were stored at room temperature for 28 days
until strength tests. OPC samples were cured by wet curing for 28 days.

2.5. OPC-based concrete as reference samples

For the purpose of comparing and assessing the mechanical proper-
ties and performance of geopolymer concrete, reference samples of Or-
dinary Cement (OPC) based concrete adherence specimens were
produced and labeled as OPC. The material quantities for the OPC
concrete mixture are presented in Table 3.

2.6. Testing program

To determine the mechanical properties of hardened concrete,
compressive strength tests were conducted on 200 x 200 x 200 mm cubic
samples. The compressive strength tests were carried out in accordance
with ASTM C39 standards [45]. Additionally, the elastic modulus of the
cubic samples was determined according to ASTM standard C469M-14
since it was an important mechanical property indicating the linear
strength of the concrete material [46]. Utilizing the samples shown in
Fig. 4, a standard RILEM pull-out test was conducted to investigate the
bond between reinforcement and geopolymer concrete.

The recent experimental studies conducted using this testing method
consistently demonstrate that geopolymers generally exhibit a strong
bond performance with reinforcements [10,15,20]. B420C class ribbed
reinforcement with a diameter of 16 mm was used in the bond test
samples. The experiments utilized the RILEM [26] standard, and pre-
vious studies conducted in accordance with RILEM guidelines were
provided guidance for the design of the specimen and the experimental
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Fig. 5. Pull-out test according to standard recommendations.

setup shown in Fig. 5 [35,47,48]. An adhesive surface of 80 mm in
length, extending 5 times the diameter of the reinforcement from the
base of the cubic specimen, was formed. Following this, the upper
portion of the exposed reinforcement was covered with a plastic tube to
prevent contact with the concrete [26,49]. The plastic tube was
extended beyond the concrete sample by 30 mm, encompassing the
reinforcement.

To conduct the bond tests, a steel apparatus was fabricated in
accordance with the dimensions of the 200x200x200 samples, as
illustrated in Fig. 6. The produced apparatus consisted of two plates and
four studs. The adherence specimen was compressed between the two
plates. A circular hole was left at the center of the upper plate to allow
the bond reinforcement to pass through. A cylindrical steel rod was
welded to the bottom plate to securely hold the profile of the pull-out
test apparatus and allow the specimen to be subjected to the load.
This enables the specimen to be exposed to the force while the profile
remains fixed. After the adherence sample was placed, the shafts were
fixed with nuts so that the concrete was compressed between the plates.

Bond tests were carried out with the help of the setup prepared in the
tensile test device shown in Fig. 7. Three Linear Variable Displacement
Transducers (LVDT) were used to measure displacements in the
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experiments. The bottom LVDT was used to check for pull-out in the
lower vice, while the middle LVDT was used to check for any elongation
between the assembly shafts. The upper LVDT provides the measure-
ment of the total distance traveled control. The load cell utilized in the
tensile testing machine was used to measure the applied force. By con-
necting the load cell and three LVDT data loggers, experimental data
was collected. A loading rate of 0.75 kN/s was set for all specimens. The
reinforcements were subjected to the test after a 28-day curing period. A
total of 30 pull-out tests were conducted, consisting of 27 geopolymer
concrete specimens and 3 OPC concrete specimens. In the experimental
study, the final bond stress was calculated by using Eq. 1[12,26].
Fmax

u = 1
! n.@.L M

where, the ultimate bond stress is Ty, @ is the diameter of the rein-
forcement, L is the bond length and F,. is the ultimate tensile force.

3. Analytical method

The finite element models of adherence samples within the scope of
the analytical approach were performed using the ABAQUS [50] soft-
ware. In order to enable nonlinear analysis, the Dynamic Explicit
method was employed as the approach. The modeling was conducted

Fig. 7. Bond test setup.

Fig. 6. Steel apparatus and schematic illustration used in bond tests.
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Table 4
CDP parameters for ABAQUS material definition of concrete.
Parameter  Taken Description
value
@ 50 Dilation angle
€ 0.1 Eccentricity
Jro/feo 1.16 The ratio of initial equibiaxial compressive yield stress to
initial uniaxial compressive yield stress.
K 0.6667 K., the ratio of the second stress invariant on the tensile
meridian
v 0.01 Viscosity parameter

using the SI unit system. In the numerical modeling of the samples,
material models were designed taking into account nonlinear behavior,
incorporating plastic behaviors for analysis. The Concrete Damaged
Plasticity (CDP) material model, which was a concrete damaged plas-
ticity model, was employed for concrete. The CDP model utilizes
isotropic tensile and compressive plasticity along with the concept of
isotropic damaged elasticity to represent the inelastic behavior of con-
crete [51,52]. The parameters of the CDP (Concrete Damaged Plasticity)
model were derived from laboratory compression and splitting test re-
sults of concrete obtained from cylindrical specimens used in the pro-
duction of adherence samples. The stress-strain curve obtained from the
compression test was modified within the framework of the CDP model
and defined in the software. The CDP model greatly contributes to
realistically describing the damage mechanisms and crack development
of concrete under loading. Some of the parameters used within the scope
of the CDP model are provided in Table 4. Different CDP models were
defined in the software for each distinct geopolymer adherence sample,
and individual analyses were conducted for each type. Additionally, a
model was defined for the adherence sample produced with Ordinary
Portland Cement (OPC), and a comparison was made. 2.35 g/cm3 was
entered as the concrete unit volume weight for all samples.

fro/feo is the ratio of biaxial compressive strength to uniaxial
compressive strength and the default value 1.16 in ABAQUS[53]. The K
value is used to define the shape of the failure surface in the deviatoric
plane which is the ratio of the second stress invariant for compression
and tension at the same hydrostatic stress, v is the viscosity parameter
which allows the stresses to move beyond the yield surface. ¢ is the
dilation angle measured in the p-q plane at high confining pressure and
this parameter was determined by sensitivity analysis. € is a parameter,
referred to as the eccentricity, that defines the rate at which the function
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approaches the asymptote.

3.1. Material models

The stress-strain curves obtained from compression tests for all
adherence samples were utilized in the material model. For all samples,
input values including yield and ultimate strengths, as well as the cor-
responding plastic deformation values under these strengths, were
entered into the software tool. Elastic modulus values for each type of
adherence sample were calculated separately and input into the soft-
ware tool. For the adherence sample produced with Ordinary Portland
Cement, the concrete strength was determined as 45 MPa. Within the
scope of the concrete model, CDP model definitions were made. Fig. 8
illustrates the compressive behavior of the concrete [54].

In the ABAQUS, parameters entered for the compressive behavior of
concrete include yield stresses and the corresponding inelastic unit
strain values obtained based on these stresses. The inelastic behavior
depicted in the graph refers to the portion following the stress and
deformation values at yield. Inelastic strain values were obtained from
Eq. 2 [55], and stress values were calculated according to Eq. 3.

o,

& @

EX>

c

3

While the inelastic strain values were calculated and entered into the
software, the program calculates the plastic strain values. Plastic strains
were calculated from Eq. 4. In Eq. 5, d, represents the damage parameter
of concrete under compressive loading. The damage parameter repre-
sents the reduction in elastic stiffness due to loading after the maximum
stress indicated in the graph shown in Fig. 7. The damage parameter
holds significant importance for accurately portraying the plastic
behavior of concrete within the software as close to reality. The damage
parameter was calculated according to Eq. 5 [55].

6. = (1-d,).Eo.(e.— ")

] d, o,
l __ pin ¢ e
& & T4 E “)
JE
d =1 oc/Eo ®)

_oL,/Eo +en(1—b,.)

The parameter b, indicated in the equation represents the ratio of
plastic strain to inelastic strain. Considering current studies, this value

~in

~el

Fig. 8. Post-cracking compressive behavior of concrete.
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for concrete was observed to fall within the range of 0.5 to 0.7 [56,57].
Linear, bilinear, and exponential models for concrete tensile stiffness are

o
4
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Gy
w, W Wo W
(b) Bilinear (c) Exponential
Fig. 9. Post-cracking tensile behavior of concrete.
() 1 1,
max{ o ,@,E =1. 7

illustrated in Fig. 9 [58]. The term w in the graph represents crack
width.

By entering all the relevant parameters related to concrete’s
compressive and tensile behavior, material properties for concrete were
created. Compressive behavior graphs and damage parameters were
derived by using data obtained from compression tests. Concrete
compressive behavior graphs, which were plotted based on the results
obtained from the cylinder samples produced with geopolymer concrete
and the above formulas, are shown in Fig. 10. The stress-strain curve
obtained from the experimental tensile tests of the rebar used in the
study was also applied within the scope of the CDP model and presented
as data to the program. The stress-plastic strain curve of the rebar
entered into the program is shown below (Fig. 11). 200,000 MPa was
entered as the rebar elasticity modulus and 0.3 was entered as the
poisson value.

3.2. Interface constitutive model

The concept of cohesive behavior was employed to depict the dete-
rioration of the bond between reinforced concrete elements. The exist-
ing traction-separation model assumes an initial phase of linear
elasticity, which is then succeeded by the onset and progression of bond
damage. The elastic behavior is mathematically expressed through an
elastic constitutive matrix, establishing the relationship between nom-
inal stresses and nominal strains along the interface [59].

The vector of nominal traction stresses comprises three elements: t,,
ts, and t.. These components represent the normal traction and the two
shear tractions, respectively. The associated separations are represented
by 84, 8s, O in Eq. 6 where the elastic behavior defined.

I Ky Ki  Kul [ 3
Is = K, K Ky 8 (6)
t! K’lr KYl Ktt 6,

By utilizing bond damage modeling, it becomes possible to replicate
the progressive deterioration and eventual failure of the bond between a
concrete body and steel reinforcement. This failure mechanism is
composed of two fundamental elements: a criterion that determines
when damage begins to occur, and a law that governs the subsequent
progression of that damage.

The initiation of bond damage refers to the initial degradation of the
cohesive response at a specific contact point. The degradation process is
triggered when the contact stresses and/or contact separations meet
specific criteria for damage initiation.

One commonly used criterion is the maximum stress criterion, where
bond damage is assumed to commence when the ratio of maximum
contact stress in Eq. 7 reaches a value of one. This criterion can be
mathematically represented in Eq. 7.

Maximum separation criterion: the bond damage is assumed to
initiate when the maximum separation ratio in Eq. 8 reaches a value of
one:

(8,) & Sr}
ax = — b =1 (8
{ 5, '8,"8]

The evolution law of bond damage explains how the cohesive stiff-
ness progressively deteriorates once the initiation criterion is met. A
scalar variable known as bond damage (D;) represents the overall level
of damage at the contact point. Initially, D, is assigned a value of 0. In
cases where damage evolution is considered, D, gradually increases
from O to 1 as the loading continues after the initiation of damage. The
contact stress components are influenced by the damage based on Eq. 9.

. { (1 = Dy)ty,t, >0

ol ty = (1-Dy)i, ©

The contact stress components, tp, ts, and t;, are the calculated values
based on the elastic traction-separation behavior, considering the cur-
rent separations without any damage. In order to explain the progression
of bond damage when a combination of normal and shear separations
occurs across the interface, it proves beneficial to introduce an effective
separation [60]. This effective separation is defined in Eq. 10.

B =1/ (8,)° +8° + 5% (10)

An evolution of the bond damage variable Dy, given in Eq. 11 was
used for exponential softening, that reduces in the case of damage
evolution under a constant mode mix, temperature, and field variables.

max _ 50
oo ()
thl—{a,;;x} - . an

1 —exp(—a)

In the expression above a is a non-dimensional parameter that de-
fines the rate of damage evolution. The material and connection pa-
rameters used in the finite elements were calculated for each
geopolymer concrete sample and OPC sample, and modeling was
created using these values [61].

Contact was defined in order to model the interaction between
concrete and reinforcement. The coefficient of friction between them
was defined and entered into the program as 0.35. In addition, a hard
contact definition was made under the name of the normal behavior tab.
Also, the cohesive behavior between rebar and concrete was modeled. In
this context, the cohesive behavior parameters as Knn, Kss and Kitt,
which were also mentioned in the relevant study, were entered into the
program. Knn (Normal Stiffness): This parameter represents the normal




Y.G. Aslanbay et al.

60
50
40
30

Q
© 20

0.000

0.5
0.4
0.3 r
=02
0.1

0.0
0.000

0.5

0.4
03 |
=02 |

0.0 . .

0.5
04
03

<02

0.1

0.000

Construction and Building Materials 416 (2024) 135175

——AL5-W0.7

:

0.00 18 in 0.002

Cc

L —Al1.5-W0.7

0.002 0.004

c

— A2.5-W0.7

0.001 0.002

L — A2.5-W0.7

0.002
€

0.004

— A3.5-W0.7

c

L — A3.5-W0.7

0.002 0.004

—OPC

60 60
[ —— AL5-WO0.5 [ —AL5-W0.6
50 50 |
40 40
30 30
23 r 2l
©20 ©20 f
10 | 10
0 . L 0 L .
0.000 0.001 0.002 0.000 0.001 0.002
& &
0.5 0.5
L —— AL5-W0.5 L —— AL1.5-W0.6,
0.4 0.4
03 03
<02 =02 f
0.1 0.1
0.0 0.0
0.000 0.002 0.004 0.000 0.002 . 0.004
C 8C
60
o [ ——A2.5-W0.5 — A2.5-W0.6
40 |
30
3
L 20 r
10
0 ‘ : ‘
0.000 0.001 0.002 0.002
80
0.5 0.5
L — A2.5-W0.5 L — A2.5-W0.6|
0.4 r 0.4
031 03
=02 =02 |
oLy o1t
0.0 0.0 ‘ ‘
0.000 0.002 0.004 0.000 0.002 . 0.004
g
—— A3.5-W0.5 60 — A3.5-W0.6
50 |
40 |
30 /\
L0 T
©20 f
10 N
‘ 0 ‘ ‘
0.002 0.000 0.001 0.002
8C
0.5 0.5
L —— A3.5-W0.5 L — A3.5-W0.6
0.4 0.4
03 | 03
=02 =02
0.1 0.1
0.0 ‘ ‘ 0.0 : ‘
0.000 0.002 0.004 0.000 0.002 0.004
g M g
C (4
0.5
60 ¢ —OPC I
40 /-\ 0.3
530 [ o0, |
[5) L = 0.2
20 N 01 B
10 N L
0 s s 0.0 ‘
0.0000 0.0005 . 0.0010 0.0015 0.000 0.001
&

€

.0.002
in

0.003

Fig. 10. Compressive-damage behavior graphs of adherence samples in numerical model.
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(vertical) stiffness of the cohesive element interface. Normal stiffness is
crucial for tensile loads in cohesive interactions between two materials.
Kss (Shear Stiffness): It determines the shear stiffness on the cohesive
element interface. Shear stiffness is important for lateral (parallel)
shearing forces in cohesive interactions between two materials. Ktt
(Tangential Stiffness): This parameter represents the tangential stiffness
on the cohesive element’s interface. In the damage section, nominal only
and shear only values were given to the program separately. Contact and
interaction elements were defined in the program by entering other
parameters required for tangential behavior. As explained in detail in
the above articles, modeling was completed by creating the analysis type
and relevant boundary conditions. Analysis was carried out by plotting
graphics as an output and other data presented in the study.

3.3. Meshing

For meshing, a finer and denser mesh size was selected in the area
where the reinforcement would be located, while in other parts, the
mesh size was increased. The simulation models were developed based
on a 3D modeling tool, where deformable reduced-integration eight-
node hexahedral elements (C3D8R) were selected. Various mesh sizes
were employed in the analysis for both rebar and concrete. Following
the analyses, a mesh size of 3.5 x 3.5 mm was determined for the rebar,
while the lower portion, from which the concrete was removed in the
specimen, was assigned a mesh size of 2.5 x 3 mm. This mesh size was
selected to be thinner than the concrete in the upper section. Addi-
tionally, the mesh size for the upper concrete section, where there is no
contact with the rebar during the stripping process, was designated as
3 x 10 mm.

The model was constructed with two components. Due to the sym-
metry of the specimen, only half of the specimen was modeled. The
portion not included in the bond length with the help of a plastic pipe in

/ )

(a) Model view
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the experimental section was simulated in the numerical model by
forming a void with the diameter and length of the plastic pipe. In the
experimental study, the 80 mm long region where adherence will occur
between the rebar and the concrete, and the 120 mm long region
covered with a plastic sheath and where the rebar does not interact with
the concrete in the experimental study, were modeled by creating a
separate opening. In this way, the bond length during the analysis was
the same as the length formed in the experimental samples. Model,
support and mesh views are shown in Fig. 12.

3.3.1. Mesh sensitivity

The finite element analysis of the A1.5W0.5 sample of the geo-
polymer concrete series were considered as an example within the scope
of the mesh sensitivity section. Analyses were made by changing the
mesh sizes of the relevant sample as fine, medium and coarse. The mesh
sizes of the relevant samples are presented in the Table 5. Various mesh
sizes were employed in the analysis for both rebar and concrete.

When bond stress-slip curves are compared, decreasing the mesh size
causes a relative decrease in the bond stress value. The mesh size that is
most compatible with the experimental data of the A1.5W0.5 sample.
Following the analyses, a mesh size of 3.5 x 3.5 mm was determined for
the rebar, while the lower portion, from which the concrete was
removed in the specimen, was assigned a mesh size of 2.5 x 3 mm. This
mesh size was selected to be thinner than the concrete in the upper
section. Additionally, the mesh size for the upper concrete section,
where there is no contact with the rebar during the stripping process,
was designated as 3 x 10 mm.

3.4. Boundary conditions

In the numerical modeling, the modeling was carried out to corre-
spond appropriately to the specimen properties produced in the exper-
imental section. The objective was to ensure that the geometric
properties and boundary conditions represented the experimental setup

Table 5
Mesh sizes of samples.

Sample Rebar Mesh Size Concrete Bottom Concrete Top
Name (mmxmm) (mmxmm) (mmxmm)
A1.5W0.5 35x35 3.75 x 4.5 4.5 x 10
A1.5W0.5-1 2.5x 25 25x3 3x10
A1.5W0.5-2 1.75 x 1.75 2.25 x 2.5 2.25 x 10
A1.5W0.5-3 7x7 25x%x9 9 x 10
A1.5W0.5-4 10 x 10 45x5 4.5 x 10
A1.5W0.5-5 15 x 15 8x 18 10 x 18

(b) Support views

(c) Mesh views

Fig. 12. The schematic views of modeling details.
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Fig. 13. Bond stress-slip curves of analyses of sample geopolymer concrete at different mesh sizes.

Fig. 14. Side and bottom surface boundary condition.

accurately. Boundary conditions in the finite element sample were ar-
ranged in two ways. In order to clearly observe the analyses and be-
haviors, half of the sample was modeled symmetrically. In this context,
as a boundary condition, the side surface on which half of the rein-
forcement modeled were constrained against displacement along the z
axis and prevented from undergoing rotation in the x and y directions
(Fig. 14). The lower part of the sample was modeled as a fixed support in
order to be similar to the mechanism used in experimental studies.
Displacements and rotations in the X, Y and Z directions were prevented.
(Fig. 14).

3.5. Loading and analysis method

A vertical displacement was defined at the upper part of the rein-
forcement as the loading method. Structural reactions and behavior of
the adherence samples were analyzed under the relevant displacement
demand, and the load values were measured from the support points
under loading depending on the displacement, and bond stress-slip

11

curves were obtained in line with these values. Since the displacement
definition was made, no data regarding the loading rate was entered.
During the loading phase, amplitude was defined and the analysis was
divided into steps. Dynamic/Explicit was used as the analysis method.
Dynamic Explicit was applied as the analysis type and the time period
was entered as 0.1 s. During the loading, the analysis was continued step
by step until the target displacement was reached in relation to the
target analysis time.

The Dynamic/Explicit method is generally used in cases where the
sample reaches the collapse mechanism. Since damping and inertia ef-
fects of the material were included in the analysis in explicit methods, it
was determined that it was more appropriate to be used within the scope
of this study.
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Table 6
Failure modes of GPC and OPC pull-out test specimens.

Sample ID Sample Number

-

A1.5W0.5
A1.5W0.6
A1.5W0.7
A2.5W0.5
A2.5W0.6
A2.5W0.7
A3.5W0.5
A3.5W0.6
A3.5W0.7
OPC

vmmm@mm*ﬂ*ﬁ’d
o
L nnnnnoynd N
o]
numvmunvmnmnnmdgoygd | w

o

Note: S, P and S-B denote splitting, pull out and splitting-bond failure
respectively.

4. Results and discussion
4.1. Experimental results

In this section, the results obtained from the test were thoroughly
investigated in terms of failure mode, mechanical characteristics, bond
stress behavior, the effect of SS/SH ratio and AA/FA ratio on the bond
strength of the GPC, and a comparison of experimental tests with pre-
vious studies.

4.1.1. Failure modes

The fracture modes of the test specimens are discussed in this section.
At the end of the experiment, upon investigating all specimens, it was
observed that the samples exhibited damage in the forms of typical
splitting failure, splitting-bond failure, or pull-out failure. It was
observed that the samples in the form of typical splitting failure,
splitting-bond failure or pull-out failure were damaged by investigating
all the samples at the end of the tests. Typical rupture damage type is the
type of damage that occurs when radial cracks occur from the surface of
the reinforcement and these cracks progress rapidly in the longitudinal
direction and the geopolymer concrete suddenly fractures without too
much shear in the rebar [13]. In pull out damage, the geopolymer is
characterized by the interface between the concrete and the reinforce-
ment, a significant slip occurs in the reinforcement, but no splitting
damage is observed in the concrete. If the sample is damaged by both the
debonding of the reinforcement and the formation of splitting damages
in the concrete, this is called splitting-pull out damage. The fracture
modes of each sample are given in Table 6.

There are images of the fracture modes in Fig. 15. Studies have
shown that the parameters that play an active role in the damage type
are the fly ash content of the mixture and the concentration of the alkali
activator [62]. The factors affecting the bond strength in terms of
experimental behavior are the quality of the geopolymer such as gel
compositions and strength, the bar length of the reinforcement, the
embedded length of the reinforcement, and the thickness of the
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reinforcement concrete cover [27]. Specimens with short anchorage
length reach their capacities due to debonding of the reinforcement,
while specimens with longer embedment lengths reach their capacities

—AL5WO0.5
——A2.5W0.7

——AL5W0.6
A3.5W0.5

——AL5W0.7
A3.5W0.6

——A2.5W0.5
——A3.5W0.57

——A2.5W0.6
——O0PC

60
50
40
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Compressive Stress (Mpa)

0 . . .
0.000 0.001 0.002 0.003
Strain (mm)

0.004

Fig. 16. Compressive stress-strain curves of GPC and OPC samples.

—0-AVERAGE COMPRESSIVE STRENGTHS

A2.5W0.7

Fig. 17. Average compressive strength values of OPC and GPC samples.

Table 7

Modulus of elasticity values of adherence

samples.
Sample ID E (MPa)
A1.5W0.5 20,618
A1.5W0.6 23,220
A1.5W0.7 20,203
A2.5W0.5 26,389
A2.5W0.6 24,105
A2.5W0.7 19,918
A3.5W0.5 20,731
A3.5W0.6 22,075
A3.5W0.7 18,617
OPC 21,021

Fig. 15. Failure patterns after pull-out test.

12



Y.G. Aslanbay et al.

mAlS5 (SS/SH)

wA25 (SS/SH)

Construction and Building Materials 416 (2024) 135175

wA3.5 (SS/SH) mOPC

| 140

g

g 120 .

= 100

5

s 80

‘g 60

= 40

=

o 20

Z o : :

& W0.5 W0.6 wo0.7 OPC

AA/FA
Fig. 18. Maximum bond load values.
Table 8
Experimental results of adherence samples.
Specimen Peak Load Fmax Bond Strength Standard Deviation for Bond Slip at Peak Load Normalized Bond Strength k — Kk
Designation (kN) (MPa) Strenght (mm) kee
T
Vi

OPC-2 112.6 28 16 4.2 1
OPC-3 105.8 26.3 15 3.9 0.93
A1.5W0.5-1 118.3 29.4 0.35 20.8 4.5 1.08
A1.5W0.5-2 115.4 28.7 17.8 4.4 1.05
A1.5W0.5-3 116.6 29 22.5 4.5 1.06
A1.5W0.6-1 116.9 29.1 1.18 25.9 4.9 1.17
A1.5W0.6-2 109 27.1 13.7 4.6 1.09
A1.5W0.6-3 108.7 27 18.8 4.6 1.09
A1.5W0.7-1 114.6 28.5 2.34 16.3 4.8 1.13
A1.5W0.7-2 97.7 24.3 10 4.1 0.97
A1.5W0.7-3 113.4 28.2 19.9 4.7 1.12
A2.5W0.5-1 105.8 26.3 1.22 9.4 4 0.95
A2.5W0.5-2 115.4 28.7 20.2 4.4 1.04
A2.5W0.5-3 112.2 27.9 17.3 4.2 1.01
A2.5W0.6-1 117.4 29.2 0.70 16.7 4.5 1.08
A2.5W0.6-2 121.8 30.3 27.2 4.7 1.12
A2.5W0.6-3 122.6 30.5 27.7 4.7 1.13
A2.5W0.7-1 109.4 27.2 1.72 17.2 5 1.18
A2.5W0.7-2 122.6 30.5 28.2 5.6 1.32
A2.5W0.7-3 112.6 28 20.3 5.1 1.21
A3.5W0.5-1 109.4 27.2 1.01 21.2 5.1 1.21
A3.5W0.5-2 112.6 28 19.4 5.2 1.25
A3.5W0.5-3 117.4 29.2 26.5 5.5 1.3
A3.5W0.6-1 100.5 25 1.08 9 4.2 0.99
A3.5W0.6-2 109 27.1 15.8 4.5 1.07
A3.5W0.6-3 102.9 25.6 16.2 4.3 1.01
A3.5W0.7-1 105 26.1 0.78 23.7 5.1 1.21
A3.5W0.7-2 105.4 26.2 20.4 5.1 1.21
A3.5W0.7-3 99.7 24.8 6.9 4.8 1.15

*k.. is the value of k for OPC specimens.

due to the splitting damage of geopolymer concrete [63]. As the quality
of the geopolymer increases, the reinforcement is pulled out after
exceeding the peak bond load value [24]. Since the increase in the
SS/SH ratio changed the geopolymer concrete quality, it was observed
from the tests that the concrete splits without exhibiting reinforcement
debonding behavior. This failure mode occurs when the reinforcement
comes out of the concrete without fracturing the reinforcement or even
cracking the concrete. Since the increase in the SS/SH ratio changes the
geopolymer quality, it has been observed in the experiments that the
concrete splits without showing the reinforcement stripping behavior
with the increase in this ratio. This failure mode occurs when the rein-
forcement comes out of the concrete without breaking the reinforcement
or even cracking the concrete. This situation occurs when the radial
forces applied by the loaded bar are less than what the surrounding

concrete can resist, but there are higher tangential forces than the
concrete’s strength can withstand. With sufficient embedment length
and prevention of debonding, the reinforcement can reach yield strength
and transition to a pullout failure mode before experiencing bond fail-
ure. The literature encounters cases of direct pullout of the reinforce-
ment [64]. It was concluded that the bond between the GPC concrete
and the reinforcement and the lateral strength were stronger with the
increase of the SS/SH ratio. In the series where the SS/SH ratio was 2.5
and 3.5, the reason for the concrete to split and reach the collapse mode
was that the displacement value reached the failure mode by debonding
the reinforcement, compared to the samples with a SS/SH ratio of 1.5.

4.1.2. Mechanical characteristics
This section presents the results of compressive strength tests

13
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Fig. 19. The bond stress-slip curves obtained from experiments.
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Fig. 20. The bond stress-slip curves obtained from experiments.

Table 9
Comparison between previous researches and experimental results.

Specimen dp, (mm) ¢ (mm) c/dp 1 (mm) dy/ lg T (Experimental) (MPa) 7 (Kim and Park[65]) (MPa) 7 (Orangun[66]) (MPa)
OPC-1 16 92 5.75 80 0.2 28.4 26.48 30.90
OPC-2 16 92 5.75 80 0.2 28.1 27.44 32.02
OPC-3 16 92 5.75 80 0.2 26.3 28.02 32.69
A1.5W0.5-1 16 92 5.75 80 0.2 29.4 26.60 31.00
A1.5W0.5-2 16 92 5.75 80 0.2 28.7 26.37 30.73
A1.5W0.5-3 16 92 5.75 80 0.2 29.0 26.14 30.46
A1.5W0.6-1 16 92 5.75 80 0.2 29.1 25.25 29.43
A1.5W0.6-2 16 92 5.75 80 0.2 27.1 22.66 26.41
A1.5W0.6-3 16 92 5.75 80 0.2 27 23.99 27.96
A1.5W0.7-1 16 92 5.75 80 0.2 28.5 23.87 27.82
A1.5W0.7-2 16 92 5.75 80 0.2 24.3 24.28 28.30
A1.5W0.7-3 16 92 5.75 80 0.2 28.2 24.52 28.57
A2.5W0.5-1 16 92 5.75 80 0.2 26.3 26.63 31.03
A2.5W0.5-2 16 92 5.75 80 0.2 28.7 27.02 23.76
A2.5W0.5-3 16 92 5.75 80 0.2 27.9 26.23 19.98
A2.5W0.6-1 16 92 5.75 80 0.2 29.2 26.13 31.03
A2.5W0.6-2 16 92 5.75 80 0.2 30.3 25.29 31.49
A2.5W0.6-3 16 92 5.75 80 0.2 30.6 26.95 30.57
A2.5W0.7-1 16 92 5.75 80 0.2 27.2 22.23 25.91
A2.5W0.7-2 16 92 5.75 80 0.2 30.8 20.35 23.72
A2.5W0.7-3 16 92 5.75 80 0.2 28 23.96 27.92
A3.5W0.5-1 16 92 5.75 80 0.2 27.4 22.46 26.17
A3.5W0.5-2 16 92 5.75 80 0.2 28 20.86 24.31
A3.5W0.5-3 16 92 5.75 80 0.2 29.3 21.66 25.24
A3.5W0.6-1 16 92 5.75 80 0.2 25.1 24.33 28.36
A3.5W0.6-2 16 92 5.75 80 0.2 27.1 21.90 25.53
A3.5W0.6-3 16 92 5.75 80 0.2 25.6 26.56 30.95
A3.5W0.7-1 16 92 5.75 80 0.2 26.2 19.34 22.54
A3.5W0.7-2 16 92 5.75 80 0.2 27 24.78 28.88
A3.5W0.7-3 16 92 5.75 80 0.2 24.8 17.61 20.52

conducted on 3 cube specimens produced for each mixture ratio.
Compressive stress strain curves of all GPC and OPC samples obtained
from compression tests are presented in Fig. 16. The average compres-
sive stress values obtained from the compression tests are illustrated in
Fig. 17. All measurements were performed 28 days after casting. Three
samples were tested for each SS/SH ratio and AA/FA ratio, and the re-
sults were averaged. The average compressive strength values were
42.39, 35.09, 35.78 MPa for A1.5W0.5, A1.5W0.6, A1.5W0.7 samples
respectively with SS/SH ratios of 1.5 while, the average strengths were
43.23, 41.64, 30.13 MPa for A2.5W0.5, A2.5W0.6, A2.5W0.7 respec-
tively with SS/SH ratios of 2.5, and the average strengths were calcu-
lated as 28.64, 36.13, 26.38 MPa for A3.5W0.5, A3.5W0.6, A3.5W0.7,
respectively with SS/SH ratios of 3.5. The average compressive strength
of reference OPC samples produced to compare the results was calcu-
lated as 45.50 MPa.
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In conclusion, the average compressive strength values of specimens
with SS/SH ratios of 1.5 and 2.5 were similar values, while a relatively
lower value was recorded for the 3.5 series. The highest average
compressive strength belonged to the OPC as 45.5 MPa. The compres-
sive strength had no significant change in specimens with AA/FA ratios
of 0.5 and 0.6, whereas a decrease in compressive strength was observed
in specimens with a ratio of 0.7. The highest average compressive
strength belongs to the A2.5W0.5 series for the adherence specimens. In
addition, the elastic modulus values of the samples given in Table 7 were
calculated by using the stress-strain curves obtained from the cylindrical
sample compressive tests.

By investigating the elasticity modules, the series with the highest
elasticity modulus value was the A2.5WO0.5 series, as in the compressive
strengths. Similar to the compressive strengths, no decrease was
observed in the series with AA/FA ratio of 0.5 and 0.6, while a relative
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Table 10
Comparison of experimental and numerical yield and slip results.

Samples Experimental Results ~ Experimental Numerical Results
Average Results
Yield Slip Yield Slip Yield Slip
Stress mm Stress mm Stress mm
MPa MPa MPa
A1.5W0.5- 24.8 8.65 24.3 8.61 25.51 6.92
1
A1.5W0.5- 23.4 6.67
2
A1.5W0.5- 24.7 10.50
3
A1.5W0.6- 24.7 8.61 24.4 8.79 28.19 7.07
1
A1.5W0.6- 24.2 6.54
2
A1.5W0.6- 24.4 11.22
3
A1.5W0.7- 24.8 4.20 24.5 7.61 23.48 6.83
1
A1.5W0.7- 24.1 8.64
2
A1.5W0.7- 24.7 9.99
3
A2.5W0.5- 22.9 3.38 30.56 6.95
1
A2.5W0.5- 24.6 9.92 24.4 7.1
2
A2.5W0.5- 25.8 8.10
3
A2.5W0.6- 25.4 4.89 24.1 5.4 28.29 6.72
1
A2.5W0.6- 23.8 5.92
2
A2.5W0.6- 23.2 5.38
3
A2.5W0.7- 24.7 9.75 24.6 8.9 23.33 6.61
1
A2.5W0.7- 23.8 7.12
2
A2.5W0.7- 25.2 9.73
3
A3.5W0.5- 24.1 9.92 24.2 9.6 24.47 6.81
1
A3.5W0.5- 23.3 7.16
2
A3.5W0.5- 25.1 11.57
3
A3.5W0.6- 24.7 7.49 24.6 9.3 23.06 6.62
1
A3.5W0.6- 24.6 8.23
2
A3.5W0.6- 24.4 12.23
3
A3.5W0.7- 21.4 6.53 23.5 9.9 19.46 6.67
1
A3.5W0.7- 24.4 16.65
2
A3.5W0.7- 24.7 6.42
3
OPC-1 25.5 5.53 25.5 6.2 24.26 6.73
OPC-2 26.3 6.53
OPC-3 24.7 6.41

decrease was observed in the series with 0.7. Increasing the SS/SH ratio
from 1.5 to 2.5 had a positive effect on compressive strength and elastic
modulus, while in the series where it is 3.5, it led to a decrease in these
values.

4.1.3. Bond stress behaviour

This section presents the results of the pull-out test. Firstly, the bond
load obtained from the test results are presented in Fig. 18.

The pull-out test results of all GPC mixtures, along with the reference
OPC, are summarized in Table 8. The results encompass fracture mode,
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peak load, corresponding average bond stress, and slip. The bond stress
between the concrete matrices and the reinforcement was assumed to be
uniformly distributed along the embedment length of the rebar.

When the standard deviations were investigated, it was figured out
that the experimental results were within the range.

The bond stress-slip graphs obtained from the pull-out tests are
presented in Fig. 19. In general, the series exhibited behavior close to
their respective averages, and the curves within a series are in good
agreement with each other. The highest load value of 122.89 kN was
observed in the A2.5W0.6 series in the bond tests. The highest average
load value also belonged to the A2.5W0.6 series, which is 120.5 kN.
When evaluating the results obtained from the bond tests of OPC and
GPC based specimens, it was observed that the highest bond strength
values for OPC based specimens were lower than those of GPC based
specimens, except for the A3.5W0.6 and A3.5W0.7 samples. By inves-
tigating debonding values, the maximum debonding value obtained
from the OPC samples was lower than the debonding value of the GPC
samples. When the k/k. ratios determined for the comparison of the
adherence performances of the GPC and OPC samples and the k/kec
ratios where OPC concrete was considered as the reference, it was
observed that geopolymer concrete provides values above 1.00 in almost
all series compared to OPC concrete. This indicates that geopolymer
concrete has a more positive effect on bond performance.

The average bond stress-slip curves obtained from three samples of
each different sample type are shown in Fig. 20. Within the scope of the
study, all series were compared within themselves.

As seen from the bond stress-slip graphs, the rebar slips due to the
lower ratio, resulting in a demand for displacement in the series where
the SS/SH ratio is 1.5. Furthermore, a similar observation was made that
after reaching the maximum load, the reinforcement continued to slip
without a sudden drop in the OPC series. The experiments terminated for
the series with SS/SH ratios of 2.5 and 3.5 due to concrete splitting after
reaching the maximum load. Both in terms of failure mode and bond
stress-slip curves, a similar behavior was observed between OPC and
GPC for the series with an SS/SH ratio of 1.5.

4.1.3.1. Effect of SS/SH ratio and AA/FA ratio on the bond strength of the
GPC. In GPC specimen mixtures, increasing the NaySiO3/NaOH ratio
from 1.5 to 2.5 enhances the bond strength [27]. Accordingly, the
highest compressive strength and bond load were obtained from speci-
mens with an SS/SH ratio of 2.5, while the highest maximum
displacement value was obtained from specimens with a ratio of 1.5.
Considering the AA/FA ratios, the highest compressive strength and
maximum displacement were recorded for the samples with 0.5 ratio,
while the highest value in terms of bond load and bond stress value
belonged to the samples with the AA/FA ratio of 0.6. For the SS/SH
ratio, compressive strength and bond load were obtained from speci-
mens with parallel ratios. In terms of AA/FA, this parallelism holds true
for compressive strength and maximum displacement. As seen from
Table 4, samples with SS/SH ratio of 3.5 exhibited the worst perfor-
mance in terms of compressive strength, bond load, and maximum
displacement, while samples with a ratio of 0.7 for AA/FA ratio
exhibited the lowest performance. According to this, an increase in the
SS/SH ratio improves mechanical properties such as compressive
strength and bond load, whereas an increase in the AA/FA ratio, espe-
cially in the series with a ratio of 0.7, leads to the opposite effect. The
reason for this is that an increase in the sodium silicate content up to a
certain level enhances mechanical properties due to increased reactivity
of fly ash and increased silicate particle distribution within the matrix,
leading to enhanced polymerization. However, exceeding a certain
amount hinders the formation of geopolymers due to the inability of fly
ash particles to react sufficiently with sodium hydroxide in the mixture,
thereby negatively affecting mechanical properties. Again, due to its
negative impact on geopolymers, an increase in the amount of NaOH
based on the fly ash content adversely affects geopolymerization,
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Fig. 21. Comparison of experimental data and results from previous studies.

leading to a decrease in mechanical properties.

4.1.4. Comparison of the experimental test with the previous studies
The bond stresses obtained from the tests were compared with the
equations from previous studies. Kim and Park [65] proposed Eq. 12

[34] to predict bond stress for geopolymer concretes in their study.

T, = \/fj {2407 + 0.2(
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Fig. 22. Adherence Pressure - Compressive Strength Relationship with Experimental and Analytical Data.

is the
diameter of the rebar (mm), l; is the bond length (mm) and fc is the
compressive strength obtained from geopolymer concrete specimens
(MPa).

In another study, Orangun et al. [66] proposed a formula to deter-
mine the bond stress. This formula is given in Eq. 13. The results ob-
tained from the equations and experimental results are presented in
Table 9 and Fig. 21.

7, = 0.083045,/f. {1 243 (di> +50 <%) }
b d

As can be understood from Table 9 and Fig. 21, the experimental data
of the specimens exhibited close results with the equation proposed by
Orangun et al. [66] in six out of nine geopolymer series. In the case of
OPC specimens, it was observed that the bond stress values obtained by
using the formula proposed by Kim and Park [65] exhibit similarity. In a
study, if c¢/dy, is limited to 4.0, it is proposed that the equation suggested
by Orangun et al. [66] would be the most suitable equation for experi-
mental data [21]. It was observed that the bond stress values calculated
using the respective studies exhibit similar values to the experimental
results for the series with AA/FA ratios of 0.5 and 0.6. However, a de-
viation in values was identified in the series with a ratio of 0.7.

where cpi, represents the minimum concrete cover (mm), d,

(13)

4.1.5. Relationship bond to compressive strength with comparison of the
experimental test with the previous theoretical studies

The relationship between bond strength and compressive strength
were revealed. This relationship was compared with bond strength
predictions and data in the literature. In the bond strength for OPC
concrete is given [67]:

Tp_opc = 2‘5x\/f—(.for pull out failure a4
£\
Ty_opc = 7.0x (2—b> for splitting failure (15)

fc, the average cylinder concrete compressive strength. According to
the results obtained from 260 pull-out experimental studies, the
following equation was created [48]:

T_cre = 3.83x\/f.

In this study, the correlation coefficient was found to be 0.83 [35]. As
seen, Eq. (16) is similar to Eq. (14) except for its constant coefficients. In
the light of these equations, it is revealed that GPC gives 53% better
adherence strength. In Fig. 22, the relationship between bond strength
and compressive strength was discussed by comparing with analytical
studies. When the curve of the experimental data was investigated, it
was observed that the correlation coefficient was 0.98. When compared

(16)
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the experimental data with the data in the literature [10,68-71], it was
figured out that the higher adherence strength results were obtained in
this study.

The equation obtained within the scope of the study is;

It wast,_gpc a7

= 0.0005f> — 0.0548f> +2.1231f.

Also the mechanical properties of GPC are mainly influenced by not
only the chemical characteristics of fly ash, alkali activators and binder
ratios but also microstructure of geopolymer concrete. The existence of
N-A-S-H gel in the microstructure of geopolymer concrete improves the
mechanical properties with the increase in geopolymerization.
Furthermore, N-A-S-H gel contributes to the strength of the interfacial
transition zone (ITZ) between aggregate and geopolymer matrix by
improving the aggregate interface and the GPC matrix. After all, ongoing
geopolymerization process provides to more compact and denser matrix
structure which results in higher mechanical properties such as
compressive strength and bond strength since there is a proportion be-
tween both strengths. By increasing the compressive strength there is an
increase in bond strength. Since the load transfer in structural members
depends on the bond strength of concrete the higher bond strength is
quite important for geopolymer concrete[72].

4.2. Numerical results

This section includes numerical results, and a comparison is made
between the obtained analysis results and the experimental data.

4.2.1. Analytic failure and damage results

The results of finite element analyses carried out in the ABAQUS are
presented in Figs. 23-26. When investigating the compressive damage
distributions shown in Fig. 23, parallel results were obtained in com-
parison to stress-strain curves obtained from the compression tests. The
most intense compressive damage distribution was observed in the OPC
samples. In the series with an SS/SH ratio of 1.5, an increase in the AA/
FA ratio reduced the compressive damage distribution, while in the se-
ries with a ratio of 3.5, an increase in the distribution was noted. The
series with the least observed compressive damage was the A2.5 series,
where the bond loads were calculated to be the highest. OPC specimens
exhibited more ductile behavior than geopolymer specimens.

The finite element models’ Scalar stiffness degradation (SDEG) views
are presented in Fig. 24. SDEG stiffness degradation is a crucial aspect of
simulating the behavior of structures under damage or collapse. In the
context of finite element analysis, "scalar stiffness degradation" typically
involves reducing the stiffness (elastic properties) of a material due to its
exposure to damage, yielding, or other failure modes. This allows the
simulation to capture the progressive degradation of the specimen as the
analysis progresses. This modeling alters the material’s elastic
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Fig. 23. Compressive damage distribution of finite element models.
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Fig. 24. SDEG views of finite element models (Scalar stifness degradation).
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Fig. 25. PEEQ behavior of finite element models ( equivalent plastic strain).
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Fig. 26. Stress distribution of finite element models.
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Fig. 27. Bond stress-slip curves obtained from the FE model of adherence samples.

properties based on the level of damage or concentrated plastic defor-
mation. When comparing SDEG views, it was observed that analysis for
all specimens was terminated after the yield point. This means that the
analyses were completed without experiencing any stiffness loss in the
specimens. Therefore, SDEG behaviors are similar for all specimens.

In ABAQUS, Equivalent plastic strain (PEEQ) value was calculated
using the Von Mises yield criterion, which is a widely used yield crite-
rion based on the effective stress and strain state of a material. The PEEQ
value plays a critical role in analyzing the plastic deformation behavior
of the specimen under loading conditions. Equivalent plastic strain
values are shown in Fig. 25. The PEEQ value represents the non-elastic
deformation of concrete when it undergoes yielding. By comparing
PEEQ values, it was observed that geopolymer specimens exhibited
lower plastic deformation than OPC specimens. The highest PEEQ values
were obtained from the OPC specimens. Due to the lower plastic de-
formations in geopolymer specimens, having higher bond strengths
implies that they are more rigid. By comparing within the geopolymer
concrete specimens, it was determined that the specimens with an SS/SH
ratio of 2.5 exhibited the lowest PEEQ values. Increasing the AA/FA
ratio relatively increased the PEEQ value. Geopolymer specimens
exhibiedt convergence in PEEQ values since they reached yield at a
similar displacement. An increase in the AA/FA ratio increased the PEEQ
value relatively.

As investigated the stress distributions shown in Fig. 26, it was
determined that the highest stresses occurred in the A2.5W0.5 and
A2.5W0.6 models. The stress behavior of the Al.5 series models was
found to be similar to the OPC model. The highest stress distribution
occurred in the A2.5W0.5 specimen. Stress values were higher compared
to other ratios in samples with an AA/FA ratio of 0.5. Increasing the AA/
FA ratio tends to relatively decrease the stress values. While the stress
behavior was similar in geopolymer specimens, the stress values
significantly decreased in the A3.5W0.7 model.

4.2.2. Numerical bond strength results and comparison the experimental
test with the numerical model

The bond stress-slip curves obtained from the load-displacement
values by using the finite element models are shown in Fig. 27. Ana-
lyses were terminated after the yield load due to excessive deformation
in the finite element modeling.

Upon investigating the curves, it was determined that the specimens
exhibited similar behavior in terms of slip values. The finite element
models were resulted in the highest bond stress value being obtained
from the A2.5WO0.5 series. The OPC series exhibited similarity with the
A1.5 series, while the lowest bond stress value was obtained from the
A3.5WO0.7 series. Fig. 28 presents the comparative graphs of experi-
mental and finite element-derived bond stress-slip curves up to the yield
load. Table 9 provides a comparison between experimental and finite
element model results.
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As evaluated the results, it was determined that the greatest simi-
larity existed between the experimental and numerical results of the
OPC specimens. It was observed that the experimental results aligned
with the finite element results in all series. In finite element models, the
yield load was between 6-7 mm for all series, while this range was
6-12 mm in experimental studies. The highest bond stress values in the
finite element results were obtained from the series with an SS/SH ratio
of 2.5. In the experimental studies, all series reached the yield point at
similar stress values. Geopolymer specimens exhibited yielding within
the range of 23-26 MPa, while OPC specimens yielded between
24-26 MPa. The highest values were obtained from the OPC series by
considering the bond stress values at the yield point.

4.3. Evaluation of the comparison of experimental and numerical results

e In the series with SS/SH ratio of 1.5 and 2.5 in the geopolymer
adherence samples, the compressive strength, bond load, and bond
stress were similar and higher in the series, while in the series with
the AA/FA ratio of 0.5, there was a decrease of 34% and 32%
compared to the series with 1.5 and 2.5, in the series with AA/FA
ratio of 0.5. In the series where it was 0.7, a decrease of 26% and 12%
was observed, respectively.

When the peak load values between GPC and OPC were compared,

the average OPC peak load value was calculated as 110.86 kN. The

series with a lower average peak load value compared to the OPC
average in the GPC series are the A1.5W0.7, A3.5W0.6 and A3.5

WO.7 series. As an inference, it was identified that lower results were

obtained from the series with SS/SH= 3.5 and AA/FA of 0.7

compared to OPC. A2.5WO0.6 series reached the highest average peak

load value and the average load value was 120.6 kN. A load increase
of 8.79% was determined compared to the OPC samples.

e In experimental studies, the increase in bond stress value in OPC
samples from yield load was 13.58% up to peak load, while the in-
crease trend in geopolymer series was between 10% and 24.45%.
The highest percentage of increase belonged to the A2.5W0.6 series
with an increase of 24.45%.

e In the finite element models, the highest stress values were obtained
from the series with SS/SH= 2.5. A2.5W0.5 series was the sample
with the highest stress values. Compared to the OPC sample, 42.04%
higher tensile values were measured. The lowest stress values were
obtained from the A3.5W0.7 series. Compared to the OPC sample, a
lower value of 15.65% was obtained. An increase in the AA/FA ratio
decreases the stress value relatively. Increasing the SS/SH ratio from
1.5 to 2.5 creates a positive effect in geopolymer samples, while
increasing it to 3.5 creates a negative effect in terms of tensile
behavior.

e When the peak load values were compared, it was calculated that in
the series where the SS/SH ratio was 1.5, the average load decreased
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Fig. 28. Comparison of bond stress-slip curves of experimental and numerical results.
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by 4.48% by increasing the AA/FA ratio from 0.5 to 0.6, and it
decreased by 7% by increasing it to 0.7. In the series with SS/
SH=2.5,SS/SH= 2.5, average load increased by 8.52% and 3.36%,
respectively.

5. Conclusion

In this study, the adherence between the geopolymer concrete pro-
duced by using fly ash and the ribbed reinforcing steel was investigated
both experimentally and numerically. For this, a total of 30 samples
produced from 27 geopolymer concrete and 3 Ordinary Portland Con-
crete specimens with different sodium silicate and sodium hydroxide
ratios (SS/SH) and alkaline activator and fly ash (AA/FA) ratios were
subjected to pull-out test. In addition, the numerical results obtained
from the finite element models generated by the ABAQUS were
compared with the experimental results obtained. In addition, all the
results obtained were compared with the results obtained from ordinary
Portland concrete samples. In the light of these data, the following
conclusions were obtained.

e Accordingly, while an increase in the SS/SH ratio improves the
mechanical properties such as compressive strength and bond load,
an increase in the AA/FA ratio causes the opposite effect, especially
in the 0.7 series.

When the failure mode types were evaluated, it was found that the
damage mode in the form of shear in the reinforcement was observed
in the series with a SS/SH ratio of 1.5, while the damage mode was
observed in the form of splitting in the concrete with the increase in
the SS/SH ratio. In OPC samples, it was determined that the damage
mode occurred in the form of stripping in the reinforcement. Based
on this result, it was determined that GPC concrete provides better
adherence with reinforcement compared to OPC concrete and its
interaction with reinforcement is at a high level.

Considering the bond stress values at the time of yielding, the highest
values were determined in the OPC series, while the highest values
were obtained from the geopolymer series when the entire curve
until the failure mode was taken into account. This shows that geo-
polymer concrete increases the maximum stress after yielding as a
positive effect.

In the series with AA/FA ratio of 0.5 and 0.6, it was identified that
the bond stress values calculated in the literature showed similar
values with the experimental studies.

When comparing the bond performance of GPC and OPC specimens
by investigating the established k/kcc ratios where OPC concrete is
taken as a reference, it is observed that geopolymer concrete pro-
vides values above 1.00 in nearly all series compared to OPC con-
crete. This indicates that geopolymer concrete has a more positive
effect on adherence.

In the series with an SS/SH ratio of 1.5, increasing the AA/FA ratio
decreases the compressive damage distribution, while in the series
with an SS/SH ratio of 3.5, the distribution increases. The series with
the least observed compressive damage is the A2.5 series, where the
bond loads are calculated to be the highest. OPC specimens exhibit
more ductile behavior compared to geopolymer specimens.

Since the plastic deformations are less in geopolymer concrete
samples, it means that the samples are more rigid due to their higher
bond strength.

An increase in NAOH content based on the amount of fly ash in alkali
activators adversely affects geopolymerization, leading to a decrease
in mechanical properties.

6. Limitation of the study and scope for future studies

This study covers heat-cured fly ash based geopolymer concrete and
OPC concretes. In this study, bond strengths were obtained by per-
forming tensile tests on GPC samples with varying sodium silicate/
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sodium hydroxide (SS/SH) and alkaline activator/fly ash (AA/FA) ra-
tios. While the SS/SH ratio is limited to 1.5, 2.5 and 3.5, the AA/FA ratio
is limited to 0.5, 0.6 and 0.7. While compressive strength, adherence
strength and bond-slip curves were experimentally targeted within the
scope of the research, compressive damage, scalar stiffness degradation
(SDEG), equivalent plastic strain (PEEQ) and stress distribution behav-
iors were examined numerically in addition to the experimental targets
within the scope of numerical modeling. In future studies adherence
strength of fly ash-based geopolymer concrete can be investigated. Also,
the different mix design can be used for the production of the GPC
samples by using a different binder material, as well as SS/SH and AA/
FA variables in different ratios to investigate the mechanical properties
such as bond, adherence and compressive strength. In addition, exper-
imental studies can be investigated numerically, as in this study, to
ensure the similarity and overlap between experimental and numerical
studies.
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