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natural resources. The present research explained the steps to develop a bond stress-
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slip model for high calcium fly ash (HCFA) geopolymer concrete based on the
experimental results in the literature. This model is based on the concrete compressive
strength (fc), concrete cover (C¢), and bar diameter (d), which are considered the most
influential parameters on the bond response between the reinforcement and

Keywords: surrounding concrete. The regressed model shows a quite accurate prediction of the
Bond strength; geopolymer; bond behaviour of HCFA, particularly those with high strength. The slight difference
sustainability was attributed to the difficulty in identifying the exact values of Slips (6r1 and &,2).

1. Introduction

Concrete is a widely used construction material, with the most commonly used binder for
concrete being Ordinary Portland Cement (OPC). The production of OPC utilizes a massive amount of
national resources and increases the carbon footprint on our planet [1-4]. Therefore, significant
efforts have been made to examine the possibility of using fly ash waste with low carbon footprints
to replace OPC, such as alkali-activated binders [5-14]. Alkali—activated binders are produced by
mixing fly ash (FA) with an alkaline solution (AA). The alkaline solution is a combination of sodium
hydroxide (NaOH) and sodium silicate (Na;SiOs) [13]. Alkali-activated binders have several
advantages over OPC, such as better compressive and splitting strength [7-9], strong resistance to
chemical attacks [15], excellent fire resistance [16], and good repairing agent [13,17].

The most important component of alkali-activated binders is fly ash, which represents the
product of burning coals in power plants. Fly ash can be categorized into two classes as described by
ASTM C618 [18], which are high calcium fly ash (HCFA) and low calcium fly ash (LCFA). HCFA contains
50% of the pozzolanic compounds, while LCFA contains at least 70% pozzolanic compounds. Another
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significant difference between both types is the calcium content, where HCFA is characterized by
higher calcium oxide ( >10% by mass) than LCFA [12]. Furthermore, HCFA is produced normally from
the burning of lignite and sub—bituminous coals and usually has pozzolanic properties as well as
cementitious properties [10], whereas LCFA is produced from burning bituminous and anthracite
coals [19]. Therefore, the chemical compositions of the FAs differ according to the nature of the coal
source it was produced. Because of the cementitious properties of FA and its low carbon footprint, it
can be a promising binder for concrete, and hence, a clear understanding of the structural behaviour
and bond performance is required.

The bond between concrete and steel bars governs the structural response of the reinforced
concrete. This bond can be defined as the chemical adhesion, interlocking, and frictional resistance
between the steel reinforcement and the surrounding concrete to convey the exerted stress [20].
Bond strength affects the embedded length of the steel bar and hence, the structural member's
loading capacity and crack opening and spacing [21]. Meanwhile, Bond performance is greatly
dominated by the compressive and tensile strength of concrete as well as the steel rebar properties
[20]. Thereby, ACI-408R [20] highlighted the importance of understanding the bond behaviour of
reinforced concrete before the analysis and design of the structural members. Also, there is a lack of
understanding of the bond response of HCFA geopolymer concrete. Therefore, before introducing
the alkali—activated concrete for actual engineering applications, understanding the real bond
performance of this new concrete must be ascertained to avoid unsafe design. In response, the
current study shows the steps to develop the bond strength model for HCFA geopolymer concrete
based on the experimental results in the literature. Such a study is intended to examine the potential
of HCFA geopolymer concrete as an alternative to OPC concrete, thus, encouraging innovation,
preserving natural resources, and promoting environmental sustainability. This is because the
conventional (OPC) OPC concrete has contributed significantly to greenhouse gas emissions and the
depletion of natural resources. Furthermore, the current study is also a step forward in decreasing
the overall cost of construction as geopolymer concrete is manufactured from industrial waste
materials

2. Methodology
2.1 Steps for Developing the Bond Stress-Slip Model for HCFA Geopolymer Concrete

The current study used the experimental bond stress-slip results reported in the literature [22]
and shown again in Table 1 to mathematically develop a bond stress-slip model for HCFA geopolymer
concrete using Origin Pro 8.5 software. This model can be used for establishing a model for the bond
between reinforcement and HCFA geopolymer concrete, and it is similar to those available models in
the literature for OPC concrete [23]. The parameters used in the models were the concrete strength
(fc), concrete cover (Cc) and reinforcement bar diameter (dp).
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Table 1
Bond properties of HCFA geopolymer concrete [22]
Specimen ID. fe Cc/db Tmax 6r1 62 Tfr
(MPa) ratio (MPa) (mm) (mm) (MPa)
M5—-FA 10 41.6 4.5 22.1 0.8 6.0 1.5
M5—-FA 12 42.4 3.7 18.9 0.7 6.0 1.4
M5—-FA 16 43.2 2.6 18.9 0.9 6.1 1.6
M8-FA 10 33.6 4.5 14.6 0.5 6.0 2.5
M8-FA 12 38.4 3.7 18.2 1.0 55 3.3
M8-FA 16 39.2 2.6 14.7 0.6 6.1 1.25
M9-FA 10 26.4 4.5 13.2 1.1 6.2 4.6
MO9-FA 12 24 3.7 9.9 0.6 6.0 1.1
MO9-FA 16 32 2.6 16.1 0.7 6.0 4.12

Notation: Cc/dv= concrete cover to diameter ratio

3. Results and Discussion
3.1 Modes of Failure of Fly Ash Geopolymer Concrete

From visual observation, it can be reported that the failure modes of concrete cubes were quasi-
brittle, which is characterized by a gradual decay of loads. A sample of the failure modes obtained in
the current study is shown in Figure 1. It should be noted that the obtained failure mode is a
satisfactory failure as all the cube faces cracked approximately equally, generally with little damage
to faces in contact with the machine plate. This is a good indication of the uniform pressure from the
machine on the specimens.

H k ke,

Fig. 1. Cube specimens failrure mode

The failure modes of splitting tensile specimens are shown in Figure 2, where all specimens were
split into halves in quasi-brittle behaviour, which is slow and soft due to the improved composition
of the HCFA geopolymer concrete matrix [24]. This type of failure was visually observed among all
the splitting tensile specimens, and this failure is a common failure mode in OPC concrete.
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Fig. 2. The failure mode of splitting tensile specimens

Most of the pullout specimens failed by splitting concrete cover, as seen in Figure 3. It is worth
noting that the embedment length of 5 times the reinforcement bar diameter used for all specimens
in the present study could be a possible reason for the concrete splitting reported by CEB-FIP [23].
and Pop et al., [21]. The used embedment length was sufficient to develop high radial stresses on the
steel ribs resulting in wider longitudinal cracks that propagated to the external surface of the
concrete [25]. A similar conclusion on the effects of embedment length on the pullout failure mode
can also be seen in the experimental study undertaken by Topark—Ngami et al., [26], where all pullout
specimens of HCFA concrete underwent concrete splitting.

Fig. 3. The failure mode of splitting tensile specimens

3.2 Ultimate Bond Strength (tmax)

The bond strength of OPC concrete can be predicted directly using the empirical formulas
available in the literature [27,28]. Several attempts were also carried out to develop formulas for fly
ash geopolymer concrete [26,29,30] and presented in Eq. (1) to Eq. (5). These models were developed
for OPC and fly ash geopolymer concrete [26-29,31] and were examined to predict the bond strength
of HCFA reported by [22]. This can be shown graphically in Figure 4. This validation reveals that the
models by Orangun et al., [27] and Hadi [28] always tend to underestimate the maximum bond
strength of HCFA geopolymer concrete because these expressions were developed based on OPC
concrete which might exhibit a lesser bond strength. Meanwhile, the models by Dahou et al., [29]
and Kim and Park [31] gave a higher prediction value because these models were developed based
on LCFA geopolymer concrete that underwent heat curing, which differs from the ambient curing
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employed in the present study. It is clear that the model by Topark-Ngarm et al., [26] gave a close
prediction with only a 20% underestimation, and this agreement was attributed to the HCFA binder
and ambient curing regime considered in their study. To avoid unsafe or suboptimal calculation of
bond strength, the current study has regressed a model (Figure 9) to predict the maximum bond
strength in term of compressive strength and C./dy ratio as given in Eq. (6). By referring to this
Equation, one can see that the correlation coefficient (R?) between the vertical and horizontal
variables has a value of 0.40. The slight scatter of the results in the graph was because of considering
only one variable in the model development among many other variables such as the embedment
length and reinforcement ribs. Although the lower value of R? resulted from regressing a small
database, it is suggested that the developed equations could be served as a basis for developing more
generic model in future.

Tmax __ & @
72 = 0.083045 (122+3.23 = 4530 ¢ ) (1)
Tmax Cc dp
=2.07+4+0.2 = +4.15 = 2
T +0.2 -+ L (2)
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Fig. 4. Comparison between the experimental and predicted maximum bond
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Tmax = 081 T, (52) ,R? = 0.40 (6)
b
3.3 Slip at Maximum Stress (6r1)

The slips (6r1) corresponding to the ultimate bond strength are presented in Table 1. It can be
noticed that the slips (6r1) range from 0.45 mm to 1.12 mm, with an average of 0.75 mm. These results
agree with that observed by Ganeshan et al., [32], confirming that the slip values of the blended HCFA
geopolymer concrete were lower than OPC counterparts. This was attributed to the superior bond
properties of HCFA concrete, which prevented the steel bar from slipping when the tension load was
applied to the steel bar. It is worth mentioning that the slip value recommended by CEB—FIB [23] for
OPC concrete is 1mm, indicating a strong bond performance of HCFA geopolymer concrete. The
results of the slip (61) reported in Table 1 were regressed to develop a model as in Figure 6, and the
slip (6r1) was described in Eq. (7). By referring to Figure 6 and the R2 values (0.1), the scatter of the
results demonstrated that tmax does not significantly influence 6rl1, and it only has a marginal effect
on the slip (6r1). This is because the slip (6r1) is controlled substantially by reinforcement ribs [33].
However, the relationship between 61 and reinforcement ribs was not developed due to the absence
of information about the reinforcement ribs that differ from one reinforcement manufacturer to
another. Thus, similar to the approach in literature [23,33,34], in deriving the bond model for HCFA
geopolymer concrete, the proposed 61 value was taken as a constant value of 0.75 mm. This value
equals the average of 6,1 obtained experimentally and shown in Table 1.

8.4 = 0.015T . + 0.53,R% = 0.1 (7)
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3.4 Frictional Bond Strength and Maximum Slip

Frictional bond strength (t) is the residual component in the bond stress-slip curve. It is
dependent on the friction between the steel bar surface and the neighbouring concrete. The
frictional bond strength of HCFA geopolymer concrete is summarized in Table 1. Its relationship with
the highest bond strength is graphically presented in Figure 7 and expressed mathematically by Eq.
(8). It is evident from the figure that tmax has a marginal effect on 1, where its increase does not
significantly increase tfr value. It is worth mentioning that M9-FA-10 was not considered in the
analysis during the regression. Hence, it is expected that the results from this specimen were affected
by an error during the lab work and hence, were not used in the regression. The mathematical
expression is given by Eq. (8), where R? value is 0.1. This small value does not necessarily indicate the
dispersion of the results, but it was due to the small database used in the regression.

Tf = 0.1T 0 + 0.64,R2 = 0.1 (8)
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Fig. 7. The relationship between frictional and ultimate bond strength

The maximum slip (6r2) is where the frictional bond stress commences. It is summarized in Table
1 and plotted graphically as a function of the ultimate bond strength in Figure 8, where the slip shows
a minimal dependency on the maximum bond strength. Although a relationship between tmax and
8r, is proposed here, the scatter of results in Figure 8 with R? values (0.02) suggests that tmax has a
marginal effect on &r. This is primarily because reinforcement slip, in general, is governed by the
reinforcement bar geometry (ribs) [33]. However, no relationship was developed between &, and
the reinforcement bar geometry (ribs) due to the unavailability of the rib geometry as well as the
involved elongation during the loading. Thus, the &> was proposed by averaging the experimental
slip given in Table 1 to be used for developing the bond stress-slip model for HCFA geopolymer

concrete, which is similar to the approach followed in the literature [23,33,34].

8.5 = 0.01T,ay + 2.025,R% = 0.02

(9)
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Fig. 8. The effects of ultimate bond strength on maximum slip
3.5 Bond Stress Slip Mechanism

As shown in Figure 10, The bond stress slip curve can be generally divided into five phases; linear,
nonlinear, splitting stage, nonlinearly deterioration of bond capacity, and the constant frictional bond
component. This is generally similar to the stages described in the literature [35]. The first stage
usually is resulted from the chemical components between the steel bar and the sounding concrete,
which diminishes when the bar starts to slip. On the other hand, the formation of the nonlinear stage
is due to the intensive internal cracks formed around the steel bar, and this phase fails when the
maximum bond is achieved. This high bond resistance is generated due to the interlocking between
the concrete and the reinforcement. The remaining phases following the concrete splitting are
minimal and produce lesser bond resistance due to the frictional force between the top surface of
the reinforcing bar and the surrounding concrete.

3.6 Bond Model Based on the Experimental Results

Based on CEB—FIB [23] and the equations shown in previous sections on the bond response of
HCFA, a model for the bond response of HCFA geopolymer concrete was proposed, as illustrated in
Figure 9. The ascending, ultimate, softening, and residual parts of the bond-slip were described by
Eg. (10) to Eq. (14). The bond stress-slip developments were based on the regression performed in
the earlier described sections. For instance, the horizontal axis represents the slip of the
reinforcement that includes 6rl1 and 6r2. In a similar way to CEB—FIB [23] and the conclusions drawn
earlier for both &r1 and 6r2 were proposed as 0.75mm and 2mm, respectively. This is primarily
because the slip of reinforcement is governed by ribs and is not affected by maximum bond strength.
The vertical bond stress corresponding to these slips is known as maximum bond stress (tmax), and
frictional bond stress (tfr) and their regressed equations were established earlier. In addition, the
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ascending branch (slip < ér1) was developed by amending the equation of CEB—FIB [23] until it gave
the best fit for the experimental results. Thus, for the ascending branch of the model (slip < 6r1), Eqg.
(10) should be used. Similarly, the descending branch of the model ( 6rl<slip < &r2) is also calculated
based on Eqg. (11) which is similar to that of OPC concrete provided by CEB—FIB [23] due to its ability
to predict the descending branch of the experimental results.

T

T:Z]%I.\=O.81 \"{l k(“/dl\:'

'L'=Tm;a.\'(5/51)1 &

Tl‘r:()- 1 Tmax+ 0.64f— — —‘ —————————
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Fig. 9. Bond stress-slip model based on the experimental results only

T = Thpax (5—:1)% For 6, < 6,4 (10)
T=Tmax — (Tmax — Tfr) (;:Z__Zr:l) for 8. > 8., and §, < 8, (11)
T = Tf foré, > 6, (12)
where

Tmax = 0.81 /T, (g—b) (13)
T = 0.1t + 0.64 (14)

and the proposed 61 and 62 values were 0.75 mm and 2 mm, respectively.

The bond-slip response predicted by the proposed model was compared graphically with the
experimental bond response in Figure 10. The proposed bond response agrees well with the
experimental bond response, and the slight difference was attributed to the difficulty in identifying
the exact values of 611 and &r,. Furthermore, one reason for the accurate prediction of the model was
because the model is calibrated and validated using the same database, and this limitation was
avoided by developing a more generic model in the following section. Finally, the model accurately
predicted the maximum bond strength for pullout specimens with high compressive strength,
particularly manufactured from M5 and M8. Meanwhile, it showed less accuracy in predicting the
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bond strength of pullout specimens manufactured from M9, which has a lower compressive strength.
This indicates that reducing the compressive strength below a specific limit could result in marginal
effects on bond strength.
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Fig. 10. Graphical comparisons of the experimental results with the predicted bond stress-slip

4. Conclusion

Increasing awareness among people has shifted the research direction towards finding a
sustainable construction material that prevents the environment for future generations and reduces
the carbon footprints of OPC concrete. Thus, the current study aims to show the steps in developing
the bond-slip model for high calcium fly ash geopolymer concrete that is necessary for estimating the
interaction between reinforcement and surrounding concrete. The initial step was to examine the
possibility of using the existing mathematical models in the literature to estimate the maximum bond
capacity. Then, the bond stress-slip results were collected from the literature and regressed to
develop the bond models, which could predict the bond response of HCFA geopolymer concrete. This
model could serve as a benchmark to develop a more detailed model for flexural members.
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