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The use of fly ash in ordinary concrete provides practical benefits to concrete structures, such as a gain in long-term strength,
reduced hydration heat, improved resistance to chloride, and enhanced workability. However, few studies with high-volume fly ash
(HVFA) concrete have been conducted that focus on the structural applications such as a column.Thus, there is a need to promote
field applications of HVFA concrete as a sustainable construction material. To this end, this study investigated the compressive
behavior of reinforced concrete columns that contain HVFA with a 50 percent replacement rate. Six columns were fabricated for
this study.The study variableswere theHVFA replacement rate, tied steel ratio, and tie steel spacing.The computed ultimate strength
by the American Concrete Institute (ACI) code conservatively predicted the measured values, and, thus, the existing equation in
the ACI code is feasible for confined RC columns that contain HVFA. In addition, an analysis model was calibrated based on the
experimental results and is recommended for predicting the stress-strain relationship of confined reinforced concrete columns that
contain HVFA.

1. Introduction

Fly ash is an industrial byproduct of the electrical power
industry. Recently, partially recycled fly ash has been used as
supplementary cementitious material in the cement industry.
Fly ash content that is less than 25 percent of the total
cementitious content is now commonly used in concrete
mixtures due to its apparent benefits for concrete, such as a
gain in long-term strength, reduced hydration heat, improved
resistance to chloride, and enhanced workability [1–4]. On
a limited basis, an increase up to a 100 percent fly ash
replacement rate in concrete mixtures has been attempted
[5]. However, this increase in the replacement rate of cement
has led to shortcomings, such as difficulties associated with
adequate quality control and low early-age strength and
inferior material properties [6].

Most of the previous studies on this topic have concen-
trated on evaluating the material properties of high-volume
fly ash (HVFA) concrete and developing mix designs [3, 7].
For example, Huang et al. [8] investigated mix designs that
incorporate HVFA and are associated with two types of “loss

on ignition” (LOI). Huang et al. [8] confirmed the superior
mechanical properties of mixtures with low LOI fly ash and
the feasibility of incorporating HVFA in concrete mixtures
up to 80 percent. On the other hand, with similar water-
to-binder ratio in the mix design of both HVFA concrete
mix and the OPC mix, less compressive strength in HVFA
concrete mix will be expected [6]. In addition, limited
studies have been conducted that target the use of HVFA for
structural applications [9–12].

Therefore, this study focused on the compressive behavior
of confined reinforced concrete (RC) columns that contain
HVFA. Numerous confinement models are available in the
literature [13–15] to evaluate the axial capacity and to predict
the envelope of the stress-strain relationship for RC columns.
However, HVFA in concrete results in inferior structural
performance in terms of early-age strength. To develop an
accurate stress-strain model, the proper material properties
must be considered. This paper presents the results of a
seriespagebreak of tests of RC columns that contain HVFA
and proposes an analysis model to predict the behavior of RC
columns according to HVFA content.
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Table 1: Chemical proportion for OPC and FA.

Types
Items

Chemical composition [%] Physical properties
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Ig. loss Specific gravity [g/cm3] Blaine [cm2/g]

NPC 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3,214
FA 55.66 27.76 7.04 2.70 1.14 0.49 4.3 2.19 3,621

Table 2: Mix designs for OPC and HVFAC.

Binder type W/B (%) S/a (%) Unit weight (kg/m3) Superplasticizer (% by cement weight)
W C FA S G

OPC 50.0 40.2 175 350 0 710 1,054 0.05
HVFAC 35.0 44.1 120 154 189 821 1,042 1.50
Note. S/a is the sand-to-aggregate ratio; W is water; C is cement; FA is fly ash; S is sand; G is gravel.

Table 3: Testing matrix.

ID Longitudinal steel ratio (%) Tied steel ratio (%) Tied steel spacing (mm) 𝑓𝑐 (MPa) Fly ash (%)
N-100

2.25

0.475 100
30.6 0N-150 0.317 150

N-250 0.190 250
F-100 0.475 100

30 55F-150 0.317 150
F-250 0.190 250

Six columns were manufactured for this study. The study
variables are the replacement rate of the fly ash, the tied
steel ratio, and tie steel spacing. In addition, based on the
experimental results, an analysis model was developed to
predict the compressive behavior of RC columns that contain
HVFA. Comparisons of themodel results with the test results
were used to calibrate the accuracy of the proposed analysis
model for HVFA RC columns.

2. Experimental Program

2.1. Test Parameters and Specimen Fabrication. Tests were
conducted based on two replacement ratios of fly ash (0% and
50%) as the variables. The design compressive strength of the
concrete was 30MPa. The longitudinal rebar reinforcement
ratio was fixed at 2.25 percent with three different spacings
(100mm, 150mm, and 250mm) of tie rebar in the column
specimens. The rebar sizes of D13 (𝜙 = 13mm) and D10
(𝜙 = 10mm) were used for the longitudinal rebar and tie
rebar, respectively. The measured yield strength of D13 rebar
is 412MPa. And the chemical composition of fly ash in the
study was presented in Table 1. Extra process was performed
to ensure quality control of fly ash and the loss of ignition
values was controlled to 5% or less.

Table 2 shows the mix design for ordinary Portland
cement (OPC) and high-volume fly ash concrete (HVFAC).
Due to the low water-to-binder ratio (W/B), a relatively large

amount of superplasticizer was used in the HVFACmix. The
use of fly ash in OPC provides practical benefits to concrete,
such as a gain in long-term strength, reduced hydration heat,
improved resistance to chloride, and enhanced workability.
The mix proportion used in this study has been developed
based on the related research results by the authors [16]. To
determine material properties of concrete, three cylindrical
specimens (100mm × 200mm) were made and cured in
moisture condition for 28 days with 23∘C ± 3.

Table 3 shows the variables for the specimens: tie steel
ratio, spacing of the tied steel, and the replacement rate of
the fly ash. The specimen identification (ID) indicates the
fly ash and tie steel spacing; for example, N-100 means that
the specimen is fabricated with OPC with 100mm of tie steel
spacing.

Each specimen cross-section is 150mm × 150mm at the
midheight of the column and is 1,030mm in height. The
column specimens were cured in moisture for 28 days with
23∘C ± 3. Compression tests were performed at the age of
28 days after fabrication. Figure 1 presents the reinforcement
details of a specimen, the installed gauge locations, and the
test set-up used in this study.

2.2. Test Procedure. A universal testing machine (UTM) with
2,000 kN was used to apply monotonic axial compressive
loading with displacement control at a rate of 0.5mm/min
(cross-head speed). To monitor the strain of the concrete



Advances in Materials Science and Engineering 3

D
10

 @
 V

A
R

22
5

55

45

10
30

240
30

0

22
5

55

150

300

3@
50

30

45

52
0

30

2@
95

3@
50

30300

30

(a) Specimen dimensions

LVDT

20
0

 gauge
strain gauge

(b) Gauge locations (c) Test set-up

Figure 1: Specimen design and instrumentation.

Table 4: Material properties of concrete mixtures.

ID f c (MPa) 𝜀𝑐 Unit weight (kg/m3) Ec (MPa)
Measured ACI 318 Meas./Pred.

OPC 30.6 0.00285 2,304 28,918 26,522 1.09
HVFAC 30.0 0.00287 2,102 21,173 23,058 0.92

surface and the displacement of the column, strain gauges,
a pressure indicator (PI) gauge, and a linear variable dis-
placement transducer (LVDT)were installed at themidheight
of the column, as shown in Figure 1(b). Strain gauges also
were installed on the longitudinal rebar and the tie rebar.
Monotonic loading tests were terminated when an abrupt
load drop was observed for each specimen.

3. Test Results and Discussion

3.1. Material Properties. Figure 2 presents the stress-strain
relationship for the OPC and HVFAC specimens. Table 4
presents a summary of the test results, including the compres-
sive strength, elasticmodulus values, and the predicted values
in accordance with the current American Concrete Institute
(ACI) 318 specifications.The predicted elastic modulus value,𝐸𝑐 = 0.077(𝑚𝑐)1.5(𝑓𝑐)0.5, is computed based on the unit

weight of the concretemixture (𝑚𝑐) and the compressive con-
crete strength (𝑓𝑐). A similar compressive concrete strength
value was obtained for both concrete mixtures. However, a
lower elastic modulus value was obtained for the HVFAC
mixture than for the OPC mixture. This outcome was due
to the low unit weight of the HVFAC mixture that is caused
by the low unit weight of fly ash compared to the weight of
cement.These results are in good agreementwith those found
in the literature [1].

3.2. Failure Mode and Load versus Displacement Relationship.
Figure 3 presents typical failure modes of the axially loaded
column specimens. No significant concrete spalling occurred
during the axial load tests. Shear failure in specimens N-250
and F-150 occurred at failure. Similar failure patterns were
observed for each specimen regardless of whether HVFAwas
present.



4 Advances in Materials Science and Engineering

OPC concrete
HVFA concrete

0

5

10

15

20

25

30

35

St
re

ss
 (M

Pa
)

0.001 0.002 0.003 0.0040
Strain

Figure 2: Stress-strain relationship in compression.
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Figure 3: Failure modes of specimens.

Figure 4 shows the load versus displacement relation.
The load-carrying capacity of the columns rapidly decreased
after reaching the peak load. This behavior is consistent
with that observed in similar RC columns with OPC. The
ultimate load for the specimens, regardless of whether they
contained HVFA, tended to decrease with an increase in
the spacing of the transverse steel due to confining pres-
sure.

Table 5 shows the measured axial loads at the yield of the
longitudinal reinforcement and at the ultimate points. The
ratio of the yield load to the ultimate load for the specimens
with OPC is in the range of 0.73 to 0.79, and the ratio of
the yield load to the ultimate load for the specimens with
HVFA is in the range of 0.75 to 0.84. The ultimate load

for both series of tests tended to increase with an increase
in the tie reinforcement ratio. The ultimate design axial
strength of a column (𝜙Pn) was computed using the equation
found in ACI 318-16: 𝑃𝑛 = 0.8 ∗ (0.85𝑓𝑐(𝐴𝑔 − 𝐴 𝑠) +𝑓𝑦 ⋅ 𝐴 𝑠). The measured longitudinal reinforcement strain
levels reached the yield strain at the ultimate point, so the
measured yield strength of the longitudinal reinforcement
was used for the calculation. The predicted ultimate design
strength of the RC columns with HVFA led to failure at
loads ranging from 54 percent to 57 percent of the measured
peak strength.The computed values conservatively predicted
the measured values, and, thus, the existing equation in the
ACI code is feasible for confined RC columns that contain
HVFA.
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Figure 4: Load versus displacement relationship.

Table 5: Measured axial strength values at yield and ultimate points.

ID 𝑃𝑦 (kN) 𝑃max (kN) 𝑃𝑦/𝑃max 𝜙𝑃𝑛 (kN) 𝜙𝑃𝑛/𝑃max

N-100 626.8 854.0 0.73 406 0.48
N-150 548.8 732.8 0.75 406 0.55
N-250 559.0 705.8 0.79 406 0.58
F-100 625.5 747.2 0.84 400 0.54
F-150 673.5 727.1 0.93 400 0.55
F-250 531.6 707.7 0.75 400 0.57

3.3. Concrete Strain of Specimens. Figure 5 shows the mea-
sured concrete strain values in the axial and lateral directions.
In the early stages, the response was a relatively linear
relationship between the axial strain and the lateral strain of
the concrete; subsequently, nonlinear responses in the lateral
strain beyond 𝜀𝑙 = 0.0005 were experienced. The axial strain
at peak stress was assumed to be axial strain of 0.002 [17];
however, this lateral strain value varied depending on the tie
reinforcement ratio.

3.4. Effects of Tie Reinforcement Ratio. Figure 6 shows the
relation between the load and strain for the longitudinal steel,
including the load when the longitudinal steel yielded. For all
the tested columns, the longitudinal steel yielded. However,
the strain of the transverse rebar for all the specimens did not
reach yield strain, so a confinement effect for the columns
hardly was observed in the study. Similar patterns were
observed irrespective of the presence of HVFA.

4. Analytical Stress-Strain Models for
Confined RC Columns

ThemodifiedKent and Parkmodel [18], whichwas developed
based on the second-order parabola model, allows simplicity

and accuracy and thus is widely adopted in the literature. In
the modified Kent and Park model, the monotonic concrete
stress-strain relationship in compression is described as
presented in

𝑓𝑐 = 𝐾𝑓𝑐𝑐 [2( 𝜀𝑐𝜀𝑐𝑐) − (
𝜀𝑐𝜀𝑐𝑐)
2] 𝜀𝑐 ≤ 𝜀𝑐𝑐

𝑓𝑐 = 𝐾𝑓𝑐𝑐 [1 − 𝑍 (𝜀𝑐 − 𝜀𝑐𝑐)] ≥ 0.2𝐾𝑓𝑐 𝜀𝑐 ≥ 𝜀𝑐𝑐,
(1)

where the concrete strain at the peak compressive stress is𝜀𝑐𝑐 = 0.002𝐾; 𝐾 = 1 + 𝜌𝑠𝑓𝑦ℎ/𝑓𝑐𝑐 is a factor that accounts
for the increase in strength that is due to confinement; the
strain softening slope is 𝑍 = 0.5/(((3 + 0.29𝑓𝑐𝑐)/(145𝑓𝑐𝑐 −
1000)) + 0.75𝜌𝑠√ℎ/𝑆ℎ − 0.002𝐾); 𝑓𝑐𝑐 is the ultimate concrete
compressive strength (MPa); 𝑓𝑦ℎ is the yield strength of the
transverse steel (MPa); 𝜌𝑠 is the ratio of the volume of the
transverse steel to the volume of the concrete core measured
to the outside of the stirrups; ℎ is the width of the concrete
core measured to the outside of the stirrups; and 𝑠ℎ is the
center-to-center spacing of the stirrups.
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Figure 5: Axial versus lateral concrete strain of specimens.

Hoshikuma et al. [19] adopted an exponential function to
simplify the expression for the ascending part, shown here as

𝑓𝑐 = 𝐸𝑐𝜀𝑐 {1 − 1𝑛 (
𝜀𝑐𝜀𝑐𝑐)
𝑛−1} , (2)

where 𝜀cc is the strain at peak stress, 𝐸𝑐 is the initial stiffness
(MPa), and 𝑛 is a coefficient.

Also, the descending part of the stress curve can be
modeled from the test results by a straight line, as expressed
in

𝑓𝑐 = 𝑓𝑐𝑐 − 𝐸des (𝜀𝑐 − 𝜀𝑐𝑐) , (3)

where 𝐸des is the gradient at the descending part (MPa)
(𝐸des = (11.2 ⋅ 𝑓𝑐𝑜2)/(𝜌𝑠 ⋅ 𝑓𝑦ℎ)).

Figure 7 presents comparisons of the experimental results
and the analytical model results. The experimental results
for the specimens with OPC are consistent with the results
obtained from the analytical modified model proposed by
Kent and Park [18] and the Hoshikuma et al. model [19]
irrespective of the confinement spacing. On the other hand,
the experimental results of the specimens with HVFAC were
slightly overestimated by the analytical modified model of
Kent and Park but matched relatively well with the proposed
equation by Hoshikuma.Therefore, the Hoshikuma equation
was employed in this study to develop a modified analytical
model for confined RC columns with HVFAC.

The adopted Hoshikuma equation was calibrated by
adjusting the initial stiffness value (𝐸𝑐) of the HVFAC and
the peak concrete strain that is due to the low unit weight
of HVFA. Equations (4) and (5) are proposed for the initial

stiffness value (𝐸𝑐) of RC columns with HVFA and the strain
at peak stress (𝜀cc), respectively.

𝐸𝑐 = 0.077𝑚1.5𝑐 ⋅ 3√𝑓𝑐 (4)

𝜀𝑐𝑐 = 0.002 (2,300𝑚𝑐 )
1.5 + 0.033𝛽𝜌𝑠ℎ𝑓𝑦ℎ𝑓𝑐 , (5)

where 𝛽 is a modification factor that depends on the section
shape; for a square section, 0.4 is used by Hoshikuma et al.
[19].

Figure 8 presents comparisons between the measured
stress-strain values of the specimens using the proposed
equations with modification of the elastic modulus values for
theHVFACmixture.The ascending part and descending part
of the proposed stress-strain curves show good agreement
with the measured envelopes.

Figure 9 shows that available experimental results in the
literature [20] were compared with the proposed equation
and confirmed that the stiffness of the specimen containing
fly is less than that of the specimen without fly ash. The pro-
posed equation properly predicts the stress-strain envelope
for the column specimens containing fly ash.

The proposed equation was driven by limited experimen-
tal tests, and the results of the previous studies on HVFA
concrete were insufficient for verification. Further study on
the compressive behavior of HVFA concrete is needed. If a
lot of experimental data are accumulated, it will be necessary
to do further studies on the basis of the formula proposed.

5. Conclusions

Six specimens were tested in this study to develop an
analytical stress-strain model for confined RC columns that
contain HVFA. Based on the limited experimental results,
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Figure 6: Load versus strain relationship of longitudinal steel for the specimens.
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Figure 7: Comparisons of the experimental results and analytical model results.
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Figure 8: Comparisons between the experimental results and the proposed equation.

a stress-strain envelope for RC columns with HVFA was
derived analytically and then calibrated using the experi-
mental results. The following conclusions can be drawn with
regard to the compressive behavior of the OPC and HVFAC
mixes.

The elastic modulus values of the HVFAC mix were
lower than those of the OPC mix. This outcome was due
to the different water-to-binder ratio and low unit weight
of the HVFAC mixture that is caused by the low specific
gravity of its inherent fly ash compared to the weight
of cement. Meanwhile, the compressive behavior of the
HVFAC and OPC columns was similar with regard to

crack morphology and crack progression. The maximum
load-carrying capacity of the columns with HVFA tended
to decrease up to 14 percent compared to the columns
with OPC. The RC column elements made with HVFA
behaved similarly, as expected, based on the equation used
to predict OPC column behavior. Existing design standards
will conservatively predict the ultimate capacity of HVFAC
columns.

The initial stiffness of a column affects the elasticmodulus
of HVFAC; therefore, the proposedmodified elastic modulus
equation allows for adjustment of the initial stiffness value
of concrete columns that contain HVFA. The modified
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Figure 9: Comparisons between the available experimental result in the literature and the proposed equation.

stress-strain model can predict both the ascending and
descending branches of the curve for confined RC columns
with HVFA.
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