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Abstract: In this study, thirteen axial compression tests were conducted on stirrup-confined
fiber-reinforced lightweight aggregate concrete (SFLWAC) columns. The effects of stirrup
spacing, fiber type, and fiber volume content on the confinement effect of concrete were
analyzed. The failure process and failure modes were investigated. The stress-strain curve
of columns and the characteristic points of the curve were examined, and prediction models
for peak stress and strain were proposed. The results indicate that increasing the volumetric
stirrup ratio effectively enhances the lateral confinement force and increases the area of
confined concrete. For specimens with a low volumetric stirrup ratio, the stirrups do not
fully utilize their strength when the confined concrete reaches peak strength. The addition
of fibers effectively improves the brittleness of lightweight aggregate concrete, with steel
fibers providing a more pronounced improvement than carbon fibers. The proposed
prediction models can accurately predict the axial compression behavior of SFLWAC.

Keywords: stirrup-confined; fiber-reinforced; lightweight aggregate concrete; axial
compression tests

1. Introduction

With the rapid development of modern building structures towards the directions
of high-rise, long-span, and composite designs, lightweight aggregate concrete (LWAC)
has gained widespread application in engineering due to its lightweight, high strength,
and excellent thermal insulation properties [1,2]. However, the substantial internal
porosity and pronounced brittleness of LWAC limit its use and further promotion in
engineering applications.

Incorporation of suitable fibers in LWAC is an effective way to enhance the tough-
ness and ductility of concrete. Research on fiber-reinforced lightweight aggregate
concrete (FLWAC) has shown that different fibers have varying impacts. The rein-
forcing effect of fibers on concrete is mainly influenced by factors such as the type of
fiber, the dosage of fibers, the shape of fibers, and the curing conditions of the fibers
and cement-based materials. At present, steel fibers are widely used in practical engi-
neering projects. Li et al. [3] added steel and polypropylene fibers to LWAC to study
flexural performance. Steel fibers outperformed polypropylene fibers in enhancing
both initial and residual flexural strengths, with steel fibers predominantly influencing
the pre-peak segment of the stress—strain curve. Ye et al. [4] explored the effects of
different volume fractions of steel fibers on the compressive, splitting tensile, and
flexural strengths of FLWAC. Microsteel fibers provided the best toughness under the
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same fiber content; end-hooked and corrugated steel fibers achieved approximately
67% and 50% of the toughness of microsteel fibers, respectively. Ombres et al. [5]
studied the properties of fiber-reinforced cementitious matrix at high temperatures and
found that temperature has an adverse effect on concrete. The addition of lightweight
aggregates and fibers might exacerbate this issue due to their potential for greater
porosity and varying thermal expansion rates. Hassanpour et al. [6] examined the
influence of small-volume steel fibers under different curing conditions on the me-
chanical properties of LWAC. Increasing the steel fiber volume fraction from 0% to 1%
significantly increased compressive, splitting tensile, and flexural strengths at 28 days.
Other fibers have also been investigated. Divya et al. [7] studied the mechanical
properties and durability of basalt fiber-reinforced LWAC. Although basalt fibers
and lightweight aggregates reduced the slump of the mixture, they improved the
splitting tensile strength and elastic modulus without affecting compressive strength.
Ecemis et al. [8,9] studied the flexural and shear properties of concrete reinforced with
fibers made from rubber-type waste tires. They found that the incorporation of these
fibers would lead to a decline in the performance of the concrete. However, it could
effectively improve the utilization rate of waste materials.

The adoption of stirrup confinement is a commonly utilized method to improve
the bearing capacity and ductility of LIWAC. Research on stirrup-confined lightweight
aggregate concrete (SLWAC) has also been extensive. The main research parameters
include the cross-sectional form of stirrups, the spacing of stirrups, and the reinforcement
ratio, etc. Zivkovic et al. [10] conducted research on the performance of stirrup-confined
high-strength LWAC beams and found that the stirrup spacing and the concrete cover
thickness have a significant impact on their flexural performance. Baraa et al. [11] carried
out research on the axial compression performance of steel bar-confined LWAC. The study
found that steel bar reinforcement improved the mechanical properties of LWAC, enhancing
the toughness and deformation capacity of the concrete. Wu et al. [12] completed the axial
compression performance tests of square columns made of LWAC with various forms of
stirrup confinement. They believed that the square spiral stirrups have an insignificant
effect on enhancing the bearing capacity, while the composite stirrups can provide stronger
lateral confinement, which can effectively improve the bearing capacity and ductility of
the specimens. Qian et al. [13] studied the seismic performance of square columns made
of stirrup-confined lightweight aggregate concrete. It was found that the failure mode of
lightweight aggregate concrete columns could be improved, and the seismic performance
of the concrete could be enhanced by reducing the stirrup spacing.

The incorporation of fiber reinforcement and stirrup confinement significantly en-
hances the performance of concrete. There is relatively little research currently available
on stirrup-confined fiber-reinforced lightweight aggregate concrete (SFLWAC), and the
experimental data is limited. Campione [14] reported that fiber inclusion enhanced energy
dissipation capacity and residual strength, delayed concrete cover spalling in axially com-
pressed short columns, and increased the strain at the stress peak. Haddad [15] found that
at 400 °C, the strength and rigidity of short columns decreased significantly, but the peak
stress and compressive toughness strain increased; adding steel fibers mitigated the loss of
mechanical properties after heating. Wu et al. [16] pointed out that hybrid fibers have a
good effect on improving the ductility of spiral stirrup-confined LWAC. When the volume
fractions of both PF and CF are 0.4%, the improvement effect on the specimens is optimal.
Overall, confining LWAC with both stirrups and fibers effectively enhances its performance.
However, the comparative effects of different fiber types and stirrup configurations on
LWAC remain unclear.
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In this paper, 13 SFLWAC columns, incorporating both stirrup and fiber confinement
effects, were subjected to axial compression tests. Focusing on the analysis of specimen
cracking behavior, deformation patterns, and stress—strain curves, combined with the
characteristic values of the curves, the effects of parameters such as fiber type, fiber content,
and stirrup ratio on the axial compressive properties, especially the post-peak behaviors,
were quantitatively evaluated to assess the confinement effect and plastic deformation
capacity of the concrete. Additionally, the peak stress and peak strain models suitable for
SFLWAC were established and validated, based on the stirrup confinement mechanism
and fiber confinement effect. The results provide a theoretical basis and technical support
for promoting the application of SFLWAC.

2. Experimental Program
2.1. Raw Materials

In this study, P.O. 42.5 ordinary Portland cement was used as the binder, and
low-calcium fly ash served as the supplementary cementitious material, the chemical
composition and fineness are provided in Table 1. The coarse aggregate consisted
of grade 900 shale ceramsite, while river sand was employed as the fine aggregate.
The physical properties of the aggregates are summarized in Table 2. Steel fibers (SF)
and carbon fibers (CF) were incorporated to enhance the ductility of the lightweight
aggregate concrete. The physical properties of the fibers are provided in Table 3. For
longitudinal reinforcement, HRB 400 steel bars with a diameter of 10 mm were used,
and HPB 300 steel bars with a diameter of 6 mm were employed for the stirrups.
The characteristics of the steel bars are outlined in Table 4. Additionally, a BKS-199
polycarboxylic acid superplasticizer was added to improve the workability of the
concrete mix, the dosage of superplasticizer was 0.6% by weight of the binder, and it
was shown to provide a water reduction of 20%.

Table 1. Chemical compositions and physical properties of cementitious materials.

Chemical Composition/% Loss on Ignition Fineness
Material 1% m?/kg
SiOZ A1203 F9203 CaO MgO SO3 Kzo Na20 °
Cement 20.36 5.67 3.84 62.81 2.68 2.51 0.87 0.19 1.07 329
Fly ash 53.26 33.99 4.72 2.46 0.55 1.40 1.21 1.1 2.02 420

Table 2. Properties of aggregate.

Aggregate PS/mm pi/(kgm3)  p,/(kg-md) W/% f/MPa
Shale ceramsite 5-16 870 1525 2.17 6.57
Sand 0.75-4.75 1400 2375 - -

Notes: The experiments were carried out in accordance with GB/T 14684-2022 [17] and GB/T 14685-2022 [18],
PS is the particle size; p; is the bulk density; p; is the apparent density; W is the 24 h water absorption; f is the
cylinder compressive strength.

Table 3. Properties of fiber.

Fiber I/mm d/um pl(kg-m3) Es/GPa fst/MPa
CF 8 6 1824 238 3800
SF 13 185 7800 195 3100

Notes: The experiments were carried out in accordance with GB/T 14337-2022 [19], [ is the length; d is the diameter;
p is the density; E; is the elastic modulus; f is the tensile strength.
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Table 4. Properties of rebars.
Rebar d/mm fy/MPa fu/MPa Es x 10°/MPa gy x 103
HRB400 10 mm 454 558 2.0 2.270
HPB300 6 mm 523 617 21 2.490

Notes: d is the diameter; fy is yield strength; f, is the ultimate strength; Es is the elastic modulus; ey is the
yield strain.

2.2. Specimen Design

To investigate the uniaxial compressive behavior of SFLWAC with varying fiber
types, fiber contents, and stirrup spacing, thirteen specimens, each with dimensions
of 250 mm x 250 mm X 750 mm, were designed. The specimens were prepared us-
ing LWAC with a compressive strength of 40 MPa. The concrete mix proportions
are provided in Table 5. And, the fiber volume contents of the specimens were
0.3%, 0.6%, and 0.9%, respectively. This percentage was chosen based on previous
studies [12,16,20,21] and pre-tests, ensuring a balance between enhancing the mechani-
cal properties of the fiber-reinforced concrete and maintaining the mix’s workability.
Fiber contents in this range have been shown to improve the toughness, crack resis-
tance, and mechanical strength of concrete. To ensure the fibers can be uniformly
distributed in the concrete, the test specimens were mixed using a forced mixer. Mean-
while, when mixing concrete, manually add fibers in small quantities to premix first.
The compressive strength of the concrete in each group of specimens was measured
on the day of testing. The variables for each specimen group are summarized in
Table 6, and the cross-sectional and reinforcement details of the specimens are shown
in Figure 1.

Table 5. Mixture proportion of concrete.

Cement Fly Ash Superplasticizer Shale Ceramsite Sand Water
539 73.5 3.5 537 540 214

Table 6. Test design.

Stirrup Parameters Fiber Types  Fiber Content/vol%
Specimen
s/mm Pl %
0-40 40 3.0 - -
0-80 80 1.5 - -
0-120 120 1.0 - -
CL-0.3-80 80 1.5 CF 0.3
CL-0.6-40 40 3.0 CF 0.6
CL-0.6-80 80 15 CF 0.6
CL-0.6-120 120 1.0 CF 0.6
CL-0.9-80 80 1.5 CF 0.9
SL-0.3-80 80 1.5 SF 0.3
SL-0.6-40 40 3.0 SF 0.6
SL-0.6-80 80 1.5 SF 0.6
SL-0.6-120 120 1.0 SF 0.6
SL-0.9-80 80 1.5 SF 0.9

Notes: s is the stirrup spacing, py is volumetric stirrup ratio.
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Figure 1. Dimensions and reinforcement of the specimens: (a) 40 mm; (b) 80 mm; (c) 120 mm; (d) Section.

2.3. Test Loading and Measurement

All specimens were tested after a 28-day curing time under standard conditions of
a temperature of 23 °C and humidity of 98%. The test was carried out by using a 500 ton
long-column testing machine for loading. The loading device and the installation are
shown in Figure 2. To prevent the ends of the specimens from being damaged, a steel
sleeve was installed on the upper part, and a spherical joint was arranged at the bottom
of the column to ensure that the components could withstand axial loads. Before the
test started, the end of the column was first ground smooth, and a thin layer of fine
sand was applied between the specimen and the loading platens, and the levelness
of the specimen was checked in both the horizontal and vertical directions. Then
preloading was applied at a rate of 0.1 mm/min to ensure uniform contact between the
specimen and the loading platens. Displacement-controlled loading was employed,
with a loading rate of 0.2 mm/min. To permit subsequent study of the entire failure
process of the specimen, particularly the post-peak behavior, the loading was stopped
when the load of the test specimen remained stable, or the bearing capacity dropped to
0.6 times the peak load. According to the previous research of the group, at this point,
the specimen had already experienced significant damage, and further loading would
not yield meaningful data on the specimen’s behavior. The test data were collected by
using DH3820 strain gauges and displacement meters, with a collection frequency of
10 Hz.

Steel clamp

|
350

T Strain sensor

o Displacement 310
meter 350

Spherical hinge 2
2 = T 0o o h
HH o o h

120 110 120

450
i
\

Figure 2. Test equipment.
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The measurement contents of the test include the axial load and displacement of the
specimens, the vertical and horizontal strains of the intermediate concrete, the strains of
the longitudinal reinforcement and stirrups, etc. The vertical displacement meters were
installed in the middle area of each side of the specimens to measure the axial deformation.
Meanwhile, horizontal displacement meters were placed on both sides of the middle section
of the specimens to measure the lateral displacement. Five concrete strain sensors were
arranged on one side surface of the specimens to measure the lateral and vertical strains of
the concrete columns during the test process. Three steel bar strain gauges were installed
on the two diagonal longitudinal bars of the specimens, and three steel bar strain gauges
were also set on the stirrups to record the strains of the stirrups. The specific positions of
the concrete strain gauges, and steel bar strain sensors on longitudinal bars and stirrups are
shown in Figures 1 and 2. The physical parameters of LVDTs and strain gauges are shown
in Table 7.

Table 7. LVDT and strain gauge physical parameters.

Test Accuracy Variation of the Displayed Value Basic Error Correction Factor
LVDT
0.01 mm <+3 pne(8 h) <+5 pe 0.003 pe/mm
Sensitivity factor Measurement accuracy Resistance accuracy Strain limitation
Strain Gauge
2.0 £0.01 0.1 pe 120+ 0.3 O 20,000 um/m

3. Results and Discussion

3.1. Test Phenomenon and Failure Mode

During the test loading process, the behavior of each specimen was similar. In
the initial loading stage, the load was mainly borne by the concrete, and the specimen
remained in the elastic stage, with no noticeable changes on the concrete surface. As
the load increased to 45% of the peak load, both the concrete and steel jointly bore
the load. Slight surface cracking was observed, with both the number and length of
the cracks increasing as the load continued to rise, accompanied by audible cracking
sounds. At this stage, the load-displacement curve of the specimen remained nearly
linear, with minimal lateral expansion deformation of the concrete, and the stirrups
had little restraining effect. When the load reached 65% of the peak load, the first
vertical crack appeared on the surface of the specimen, with a width of 0.02 mm and
a length of about 1.5 cm. Due to varying stirrup ratios, the first crack appeared at
different locations. For specimens with a stirrup spacing of 40 mm, the first crack
emerged at the center of the specimen, whereas for those with a stirrup spacing of
80 mm or 120 mm, the first crack appeared closer to the corners. As the load increased,
vertical cracks appeared at each corner of the specimen, and the number and length
of the cracks increased rapidly, while the concrete spalled slightly where the cracks
developed. When the load reached the peak load, the lateral expansion deformation
of the core concrete increased rapidly, and numerous vertical cracks were observed
on the specimen surface, part of which gradually developed diagonally, and the crack
widths expanded significantly. The concrete cover began to spall, and the concrete of
the specimen without fiber mixing spalled earlier. As the load dropped to 80% of the
peak load, the rate of stress reduction slowed. Vertical primary cracks were formed
in the specimens with stirrup spacing of 40 mm, and diagonal primary cracks were
formed in the specimens with stirrup spacing of 80 mm or 120 mm. The concrete in the
core area was crushed, and the column suffered severe damage. Notably, the columns
with fiber reinforcement exhibited better integrity compared to those without fiber.
At 60% of the peak load, the concrete in the center of the specimen collapsed, causing
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the column body to tilt and the longitudinal reinforcement to bend. The final failure
patterns of each specimen are shown in Figure 3.

(c) 0-120

(d) CL-0.3-80

(j) SL-0.6-40 (1) SL-0.6-120

(m) SL-0.9-80

Figure 3. Failure mode of specimens.
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3.2. Major Experimental Results

The test results of each specimen are shown in Table 8. The axial load of the specimens
is jointly borne by the concrete in the confined area, the concrete cover, and the longitudinal
rebar. The peak stress of the confined LWAC can be calculated by the following formula:

/ Prmax — Peov — Ds
= 1
fec i M
noo2
Acc = Aco — Z ;l 2)
i=1

where Ppax is axial load, Peoy is the load borne by the concrete cover, and Peoy = AcovCOcov;
Py is the load borne by the longitudinal rebar, Ps = As0s; Ace, Acov and Ag are, respectively
the cross-sectional area of the concrete in the bearing area, the cross-sectional area of the
concrete cover and the cross-sectional area of the longitudinal rebar. 0.y and o are the
stresses of the concrete and the reinforcement obtained through the wood performance test.
¢; is the clear distance between the i-th adjacent longitudinal rebars; « is the curve shape
constant, with a value of 5.5.

Table 8. Main test results.

Specimen Ppax/kN  fo/MPa  fu/MPa  f . /IMPa f.//MPa &€./1073 £0/1073  £085/1073 f i/f. s  €ccléco  €0.85/€cc
0-40 2702.11 47.71 43.89 37.31 57.97 9.26 191 21.68 1.55 4.85 2.34
0-80 2273.13 41.22 37.92 32.23 48.05 7.67 1.88 15.11 1.49 4.08 1.97

0-120 2269.6 42.61 39.20 33.32 47.97 6.36 1.87 7.76 1.44 3.40 1.22

CL-0.3-80 2519.49 44.68 41.11 34.94 53.75 7.58 191 14.63 1.54 3.97 1.93

CL-0.6-40 2685.69 41.79 38.45 32.68 57.59 10.81 1.88 26.16 1.76 5.75 2.42

CL-0.6-80 2649.69 43.58 40.09 34.08 56.76 9.70 1.89 19.49 1.67 5.13 2.01

CL-0.6-120 2589.21 44 40.48 34.41 55.36 8.91 1.88 14.44 1.61 4.74 1.62

CL-0.9-80 2579.41 42.81 39.39 33.48 55.13 10.73 1.86 23.07 1.65 5.77 2.15

SL-0.3-80 2591.88 43.32 39.85 33.88 55.42 9.26 1.89 17.41 1.64 4.90 1.88

SL-0.6-40 3020.97 46 42.32 35.97 65.34 14.38 1.89 36.68 1.82 7.61 2.55

SL-0.6-80 2866 46.05 42.37 36.01 61.76 10.34 1.95 21.91 1.71 5.30 2.12

SL-0.6-120 2681.3 44.56 41.00 34.85 57.49 8.46 191 13.88 1.65 4.43 1.64

SL-0.9-80 3042.36 49.84 45.85 38.97 65.83 10.62 1.93 23.78 1.69 5.50 2.24

Mean value 2651.60 44 .47 40.92 34.78 56.80 9.54 1.90 19.69 1.63 5.03 2.01
Standard Deviation Values 225.15 2.33 2.14 1.82 5.20 191 0.02 6.92 0.10 1.01 0.35

Notes: fy is the compressive strength of concrete cubes; f s is the compressive strength of cylinders, and
fo/feu = 0.93; f . is the compressive strength of unconfined lightweight aggregate concrete, and it is
recommended that f_/f. = 0.85; f . is the compressive strength of lightweight aggregate concrete in the
confined area; e is the axial strain corresponding to the confined concrete when it reaches the peak stress;
£co is the axial strain corresponding to the unconfined concrete when it reaches the peak stress; ¢ g5 is the
axial strain corresponding to the stress dropping to 85% of the peak stress.

fe/feo Was used to evaluate the strength improvement of the specimen, e.. /e, was
used to reflect the increase of the peak strain of the confined concrete, and the ductility of
the specimen can be expressed in terms of &y g5/ to determine the ductility to determine
the deformation ability of the specimen after the peak [16].

3.3. Stress—Strain Curve of the Specimen

The stress—strain curves of each specimen are shown in Figure 4. It can be seen that
the peak stress of each specimen increases as the stirrup spacing decreases. Except for
CL-0.6-40, the peak stress of the fiber-reinforced specimens is higher than that of the plain
concrete specimens under the same stirrup spacing, and it increases with the fiber content.
Under the same conditions, the peak stress of the specimens with steel fiber reinforced is
higher than that of the specimens with carbon fiber. Adding steel fibers can improve the
load-bearing capacity of the specimens. After reaching the peak stress, the specimens with
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fiber reinforcement experience a longer period of rapid decline in stress compared to those
without fiber reinforcement.

70 70 70
—— 040
60 ——0-80 60 60
—+—0—-120
sof 50t sof
£ 40t S 40t s 40t
= s s
230} 3301 2301
20+ 20F 20t
10 10 10
O 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
£,/107 £,/107 £,/10°
(a) (b) (c)
80 80
—— SL—0.3-80 —=—SL—0.6-40
70 - —— SL-0.6-80 70 —— SL-0.6-80
col —— SL—0.9-80 sol —— SL-0.6-120
50 + 50k
] [+
[a™ =
S 40t S 40t
30} e
20+ 20+
10 10
0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
£, /107 €,/107
(d) (e)

Figure 4. Stress—strain curves of specimens: (a) Stress—strain comparison of plain concrete specimens
with different spacings; (b) Stress—strain comparison of specimens with different carbon fiber contents;
(c) Stress—strain comparison of carbon fiber specimens with different spacing; (d) Comparison of
stress—strain specimens with different steel fiber contents; (e) Stress—strain comparison of steel fiber
specimens with different spacing.

The shape of the stress—strain curves was correlated with fiber and stirrup spacing.
For the rising section of the curve, steel fibers led to a steeper slope, indicating improved
initial stiffness compared to carbon fibers. This is particularly evident in the specimens with
higher fiber content (0.6% and 0.9%), where the load was transferred more efficiently in the
early stages of loading. For the descending section of the stress—strain curve, specimens
with smaller stirrup spacing (40 mm) exhibited a less steep descent, indicating better post-
peak stability. This was particularly true for the specimens with steel fiber reinforcement,
where the descending section was significantly more gradual, implying better energy
dissipation and delayed failure.

3.4. Analysis of Influencing Factors
3.4.1. Stirrup Spacing

The stress—strain relationship curves of the columns were normalized, as shown in
Figures 5 and 6. It can be observed that, for specimens with the same type and content
of fiber, reducing the stirrup spacing has minimal effect on the ascending section of the
stress—strain curve, but significantly influences the peak point and the descending section.
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A smaller stirrup spacing improves the ductility of the specimens. As the stirrup spacing
decreases, both the peak stress increases and the slope of the descending section decreases.
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Figure 5. Effect of stirrup spacing and fiber content on stress and strain: (a) Effect of stirrup spacing
on peak stress; (b) Effect of stirrup spacing on peak strain; (c) Effect of fiber content on peak stress;
(d) Effect of fiber content on peak strain.
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Figure 6. Effect of stirrup spacing and fiber content on ductility: (a) Effect of stirrup spacing on
ductility; (b) Effect of fiber content on ductility.

For specimens with the same fiber volume fraction, the trends for both carbon

fiber and steel fiber specimens are similar: the peak stress and normalized peak stress

increase as the stirrup spacing decreases. The increase in peak stress for the non-
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fiber specimens ranges from 3.5% to 7.6%, while for the fiber specimens, it ranges
from 3.1% to 10.3%. As the stirrup spacing decreases, both the peak strain ¢.. and the
normalized peak strain e../ ¢, increase. For fiber specimens, the increase in €./ ¢eco
ranges from 8.2% to 71.8%. Reducing the stirrup spacing can enhance the confinement
force in the core area and the peak strain. For specimens with steel fibers, the effect of
the stirrup spacing on the ductility is more pronounced; smaller stirrup spacing leads
to better ductility. Reducing the stirrup spacing is an effective method to improve the
ductility of fiber-lightweight aggregate concrete.

3.4.2. Fiber Type and Fiber Content

The effect of fiber type and content on the peak stress and peak strain of the specimens
was clearly significant. The addition of fibers enhances the strength of lightweight aggregate
concrete and reduces its brittleness, although it has a limited effect on increasing the elastic
modulus. Among the fiber-reinforced specimens, the peak stress of the specimens is higher
than that of the specimens without fibers, and it increases as the fiber content rises. For SF
specimens, the increase in normalized peak stress (f . /f.,) ranged from 3.1% to 10.3%; for CF
specimens, the increase in f .+ /f s ranged from 3.5% to 7.6%. Under the same fiber content
and stirrup spacing, the f./f., of the SF specimens is higher than that of the CF specimens.
The normalized peak strain (ecc/€c0) of all specimens increased with increasing fiber content.
For steel fiber specimens, the increase of ../ ¢c, ranges from 8.2% to 71.8%; for carbon fiber
specimens, the increase of e../¢c, ranges from 8.2% to 53.3%. The test results showed that the
steel fibers provide a greater enhancement in both f ../ /f s and e/ &, compared to carbon
fibers, and the improvements were more obvious with the increase of the fiber content. The
influence of fiber content on ductility, as shown in the graph, indicates that the ductility index
of the fiber-reinforced specimens is higher than that of the plain concrete specimens. Under the
same stirrup spacing and fiber content, specimens with steel fibers exhibit a higher ductility
index than those with carbon fibers. Therefore, the addition of steel fibers is more effective in
improving the ductility of the specimens.

Steel and carbon fibers play different roles in concrete due to their various physical
and mechanical properties [22]. Steel fiber has a high modulus of elasticity and strong
cohesion with concrete [4]. Steel fibers withstand tensile force through the bond with
the cement paste, the damaged surface of the steel fiber, by pulling out to increase the
energy absorption, blocking the crack development path, so that the flexural and tensile
strength and toughness of the concrete are significantly improved, and can inhibit the
development of macroscopic cracks. Carbon fibers in the form of monofilaments or
extremely thin fiber bundles dispersed in the cement paste, the destruction of carbon
fibers at the surface through the fracture to achieve energy absorption, and then provide
a toughening effect, but its impact on the ductility is relatively weak. With appropriate
fiber content, increasing fiber content can enhance the interaction between fibers and
provide a better reinforcement effect, hence further improving the ductility of concrete.

In comparison to the results of existing research, the steel fibers mainly affect the
pre-peak segment of the stress—strain curve and can improve the initial stiffness of the
specimen [3]. Other fibers such as hybrid carbon and polypropylene fibers have the same
effect when applied to circular columns, especially enhancing the post-peak performance
of the specimens [16]. Without fiber incorporation, the square spiral stirrups, compared
to the grid stirrups, could provide stronger lateral restraint and effectively increase the
bearing capacity and ductility of the specimens [12].
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(a)

4. Peek Stress and Strain Prediction Model
4.1. Stirrup Restraint Mechanism

As shown in Figure 7a, the lateral restraining force provided by the stirrups in the
square column is unevenly distributed both vertically and across the cross-section of the
stirrups. The magnitude of the restraining force depends on the form of stirrup arrangement
and the spacing of longitudinal bars. Figure 7b illustrates the effective confinement area of
the concrete, where the shaded region represents this zone. It is assumed that the ineffective
confinement area, caused by the “arch effect”, forms a quadratic parabola with an initial
tangent slope of 6, as shown in Figure 8. In the horizontal direction, the “arch effect”
occurs between the longitudinal bars, while in the vertical direction, it occurs between the
horizontal stirrups. The effective confinement area of the concrete can be determined by
subtracting the ineffective confinement area from the area of the concrete in the core zone:

N

G 3)

o

M-

Il
MR

Ae = Aco -

where c2/a is the area enclosed by the parabola; c; is the net distance between the i adjacent
longitudinal bars; « is the shape constant of the curve.

Confined concrete
_ The plane where the
stirrup is located Effective
confinement area

Confined concrete

Non-effective

confinement area TP= 14
— The plane where the Cover ‘ ol s
stirrup is located z | = 2|4z
br:s’l;kGQ
L b
fe —

(b)

Figure 7. Lateral confining area of tic-tac-toe compound stirrup: (a) Stirrup constraint area; (b) Stirrup
plane constraint area.

A y
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Z < 2 L
le |
I~ el |
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Figure 8. Non-lateral confining area estimation.

Sheikh [23] defined the ratio of the area of the effectively constrained area to the
concrete area of the core area as A:

A=1- = (4)
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Then, the effective constraint area A, between the adjacent two transverse stirrups is
calculated as follows:

Ae = A(B—0.5s"tan0) (H — 0.5 tan 0) (5)

Ahmad and Shah [24] defined the effective constraint effect coefficient k. as:

k=g ©)

Substituting Equations (4) and (5) into Equation (6) yields:

_ L (Ci)z o / . /
[1 igthH (1-0.5s"tan0/B)(1 —0.5s' tan6/H)

7

1T—ps @

Sheikh [23] suggested 6 = 45° and « = 5.5, Li et al. [25] suggested 6 = 30° and « = §,

and Bahn [26] suggested that the specimen parameters of high-strength concrete should be

« =6 and 0 = 30°. The effective lateral binding force of stirrups (f}e) is calculated using the
following formula:

fie = kefr (8)

where f] is the equivalent stirrup lateral restraint. Equivalence of effective binding forces
(Figure 9), from the balance of forces, obtains:

nfsAst = flSdc )

fix)a >IE—— fia
——

_f‘;‘l-' A st ngv A st

{[J1L

> >

Figure 9. Stress of equivalent stirrup lateral confining.

For the square stirrup:
f S Agix + Asty
fi= 2T

s be + d. ) (10)

Nielsen [27] believed that the influence of the fiber reinforcement index kj; on the
characteristic parameters of the specimen is linear. Aoude et al. [28] considered the re-
straining force fi¢ provided by the fibers from a microscopic perspective, and its calculation

formula is:
fie = For X Ni (11)

where Nt is the number of fibers; Fyy is the tensile strength of the fiber.
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Paultre [29] proposed that the frictional bond strength of the fiber T, is a constant, and
Aoude [28] suggested that 73, = 0.6 x feo? /3, and that the average embedded length of the
fiber is lf/ 4, which obtains the binding force of the fiber:

fit = Nytpmde(lg/4) (12)
Since the fibers are randomly distributed in space, N¢ is determined by the formula:

Of
Nf = 4ng—= 13
i Uend% (13)

where 7 is the fiber efficiency factor; Aveston [30] suggested a value of 0.5, and Foster
suggested a value of 3/8 based on Maage’s study [31]. Substituting Equation (12) into
Equation (11) yields:

I
fie = WGTbUfEi = o Toky (14)

4.2. Modified Model
4.2.1. Constraint on the Selection of Efficiency Indicators

Currently, there are two main methods for establishing the calculation model of the
peak point: (1) The method represented by Mander [32], which used keA: (where A¢ is the
eigenvalue of the coupling and k. is the effective constraint coefficient) as the key parameter;
(2) Represented by Cusson [33], I} = f1o/f.y (Where f} is the effective lateral constraint)
was taken as the key parameter.

Comparing the two constraint efficiency indices, the first method has a wide
range of applications and simple to calculate. However, it does not fully account for
the influence of stirrup configuration, and the stirrup may not yield in actual use,
potentially overestimating the restraint effect of the stirrups. Cusson et al. used I},
to evaluate the stirrup restraint efficiency, considering the stirrup yield and the arch
effect in the concrete when it reaches peak stress, leading to more accurate results. To
incorporate the effect of fibers, the Iy; (Iif = f1t/f.,) was used as the constraint index.

4.2.2. Peak Stress and Peak Strain Calculation Model

Table 9 presents six typical calculation models for the peak point. Except that the
Aoude model takes into account the influence of the fiber restraining force when calculating
the peak stress, none of the other models consider the influence of the fiber addition on the
parameters of the peak point.

Table 9. Typical peak point calculation model.

Presented by Peak Stress f Peak Strain &,
Mander [32] flo= fl.(—1.254 4 2.254\/T + 7.94;, — 2I;;) €ce = Eco[1 +5(fl/ flo — 1)]
Cusson [33] fle = flo (1.0 +2.1127) €cc = £co + 0.21(Le) "
Legeron and Paultre [34] fle = flo + (1.0+24107) €cc = €co + (1+35IL2)
Khaloo [35] fle = flo+3.1(2.1— 10%) fi, Ecc = £co +0.22(2 — I096) 12
Lim [36] flo= flo+ 52+ (L) €cc = €co + 0.045(Ie) 1
Aoude [28] fro=fr [1 +24(Le)" + 4.1114 Ece = £co +0.21(Le) 7

Table 10 shows the calculation results of the ratios between the predicted values
from each model and the test values. It can be observed that there is considerable
deviation in the calculation results of the peak parameters for the same specimen across
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the models. Almost all models tend to underestimate the peak stress of the specimen.
However, the Aoude model overestimates the peak stress for the SF specimen, which
may be due to the fact that carbon fibers with a greater slenderness ratio, resulting
in a large-calculated value. In contrast, the average ratio for peak stress across all
models, except for the Mander model, are approximately 0.2, indicating that these
models significantly underestimate the peak strain. The Mander model appears to
provide more accurate predictions for peak strain.

Table 10. Comparison of model predicted values with experimental values.

Speci Mander Model Cusson Model Legeron Model Khaloo Model Lim Model Aoude Model
ecimen
IE umber fe Ecc fe Ecc fee Ece fe Ecc fed Eec fee Ecc
calc/test calc/test calc/test calc/test calc/test calc/test calc/test calc/test calc/test calc/test calc/test calc/test
0-40 0.77 0.77 0.76 0.21 0.68 0.32 0.72 0.21 0.79 0.21 0.78 0.21
0-80 0.75 0.85 0.75 0.25 0.69 0.31 0.71 0.25 0.77 0.25 0.77 0.25
0-120 0.75 0.94 0.76 0.29 0.71 0.34 0.72 0.29 0.76 0.29 0.77 0.29
CL-0.3-80 0.72 0.93 0.73 0.25 0.67 0.31 0.69 0.25 0.74 0.25 1.47 0.25
CL-0.6-40 0.69 0.83 0.68 0.17 0.60 0.28 0.64 0.17 0.71 0.17 2.01 0.17
CL-0.6-80 0.67 0.85 0.67 0.19 0.62 0.24 0.64 0.19 0.68 0.19 2.05 0.19
CL-0.6-120 0.67 0.85 0.68 0.21 0.63 0.24 0.65 0.21 0.68 0.21 2.09 0.21
CL-0.9-80 0.68 0.74 0.68 0.17 0.62 0.22 0.65 0.17 0.69 0.17 2.78 0.17
SL-0.3-80 0.68 0.86 0.68 0.20 0.63 0.26 0.65 0.20 0.70 0.20 0.73 0.20
SL-0.6-40 0.66 0.67 0.65 0.13 0.58 0.20 0.61 0.13 0.68 0.13 0.73 0.13
SL-0.6-80 0.64 0.86 0.65 0.19 0.60 0.23 0.62 0.19 0.66 0.19 0.73 0.19
SL-0.6-120 0.65 0.96 0.66 0.23 0.62 0.26 0.63 0.23 0.66 0.23 0.74 0.23
SL-0.9-80 0.65 0.81 0.66 0.18 0.61 0.22 0.62 0.18 0.67 0.18 0.77 0.18
Mean value 0.691 0.840 0.693 0.205 0.635 0.264 0.658 0.205 0.707 0.205 1.263 0.205
Variance 0.0018 0.0065 0.0017 0.0018 0.0016 0.0020 0.0015 0.0018 0.0019 0.0018 0.5245 0.0018

All models do not fully consider the effects of fiber reinforcement. These models
focus primarily on the confinement effects provided by the stirrups, which are inade-
quate when considering the additional confinement and bridging effect provided by
fibers. While stirrup confinement is well-accounted for in the models, the combined
confinement from fibers and stirrups in SFLWAC enhances the material’s ability to
withstand greater strains before failure, but this interaction is not adequately reflected
in most models, leading to a significant underprediction of peak strain. Furthermore,
all models were originally developed for conventional concrete and did not specifically
consider the properties of lightweight aggregate concrete. The LWAC typically exhibits
a lower elastic modulus compared to normal concrete. This affects the stress—strain
behavior, particularly at the peak strain stage, as the lower stiffness results in higher
deformations before failure. The axial compressive behavior of concrete is also re-
lated to numerous factors such as the cross-sectional form of the stirrups, the type of
fibers, and the fiber content. Therefore, the calculation models require modification
to better incorporate fiber reinforcement effects, LWAC properties, and the combined
confinement mechanisms.

In the early stages of the experiment, relevant literature on SFLWAC was reviewed.
The literature was filtered based on specific criteria, including stirrup configuration,
specimen size, and fiber type. A total of 151 sets of experimental data meeting these
conditions were obtained, as shown in Table 11.

Combined with the experimental data of this paper, the calculation expressions for the
peak stress and peak strain of the SFLWAC were obtained through regression analysis. In
order to quantitatively analyze the contribution of the fibers to the confined LWAC, the e
of the SFLWAC and the Ae_ ¢ of the fiber reinforcement together constitute the peak strain
of the SFLWAC specimen:

€cc = €/cc + Aeqg (15)
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Table 11. Collected database.

Researchers The Amount of Specimens Peak Stress Enhel:rizl(lfet;etsls{atio InPcerael;ssetrRa;EO £0.85/€cc
Manrique [37] 21 34.82~38.64 1.04~1.24 1.08~1.58 1.62~4.92
Shah [38] 4 33.64~49.21 1.01~1.56 1.34~1.46 1.12~1.84
Martinez [39] 41 25.67~59.17 1.41~1.76 1.23~4.50 1.16~6.78
Hlaing [40] 14 35.21~65.20 1.42~1.27 1.22~3.08 1.04~1.53
Khaloo [35,41] 24 52.49~70.52 1.01~1.88 1.10~4.43 1.15~1.73
Wu [21] 12 42.76~52.18 1.09~1.47 1.23~2.36 1.31~6.34
Basset [42] 15 33.43~38.52 1.08~1.58 1.07~1.43 2.01~8.43
Wu [16] 20 31.67~55.32 1.34~2.48 1.32~8.25 1.42~3.37

The results of regression analysis are shown in Figure 10.

2.5 4
e Collected data ® Collected data
e Test data ® Test data
20F 3t
..
(=} 8 L] hd
< 15} ) Y .
(5] OJ’\)
~ < \
1le .‘f P
LOf = 0.74
s f;c/f«;o=1+2 ‘l(fl‘e/féo)ojs gcc/ €c0_1+3'44(fic/f;o)
R>=0.68
R*=0.75 .
0.5 L L L 1 1 0 L 1 L L "
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 020 0.25 0.30
fl‘C[fCO fl‘C/J((‘JO
(a) (b)

Figure 10. Regression analysis result. (a) Peak stress enhancement ratio and (b) Peak strain enhance-
ment ratio.

The prediction models for the peak stress and peak strain of SFLWAC obtained through
regression analysis are:

f 0.75

fed' = feo 1+2.1<f19,> ] (16)
0.74

e = |1+ 3.44< ]{[1,> ] (17)

To account for the contribution of fibers to the peak strain of the SFLWAC specimens,
the strain of the fiber reinforcement (Ae_ ) is determined through regression analysis of test
results of the fiber-reinforced specimens, as follows:

Fie \ 02

Aeos = 8.46eco (“,) (18)
Cco

The prediction models of the peak strain .. of the SFLWAC specimen are:

14344 ( J{jz, ) a6 < ;:15, > 021] (19)

€cc = €co

5. Conclusions

In this paper, the behavior of stirrup-confined fiber-reinforced lightweight aggregate
concrete (SFLWAC) under compressional loading was conducted, focusing on the effects of
different fiber types, fiber content, and stirrup spacing on the mechanical properties of the
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specimens. The SFLWAC peak stress and peak strain models considering the combined
stirrup and fiber-reinforced confinement effects were established.

(1) The failure pattern of the SFLWAC showed vertical and diagonal cracks on the
surface of the specimen, leading to concrete spalling and aggregate shear damage, severe
damage to columns, and buckling of longitudinal reinforcement.

(2) Under the same fiber type and content, reducing the stirrup spacing had minimal
effect on the ascending section of the stress—strain curve of SFLWAC, while could increase
the peak stress and peak strain of the specimen, decrease the slope of the descending section
of the curve, enhance the confinement force in the core area, and effectively improve the
ductility of the fiber lightweight aggregate concrete. Furthermore, the effect on ductility
was more pronounced in specimens reinforced with steel fibers.

(3) Specimens with steel fibers exhibited higher normalized peak stress compared
to those with carbon fibers, under the same fiber content and stirrup spacing. Increasing
the fiber content led to higher normalized peak strain for all specimens, improving the
strength of the lightweight aggregate concrete, and reducing its brittleness. Steel fiber was
particularly effective in improving the brittleness compared to carbon fiber.

(4) Based on the stirrup confinement mechanism and fiber reinforcement effect, a
prediction model of peak stress and peak strain for SFLWAC was established. Verified
by comparison with experimental data, this model can accurately predict the axial
compression performance of SFLWAC, providing a reliable theoretical basis for its
application in practical engineering.
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