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Abstract: With the increased interest in the inherent fire resistance of organic insulators, various
precast concrete insulation panels have been developed. However, precast concrete insulation panels
still have structural and fire resistance problems resulting from a low composite action and unclosed
cross-sectional details. To improve composite action and fire resistance, this study proposes the closed
cross-sectional details of insulator panels with lightweight aggregate concrete, insulation material,
and wire mesh. The objective of this study is to examine the flexural–shear performance of precast
lightweight concrete panels with closed cross-sectional details developed for exterior cladding with
high insulation capacity. Six full-sized insulation panels were tested under two-point top loadings.
The main investigated test parameters to vary the moment–shear ratio of the insulation panels were
the amount of the shear reinforcement and shear span–effective depth ratio. Test results indicate that
the insulation panels with moment–shear ratios of 2.60 or higher were governed by shear, indicating
that the longitudinal bars remained in an elastic state until the peak load of the insulation panels
was reached. Thus, an increase in the moment–shear ratio of the insulation panels led to more brittle
failure characteristics. Meanwhile, the insulation panels governed by flexure exhibited plastic flow
performance in the applied load–deflection curve and well-distributed cracks. In particular, the
maximal flexural moments of insulation panels with moment–shear ratios of 0.75 or less were higher
than those calculated from the equations specified in ACI 318-19, indicating that the composite action
was fully exerted. Overall, the developed insulation panels with cross-sectional details must be
designed to a have moment–shear ratio of 0.75 or less to fulfil the ductile response under extreme
lateral loads and exert full composite action.

Keywords: wire mesh; honeycomb cardboard; insulation panel; moment capacity; shear capacity

1. Introduction

Conventional inorganic panels are commonly produced with normal-weight concrete
(NWC), which generally consists of ordinary Portland cement (OPC) and natural aggre-
gates [1]. The use of NWC in panels improves durability and crack resistance, but reduces
the efficiency of thermal conductivity [2,3]. Hence, the heat-transmission coefficient of con-
ventional inorganic panels is large, ranging between 0.1 and 0.4 W/m2·K, when compared
with those of organic panels such as sandwich panels, polystyrene, and polyurethane [4].
This implies that, to maintain a small heat-transmission coefficient, a thicker depth is
required for conventional inorganic panels than that for organic panels [5]. The thick panel
depth is the cause of high production costs and installation difficulties at construction
sites due to the heavy self-weight [6]. To reduce the panel depth while maintaining a low
heat-transmission coefficient, various experimental studies [7–10] on insulating concrete or
insulators embedded at the center were conducted.
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With the global interest in the inherent fire resistance of organic insulators, precast
concrete insulation panels overlain with two concrete wythes and an insulator were stud-
ied [7–10]. Many researchers [7–10] emphasized that precast concrete insulation panels
should be designed to resist flexural loading due to wind, although they are nonstructural
members. Thus, most studies have focused on flexural tests. Pessiki and Mlynarczyk [7]
emphasized that two concrete wythes and an insulator act independently, resulting in
low cracking resistance and a flexural moment. To act together in two concrete wythes
and an insulator, various shear connectors were studied at interfaces between them [8–10].
Tomlinson and Fam [8] reported that the flexural behavior of precast concrete insulation
panels was governed by the degree of composite action, and the shear connectors installed
at interfaces between concrete wythes and an insulator effectively contributed to the com-
posite action. O’Hegarty et al. [9] reported that the composite action developed at the
interfaces between concrete wythes and an insulator should be cautiously considered in the
flexural design of precast concrete insulation panels. However, previous studies focused
on the structural tests of panels simply overlain with two concrete wythes and an insulator.
As reviewed by O’Hegarty et al. [9], a further refinement of the details is still needed to
retain high composite action and a low heat-transmission coefficient.

Recently, to improve the low cracking and shear resistances of insulation panels
produced with lightweight aggregate concrete, Acharya et al. [10] suggested a perfectly
closed cross-section surrounding the insulator with concrete and reinforcing bars [10],
which was effective in improving the composite action. Yang and Mun [3] reported that a
wire-mesh arrangement satisfying the minimal longitudinal tensile reinforcement specified
in ACI 318-19 [11] was effective in enhancing the cracking moment of panels, indicating
that the composite action was sufficiently exhibited. However, studies are still insufficient
on the safety of the flexural and shear behaviors of insulation panels having a closed
cross-section surrounding the insulator with concrete and reinforcing bars. In particular,
few (if any) studies have been performed on the flexural ductility of insulation panels with
a closed cross-section surrounding the insulator with concrete and reinforcing bars.

This study examines the flexural–shear behavior of panels having a closed cross-
section surrounding the insulator with insulating concrete and wire meshes. A honeycomb
cardboard was used as an insulator. Six full-sized insulation panels were prepared with
different moment–shear ratios (η = Mn/Vnds), where Mn represents the nominal moment
capacity, Vn represents the shear capacity, and ds represents the effective depth. To deter-
mine η, the values of Vn and Mn were calculated according to specified predictions in ACI
318-19 [11]. To vary η, the arrangement type of the honeycomb cardboard, the amount of
shear reinforcement (Av), and the shear span–effective depth ratio (a/ds) were varied. The
flexural behavior of insulation panels governed by flexure was analyzed according to the
load–deflection relationship, cracking and maximal moments, and flexural displacement
ductility ratio. The shear behavior of insulation panels governed by flexural–shear or
shear was analyzed according to the load–deflection relationship, diagonal cracking load,
and maximal shear load. Using the test results, the minimal value of η for the flexural
design of insulation panels was determined. Additionally, the safety of the ACI 318-19 [11]
specification in predicting cracking moment capacity in the elastic state and nominal mo-
ment capacity in the ultimate state was verified through comparisons with the measured
cracking and maximal moments. All the insulation panels were evaluated with the grade
classification for load capacity specified in KS F 4736 [12]. Ultimately, on the basis of the
comparison between the test results and predicted values obtained by ACI 318-19 and KS F
4736 specifications, we verified the stable flexural behavior of insulation panels having a
closed cross-section surrounding the insulator with insulating concrete and wire meshes.
In particular, the maximal required values of moment–shear ratio are proposed to satisfy
fully composite action and fulfill the ductile response under extreme lateral loads.
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2. Research Significance

The findings obtained from the analysis of the effect of η on the flexural or shear
behavior of insulation panels are valuable data for the flexural design of insulation panels
with a closed section enclosing the insulator with insulating concrete and wire meshes.
Insulation panels with higher η values tend to be more brittle in the postpeak behavior.
This paper proposes the optimal value of η for panels governed by flexure according to
the test results for the load–deflection relationship, crack and maximal moments, strains in
longitudinal reinforcement, and displacement ductility ratio. In addition, the safety of the
ACI 318-19 [11] and KS F 4736 [12] specifications was verified.

3. Experimental Details
3.1. Material Properties

OPC, ground-granulated blast-furnace slag (GGBS), and fly ash (FA) were used as
the cementitious materials in the insulating concrete. The specific gravity and specific
surface area were 3.15 cm2/g and 3260 cm2/g, respectively, for the OPC; 2.94 g/cm3 and
4355 cm2/g, respectively, for the GGBS; and 2.2 g/cm3 and 4170 cm2/g, respectively, for the
FA. To reduce the thermal conductivity of the concrete, insulating concrete was produced
with bottom ash granules and Styrofoam pellets (Figure 1). The bottom ash granules were
used as the fine and coarse aggregates. To satisfy the particle-size distribution specified in
ASTM C 330 [13], the bottom ash granules with sizes of <2 and 2–4 mm were combined
with a ratio of 7:3 by weight. The surface density and fineness of the combined fine
aggregates were 1790 kg/m3 and 2.74, respectively. For the bottom ash granules used
as coarse aggregates, the maximal size was 13 mm, and the surface density and fineness
were 1180 kg/m3 and 6.55, respectively (Table 1). Styrofoam pellets with sizes between
2 and 5 mm were used, and their surface density was 33 kg/m3. As an insulator, paper
honeycomb cardboard with laminate attached to the top and bottom was used. The density,
specific heat, and thermal conductivity of the paper honeycomb cardboard were 180 kg/m3,
1.22 J/g·K, and 0.1 W/m·K, respectively. The corresponding values of the laminate sheets
were 900 kg/m3, 1.44 J/g·K, and 0.3 W/m·K, respectively.
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Table 1. Physical properties of bottom ash aggregates and Styrofoam pellets.

Type
Maximal

Size
(mm)

Surface
Density
(kg/m3)

Dried
Density
(kg/m3)

Water
Absorption (%)

Fineness
Modulus

Bottom ash
aggregates

Coarse
aggregate 13 1180 900 15.3 6.55

Fine aggregate 4 1790 1520 19.1 2.74

Styrofoam pellets 5 33 31 3.1 3.82

As indicated by Table 2, the designed compressive strength ( fcd) of the insulating
concrete was 12 MPa. The mixture proportion of insulating concrete was determined
according to the test results obtained by Kim et al. [5]. Kim et al. [5] reported that lightweight
aggregates and Styrofoam pellets were effective in reducing the low thermal conductivity
of concrete and recommended that the optimal Styrofoam pellet volume ratio was 7.5%
considering the insulating concrete compressive strength ( f ′c) of more than 10 MPa. On
the basis of the test results obtained by Kim et al. [5], the water-to-binder ratio and unit
binder content were selected to be 30% and 450 kg/m3, respectively. In each mixture,
the replacement ratios of the binders were 30% for OPC, 50% for GGBS, and 20% for FA.
The compressive strength ( f ′c) of the insulating concrete was measured using cylindrical
samples with dimensions of 100 mm (diameter) and 200 mm (height), cured simultaneously
with the insulation-panel specimens. The average f ′c was 12.3 MPa, and the average unit
weight of concrete (wc) was 1408 kg/m3. As shown in Figure 2, the 6.4 mm diameter wire
mesh with a mesh size of 100 × 100 mm2 used as longitudinal tensile and compressive
reinforcements did not exhibit a clear yield point or plateau. Thus, the yield strength of the
wire mesh was determined using the 0.2% offset method. The 6 mm diameter reinforcement
used as shear reinforcement exhibited a clear yielding point. The yield strength, tensile
strength, and elastic modulus of the wire mesh were 398, 530, and 190,776 MPa, respectively,
and those of the shear reinforcement were 400, 517, and 198,000 MPa, respectively.
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Table 2. Mixture proportions of lightweight concrete with insulation.

Designed
Values

W/B(%) S/a(%)

Styrofoam
Pellet

Volume
Ratio (%)

Unit Weight (kg/m3)
Measured

Average Values

fcd
(MPa)

ρc
(kg/m3) W OPC

GGBS
FA

Bottom Ash
Coarse

Aggregate

Bottom Ash Fine
Aggregate Styrofoam

Pellets
f’
c

(MPa)
wc

(kg/m3)

13 mm 2 mm
under 2–4 mm

12 1400 30 42 7.5 135 135 225 90 400 308 132 2.5 12.3 1408

fcd = designed compressive strength, ρc = designed unit weight of concrete, W/B = water-to-binder ratio by weight, S/a = fine aggregate-to-total-aggregate ratio by volume, W = water,
OPC = ordinary Portland cement, GGBS = ground-granulated blast-furnace slag, FA = fly ash, f ′c = measured compressive strength of concrete, wc = measured average unit weight
of concrete.
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3.2. Specimen Details

As shown in Table 3 and Figure 3, six full-sized insulation-panel specimens were
prepared to examine the effect of the moment–shear ratio (η = Mn/Vnds) on the flexural
behavior of the insulating concrete panel. To determine η, as the main parameters, the
values of Vn and Mn were calculated according to predictions specified in ACI 318-19 [11].
To vary η, the amount of shear reinforcement (Av) and the shear span–effective depth ratio
(a/ds) were varied. The insulation-panel specimens were divided into two target behaviors:
flexure and shear. The η values were less than 1.0 for the target behavior of flexure, and
more than 1.0 for the target behavior of shear. The main parameter of specimens with
η < 1.0 was the arrangement type of the honeycomb cardboard, which was divided into
two types: integral and divided units. For the former type, the honeycomb cardboard
was arranged in the tension zone along the panel length, whereas for the latter type, three
T-shaped honeycomb cardboards were arranged in the tension and compression zones
(Figure 3a,b). To fix the divided units during concrete casting, the wire meshes were placed
between the T-shaped honeycomb cardboards arranged in the tension and compression
zones (Figure 4).
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Table 3. Details of the insulation-panel specimens.

Specimens Target
Behavior

Main Parameters Longitudinal Tensile
Reinforcement Moment–Shear Ratio

f’
c

(MPa)
wc

(kg/m3)

Type of
Wire Mesh

(mm)

Shape of
Thermal

Meta
a/ds ρv Arrangement ρs ρs(min)

Mn
(kN·m)

Vn
(kN)

η
(=Mn/Vnds)

F-0.64
Flexure

12.2 1403 100 × 100 Divided unit

2.56

0.00053 12—φ 6.4 0.0015 0.0015
69 140 0.64

F-0.75 12.4 1410 100 × 100

Integral unit

54 94 0.75

S-1.25

Shear

12.8 1420 50 × 340 0.00062

28—φ 6.4 0.0036 0.0015

244 252 1.25

S-1.71 12.2 1406 50 × 170 0.00031 243 185 1.71

S-2.60 12.6 1412 50 × 0 - 243 122 2.60

S-5.82 12.1 1406 50 × 0 1.17 - 242 119 5.82

a/ds = shear span–effective depth ratio, ρv = shear reinforcement ratio, ρs = longitudinal tensile reinforcement ratio, ρs(min) = minimal longitudinal tensile reinforcement determined in
accordance with ACI 318-19 procedure, Mn = nominal moment capacity, Vn = shear capacity, ds = effective depth ratio, η = shear–moment ratio.
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The longitudinal tensile (ρs) and shear (ρv) reinforcement ratios of the specimens
were 0.0015 and 0.00053, respectively, which were calculated from the cracking moment
(1.2 Mcr) and minimal amount of shear reinforcement (Av(min)) specified in KCI 2017 [14].
Consequently, using f ′c , the actual values of η were 0.64 for the integral-unit specimens and
0.75 for the divided-unit specimens. The main parameters of the specimens with η > 1.0
were Av and a/ds; Av was set as 0.5, and 1.0 Av(min), and a/ds was set as 1.17 and 2.56. To
keep η higher than 1.0, ρs was set to be 0.0036. Consequently, according to f ′c , the actual
values of η varied between 1.26 and 5.82. In the specimen names, the letter refers to the
designed governing behavior type (F = flexure and S = shear), and the number indicates the
value of η. For example, F-0.64 corresponds to a specimen with η = 0.64 that was designed
to be governed by flexure.

The width (bw) and height (h) of all the specimens were 1200 and 330 mm, respectively.
The length (L) between the two simple supports was 2300 mm. The shear span (a) was
350 mm for a/ds = 1.17, and 767 mm for a/ds = 2.56.

3.3. Test Procedure and Instrumentation

As shown in Figure 5, all the specimens were tested under two-point top loadings
using a 2000 kN capacity actuator. All the specimens were supported on a roller at one
end and on a hinge at the other end. The applied loads during the test were measured
using an actuator system. The vertical deflections in the maximal-moment region were
measured using 100 mm capacity linear variable differential transducers installed at the
loading points and midspan. To determine whether the specimens yielded, the strains in
the wire mesh used as longitudinal tensile reinforcement were measured using electrical
resistance strain gauges attached to the maximal-moment region.
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4. Test Results and Discussion
4.1. Crack Propagation and Failure Mode

As shown in Figure 6, the failure mode of the insulation-panel specimens was sig-
nificantly affected by η. The crack propagation and failure mode of the specimens with
η < 1.0 were similar to those of conventional reinforced concrete beams governed by flex-
ure [15]. The initial vertical cracks occurred in the maximal-moment region. Subsequently,
as the applied load increased, the vertical cracks propagated toward the compression zone
and the simple supports. The height of the vertical cracks that propagated toward the
compression zone was approximately 0.85 h, regardless of the arrangement type of the
honeycomb cardboard. More vertical cracks and a wider region of vertical cracks were
observed in the divided-unit specimens than those in the integral-unit specimens. This
implies that the larger sectional area of concrete in the tension zone was more effective for
dispersing vertical cracks along the panel length. After the peak load had been reached, the
vertical cracks were severely widened, and the wire mesh was fractured. The initial vertical
cracks of the specimens designed with η > 1.0 also occurred in the maximal-moment region;
subsequently, diagonal cracks occurred in the shear span as the applied load increased.
The number of diagonal cracks in the shear span increased slightly with an increase in η,
indicating a reduction in Av or a/ds. At the peak load, severely widened diagonal cracks
occurred near the reaction and loading top points, and a horizontal crack simultaneously
occurred along the embedded honeycomb cardboard. The horizontal-crack lengths of the
specimens with η between 1.26 and 1.71 ranged from 0.33 to 0.45 L, implying that the effect
of η on the horizontal-crack length was significant. The horizontal-crack length of the
specimens with η = 5.82 was 0.8 L, which was approximately twice that of the specimens
with η between 1.26 and 1.71.
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4.2. Load–Deflection Relationship

Figure 7 presents the load–deflection relationship of the insulation-panel specimens.
After the initial cracks had been formed, the stiffness of the specimens designed with η < 1.0
decreased until the panels reached the yield state, which was when the wire mesh arranged
as the longitudinal tensile reinforcement reached its yield strain. After the yield state, the
deflection increased significantly up to the peak load. These trends were insignificantly
affected by the arrangement type of the honeycomb cardboard. However, the postpeak
behavior was more stable for the divided-unit specimens than that for the integral-unit
specimens. For the integral-unit specimens, the applied load suddenly decreased by
approximately 80% of the peak load immediately after the peak load had been reached.
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Then, a clear plastic plateau region was observed. However, for the divided-unit specimens,
immediately after the peak load had been reached, the trend of a sudden drop of the
load was not observed. After the peak load had been reached, the applied load gradually
decreased until the termination of the test. This implies that the wire meshes for fixing the
divided units during concrete casting contributed to the confinement of the compression
zone [16]. After the initial cracks had been formed, the stiffnesses of the specimens with
η > 1.0 were significantly affected by η. The stiffness increased with η up to the peak load.
In the postpeak stage, the decreasing rate of the applied load increased with η. In particular,
the deflection at 80% of the peak load ranged between 3.3 and 3.5 mm for the specimens
with η > 2.60; these deflections were approximately 52% smaller than that with η = 1.26.
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4.3. Strain in Longitudinal Tensile Reinforcement

As shown in Figure 8, for the specimens with η < 1.0, the wire mesh arranged as
longitudinal reinforcement reached its yield strain before the peak load. Specimens with
η < 1.0 were governed by flexure. However, for all specimens with η > 1.0, the wire mesh
did not reach its yield strain during the test. The strain in the wire mesh for the specimens
with η = 1.26 and 1.71 was close to the yield strain, with values of 0.0015 and 0.0017 at the
peak loads, respectively. However, after the peak load had been reached, the yield strain
was reached at approximately 80% of the peak load. For the specimens with η > 2.60, the
yielding of the wire mesh was not observed until the termination of the test. These trends
indicate that the specimens with η = 1.26 and 1.71 were governed by flexural–shear, and
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that those with η > 2.60 were governed by shear. Consequently, η ≤ 0.75 was required for
the insulation panels governed by flexure.
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4.4. Flexural and Shear Load Capacity

As indicated in Table 4, the initial cracking loads (Pcr) of the divided-unit specimens
were 1.24 times larger than those of the integral-unit specimens. This trend was similar to
that of the peak loads (Pn) of the specimens. The Pn value of the divided-unit specimens
was 189 kN, which was 1.3 times larger than that of the integral-unit specimens. This is
because the additional arranged wire meshes for fixing the divided units during concrete
casting contributed to the confinement of the compression zone [17]. The initial diagonal
cracking load (Vcr) of the specimens governed by shear increased by a factor of 1.16 when
η increased from 2.60 to 5.82. This trend was similar to that of the maximal shear loads
(Vn(Exp)) of the specimens (Table 5). Additionally, Vn(Exp) increased with η. However, the
increasing rate was insignificant for the specimens governed by flexural–shear; it was 1.08
when η decreased from 1.71 to 1.26. The Vn(Exp) values increased with a reduction in η, and
the decreasing rate was approximately 0.85 for the specimens governed by shear.
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Table 4. Test results for the specimens governed by flexure.

Researcher Specimens

Test Results
Predicted Values
Obtained by ACI

318-19

Comparison
(Test

Results/Predicted
Values)

Pcr
(kN)

Py
(kN)

Pn
(kN)

∆y
(mm)

∆n
(mm) µ∆

Mcr
(kN·m)

[1]

Mn
(kN·m)

[2]

Mcr(ACI)
(kN·m)

[3]

Mn(ACI)
(kN·m)

[4]
[1]/[3] [2]/[4]

This study
F-0.64 62.4 151 189 4.86 14 2.88 21.9 72.3 36.2 68.6 0.61 1.05

F-0.75 50.2 126 148 2.72 7 2.57 15.4 56.6 34.2 53.7 0.45 1.05

Acharya
et al. [10]

A-1 14.5 25.1 29.1 29.2 58.4 2..01 10.8 21.8 14.9 18.6 0.73 1.17

A-2 15.2 26.9 29.8 36.8 84.3 2.29 11.4 22.3 14.9 18.6 0.76 1.20

A-3 14.5 26.7 30.7 30.5 67.3 2.21 10.9 23.0 14.9 18.6 0.73 1.24

Pcr = initial cracking load, Py = yielding load, Pn = peak load, ∆y = deflection at Py, ∆n = deflection at Pn,
µ∆ = displacement ductility ratio, Mcr = cracking moment capacity, Mn = nominal moment capacity,
Mcr(ACI) = cracking moment capacity predicted by ACI 318-19, Mn(ACI) = nominal moment capacity predicted
by ACI 318-19.

Table 5. Test results for the specimens governed by shear.

Specimen
Test Result ACI 318-19 Comparison

Vcr
(kN) [4]

Vn(Exp)
(kN) [5]

Vc(ACI)
(kN) [6]

Vn(ACI)
(kN) [7] [4]/[6] [5]/[7]

S-1.26 115 154 123 252 0.94 0.61

S-1.71 106 132 120 185 0.88 0.71

S-2.60 78 89 122 122 0.64 0.73

S-5.82 91 105 119 119 0.77 0.88
Vcr = initial diagonal cracking load, Vn(Exp) = maximal shear load, Vc(ACI) = shear capacity of concrete predicted
by ACI 318-19, Vn(ACI) = maximal shear capacity predicted by ACI 318-19.

4.5. Displacement Ductility Ratio

The displacement ductility ratios (µ∆) of the specimens governed by flexure were
calculated using the equation µ∆ = ∆n/∆y defined by Park and Paulay [18], where ∆n and
∆y represent the displacements at Pn and in the yield state, respectively. The analysis of µ∆
was performed only for the specimens governed by flexure, because the other specimens
did not reach the yield state owing to flexural–shear or shear governing behavior before
the peak loads. The µ∆ value of the integral-unit specimens was 2.57, which was 11%
lower than that of the divided-unit specimens. Overall, the ductility of the insulation
panels governed by flexure was comparable to that of conventional lightweight concrete
(LWAC) beams with the minimal reinforcement ratio (ρs(min)) specified in ACI 318-19 [11],
indicating that the µ∆ values of conventional LWAC beams ranged between 2.5 and 2.8 [19].

5. Comparison with Predictions
5.1. Cracking Capacity

Tables 4 and 5 present the experimental results and predictions for the cracking
moment capacity (Mcr) and initial diagonal cracking load (Vcr). In addition, Table 4 shows
a comparison between the predictions and test results of thin insulation panels with aa
closed cross-section performed by Acharya et al. [10]. Mcr values were obtained from the
specimens governed by flexure, whereas the Vcr values were obtained from the specimens
governed by flexural–shear or shear. The cracking moment capacity (Mcr(ACI)) predicted
by ACI 318-19 [11] was approximately 1.8 times higher than that of the specimens governed
by flexure. However, the Mcr value was lower than that of the thin insulation panels
designed by Acharya et al. [10]. This implies that ACI 318-19 [11] must consider the tensile
resistance reduced by the bottom ash aggregates and Styrofoam pellets in predicting the
Mcr values of insulation panels because it overestimated the Pcr values of the specimens.
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The shear capacity of concrete (Vc(ACI)) predicted by ACI 318-19 [11] overestimated the
Vcr values of the specimens. The degree of overestimation decreased with a reduction in
η. The Vcr/Vc(ACI) value of the specimens with η = 1.26 was 0.94, which was higher than
those of the other specimens. This implies that ACI 318-19 [11] must also consider the shear
resistance reduced by the bottom ash aggregates and Styrofoam pellets in predicting the Vc
values of insulation panels.

5.2. Moment and Shear Capacity

As indicated in Table 4, the nominal moment capacity (Mn(ACI)) predicted by ACI
318-19 [11] underestimated the Mn values of all the insulation-panel specimens. The
Mn/Mn(ACI) value was 1.05 for the integral-unit specimens (η = 0.75) and 1.06 for the
divided-unit specimens (η = 0.64). This trend was also observed in the test results of thin
insulation panels of Acharya et al. [10], indicating that Mn/Mn(ACI) values ranged between
1.17 and 1.24. This implies that the safe flexural design of insulation panels with a closed
cross-section surrounding the insulator with concrete and reinforcing bars is possible
using the ACI 318-19 specification on the basis of the concept of the equivalent stress
block. As reported by Acharya et al. [10], and O’Hegarty et al. [9], insulation panels with
Mn/Mn(ACI) > 1.0 can be assumed to be 100% composite action. However, ACI 318-19 [11]
overestimated the Vn(Exp.) values of the specimens governed by flexural–shear and shear
(Table 5). The degree of overestimation increased with a reduction in η; it was 0.61 for
the specimen with η = 1.26, which was lower than those for the other specimens. Hence,
the Vn(Exp.) values of insulation panels must be underestimated by approximately 27% in
predicting the shear capacity, as specified in ACI 318-19 [11], because they decrease owing
to the low mechanical properties in tension and shear resistance of insulating concrete
produced with bottom ash aggregates and Styrofoam pellets.

5.3. Classification of Grade for Load Capacity

Table 6 presents the classification of the grade for the load capacity of lightweight
concrete panels specified in KS F 4736 [12]. The panels retaining a load capacity of >3.4 kPa
in the elastic state were classified as Grade 1. Considering the total area subjected to the
wind load, the load capacity specified in KS F 4736 [12] could be transformed into >10.2 kN
for the classification of Grade 1. When these values were compared with the test results, all
the insulation-panel specimens were classified as Grade 1.

Table 6. Panel classification specified in KS F 4736.

Grade 1 2 3 4 5

Load range (kPa) >3.4 2.8–3.4 2.2–2.8 1.7–2.2 <1.7

Transformed load ranges from the
designed section details of the

developed panels (kN)
>10.2 8.4–10.2 6.6–8.4 5.1–6.6 <5.1

6. Conclusions

To evaluate the flexural–shear performance of insulation panels, six full-sized panels
with different moment–shear (η = Mn/Vnds) and shear span–effective depth (a/ds) ratios
were tested. The following conclusions were drawn.

1 The failure mode of the insulation panels with η > 2.6 was similar to that of shear
governed reinforced concrete beams, exhibiting severe diagonal cracks in the shear
span and elastic state of the longitudinal tensile reinforcement.

2 The flexural behavior of the insulation panels with η ≤ 0.75 was ductile and showed
plastic flow in the load–deflection curve with the yielding of longitudinal reinforce-
ments before the peak load.
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3 The displacement ductility ratio of the insulation panels with η ≤ 0.75 was more than
2.57, which was comparable to that of conventional lightweight aggregate concrete
beams with the minimal reinforcement ratio specified in ACI 318-19.

4 The ACI 318-19 equations overestimated the flexural cracking moments, but underes-
timated the nominal moment capacities of insulation panels with η ≤ 0.75. Therefore,
ACI 318-19 should be underestimated by 47% when estimating the flexural cracking
moment of the insulation panels.

5 The ACI 318-19 equations overestimated the initial diagonal cracking and maximal
shear capacities of the insulation panels. When the η values increased, the overestima-
tions were notable, particularly for initial diagonal cracking shear capacity. Therefore,
when estimating the shear capacity of the insulation panels using ACI 318-19, shear
capacity should be designed considering the overestimation of ACI 318-19.

6 All the developed insulation panels were classified as Grade 1, specified in KS F 4736,
indicating good lateral load resistance.

7 On the basis of the test results, the developed panels must be designed to a have
moment–shear ratio of 0.75 or less to fulfil the ductile response under extreme
lateral loads.
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