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ARTICLE INFO ABSTRACT
Keywords: This study investigated the cyclic seismic in-plane performance of meta-based insulated precast
Precast lightweight aggregate concrete panels lightweight aggregate concrete panels (HMI-panels) using a novel splice-sleeve-based bolting

Cyclic seismic in-plane performance technique. The primary objective was to evaluate the structural safety and seismic behavior of

this innovative connection method, focusing on key design parameters such as vertical rein-
forcement ratios and base-to-panel connection types. Four specimens were prepared and sub-
jected to cyclic lateral loading tests to analyze the crack propagation, failure modes,
load—-displacement relationships, cracking and maximum flexural moments, displacement
ductility ratios, and cumulative dissipated energies. The test results were compared with pre-
dictions based on the ACI 318-19 standards and one-dimensional nonlinear analysis procedures to
validate the structural safety of the proposed splice-sleeve-based bolting technique. The findings
demonstrate that the splice-sleeve-based bolting technique provides superior lateral load resis-
tance and ductility compared to conventional methods such as L-shaped steel-plate-based bolting.
Specimens connected using this technique exhibited effective load transfer, minimal slip at the
joints, and flexural behavior comparable to that of traditional splice-sleeve systems. Moreover,
the enhanced constructability and elimination of on-site grouting processes highlight the practical
advantages of precast construction. This study concludes that the proposed splice-sleeve-based
bolting technique is a viable solution for improving the seismic performance of HMI-panels
while maintaining their structural safety and efficiency.

Panel-to-base connection
Splice-sleeve-based bolting technique

1. Introduction

Precast concrete panels with internal insulation (PC insulated panels) are gaining popularity as products that can simultaneously
achieve thermal insulation and fire resistance, meeting the increasingly stringent requirements for the thermal transmittance of
exterior walls and fire safety of insulation materials in buildings [1]. In particular, meta-based panels are attracting increasing
attention as exterior cladding systems capable of providing both thermal insulation and fire resistance. In this study, the term
meta-based panel is defined as a type of PC-insulated panel in which internal structures or metamaterials are embedded within the
concrete to enhance both thermal insulation and fire resistance. Consequently, PC-insulated panels are widely used as exterior
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claddings, and because of their large size and heavy weight, they require safe connection techniques when attached to building ex-
teriors [2]. Although PC-insulated panels are considered non-structural components that serve as building finishes, they must possess
sufficient strength to withstand external forces (wind or seismic loads) to prevent detachment once installed on buildings. Accordingly,
recent researchers have continuously performed cyclic lateral load tests to evaluate the seismic performance of such non-structural
components [3-9]. These investigations have clarified panel behavior under realistic seismic demands and revealed weaknesses in
connection mechanisms. Moreover, the seismic behavior of other non-structural components (including curtain walls, masonry infill
panels, and lightweight partition walls) has also been recognized as critical for the overall performance of building envelopes [3-7].
Damage to these elements during earthquakes may cause loss of structural function, extensive repair costs, and even risk to life safety,
as detailed in several post-earthquake assessment reports [7,8]. To address these issues, researchers have investigated the behavior and
failure mechanisms of different panel types under lateral and cyclic loading, and developed guidelines for improving their seismic
performance [8-10]. For example, reinforced infill panels and advanced connection systems for curtain walls have demonstrated
improved energy dissipation and ductility, but often entail increased construction complexity or cost. For this reason, KDS 41 17 00
[11] stipulates that non-structural elements should also meet certain seismic performance requirements, such as securing resistance to
design earthquake loads at joints and relative displacement due to earthquakes. Ensuring seismic performance is essential even for
non-structural PC insulated panels, and various connection techniques with enhanced seismic performance are being developed to
meet this requirement [12-16]. Deng et al. [4] evaluated the effects of various horizontal connections on the out-of-plane structural
performance of a single-face superposed shear wall designed to compensate for the reduction in load resistance caused by insulation.
Yang et al. [13] examined the effects of different panel-to-base connection techniques on the out-of-plane flexural behavior of precast
lightweight aggregate concrete (PLC) panels with embedded honeycomb cardboard for better structural safety against wind and
earthquake loads. O’Hegarty and Kinnane [14] evaluated the shear behaviour according to the type and reinforcement details of the
connector in the precast concrete panel and suggested an optimal connector design plan. Elbelbisi et al. [15] evaluated the out-of-plane
structural performance of sandwich wall panels composed of multiple layers of concrete and insulating cores and emphasized the
importance of the types of shear connectors and connection techniques. However, these techniques have mostly verified the safety of
connections in the out-of-plane direction rather than in the in-plane direction, and under static monotonic loads rather than cyclic
loads.

Nevertheless, in actual building systems, PC-insulated panels are often subjected to significant in-plane forces, particularly during
seismic events or large structural deformations caused by inter-story drift and overall frame movement. These in-plane forces induce
shear, tensile, and compressive stresses transmitted through the panel connections, increasing the risk of panel detachment and
damage under such conditions. Furthermore, observations from recent earthquakes revealed that most failures of cladding panels
originated from insufficient in-plane connection resistance, resulting in partial or total detachment as well as reduced energy dissi-
pation and ductility performance [16-19]. Thus, while out-of-plane forces are primarily governed by panel stiffness and connection
support, the seismic safety and structural integrity of the entire building envelope are more directly affected by the in-plane resistance
of these panels. For this reason, connection techniques for PC-insulated panels should be evaluated primarily based on their in-plane
behavior under realistic loading conditions to prevent damage and large-scale detachment, and to enhance the seismic performance
and resilience of the structure. Generally, PC-insulated panels require greater connection resistance in the in-plane direction than in
the out-of-plane direction, and they experience cyclic loads rather than monotonic loads during earthquakes. In particular, considering
the higher resistance required in the in-plane direction for PC-insulated panels and the lower flexural resistance exhibited under cyclic
loads compared to monotonic loads, a re-evaluation of the connection safety demonstrated in previous studies [20-22] is necessary.
Therefore, in line with current research trends, it is essential to ensure the structural safety of connection techniques under the most
unfavorable loading conditions while minimizing on-site processes.

The objective of this study was to evaluate the structural safety of a newly developed splice-sleeve-based base-to-panel connection
technique to ensure the cyclic seismic in-plane performance in honeycomb-meta-based insulated PC panels (HMI-panels). The main
parameters selected the distributed vertical reinforcement ratio and type of base-to-panel connection, which are the most critical
factors affecting the flexural strength and ductility of PC members in terms of seismic behavior. Four specimens were prepared, and
structural tests were conducted with cyclic lateral loading in the in-plane direction. The seismic behavior of the HMI-panels was
evaluated using the test results of crack propagation, failure modes, lateral load-displacement relationships, cracking and maximum
strength moments, displacement ductility ratios, and cumulative dissipated energy. The measured cracking and maximum flexural
moments were compared with the values predicted by ACI 318-19 [23] to verify the structural safety of the developed
splice-sleeve-based base-to-panel connection technique against cyclic lateral resistance. In particular, the displacement ductility ratios
of the HMI-panels were compared with the values predicted by the one-dimensional nonlinear analysis procedure proposed by Mun
et al. [24] to verify the ductility capacity of the splice-sleeve-based base-to-panel connection technique.

2. Novel splice-sleeve-based base-to-panel technique

The primary contribution of this study is the development of a novel splice-sleeve-based base-to-panel connection technique for
precast concrete panels, which enables factory-controlled grouting and eliminates the need for on-site wet processes. This splice-
sleeve-based bolting method was designed to address the limitations of conventional splice-sleeve techniques, specifically
improving on-site constructability and ensuring enhanced quality by managing the grouting process in controlled factory conditions.
The research objectives are as follows: (1) to propose and detail this innovative connection system, (2) to experimentally validate its
mechanical performance, and (3) to assess its potential advantages in terms of structural reliability compared to existing methods.
Additionally, the cyclic in-plane seismic behavior of HMI-panels was investigated to provide essential data for seismic design and
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construction. Experimental results were analyzed against existing design codes, such as ACI 318-19 [23], and tailored design
guidelines for HMI-panels were established. These findings offer actionable information for the design and construction of
HMI-panel-integrated buildings, contributing to the broader adoption of precast concrete construction methods and advancing current
construction practices.

Fig. 1 illustrates the details of the splice-sleeve-based base-to-panel connection technique. This connection technique consists of a
splice sleeve, a welded coupler, and a steel plate. The manufacturing process of PC panels using these components is as follows: 1) a
splice sleeve with an outer diameter of 60 mm was embedded at the base joint location along with vertical and horizontal rein-
forcement in the PC panel. 2) Concrete is poured into the PC panel and cured. 3) The protruding rebar, located at the same position as
the vertical reinforcement of the PC panel, was welded to the top of a 20 mm thick steel plate. A welded coupler was attached to the
part of the protruding rebar being welded to prevent any degradation of the mechanical properties of the rebar due to welding. 4) The
protruding rebar welded to the steel plate was inserted into the splice sleeve pre-embedded in the PC panel and grouted. 5) After
curing, the PC panel was fully fixed to the base on-site through the holes formed in the steel plate using bolts and nuts. This method
allows the omission of the on-site grouting process associated with the conventional splice-sleeve technique, enabling the production
of high-quality PC panels by managing the grouting process in factories. Moreover, this approach is expected to enhance the load
transfer capacity of PC panel joints by eliminating on-site wet processes and simplifying connections with manufactured base joints.

However, several potential limitations remain with the newly developed splice-sleeve-based base-to-panel connection technique.
First, the success of factory-controlled grouting depends heavily on consistent quality management throughout all stages of the
manufacturing process including grout mixing, curing, or sleeve embedding, as any lapses may adversely affect connection perfor-
mance. Second, although the method allows the omission of on-site wet work, it requires highly precise alignment between the
embedded splice sleeves and protruding reinforcing bars during installation, which can challenge constructability when tolerances are
minimal or base conditions are irregular. Third, the use of welded couplers and steel plates raises concerns about welding quality and
long-term durability, particularly under cyclic or fatigue loading conditions. Finally, additional fabrication processes such as welding
and factory grouting may increase production costs or necessitate specialized equipment and skilled labor, potentially limiting
widespread adoption in certain construction environments. Continued technological development and field validation are required to
further enhance the reliability and cost-effectiveness of the proposed connection system.

3. Experimental details
3.1. Specimen details

Table 1 and Fig. 2 show the details of the HMI-panel specimens. The main parameters for the HMI-panel were the type of base-to-
panel connection and the vertical reinforcement ratio (p,). The types of base-to-panel connections include the L-shaped steel-plate-

based bolting technique developed by Mun et al. [24], the conventional splice-sleeve technique, and the splice-sleeve-based bolting
technique developed in this study. Based on the details developed by Yang et al. [13], the L-shaped steel-plate-based bolting technique
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Fig. 1. - Details of splice-sleeve-based base-to-panel connection technique designed to improve constructability and ensure grouting quality.
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Table 1
— Details of test specimens according to panel-to-base connection type and longitudinal tensile reinforcement ratio.
Specimens ~ Main parameters fra fi we (kg/ Va Vi 3)/
3
kN 4
Type of panel-to-base connection ps (1) Ps(min) 1)/ (MPa) (MPa) m) (N) () @
3 “@
(2) 2)
L-1.0 L-shaped steel plate-based bolting 0.0029  0.0029 1.0 24 25.4 1468 974 210 4.65
technique
S-1.0 Conventional splice-sleeve technique 214 4.56
W-1.0 Splice-sleeve-based bolting technique 214 4.56
W-1.5 0.0042 1.5 310 3.15

Note: p; = ratio of longitudinal tensile reinforcement, py ;) = ratio of minimum longitudinal tensile reinforcement determined in accordance with
ACI 318-19, f;; = designed compressive strength of concrete, f, = compressive strength of concrete, w. = unit weight of concrete, V, = internal shear
force, and Vp; = internal flexural force.
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Fig. 2. — Details of HMI-panel specimens according to panel-to-base connection type and longitudinal tensile reinforcement ratio (unit: mm).

connects the base and PC panels using circular steel pipes pre-embedded in the panel, through which threaded bolts and nuts pass
(Fig. 2(a)). The conventional splice-sleeve technique connects the base and PC panels by inserting a rebar protruding from the base into
the pre-embedded splice sleeves in the panel, followed by a grouting process (Fig. 2(b)). The splice-sleeve-based bolting technique
developed in this study is described in detail in Section 2. Additionally, p, was varied to be 1.0 and 1.5 times the minimum vertical
reinforcement ratio (py(y;n)) as suggested by ACI 318-19 [23]. For the HMI-panel specimens with p, = 1.0p,;n), deformed bars with a
diameter of 10 mm were vertically reinforced at 160 mm intervals. For specimens with p, = 1.5p, ), deformed bars with a diameter
of 16 mm were vertically reinforced at 320 mm intervals for ease of fabrication.

All the HMI-panel specimens were manufactured with thicknesses (t,), widths (b,), and lengths (L) of 350, 1200, and 2775 mm,
respectively. The shear reinforcement consisted of deformed bars with a diameter of 10 mm placed at 75 mm intervals, which were
determined based on the external shear force (V) calculated from the nominal flexural moment (M,) of the HMI-panel (Vz < Vy). To
enhance insulation, a double layer of honeycomb metamaterial was placed centrally within each HMI-panel specimen. The thickness,
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Fig. 2. (continued).

width, and length of the inserted honeycomb metamaterial were 70, 1000, and 2250 mm, respectively, based on the findings of Sim
et al. [25]. In the specimen names, the letters indicate the connection method with the base (L = L-shaped steel-plate-based bolting
technique, S = splice-sleeve technique, SB = splice-sleeve-based bolting technique), and the numbers indicate the p, (1.0 = 1.0p,n),
1.5 = 1.5p,(pin)). For example, S-1.0 refers to an HMI-panel specimen arranged using p, = 1.0p,m, and connected using the
splice-sleeve technique at the base-to-panel joint.

3.2. Material properties

Table 2 presents the mixture proportions of insulating concrete used in the manufacture of the HMI-panels. The mixture pro-
portions were determined based on the experimental results of Kim et al. [26], considering the target compressive strength (f,; = 24
MPa). The determined mixture proportions had a water-binder ratio (W/B) of 30 %, a sand-aggregate ratio (S/a) of 47 %, and a unit
binder content of 450 kg/m>. The cementitious binder consisted of ordinary Portland cement (OPC), ground granulated blast-furnace
slag (GGBS), and fly ash (FA) in proportions of 30 %, 50 %, and 20 % of the total binder content, respectively. The densities of OPC,
GGBS, and FA were 3.15, 2.94, and 2.2 g/cm3, respectively, with specific surface areas of 3260, 4355, and 4170 cm?/ g, respectively. To
ensure insulation properties, lightweight bottom ash aggregates with low density produced at the Yeong-Heung Thermal Power Plant
in Korea were used. To satisfy the particle size distribution requirements of KS F 2527 [27], a combination of lightweight aggregates of
various sizes was employed. The fineness modulus of the fine and coarse aggregates was 2.93 and 6.44, respectively. The water

Table 2
— Concrete mixture proportions.
frq (MPa) f. (MPa) W/B (%) S/a (%) Unit weight (kg/m%) S.P (%)
w OPC GGBS FA Fine aggregate Coarse aggregate
2 mm under 2-5 mm 5-10 mm 10-20 mm
24 25.4 30 47 135 135 225 90 289 123 141 329 0.5

Note: f; = designed compressive strength of concrete, f, = compressive strength 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, and S.P = superplasticizer admixture.
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absorption rates were relatively high at 2.71 % for fine aggregates and 6.11 % for coarse aggregates (Table 3). To prevent workability
reduction during mixing, these lightweight aggregates were pre-wetted for three days and then used under surface-saturated dry
conditions.

The honeycomb meta used a material with a thermal conductivity of 0.1 W/m-K and a density of 0.18 g/cm®. To prevent concrete’s
lateral pressure and moisture from penetrating the paper material on the surface where the concrete was poured, a laminate made of
synthetic resin was attached. Meanwhile, the yield strength and tensile strength of the reinforcements used were 475 MPa and 608
MPa, respectively, for ¢10, and 477 MPa and 612 MPa, respectively, for ¢16. The yield strengths of the threaded bolts and steel pipes
were 388 MPa and 485 MPa, respectively, and their tensile strengths were 510 MPa and 612 MPa, respectively. The yield and tensile
strengths of the splice sleeves were 558 MPa and 658 MPa, respectively (Table 4).

3.3. Test procedure and instrumentation

Fig. 3 illustrates the test set-up for the HMI-panel specimen. To simulate the cantilever behavior, the lower stub (base) of the HMI-
panel specimen was securely fixed to the reaction floor using steel rock bolts and nuts through the penetrated holes. Loading was
applied in both the positive and negative directions within the in-plane using a 2000 kN capacity actuator connected to the top of the
panel. Fig. 4 shows the loading history of cyclic loads applied to the HMI-panel specimen. The drift ratios at each cycle (0.043 %, 0.055
%, 0.07 %, 0.1 %, 0.14 %, 0.2 %, 0.25 %, 0.33 %, 0.5 %, 0.67 %, and 1 %) were determined following the procedure specified FEMA
356 [28]. The incremental displacements for positive and negative loadings were determined from the drift ratios specified in FEMA
356 [28], with three cycles repeated at each incremental displacement. The incremental displacements of the specimens were
measured using a 300 mm capacity linear variable differential transducer (LVDT) installed at the loading point. The slip displacement
at the base-to-panel joint was measured using a 50 mm capacity LVDT installed between the top of the lower stub and panel specimen.
All of this equipment was provided by the Intelligent Construction System Core Support Center at Keimyung University in Korea. The
strain in the reinforcements was measured using electrical resistance strain gauges installed near the base-to-panel joints.

4. Test results and discussion
4.1. Crack propagation and failure mode

Fig. 5 shows the crack propagation and failure modes of the HMI-panel specimens. The crack propagation and failure modes were
significantly affected by the base-to-panel connection technique and the vertical reinforcement ratio (p,). For the specimens connected
using the L-shaped steel-plate-based bolting technique, cracks were concentrated around the circular steel pipes installed for the base-
to-panel connection until the end of the experiment. This was attributed to sliding failure caused by excessive slip in the space between
the circular steel pipes and the threaded bolts used for the connection. In contrast, the specimens connected using the conventional
splice-sleeve technique and the splice-sleeve-based bolting technique showed different crack propagation patterns. The initial flexural
cracks occurred near the base-to-panel connection and gradually progressed upward as the load increased. The height of the upward
progression was similar for both techniques but increased slightly with increasing p, values. After the outermost vertical re-
inforcements yielded, no additional flexural cracks appeared; however, the width of the existing flexural cracks near the base-to-panel
connection gradually increased. After reaching the peak load, the outermost vertical reinforcements sequentially fractured until the
end of the experiment. Notably, the HMI-panel specimens connected using the conventional splice-sleeve technique and splice-sleeve-
based bolting technique showed no observable slip at the connection. Based on these experimental results, it is concluded that the L-
shaped steel-plate-based bolting technique does not effectively transfer lateral loads owing to the sliding failure at the base-to-panel
connection. In contrast, the conventional splice-sleeve technique and splice-sleeve-based bolting technique are considered to transfer
lateral loads effectively, as evidenced by the upward progression of flexural cracks and the fracture pattern of the vertical
reinforcements.

Table 3

— Physical properties of bottom ash aggregates.
Aggregate type Appearance Maximum size (mm) Density (g/cm®) Fineness modulus Water absorption (%)
Fine aggregate 5 2.08 2.71 2.93
Coarse aggregate 20 1.84 6.12 6.44
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— Mechanical properties of the reinforcing steel.
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Specimens Diameter (mm) Yield strength (MPa) Yield strain Tensile strength (MPa) Elastic modulus (MPa)
Deformed bar 10 475 0.0022 608 218464
16 477 0.0021 612 223548
Threaded bolt 10 388 0.0020 510 197547
Steel pipe 25 485 0.0025 612 197454
Splice sleeve 60 558 0.0032 658 175881
Actuator (2000 kN) Steel
l block
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Fig. 3. -Test setup of HMI-panel specimens under cyclic in-plane loading (unit: mm).

._
—
T T

0.67

[=1

L 033
0.0430.055 0.07 0.1 014 0.2 o

o ,
w f=} W

Drift ratio (%)

'

=

[T
T

9 12 15 18 21 24 27 30 33
Loading cycles

'
S
S
w b
o F

Fig. 4. — Loading history of cyclic loads applied to the HMI-panel specimens.

4.2. Lateral load—displacement relationship

Fig. 6 shows the lateral load-displacement relationships of the HMI-panel specimens. For the specimens connected using the L-
shaped steel-plate-based bolting technique, the initial stiffness sharply decreased from the point where the slip occurred at the base-to-
panel connection. The lateral load-displacement relationship of this specimen exhibited a typical sliding behavior, where the
displacement increased under low loads. In contrast, the specimens connected using the conventional splice-sleeve technique and the
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(b) S-1.0

(d) W-1.5

Fig. 5. — Crack propagation and failure mode of HMI-panel specimens under cyclic in-plane loading.

splice-sleeve-based bolting technique maintained linear stiffness up to the yield point, after which the stiffness gradually decreased
until the peak load was reached. After reaching the peak load, these specimens displayed a brittle tendency with a rapid decrease in the
applied load. Overall, the area of each hysteresis loop in the lateral load-displacement relationship was larger for the conventional
splice-sleeve technique and splice-sleeve-based bolting techniques than that for the L-shaped steel-plate-based bolting technique. The
largest area was observed for the HMI-panel specimen with the highest vertical reinforcement ratio (p, = 1.5p,;n))- Consequently, it
was concluded that the splice-sleeve-based bolting technique exhibited flexural behavior comparable to that of the conventional splice-
sleeve technique.

4.3. Cracking (P.) and peak (Py) loads

Table 5 summarizes the experimental results of the HMI-panel specimens. The cracking load (P.,) of the specimens connected using
the L-shaped steel-plate-based bolting technique was 15.4 kN, which is relatively low. In contrast, the P, values of the specimens
connected using the conventional splice-sleeve technique and the splice-sleeve-based bolting technique were 48.4 kN and 49.2 kN,
respectively, showing similar levels. These values were approximately 3.17 times higher than those of the specimens connected using
the L-shaped steel-plate-based bolting technique. Notably, the P value of the specimen connected using the splice-sleeve-based
bolting technique was approximately 1.38 times higher when designed with p, = 1.5p,,;,,) than when designed with p, = 1.0p,in)-

The trend in the peak load (P,) of the HMI-panel specimens was consistent. The P, value for the specimen connected using the L-
shaped steel-plate-based bolting technique was 36.9 kN, which was the lowest among all specimens. In contrast, the P, values of the
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Fig. 6. — Lateral load-displacement relationship of HMI-panel specimens under cyclic in-plane loading.

Table 5
— Summary of experimental results for HMI-panel specimens under cyclic in-plane loading.
Specimens P P, P, (kN) A, An Hua Eso by
kN kN-
() (kN) (mm) (mm) (eN-m) Experimental Predicted values (ACI ITG- >0.125
values 5.1)
L-1.0 15.5 25.5 37.1 17.1 25.4 1.5 - - 0.125 NG
S-1.0 48.3 51.1 66.6 1.2 3.5 2.9 2266 0.115 0.125 NG
W-1.0 49.1 50.8 62.4 2.2 6.7 3.0 9908 0.165 0.125 OK
W-1.5 68.1 83.8 122.2 6.5 17.8 2.7 15373 0.175 0.125 OK

Note: P, = initial cracking load, P, = yielding load, P, = peak load, A, = deflection at P, A, = deflection at Py, s, = displacement ductility ratio, Ego
= the cumulative dissipated energy value at 80 % of the peak load after the peak load, and j3, = the relative energy dissipation ratio at 80 % of the peak
load after the peak load.

specimens connected using the conventional splice-sleeve technique and the splice-sleeve-based bolting technique were 66.4 kN and
62.2 kN, respectively, indicating similar levels. Notably, the P, value for the specimen connected using the splice-sleeve-based bolting
technique was approximately 1.96 times higher when designed with p, = 1.5p,;,) than when designed with p, = 1.0p,yin)-
Consequently, it can be concluded that when the splice-sleeve-based bolting technique is applied to the HMI-panel specimens and they
are adequately reinforced with vertical reinforcements, they can achieve lateral loads (P, and P,) comparable to those of the con-
ventional splice-sleeve technique.

4.4. Displacement ductility ratio (u,)

The displacement ductility ratios (u,) of the HMI-panel specimens were evaluated using the following equation proposed by Park
and Paulay [29].

Ha= An/Ay @

where A, is the displacement at P, and A, is the displacement at the yield state of the HMI-panel specimens. The yield state of the HMI-
panel specimens was assumed to be the intersection point of a vertical line drawn from the point where the slope was 75 % of the peak
load; the horizontal line represents the peak load [19]. As summarized in Table 5, the u, value of the specimens connected using the
L-shaped steel-plate-based bolting technique, which exhibited dominant sliding behavior, was low at 1.5. In contrast, the 4, values of
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the specimens connected using the conventional splice-sleeve technique and the splice-sleeve-based bolting technique were in the
range of 2.7-3.0, which were on average 1.91 times higher than that of the specimens connected using the L-shaped steel-plate-based
bolting technique. Additionally, despite being designed with p, = 1.5p, ), the p, value of the specimens connected using the
splice-sleeve-based bolting technique was similar to that of conventional reinforced concrete beams (approximately 2.50-2.68).
Consequently, it can be concluded that applying the splice-sleeve-based bolting technique to HMI-panel specimens allows for sufficient

ductility comparable to that achieved with the conventional splice-sleeve technique.

4.5. Dissipated energy (E.q)

Tables 5 and 6, and Fig. 7 show the cumulative dissipated energy (E.y) obtained from the measured lateral load-displacement
relationships of the HMI-panel specimens. Dissipation capacity was calculated as the cumulative area enclosed by the hysteresis loops
of the lateral load-displacement relationship under cyclic in-plane loading, representing the energy dissipated in each cycle (Fig. 8).
The E.4 value gradually increased, and after 10 cycles, the rate of increase in E.4 value became significantly more pronounced. In
particular, the rate of increase was the lowest for the HMI-panel specimen connected using the L-shaped steel-plate-based bolting
technique. The E4 value at 80 % of the peak load after the peak load (Egy) was not obtained for the HMI-panel specimen connected
using the L-shaped steel-plate-based bolting technique because the specimen was terminated after reaching the peak load. Meanwhile,
the HMI-panel specimen connected using the splice-sleeve-based bolting technique exhibited a similar rate of increase as that of the
specimen connected using the conventional splice-sleeve technique throughout the entire test duration. In particular, the Egy value
measured in the HMI-panel specimen connected using the splice-sleeve-based bolting technique was 9908 kN mm, approximately 4.37
times higher than the HMI-panel specimen connected using the conventional splice-sleeve technique. Additionally, despite being
designed with p, =1.5p,1in), the Ego value of the specimens connected using the splice-sleeve-based bolting technique was 1.55 times
higher than that of the specimens using the splice-sleeve-based bolting technique, indicating a value of 15373 kN mm. Consequently, it
can be concluded that applying the splice-sleeve-based bolting technique to HMI-panel specimens allows for sufficient dissipated
energy, which is more than or equivalent to that achieved with the conventional splice-sleeve technique.

According to ACI ITG-5.1 [30], the dissipated energy at the drift ratio limit is a key indicator for assessing the energy absorption
capacity when evaluating the absolute emulation of PC structural walls, particularly intermediate or special shear walls. The drift ratio
limit typically denotes the stage at which the energy absorption capacity is assessed, commonly determined based on the post-peak
behavior. Accordingly, PC structural walls are required to exhibit a minimum level of dissipated energy, even as this capacity de-
creases after the peak load. However, since HMI-panels are not classified as structural walls, there are limitations to directly applying
the drift ratio limit prescribed by ACI ITG-5.1 [30]. Therefore, the post-peak energy absorption capacity was evaluated at the point
corresponding to 80 % of the peak load after the maximum load. The relative energy dissipation ratio (f,) calculated at this stage was
then assessed to determine if it surpasses the required value of 0.125 specified in ACI ITG-5.1 [30] (Table 5). Fig. 9 shows the
calculation method of the g, value. The g, values of the HMI-panel specimen connected using the L-shaped steel-plate-based bolting
technique and the conventional splice-sleeve technique were below 0.125, indicating that these connection techniques are not
effective in mitigating the reduction of post-peak energy absorption capacity. However, the f, values of the HMI-panel specimen
connected using connected using the splice-sleeve-based bolting technique were 0.164 and 0.175 for the specimens designed with p, =
1.0 py(miny (min) and p, = 1.5 p,pin), respectively. These values were 1.32 times and 1.4 times higher than the required value of 0.125
specified in ACI ITG-5.1 [30], respectively. Consequently, it can be concluded that the application of the splice-sleeve-based bolting
technique to HMI-panel specimens enables sufficient post-peak dissipated energy, exceeding that provided by the conventional
splice-sleeve technique.

5. Comparison with predictions
5.1. Cracking flexural moment (M)

The cracking flexural moment (M) of the HMI panel specimen was evaluated using the following equation presented by ACI 318-
19 [23]:

Table 6
— Cumulative dissipated energy from hysteresis loops in lateral load—displacement.
Specimens Cumulative dissipated energy (kN-m)
d = d, = d, = d, = d, = d, = d, = d, = d, = d, = d, =
0.043 % 0.055 % 0.07 % 0.1 % 0.14 % 0.2 % 0.25% 0.33 % 0.5 % 0.67 % 1.0%
L-1.0 135 300 526 832 1254 1848 2567 3537 5026 6939 9756
S-1.0 - - - - 802 1932 3386 5196 6664 7913 -
W-1.0 137 276 519 863 1297 1948 2932 4828 7587 10241 -
W-1.5 - - - - 663 1549 2596 4021 7072 10745 15931

Note: d, = draft ratio.
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Fig. 7. — Cumulative dissipated energy from hysteresis loops in lateral load—displacement relationships of HMI-panel specimens.
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A E = Area
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Fig. 8. — Calculation of dissipated energy from hysteresis loops in lateral load-displacement relationships.

Lateral load (kN)

Lateral displacement (mm)

Fig. 9. — Calculation method of the g, value in lateral load-displacement relationships.

M cr :frItr (2)

t

f,=0.631\/f, ®

where, f; is the rupture modulus, I, is the second moment of the transformed area, y; is the distance from the centroid of the cross-
section to the tensile fiber, and 1 is the coefficient for lightweight aggregate concrete (normal-weight concrete = 1.0, sand light-
weight aggregate concrete = 0.85, and all-lightweight aggregate concrete = 0.75). In this study, all-lightweight aggregate concrete was
used to manufacture all the HMI panel specimens. Therefore, 0.75 for A was applied to Eq. (3). Table 7 summarizes the predicted
(Mer(pre.)) and experimental (Mr(exp.)) values of M., for HMI panel specimens. The safety of M., was evaluated by using the ratio of
Mer(exp.) 10 Mr(pre.)- A 1atio (Mcr(exp.) /Mer(pre.)) greater than 1.0 indicates that the M., of the HMI panel specimen sufficiently exceeds the
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value predicted by ACI 318-19 [23]. The specimen connected using the L-shaped steel-plate-based bolting technique was over-
estimated, with an observed Mcr(exp.)/Mcr(pre.) Value of 0.24. This can be attributed to the significant slip displacements that occurred
between the circular steel pipes and the threaded bolts used in the connection, as observed in the Section of 5.1 crack propagation and
failure mode. The Mcr(exp)/Mcr(pre) Vvalue of the specimen connected using the conventional splice-sleeve technique and
splice-sleeve-based bolting technique was 0.76 and 0.78, respectively, indicating an overestimation. This can be attributed to the low
fracture modulus of the bottom ash aggregate-based concrete and the insufficient amount of longitudinal reinforcement. However, the
Mr(exp.) /Mer(pre.) Value obtained from the HMI panel specimen designed using p, = 1 -5Py(min) Was 1.04, indicating an underestimation.
Consequently, it can be concluded that the HMI panel specimen can achieve sufficient M., to be assessed as safe according to ACI
318-19 [23] when splice-sleeve-based bolting technique is applied and vertical reinforcements are designed with p, = 1.5p, ).

5.2. Maximum flexural moment (M)

The maximum flexural moment (M,,) of the HMI-panel specimen was evaluated using the following equation, considering the
concept of the equivalent stress block specified in ACI 318-19 [23] and the stress state of the vertical reinforcement (tensile or
compressive stress):

My =0.85f;ab (e, —3 ) +Aafa ey — du)| + Asfia(cu — do)] + = + [Afis(cu — do)| + [Acfir(cu — )| @

where, f; is the compressive strength of the concrete, a is the depth of the equivalent stress block, b is the width of the HMI-panel, ¢, is
the depth of the neutral axis, Ay is the cross-sectional area of i-th vertical reinforcement, f;; is the stress of i-th vertical reinforcement,
and d; is the depth of i-th vertical reinforcement. In Eq. (4), the ¢, value is determined based on the equilibrium of forces and the
assumption that the compressive extreme fiber strain at the ultimate state (g,) is 0.003. Vertical reinforcements located at depths
greater than the ¢, (¢, < d;) were calculated under tensile stress, whereas those at a shallower depth (c, > d;) were calculated under
compressive stress. For example, if ¢, is less than d3, this can be summarized as follows:

c :As7fs7 + Asefss + - + Asafis — Anf2 — Aafa
“ 0.85f,bp,

()

where, f; is the depth coefficient of the concrete equivalent stress block. In Eq. (5), the stress in the vertical reinforcement at position i
was assumed to be f, when the calculated strain exceeded the yield strain (0.0022). The assumed &, (0.003) and calculated c, from the
equilibrium of forces for the HMI panel specimen were between 60 and 84 mm, which were smaller than the d;. Table 6 summarizes
the predicted (Mppre.)) and experimental (Myexp.)) values of M, for HMI panel specimens. The safety of M, was evaluated by using the
ratio of Myexp) t0 Mp(pre). A ratio (Mp(exp.)/Mn(pre.)) greater than 1.0 indicates that the M, of the HMI panel specimens sufficiently
exceeds the value predicted by ACI 318-19 [23]. The Mp(exp)/Mn(pre) value of the specimen connected using the L-shaped
steel-plate-based bolting technique was 0.42, indicating an overestimation. This can be attributed to the significant slip displacements
that occurred between the circular steel pipes and the threaded bolts used in the connection, which led to insufficient transfer of lateral
loads. The specimens connected using the conventional splice-sleeve technique and splice-sleeve-based bolting technique were
underestimated, with an observed Mpexp.)/Mnpre) value of 1.09. However, the underestimation was not significantly high and
remained below 9 %. Notably, the My(exp)/Mp(pre) Obtained from the HMI panel specimen designed with p, = 1.50,(miny Was 1.06,
indicating an underestimation. The reason why the ratios of My(exp.)/Mn(pre) Were within the range of 1.02-1.09 is that the tensile
strength increases as the outermost longitudinal reinforcement reaches the hardening region. Consequently, it can be concluded that
the HMI panel specimen can achieve sufficient M, to be assessed as safe according to ACI 318-19 [23] when the splice-sleeve-based
bolting technique is applied and vertical reinforcements are designed with p, = 1.5p,ip).

5.3. Displacement ductility ratio (ji,)

The y, of the HMI panel specimen was evaluated by comparing the analytical values obtained from the lateral load-displacement
relationship predicted by the one-dimensional nonlinear analysis (1-DNA) procedure established by Mun et al. [24] with the exper-
imental results. Fig. 10 presents the flowchart of the one-DNA procedure for panels integrated with a base without a base-to-panel
joint. The established one-DNA procedure can be summarized as follows: 1) The compressive fiber strain (¢.) is incremented from
0.0000 to 0.0300 at the critical section. 2) For each incremented ¢, the depth of the neutral axis (c;) is assumed. 3) The strains of each
material are determined based on the assumed c;. 4) The stresses are calculated from the stress-strain relationships of each material,
and the compressive and tensile forces are computed from the areas of each infinitesimal element. 5) The compressive and tensile
forces are summed to verify whether the equilibrium of forces is satisfied. 6) If the equilibrium condition is not satisfied, return to step
2) and re-assume c;. This procedure is repeated until the equilibrium condition is satisfied. 7) Based on the determined c;, curvature and
flexural moment are calculated. 8) The lateral load is determined from the calculated flexural moment, and displacement is estimated
using the concept of an idealized curvature distribution and equivalent plastic hinge length (I,). 9) The lateral load-displacement curve
for each increment of ¢, is derived, from which y, is determined. The following equation proposed by Yang et al. [31] was used as the
constitutive equation for the compressive concrete in procedure 4):
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Table 7
— Experimental and predicted flexural moments of the HMI-panel specimens under cyclic in-plane loading.
Specimens Experiments Predictions Comparison
M, (kN-m) M, (kN-m) Uy (3) Mer(pre) (KN-m) Mn(pre)y (KN-m) Hapre, (6) [€D/C)] (2)/(5) (3)/(6)
(€3] (2 “@ 5)
L-1.0 40.8 97.6 1.5 167.5 232.1 2.5 0.24 0.42 0.61
S-1.0 127.0 175.2 2.9 166.6 160.9 2.6 0.76 1.09 1.12
W-1.0 129.1 164.1 3.0 166.6 161.6 2.6 0.78 1.02 1.13
W-1.5 179.1 321.4 2.7 173.0 302.2 2.4 1.04 1.06 1.15

Note: M, = cracking flexural moment, M;, = maximum flexural moment, y, = displacement ductility ratio, Mcr(pre) and M) = cracking and
maximum flexural moment by ACI 318-19, respectively, and i, e, = displacement ductility ratio by predicted by Yang et al.

| Input data: Geometrical dimension of member. Material properties |

;

| Divide the member element along the HMI-panel length from the critical section |

!

Reassume = Assume neutral axis depth (c(i, 1)) for concrete compressive strain at extreme fiber
(ec(Dm)
Determine the internal forces from the stress-strain relationship of each material
No

yes

| Calculate M (i) by internal forces of each material |

l yes

| Calculate curvature at each element |

!

| Calculate load (P(i)) and displacement (A(i)) at each stage |

Fig. 10. — Flow chart of one-DNA procedure.

@ Dese)
o= {(ec/e())”“ T ﬂ}ﬂ ©

f= 0.20 exp(0.73¢) fore, < ¢ @
"1 0.41 exp(0.77¢) fore. > g

£0=0.0016Exp{240(f. / E.) } ”

where, f, is the concrete compressive stress corresponding to the strain, § is a factor that accounts for the slopes of the ascending and
descending branches of the stress—strain curve, ¢, is the variable compressive strain, ¢ is the strain at the peak stress of the concrete,
and E. is the modulus of elasticity of the concrete. Additionally, the following equation proposed by Mattock [32] was used for |, in
Procedure 8):

l, =0.5d + 0.05z ©)]

where, d is the effective depth and z is the distance from the critical section to the inflection point. As shown in Table 6, the safety of
was evaluated based on the ratio of the experimental (44 eyp)) to predicted (4 pre ) values. A value greater than 1.0 indicates that the
Hy of the HMI panel specimen is higher than the value predicted by one-DNA. The yis(exp.) /Hapre.) Of the specimens connected using the
L-shaped steel-plate-based bolting technique was 0.61, indicating an overestimation. In contrast, the i, (exp)/Ha(pre) Of Specimens
connected using the conventional splice-sleeve technique and splice-sleeve-based bolting technique ranged from 1.12 to 1.15,
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indicating underestimation. These values were, on average, 1.87 times higher than those of specimens connected using the L-shaped
steel-plate-based bolting technique. Consequently, it can be concluded that when applying the splice-sleeve-based bolting technique,
the HMI panel specimen can achieve a sufficient u,, comparable to that of panels integrated with a base without a base-to-panel joint.

6. Flexural design procedure for HMI-penels connected with the splice-sleeve-based bolting technique

Based on the results presented above, the flexural design procedure for HMI-panels with the splice-sleeve-based bolting technique
can be summarized as follows: 1) The design loads corresponding to axial force, shear, and flexural moment acting on HMI-panels are
evaluated. 2) Based on these design loads, the cross-sectional dimensions and material properties of the HMI-panels are specified. The
compressive strength of lightweight aggregate concrete is taken as an average of 24 MPa and the average unit weight of concrete (p,) is
assumed to be 1500 kg/m?>. The vertical reinforcement ratio is provided at not less than 1.5 Ps(min) and the horizontal reinforcement
ratio is determined to adequately resist the applied shear forces. 3) The connection between the HMI-panels and the base employs the
splice-sleeve-based bolting technique, in which the sleeves inserted into the panels are confined by closed horizontal reinforcement.
The sleeve details are defined in accordance with fib 2010 [33], and the mortar placed inside the sleeve must achieve a compressive
strength of at least 80 MPa to prevent reinforcement pullout or failure until the stress in the vertical reinforcement reaches 1.25 times
their yield strength. 4) Finally, the flexural moment capacity of the HMI-panels is verified using Eqgs. (4) and (5), and if it the design is
found to be inadequate, the amount of vertical reinforcement is increased and the procedure is repeated. Through this iterative process,
HMI-panels designed with the splice-sleeve-based bolting technique can ensured to provide both sufficient flexural moment capacity
and enhanced post-peak energy absorption capacity.

7. Conclusions

Cyclic lateral load tests were conducted to evaluate the seismic in-plane performance of meta-based insulated precast lightweight
aggregate concrete panels (HMI-panels) using a newly developed splice-sleeve-based bolting technique. The following conclusions
were drawn.

1. The L-shaped steel-plate-based bolt technique proved ineffective in transferring lateral forces owing to crack concentration and
significant sliding displacement at the base-to-panel joint. It exhibited typical sliding behavior, with 68 % and 44 % lower lateral
resistance capacities (P, and P,, respectively) and a 48 % lower displacement ductility ratio (u,) than HMI panels with the
conventional splice-sleeve technique.

2. The splice-sleeve-based bolt technique demonstrated superior lateral force transfer capacity and ductility, performing equally to or
better than the conventional splice-sleeve technique in terms of flexural behavior. Notably, the P, and P, of HMI panels with the
splice-based bolt technique were 3.17 times and 1.68 times higher, respectively, than those with L-shaped steel-plate-based bolt
technique, indicating significantly enhanced flexural resistance.

3. When the vertical reinforcement ratio was increased by 1.5 times in the HMI panels using the splice-sleeve-based bolt technique,
they maintained a similar level of Egy while achieving a 6.78 times higher lateral load resistance compared to HMI panels using the
conventional splice-sleeve technique.

4. A comparison of the experimental results with predictions based on the ACI 318-19 standards verified that the splice sleeve-based
bolt technique ensures structural safety at cracking and maximum strength moments when the vertical reinforcement ratio is
increased by a factor of 1.5.

5. The splice-sleeve-based bolt technique is considered to be an effective approach for improving the seismic performance of HMI
panels. However, the HMI panel proposed in this study was primarily designed for application as external cladding and is optimized
for use as a non-load-bearing wall. Accordingly, its main loading conditions are limited to relatively low loads, such as self-weight
and wind loads, and its applicability to load-bearing walls or moderate to high load conditions is restricted. In addition, the
effectiveness of the panel has been verified within the dimensional range used in the experiments (350 mm x 1200 mm x 2775
mm); applications outside of this range, including different shapes or thicknesses, require further validation. The materials
employed are also limited to those specified in this study (e.g., bottom ash aggregate concrete), and the applicability to other
materials would necessitate separate experimental verification.
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