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Abstract: Precast concrete sandwich panels (PCSPs) are utilized for the external cladding of structures
(i.e., residential, and commercial) due to their high thermal efficiency and adequate composite action
that resist applied loads. PCSPs are composed of an insulating layer with high thermal resistance that
is mechanically connected to the concrete. In the recent decades, PCSPs have been a viable alternative
for the fast deployment of structures due to the low fabrication and maintenance cost. Furthermore,
the construction of light and thin concrete wythes that can transfer and resist shear loads has been
achieved with the utilization of high-performance cementitious composites. As a result, engineers
prefer PCSPs for building construction. PCSP design and use have been examined to guarantee that a
building is energy efficient, has structural integrity, is sustainable, is comfortable, and is safe. Hence,
this paper reviews the expanding knowledge regarding the current development of the mechanical
and thermal properties of the PCSPs components; subsequently, future potential research directions
are suggested.

Keywords: precast concrete sandwich panel; shear connection; insulation; concrete wythes; load-bearing
composite wall

1. Introduction

Insulated wall panels, also known as precast concrete sandwich panels (PCSPs) or
integrally insulated wall panels, are being utilized extensively in structures and building en-
velope systems. The panels have superior thermal and acoustic insulation and load-bearing
capacity [1]. The panels (wythes) are composed of rigid foam insulation sandwiched
between two layers of concrete and held together using shear connectors (as illustrated
in Figure 1) [2]. The panels can be prefabricated to ensure quality control, elimination of
construction delays, and fast deployment [3]. The panels can be fabricated to consist of
partial or complete composite action depending on the degree of shear force transmitted
and the arrangement of shear connections [4]. Steel, fibre-reinforced polymers (FRPs), and
plastics are the most common materials used for shear connectors [4]. However, steel shear
connectors are preferred due to their mechanical properties. FRP connectors can provide
both structural and thermal performance as they possess low heat conductivity [5]. On the
other hand, plastic has a very poor thermal conductivity and consists of weak mechanical
properties (i.e., low rigidity) limiting their use in panels [6,7].

In recent years, to enhance the stiffness of the concrete panels, basalt fibre-reinforced
polymers (BFRPs) have been used as reinforcement and shear connectors [8-10]. BEFRPs have
similar strength and thermal conductivity to glass fibre-reinforced polymers (GFRPs) [11,12].
Moreover, BFRPs have a larger stiffness and are more durable than GFRPs [11-13]. Furthermore,
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BERPs are easy to manufacture; they are also high thermal insulators that resist freezing and
thawing environments [9,12]. In general, BFRPs have a manufacturing cost that is lower than
that of carbon fibre-reinforced polymers but higher than that of GFRPs [9,11]. However, the
long-term performance of BFRPs in rapid weathering and alkali environments has not been not
fully investigated [14]. Researchers have illustrated that BFRPs have outperformed GFRPs and
CFRPs in terms of thermal resistance and simplicity of production [15].

Foam Insulation

Concrete wythe

Shear

Foam Insulation
(b)

Figure 1. A precast concrete sandwich panel: (a) rear view, (b) shear connector (edited from [6,7]).

Connector

Woltman et al. (2013) illustrated that the panels have good thermal insulation; however,
the efficiency is reduced over time [1]. The panels are often restricted to a minimum
thickness of 51 mm due to cover and fire resistance requirements. Moreover, an efficient
thermal insulation layer can have a thickness ranging between 51 mm and 102 mm [4].
The insulating layer is usually fabricated from extruded polystyrene (XPS) and expanded
polystyrene (EPS). The XPS exhibits high shear strength when compared to EPS. This is
due to the smoothness of EPS, which results in a low shear strength [4]. Moreover, EPS has
a weak bond strength when subjected to freezing and thawing conditions due to their high
moisture absorption rate [5].

Researchers are investigating the feasibility of reducing the thickness of PCSPs to save
resources and materials and improve efficiency [14-16]. A crucial aspect in reducing the
thickness of the panels is maintaining the thermal effectiveness and strength capacity of
the cladding components [17]. Therefore, the utilization of partial/full-composite action
alongside with anticorrosive reinforcement and shear connectors can be a feasible solution.
Several researchers have concluded that a concrete layer with a minimum thickness of
80 mm is required to provide adequate cover for steel reinforcement in a typical concrete
wythe [18]. Researchers found that two concrete panels could be attached together to
provide composite action in resisting flexural loads [19]. This design mechanism resulted
in enhancing the structural capacity while allowing for a small overall composite to be
implemented [19]. However, the shear connectors need to be optimized to minimize the
impact of thermal transfer (i.e., heat bypass) and structural rigidity [20]. Moreover, to reduce
the overall thickness, a smaller cover needs to be implemented. In general, the concrete
cover is specified based on the fabrication, transfer, and fire protection requirements and
standards [20]. A minimum diameter and development length are required for the bolts
used during the deployment of the panels (i.e., the assembling of the panels) [21]. On the
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Concrele wythe

other hand, fire protection is provided by the concrete cover in accordance with the design
code [22,23]. It is worth noting that the cover requirement for non-structural cladding
panels is less than those for structural cladding panels [24].

This review summarizes the expanding knowledge regarding the structural perfor-
mance of precast concrete sandwich panels (PCSPs). Furthermore, the properties of the
components of PCSPs consisting of the concrete wythes, insulation core, and mechanical
connectors are discussed.

2. Sandwich Panels Behaviour

Sandwich panels made of precast and prestressed concrete are often utilised for
various buildings’ outside and interior walls [24]. These panels may be quickly and easily
mounted to any structural frame, including ones made of steel, reinforced concrete, pre-
engineered metal, and precast or prestressed concrete [25]. The panels are prefabricated
in a facility, brought to the project site, and erected by cranes. The panels reach vertically
between foundations and floors or roofs to produce permanent walls but may also span
horizontally between columns [26]. Sandwich panels are comparable to other precast or
post-tensioned concrete members in design, detailing, manufacturing, handling, shipping,
and erection [27]. On the other hand, due to an intervening layer of insulation, sandwich
panels display behaviours and characteristics distinct from those of other precast or post-
tensioned concrete members [28].

The panels can be classified as composite, partially composite, or non-composite.
Composite panels are designed so that the two concrete wythes are fully bonded and work
cooperatively to withstand the applied load. The usual failure behaviour of a composite
panel is the crushing of concrete or the deterioration in steel reinforcement. It is worth
noting that composite panels have shear connectors that are designed to withstand higher
stresses than concrete or steel can resist. This is to minimize the possibility of a sudden
failure in shear connectors. Figure 2 illustrates the linear stress distribution over the
thickness of a sandwich panel that is (a) composite, (b) partially-composite, and (c) non-
composite. Figure 2d displays the stress distribution of a single panel. A partially composite
panel consists of connectors that can only transmit a percentage of the longitudinal shear.
For partially composite panels, the failure occurs in the shear connectors.

INSULATION BENDING Nl /
- - - --1-————————-»'--'rh——-———‘—---—-——--——--—l-—-
LAYER MOMENT IV
Concrete wythe /
(a) Fully (b) Partially (c) Non-composite, (d) Non-composi

composite Two structural

wythes

One structural
wythe

composite

Figure 2. Strain distribution of precast composite sandwich panels [29].

The behaviour of the PCSPs is complex due to its material nonlinearity, the percentage
composite action, and the interaction of the components. Researchers have developed
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models based on experimental results and a fundamental analytical approach. Moreover,
the flexural behaviour of the PCSPs has been investigated to understand the effectiveness
of the truss shear connectors to assure composite behaviour. However, there is a lack
of experimental data due to the expenses associated with conducting full-scale testing
and the difficulty associated with developing small-scale models. Furthermore, most
manufacturers in North America and Europe do not share detailed information about the
panel composition and design as they are protected under proprietary licenses [29].

3. Shear Connectors

Figure 3 illustrates the typical assembly of precast concrete sandwich panels consisting
of two outer layers of concrete and a core insulative layer. The layers are bonded using
shear connectors. The shear connectors act as a strong bridge between the outer and core
layers [30]. The shear connectors should have an adequate diameter (a minimum of 4 mm
is used) to improve the system’s overall structural integrity. It is critical to ensure that
the panels can transfer the applied forces from one outer layer to the other outer layer
without causing deterioration to the insulation core. Depending on the intended application
and customer need, a shear connection design configuration (i.e., one-way, or two-way
direction) and its orientation may vary.

Concrete i =
wythe

Insulation

/ layer

Wire mesh
—___Shear connector

Figure 3. Typical drawing of a precast sandwich panel using a wire mesh as a shear connector [31].

Table 1 presents the various types of shear connectors that have been investigated.
Zhang et al. [32] investigated the thermal performance of reinforced precast concrete sand-
wich panels with three different types of shear connections. Among the shear connectors
that have been investigated were steel truss connectors, nominal thermo-mass connectors,
and steel-pin connectors. The research illustrated that the nominal shear connectors have a
low heat transfer rate and are the most stable under various loading situations. Moreover,
truss shear connectors are comparable to the nominal shear connectors. It is worth noting
that steel pin connectors do not provide sufficient composite behaviour [32].
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Table 1. Typical design of shear connectors and materials used.

Study Connection Material/Type Design Insulative Materials Thickness (mm)

XPS 6

[34] CFRP m XPS, EPS 50, 100, 150

[33] Steel Truss-Shaped Shear Connector

Lattice Fiberglass Polymer

[35] Tie-Connector: FRP

XPS, EPS 75

[27] Diagonal Anchor / 6

[36] Steel M-Tie XPS 50
[37] MC Welded Wire Girder Connector XPS, EPS 75
[38] GFRP EPS 100

7 N
[9] Pin M Foam 50
[34] FRP: NU-Tie XPS 75,150

4. PCSPs Insulation

PCSPs can be categorized as either bulk (i.e., mass) or reflective insulators. The mass
insulation can reduce heat transfer by conduction, while reflective insulators reduce the
heat transfer by radiation [39].

4.1. Mass Insulation

High thermal mass insulators absorb and retain heat by delaying the rate transfer
through conduction. The use of external coatings with low thermal mass and conductivity
for structures are helpful in isolating heat transfer in hot climates boosting the insulation
efficiency. The efficacy of the mass insulators is dependent on the thickness of the material
used and the heat conduction behaviour. Moreover, the effectiveness of the thermal
insulator is dependent on the state of the subdivision and the density of the material [28].
Mass insulators are often composed of many small pockets filled with trapped air that
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significantly decrease the transmission of heat. Therefore, compressing mass insulators
have a negative impact on their efficiency to insulate heat [39].

4.2. Reflective Insulation

A reflective (i.e., low emittance) surface provides thermal insulation by reflecting
the heat radiation. This results in a reduction in the amount of heat transferred to a
building due to solar rays and decreases the indoor temperature while improving the
air quality within a structure. The effectiveness of a surface in emitting energy through
thermal radiation is defined as emissivity. As the emissivity of a surface increases for
a specific wavelength, the energy radiated at that wavelength also increases. Reflective
insulators are composed of several low-emittance surfaces that entrap air. They are often
employed in residential buildings such as attics, roofing, and wall systems [40,41]. Several
researchers have examined the effects of reflective insulators on the thermal performance
of the building envelopes [42—45].

5. Classification of Insulators
5.1. Classification Based on Form

The most prevalent forms of insulation include loose-fill spray foam, batts, blankets,
and rigid boards. The structure, rehabilitation plan, and building code requirements
must all be considered when choosing the insulation material [36,46]. Table 2 provides a
summary of the performance characteristics of insulative materials based on their shape.

Table 2. Performance characteristics for common insulators [47-49].

. Thermal . .
Form Material Den51§y Conductivity Maximum §erv1ce Durability
(kg/m?) (W/m—-2K-1) Temp. (°C)
Fiberglass (Sand and . N e Compression Reduces
Recycled Glass) 12-56 0.04-0.033 4-260 R-Value
Blankets: Batts Rockwool _ m AN Compression Reduces
or Rolls (Natural Rocks) 40-200 0.037 240-800 R-Value
Polyethylene 35-40 0.041 —40-90 R-Value Decreases with
Compression and Moisture
Open Cell Structure 1048 0.038-0.030 —4-260 Degrade R-Value
Rockwool (Open T Compression and Moisture
Cell Structure) 24-36 0.040 240-800 Degrade R-Value
Loose-Fill : ;
; Cellulose Compression and Moisture
Blgown-m. Of  (Ground-up Wastepaper) 24-36 0.054-0.046 80 Degrade R-Value
oured-in
Perlite (Natural Glassy 30-176 0.06-0.04 760 Good
Volcanic Rock) ) )
Vermiculite 64-130 0.068-0.063 1315 Good
Fiberglass (Open 24-112 0.035-0.032 —4-350 More Rigid Than Batts
Cell Structure)
. Expanded Polystyrene -
Rigid Board (Closed Cell Foam) 16-35 0.038-0.037 100 R-Value Decreases with Time
Extruded Polystyrene . . : -
(Closed Celi Foam) 26-35 0.032-0.030 100 R-Value Decreases with Time

5.2. Classification Based on Composition

In general, the chemical and physical structure of a material determines the insulation
properties. Papadopoulos [50] classified the insulation materials into organic, inorganic,
mixed, and innovative technologies as illustrated in Figure 4.
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INSULATING MATERIALS

]
I [ I |

Inorganic Organic Combined Innovative
Materials Materials Materials Technologies
FOAMY
|| FOAMY | Siliconated | Transparent
-Foam Glass -Expanded calcium materials
polystyrene
-Extruded
FIBROUS polystyrene
| Dynamic
Glass-wool -Polyurethanfoam |— Gypsum Foam | '] materials
-Stone-wool
FOAMY EXPANDED
_Cork Wood-wool
| -Melamine foam

-Phenole foam

FIBROUS
-Sheep-wool
—{ -Cotton-wool
-Coconut fobers

-Cellulose

Figure 4. Classification of the commonly used insulative materials [50].

5.2.1. Inorganic and Organic Insulators

Inorganic insulators are composed from non-renewable resources such as mineral
wood, perlite, aerated concrete blocks, and foamy glass [51]. Organic insulators are com-
posed of natural flora, wood wool, cellulose, expanded rubber, wood fibre, and sheep
wool [52]. Organic insulators have numerous advantages such as being recyclable and
nontoxic, along with other environmental benefits. Furthermore, the organic materials use
less resources and energy for the manufacturing process compared to the inorganic insu-
lators [53]. However, inorganic insulators are less expensive to utilize and have superior
insulation properties [48]. Furthermore, inorganic insulators are resistant to fire and other
chemicals compared to organic insulators.

5.2.2. Combined and Innovative Technologies

The utilization of several materials in insulators can improve the overall thermal
performance and energy efficiency. Novel thermal insulators such as transparent insulative
materials have been developed and have good thermal insulation and solar gathering
properties [54]. Moreover, dynamic insulators that actively utilize ventilation systems have
been employed to increase insulation efficiency [55]. Currently, insulators are composed
of petrochemicals, fiberglass, mineral wool, polyurethane foam, and multiple foils [56].
Additionally, this material can be assembled in several configurations via simple installation
techniques. However, these materials are non-renewable, generate waste, and depend on
fossil fuels. Table 3 illustrates the material properties of the insulative materials that are
currently being used. The selection of insulative material depends on the cost, durability,
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climatic factors, availability, mode of heat transmission, simplicity of installation, and
structure orientation [14]. The following are examples of currently used insulative materials:
(1) mineral wool, (2) cellulose, (3) expanded polystyrene (EPS) [57], cork, polyurethane
(PUR) [58], extruded polystyrene (XPS) [57], and wood [59].

Table 3. Physical properties of the commonly used insulative materials [31,46].

Polystyrene Polyurethane
Physical Property EPS XPS Unfaced Faced
Density (kg/ m?) 11.2-144  17.6-22.4 28.8 20.8-25.6  28.8-35.2 48 32-96 32-96
Water Absorption (%) <4.0 <3.0 <2.0 <0.3 <3.0 1.0-2.0
Compressive Strength (kPa) 35-70 90-103 172 103-172 276414 690 110-345 110
Tensile Strength (kPa) 124-172 172 345 724 310-965 348
Linefé _Céor‘;fr'no/fi’f/aé‘sm 45-72 54-108 54-108
Shear Strength (kPa) 138-241 - 241 482 138-690 138-690
Flexural Strength (kPa) 69-172 207-276 345 276-345 414-517 695 345-1448 276-345
The”‘r/‘?rlnc/i?f /uéﬁVity 0.043 0.037 0.033 0.029 0.026  0.014-0.022
Maximum Temperature °C 71 118

6. PCSPs Thermal Performance

Experimental characterization of conventional/typical PCSPs have revealed a thermal
transmittance value (U-value) between 1.2 Wm 2 K~ ! and 2.0 Wm 2Kl in panels with
just 38 mm of expanded polystyrene (EPS) insulation core. Higher U-values have been
observed with panels that consist of closely spaced connections, as thermal bridges are
formed across the insulating layer. This results in increasing the number of heat loss
pathways. More recently, Zhai et al. developed a PCSP with a novel nylon shear connector;
the panel had an insulation core with a 100 mm thickness of polyurethane [60]. The panel
had a U-value of 0.66 Wm~2 K~!. Zhai et al. also investigated the use of expanded
polystyrene with the same configuration and had a U-value of 1.2 Wm~2 K~ [60]. Based
on the observed results, Zhai et al. concluded that the developed panels were more
effective and cost efficient than PCSPs with fibre-reinforced polymer (FRP) connectors
that have a U-value of 0.41 Wm~2 K~! [60]. Keenehan et al. [61] observed that a PCSP
with 120 mm of a phenolic foam (PF) insulative core had a U-value of 0.26 Wm—2 K~!
when using steel connectors and 0.15 Wm~2 K~! when using fiberglass connectors. It is
worth noting that the shear connectors were determined based on the mechanical and
strength requirements. Woltman et al. [32] investigated panels with discrete 4-mm diameter
steel connectors, which had a U-value of 0.36 Wm~2 K~ while the panels with the same
number of discrete 9.5mm diameter GFRP connectors and a 150 mm rigid XPS insulative
core had a U-value of 0.34 Wm~2 K~!. Several researchers have illustrated that PCSPs
with significant thicknesses ranging from 250 mm to 390 mm had a U-value less than
1.0 Wm~2 K1 [61,62]. Panels with U-values that are much lower than those that have
been investigated are necessary for residential and commercial buildings. In Ireland, the
construction standard requires panels with a maximum of 0.21 Wm 2 K1, and compliance
incentives are given for an additional reduction in the U-value [63].

Vacuum insulation panels (VIPs) are lightweight, flexible and provide a viable solution
for achieving thin PCSPs with high thermal resistance [63]. Currently, VIPs have low
conductivity ratings compared to other commercially available insulative materials. VIPs
are used to safeguard electronic equipment and are constructed of a hardcore using silica
fume and covered with aluminium foil to provide an airtight wrap [64]. VIPs have been
used for various applications [65]. In a recent publication, it was observed that the U-
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value was 0.007 Wm~2 K~!, which is three times lower than the U-value than common
foam insulators [66]. VIPs are manufactured in predetermined module sizes to ensure
their performance. VIPs that are custom designed have discontinuous layers of vacuum
insulation between the two insulation layers. Although the incorporation of VIP into a
PCSP is simple [18], there is a likelihood of delamination with the shear connectors (i.e.,
thermal bridging) [67].

Figure 5 shows the effects of overall panel thickness and insulation thickness on the
ultimate load of the panel. In general, insulation thickness has a negative effect on the
ultimate load of the panels, as a shorter shear-span between the loadings provides a higher
capacity of the shear connector in PCSP.

ULTIMATE LOAD (kN) vs OVERALL THICKNESS OF PANEL (mm)

10,000
Thickness of insulation less than 100 mm. ® Lightweight Concrete
\ M Normal Concrete

1,000 High-Performance Concrete
=
2
(a)]
<
Q
w 100
<
2
L
-]

i

Thickness of insulation between 100 mm to 300 mm

0 50 100 150 200 250 300 350 400
OVERALL THICKNESS OF PANEL (mm)

Figure 5. Ultimate load vs. overall thickness of panel with different wythe materials.

Table 4 illustrates the research development that has occurred since 2007 in the area of
PCSP in terms of alternative materials for wythes and composite shear connectors. The table
presents the ultimate force applied in terms of the axial, bending, and shear characterization.
Conventional concrete and steel panels have an ultimate load of 1450 kN, while foamed
concrete has an ultimate load of 783 kN. Pantelides et al. observed a maximum bending load
of 117.3 kN for PCSPs with GFRP shear connectors in conventional steel and concrete [26].
A maximum bending load of 22 kN to 45 kN was observed for similar PCSPs with glass
fibre-reinforced plastic (GFRP) [26].
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Table 4. Summary of previous research conducted on PCSPs.

Shear Connector

Shear

Composite

Ultimate

Insulation Core

Structural

Overall

Study Wythe Material Type Connector Shapes Insulative Materials Action Load (kN) Thickness (mm) # of Layers Loading Type System Thickness (mm)
. . . Mineral Hydrated Static Wind

[68] Lightweight Concrete Steel Bar Non-Continuous Foamed Material Full 17.8 to 34.9 150 - and Axial Wall 350
[21] Lightweight Concrete Steel Truss Continuous EPS Full 314to47.1 30 Single Axial Wall 150
[69] Lightweight Concrete Steel Truss Continuous EPS Full 250 to 600 40 Single Axial Wall 125
[70] Lightweight Concrete Steel Truss (6-mm) Continuous EPS Full 188 to 355 - Double Axial Wall -

[71] Lightweight Concrete Steg})—r]fé}cee::ed 18 to 44 Flexural Slab -

[20] Lightweight Concrete CFRP Grid Continuous Phenolic Foam Partial 90 Thermal Wall 150
[72] Normal Concrete Steel Truss Continuous EPS Full 20.04 to 26.00 100 Single Axial Wall 150
[73] Normal Concrete Steel Bar Non-Continuous EPS Full - 100 - Axial Wall 150
[74] Normal Concrete Steel Truss Continuous EPS Full 401 to 783 80 Single AF)féiluigii Wall 150
[75] Normal Concrete Steel Truss Continuous Polystyrene Foam Full 1250 to 1450 30 Single Axial Wall 130
[76] Normal Concrete Steel Truss Continuous EPS Full 1050 30 Single Axial Wall 130

Normal .
[69] Concrete GFRP Bar Continuous EPS, XPS and VIP Full 100 Flexural Wall 220
[77] Normal Concrete GFRP Shear Grid Continuous EPS and XPS Foam Full 23to 75 100 Single Flexural Wall 220
[78] Normal Concrete BFRP Bar Non-Continuous EPS Partial 38 to 41 100 Flexural Wall 270
[79] Normal Concrete GFRP Stud Non-Continuous Rigid Foam Partial 17 to 95 100 Flexural Wall 270
[80] Normal Concrete GFRP Truss Continuous XPS 44 t0 90 102 Single Flexural Slab and Roof 164
[4] Normal Concrete GFRP-Grid Continuous XPS and EPS Full 45 to 90 102 Single Flexural Wall 203
[26] Normal Concrete GFRP Shell Continuous EPS Full 25 to 45 76 Single Flexural Wall and Slab 200
[81] Normal Concrete Steel M-Tie Non-Continuous Partial 30 to 36 50 Flexural Wall 203
[81] Normal Concrete Steel Truss Continuous Polystyrene Full 117.3 40 Single Flexural Wall 120
[79] Normal Concrete Steel Truss Continuous EPS Full 14 to 21 50 Single Flexural Wall 200
Normal Concrete
[79] (Three Layers) Steel 25 to 50 Flexural Wall 200
High-Performance BEFRP and CFRP . EPS, Kingspan Free . .

[80] Concrete Grid Continuous Rigid Phenolic Partial 12to 14 290 Single Flexural Beam 350
[82] Textile-Reinforced Pin Connector Non-Continuous Polymeric Full 160 Flexural - 280

Concrete

Rigid Foam
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7. Future Development

According to this review, the vast majority of studies have focused on PCSP with
heavy concrete materials. However, the impact of lightweight concrete on PCSP has not
been investigated fully. Future research is necessary to develop low cost PCSPs with
high thermal insulation and fire resistance. Furthermore, research should be conducted
to achieve a high degree of adaptation (i.e., different geometry and sizes) and flexibility
to install PCSPs. In addition, it is necessary to emphasize the mechanical strength and to
evaluate the environmental impacts of the deployment of building insulators.

8. Conclusions

Initially, PCSPs were developed and manufactured as stressed-skin panels for struc-
tures. Rigid polystyrene foams, such as EPS or XPS, were used as the core material, while
the outside layers of PCSP were constructed using concrete, plywood, and thin metal
laminations (wythes). Concrete sandwich panels consist of two layers of structural concrete
sandwiched between two layers of a low-strength and low-density insulative material.
Horizontal mechanical shear connectors made of steel, carbon fibre-reinforced plastic, and
glass fibre-reinforced plastic link the three layers. The design arrangement of shear connec-
tions affects the precast panels’ structural efficiency and capacity. The shear connectors and
concrete wythes of a structure are typically reinforced with the same materials. The most
challenging obstacle researchers must overcome is ensuring a secure connection between
the wythes and the core material. PCSPs can be designed as non-composite, partially
composite, or fully composite.

The mechanical and thermal behaviour of the sandwich panels depends on the material
quality, quantity, diameter, spacing, and arrangement of the horizontal shear connections,
the thermal concrete bridges, and the strength of the concrete wythes. Fully-composite
panels are PCSPs that have achieved a full integration of strain and displacement compati-
bility. If a PCSP panel fails due to a shear connector before the concrete crushing and steel
reinforcement yielding, then the panel cannot be considered a composite panel. Therefore,
a prospective study on sandwich panels may investigate the following topics:

1.  Development of PCSP samples using lightweight concrete suitable for use in both
wall and flooring systems.

2. Enhancement of composite PCSP by providing more shear connectors in a smaller
area while retaining optimum orientation and arrangement.

3. Investigation and development of PCSP specimens with alternative shapes of shear
connectors that are functional for walls and floors.

Author Contributions: Conceptualization, C.G.T.,, EM.N. and N.-H.R.S.; methodology, C.G.T. and H.T;;
formal analysis, C.G.T. and H.T.; investigation, H.T.; data curation, C.G.T. and H.T.; writing—original
draft preparation, H.T.; writing—review and editing, C.G.T., N.H.R.S,, M.M.S., EM.N. and A.E.-S,;
supervision, C.G.T. and N.H.R.S,; funding acquisition, M.M.S. and A.E.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Higher Education under the Fundamental
Research Grant Scheme (FRGS/1/2020/TK01/UM/02/2).

Data Availability Statement: The data are available upon request from the corresponding authors.

Acknowledgments: The Ministry of Higher Education supported this study under the Fundamental
Research Grant Scheme (FRGS/1/2020/TK01/UM/02/2). The authors are grateful to the Public
Service Department (JPA) for providing scholarships to perform this work.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Losch, E. Precast/Prestressed Concrete Sandwich Walls. Structure Magazine, April 2005; pp. 16-20.
2. Maximos, H.N.; Pong, W.A.; Tadros, M.K.; Martin, L.D. Behavior and Design of Composite Precast Prestressed Concrete Sandwich
Panels with NU-Tie. University of Nebraska-Lincoln: Lincoln, NE, USA, 2007.



Buildings 2022, 12, 1429 12 of 14

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

PCI Committee on Pre-Cast Concrete Sandwich Wall Panels. PCI Committee Report: State-of-the Art of Precast/Prestressed Sandwich
Wall Panels; Precast/Prestressed Concrete Institute: Chicago, IL, USA, 1997.

Frankl, B.A.; Lucier, G.W.; Hassan, T.K.; Rizkalla, S.H. Behavior of precast, prestressed concrete sandwich wall panels reinforced
with CFRP shear grid. PCIJ. 2011, 56, 42-54. [CrossRef]

Frankl, B.A. Structural Behavior of Insulated Precast Prestressed Concrete Sandwich Panels Reinforced with CFRP Grid. Concrete 2008, 243.
Bai, F; Davidson, J.S. Analysis of partially composite foam insulated concrete sandwich structures. Eng. Struct. 2015, 91, 197-209. [CrossRef]
Brik, V. Advanced Concept Concrete Using Basalt Fiber/BF Composite Rebar Reinforcement; Transportation Research Board: Madison,
WI, USA, 2003.

Naito, C.; Hoemann, J.; Beacraft, M.; Bewick, B. Performance and Characterization of Shear Ties for Use in Insulated Precast
Concrete Sandwich Wall Panels. J. Struct. Eng. 2012, 138, 52-61. [CrossRef]

Brik, V. Basalt Fiber Composite Reinforcement for Concrete; Transportation Research Board: Madison, WI, USA, 1997.

Sim, J.; Park, C.; Moon, D.Y. Characteristics of basalt fiber as a strengthening material for concrete structures. Compos. Part B Eng.
2005, 36, 504-512. [CrossRef]

Liu, Q.; Shaw, M.T.; Parnas, R.S.; Mcdonnell, A. Investigation of basalt fiber composite mechanical properties for applications in
transportation. Polym. Compos. 2006, 27, 41-48. [CrossRef]

Hanswille, G.; Porsch, M.; Ustundag, C. Resistance of Headed Studs Subjected to Fatigue Loading Part I: Experimental Study.
J. Constr. Steel Res. 2009, 65, 1954-1963. [CrossRef]

Shi, JW.; Zhu, H.; Wu, Z.S.; Wu, G. The Durability of BFRP and hybrid FRP sheets under freeze-thaw cycling. Adv. Mater. Res.
2011, 163, 3297-3300. [CrossRef]

Mugahed Amran, Y.H.; Abang Ali, A.; Rashid, S.M.; Hejazi, F.; Safiee, N.A. Structural behavior of axially loaded precast foamed
concrete sandwich panels. Constr. Build. Mater. 2016, 107, 307-320. [CrossRef]

Hodicky, K.; Sopal, G.; Rizkalla, S.; Hulin, T.; Stang, H. Experimental and Numerical Investigation of the FRP Shear Mechanism
for Concrete Sandwich Panels. J. Compos. Constr. 2015, 19, 04014083. [CrossRef]

Voellinger, T.; Bassi, A.; Heitel, M. Facilitating the incorporation of VIP into precast concrete sandwich panels. Energy Build. 2014,
85, 666—671. [CrossRef]

Bush, T.D.; Wu, Z. Flexural analysis of prestressed concrete sandwich panels with truss connectors. PCI J. 1998, 43, 76-83. [CrossRef]
O'Hegarty, R.; Reilly, A.; West, R.; Kinnane, O. Thermal investigation of thin precast concrete sandwich panels. J. Build. Eng. 2020,
27,100937. [CrossRef]

Lee, B.J.; Pessiki, S. Thermal performance evaluation of precast concrete three-wythe sandwich wall panels. Energy Build. 2006,
38, 1006-1014. [CrossRef]

EN 1992-1-2; Eurocode 2: Design of Concrete Structures—Part 1-2: General Rules—Structural Fire Design. European Committee
for Standardization: Bruxelles, Belgium, 2004.

Mugahed Amran, Y.H.; Rashid, R.S.M.; Hejazi, F.; Safiee, N.A.; Ali, A.A.A. Response of precast foamed concrete sandwich panels
to flexural loading. J. Build. Eng. 2016, 7, 143-158. [CrossRef]

Choi, I.; Kim, J.H.; You, Y.C. Effect of cyclic loading on composite behaviour of insulated concrete sandwich wall panels with
GFRP shear connectors. Compos. Part B Eng. 2016, 96, 7-19. [CrossRef]

Pantelides, P.; Surapaneni, R.; Reaveley, L.D. Structural performance of hybrid GFRP/steel concrete sandwich panels.
J. Compos. Constr. 2008, 12, 570-576. [CrossRef]

Xue, W.; Hu, X. State of the art of studies on precast concrete shear wall structures. J. Build. Struct. 2019, 40, 44-55. [CrossRef]
Shirgaonkar, A.A.; Patil, Y.D.; Patil, H.S. Analytical study on new types of shear connectors in composite slab. IOP Conf. Ser. Mater. Sci. Eng.
2021, 1070, 012111. [CrossRef]

Amin Einea, PE.; Salmon, D.C.; Fogarasi, G.J.; Culp, T.D.; Tadros, M.K. State-of-the-Art of Precast Concrete Sandwich Panels.
PCIJ. 1991, 36, 78-98. [CrossRef]

Metelli, G.; Bettini, N.; Plizzari, G. Experimental and numerical studies on the behaviour of concrete sandwich panels.
Eur. J. Environ. Civ. Eng. 2011, 15, 1465-1481. [CrossRef]

Liu, R;; Zhang, K.; Tao, M. Comparison study on thermal performance of the RC sandwich panels with different connectors.
In Applied Mechanics and Materials; Trans Tech Publications Ltd.: Bach, Switzerland, 2013. [CrossRef]

Mugahed Amran, Y.H.; Rashid, R.S.M.; Hejazi, F,; Safiee, N.A.; Mohammed Bida, S. Structural Performance of Precast Foamed
Concrete Sandwich Panel Subjected to Axial Load. KSCE J. Civ. Eng. 2018, 22, 1179-1192. [CrossRef]

Choi, W,; Jang, S.J.; Do Yun, H. Design properties of insulated precast concrete sandwich panels with composite shear connectors.
Compos. Part B Eng. 2019, 157, 36-42. [CrossRef]

Rizkalla, S.; Hassan, T.; Lucier, G. FRP Shear Transfer Mechanism for Precast, Prestressed Concrete Sandwich Load-Bearing
Panels. In Proceedings of the SP-265: Thomas T.C. Hsu Symposium: Shear and Torsion in Concrete Structures, New Orleans, LA,
USA, 8-12 November 2009; p. 265.

Pessiki, S.; Mlynarczyk, A. Experimental evaluation of the composite behavior of precast concrete sandwich wall panels. PCI J.
2003, 48, 54-71. [CrossRef]

Hodicky, K.; Sopal, G.; Rizkalla, S.; Hulin, T.; Stang, H. FRP Shear Transfer Mechanism for Precast Concrete Sandwich Panels.
Concr.-Innov. Des. Symp. Proc. 2015, 265, 477-478.


http://doi.org/10.15554/pcij.03012011.42.54
http://doi.org/10.1016/j.engstruct.2015.02.033
http://doi.org/10.1061/(ASCE)ST.1943-541X.0000430
http://doi.org/10.1016/j.compositesb.2005.02.002
http://doi.org/10.1002/pc.20162
http://doi.org/10.1016/j.jcsr.2006.04.011
http://doi.org/10.4028/www.scientific.net/AMR.163-167.3297
http://doi.org/10.1016/j.conbuildmat.2016.01.020
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000554
http://doi.org/10.1016/j.enbuild.2014.05.038
http://doi.org/10.15554/pcij.09011998.76.86
http://doi.org/10.1016/j.jobe.2019.100937
http://doi.org/10.1016/j.enbuild.2005.11.014
http://doi.org/10.1016/j.jobe.2016.06.006
http://doi.org/10.1016/j.compositesb.2016.04.030
http://doi.org/10.1061/(ASCE)1090-0268(2008)12:5(570)
http://doi.org/10.14006/j.jzjgxb.2019.02.003
http://doi.org/10.1088/1757-899X/1070/1/012111
http://doi.org/10.15554/pcij.11011991.78.98
http://doi.org/10.1080/19648189.2011.9723354
http://doi.org/10.4028/www.scientific.net/AMM.253-255.674
http://doi.org/10.1007/s12205-017-1711-6
http://doi.org/10.1016/j.compositesb.2018.08.081
http://doi.org/10.15554/pcij.03012003.54.71

Buildings 2022, 12, 1429 13 of 14

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Woltman, G.; Tomlinson, D.; Fam, A.; Greg, W.; Douglas, T.; Amir, F. Investigation of various GFRP shear connectors for insulated
precast concrete sandwich wall panels. J. Compos. Constr. 2013, 17, 711-721. [CrossRef]

Sustainability Victoria. Chapter 7: Insulation. In Energy Smart Housing Manual; Sustainability Victoria: Melbourne, VIC, Australia, 2010.
Olathe, K. Reflective Insulation, Radiant Barriers and Radiation Control Coatings; Reflective Insulation Manufacturers Association
International (RIMA-I): Phoenix, AZ, USA, 2002.

Craven, C.; Garber-Slaght, R. Reflective Insulation in Cold Climates; Technical Report; Cold Climate Housing Research Center:
Fairbanks, AK, USA, 2011.

Saber, H.; Swinton, M.C. Determining through Numerical Modeling the Effective Thermal Existence of a Foundation Wall System
with Low Emissivity Material and Furred. In Proceedings of the Airspace International Conference on Building Envelope Systems
and Technologies, ICBEST 2010, Vancouver, BC, Canada, 27-30 June 2010; pp. 247-257.

Saber, H.H.; Maref, W.; Swinton, M.C.; S5t-Onge, C. Thermal analysis of above-grade wall assembly with low emissivity materials
and furred airspace. Build Environ. 2011, 46, 1403-1414. [CrossRef]

Saber, H.; Maref, W.; Swinton, M. Numerical investigation of thermal response of basement wall systems with low emissivity
material and furred airspace. In Proceedings of the 13th Canadian conference on Building Science and Technology, Winnipeg,
MB, Canada, 10-13 May 2011.

Saber, H.H.; Maref, W. Effect of furring orientation on thermal response of wall systems with low emissivity material and
furred-airspace. In BEST 3: The Building Enclosure Science and Technology Conference Proceedings; National Research Council Canada:
Ottawa, ON, Canada, 2012; pp. 1-15.

Yiiksel, N. The Review of Some Commonly Used Methods and Techniques to Measure the Thermal Conductivity of Insulation
Materials. In Insulation Materials in Context of Sustainability; IntechOpen: London, UK, 2016. [CrossRef]

Aditya, L.; Mahlia, TM.I; Rismanchi, B.; Ng, H.M.; Hasan, M.H.; Metselaar, H.S.C.; Muraza, O.; Aditiya, H.B. A review on
insulation materials for energy conservation in buildings. Renew. Sustain. Energy Rev. 2017, 73, 1352-1365. [CrossRef]
Al-Homoud, M.S. Performance characteristics and practical applications of common building thermal insulation materials.
Build. Environ. 2005, 40, 353-366. [CrossRef]

Jacqueline, A.S; Ting, D.S.-K. Engineering for Sustainable Development and Living: Preserving a Future for the Next Generation to Cheris;
Brown Walker Press: Boca Raton, FL, USA, 2021.

Papadopoulos, A.M. State of The Art in Thermal Insulation Materials and Aims for Future Developments. Energy Build. ]. 2005,
37,77-86. [CrossRef]

Sadeghinezhad, E.; Mehrali, M.; Saidur, R.; Mehrali, M.; Latibari, S.T.; Akhiani, A.R.; Metselaar, H.S.C. A comprehensive review
on graphene nanofluids: Recent research, development and applications. Energy Convers. Manag. 2016, 111, 466—487. [CrossRef]
Abdul Rahim, N.H.; Mohamad, N.; Abdul Samad, A.A.; Goh, W.I.; Jamaluddin, N. Flexural Behaviour of Precast Aerated
Concrete Panel (PACP) with Added Fibrous Material: An Overview. MATEC Web Conf. 2017, 103, 02005. [CrossRef]

Wong, L.; Eames, P.C.; Perera, R.S. A review of transparent insulation systems and the evaluation of payback period for building
applications. Sol. Energy 2007, 81, 1058-1071. [CrossRef]

Gan, G. Numerical Evaluation of Thermal Comfort in Rooms with Dynamic Insulation. Build Environ. 2000, 35, 445-453. [CrossRef]
Memon, S.A. Phase change materials integrated in building wall: A state of the art review. Renew. Sustain. Energy Rev. 2014,
31, 870-906. [CrossRef]

Takigami, H.; Watanabe, M.; Kajiwara, N. Destruction behavior of hexabromocyclododecanes during incineration of solid waste
containing expanded and extruded polystyrene insulation foams. Chemosphere 2014, 116, 24-33. [CrossRef] [PubMed]

Avar, G.; Meier-Westhues, U.; Casselmann, H.; Achten, D. Polyurethanes A2. In Polymer Science: A Comprehensive Reference;
Elsevier: Amsterdam, The Netherlands, 2012; p. 411.

Limam, A.; Zerizer, A.; Quenard, D.; Sallee, H.; Chenak, A. Experimental thermal characterization of bio-based materials (Aleppo
Pine wood, cork and their composites) for building insulation. Energy Build. 2016, 116, 89-95. [CrossRef]

Woltman, G.D.; Hanna, M.; Tomlinson, D.; Fam, A. Thermal Insulation EffecMtiveness of Sandwich Concrete Walls with
GFRP Shear Connectors for Sustainable Construction. In Proceedings of the 4th International Conference on Durability and
Sustainability of FRP Composite for Construction and Rehabilitation, Quebec, QC, Canada, 2022 July 2011; pp. 425-432.

Yang, J.L.; Xue, W.C. State-of-art of fiber reinforced plastic connectors. In precast concrete sandwich wall panels. Low Temp Arch. Technol.
2012, 8, 139-142.

Keenehan, J.; Concannon, K.; Hajializadeh, D.; McNally, C. Numerical Assessment of The Thermal Performance of Structural Precast Panels;
University College of Dublin: Dublin, Ireland, 2012.

Zhai, X.; Wang, Y.; Wang, X. Thermal performance of precast concrete sandwich walls with a novel hybrid connector. Energy Build.
2018, 166, 109-121. [CrossRef]

Ferreira, R.; Pereira, D.; Gago, A.; Proenga, ]. Experimental Characterization of Cork Agglomerate Core Sandwich Panels for Wall
Assemblies in Buildings. J. Build. Eng. 2016, 5, 194-210. [CrossRef]

Baetens, R.; Jelle, B.P; Thue, ].V.; Tenpierik, M.].; Grynning, S.; Uvslekk, S. Vacuum Insulation Panels for Building Applications: A
Review and Beyond. Energy Build. 2010, 42, 147-172. [CrossRef]

Hiilsmeier, F. Vakutex-vacuum-insulated textile concrete facade elements. In Proceedings of the Annual International Conference
on Architecture and Civil Engineering (ACE 2014), Singapore, 24-25 March 2014; Global Science and Technology Forum:
Singapore, 2014; pp. 235-241.


http://doi.org/10.1061/(ASCE)CC.1943-5614.0000373
http://doi.org/10.1016/j.buildenv.2011.01.009
http://doi.org/10.5772/64157
http://doi.org/10.1016/j.rser.2017.02.034
http://doi.org/10.1016/j.buildenv.2004.05.013
http://doi.org/10.1016/j.enbuild.2004.05.006
http://doi.org/10.1016/j.enconman.2016.01.004
http://doi.org/10.1051/matecconf/201710302005
http://doi.org/10.1016/j.solener.2007.04.004
http://doi.org/10.1016/S0360-1323(99)00034-7
http://doi.org/10.1016/j.rser.2013.12.042
http://doi.org/10.1016/j.chemosphere.2014.01.082
http://www.ncbi.nlm.nih.gov/pubmed/24582366
http://doi.org/10.1016/j.enbuild.2016.01.007
http://doi.org/10.1016/j.enbuild.2018.01.070
http://doi.org/10.1016/j.jobe.2016.01.003
http://doi.org/10.1016/j.enbuild.2009.09.005

Buildings 2022, 12, 1429 14 of 14

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kingspan. Optim-R Vacuum Insulation—Next Generation Insulation Solution for External Masonry Walls; Kingspan: Kingscourt, UK, 2018.
Tenpierik, J.; Cauberg, J.J.M. Encapsulated vacuum insulation panels: Theoretical thermal optimization. Build. Res. Inf. 2010,
38, 660-669. [CrossRef]

Shin, D.H.; Kim, H.J. Composite effects of shear connectors used for lightweight-foamed-concrete sandwich wall panels.
J. Build. Eng. 2020, 29, 101108. [CrossRef]

Hee Kang, W.; Kim, J.H. Reliability-Based Flexural Design Models for Concrete Sandwich Wall Panels with Continuous GFRP
Shear Connectors. Compos. Part B Eng. 2016, 89, 340-351. [CrossRef]

Mohamad, N.; Muhammad, H.M. Testing-of-precast-lightweight-foamed-concrete-sandwich-panel-with-single-and-double-
symmetrical-shear-truss-connectors-under-eccentric-loading. Adv. Mater. Res. 2011, 335-336, 1107-1116. [CrossRef]
Flores-Johnson, E.A.; Li, Q.M. Structural behaviour of composite sandwich panels with plain and fibre-reinforced foamed concrete
cores and corrugated steel faces. Compos. Struct. 2012, 94, 1555-1563. [CrossRef]

Joseph, ].D.R,; Prabakar, J.; Alagusundaramoorthy, P. Experimental studies on through-thickness shear behavior of EPS based
precast concrete sandwich panels with truss shear connectors. Compos. Part B Eng. 2019, 166, 446-456. [CrossRef]

Hetao, H.; Kefan, J.; Wenhao, W.; Bing, Q.; Mingji, F.; Canxing, Q. Flexural Behavior of Precast Insulated Sandwich Wall Panels:
Full-scale Tests and Design Implications. Eng. Struct. 2019, 180, 750-761. [CrossRef]

Gara, F; Ragni, L.; Roia, D.; Dezi, L. Experimental Tests and Numerical Modelling of Wall Sandwich Panels. Eng. Struct. 2012,
37,193-204. [CrossRef]

Benayoune, A.; Abdul Samad, A.; Abang Ali, A.; Trikha, D.N. Response of pre-cast reinforced composite sandwich panels to axial
loading. Constr. Build. Mater. 2007, 21, 677-685. [CrossRef]

Benayoune, A.; Abdul Samad, A.A.; Trikha, D.N.; Abang Ali, A.A.; Ashrabov, A.A. Structural behaviour of eccentrically loaded
precast sandwich panels. Constr. Build. Mater. 2006, 20, 713-724. [CrossRef]

Kim, J.H.; Chan You, Y. Composite behavior of a novel insulated concrete sandwich wall panel reinforced with GFRP shear grids:
Effects of insulation types. Materials 2015, 8, 899-913. [CrossRef] [PubMed]

Tomlinson, D.; Fam, A. Flexural behavior of precast concrete sandwich wall panels with basalt FRP and steel reinforcement. PCI J.
2015, 60, 51-71. [CrossRef]

Tomlinson, D.; Fam, A. Experimental investigation of precast concrete insulated sandwich panels with glass fiber-reinforced
polymer shear connectors. ACI Struct. J. 2014, 111, 595-605. [CrossRef]

Henin, E.; Morcous, G.; Tadros, M.K. Precast/Prestressed Concrete Sandwich Panels for Thermally Efficient Floor /Roof Applica-
tions. Pract. Period. Struct. Des. Constr. 2014, 19, 04014013. [CrossRef]

Lee, J.; Pessiki, S. Experimental evaluation of precast, prestressed concrete, three-wythe sandwich wall panels. PCI J. 2008,
53, 95-115. [CrossRef]

Benayoune, A.; Abdul Samad, A.A.; Trikha, D.N.; Abang Ali, A.A.; Ellinna, S.H.M. Flexural behavior of pre-cast concrete
sandwich composite panel—Experimental and theoretical investigations. Constr. Build. Mater. 2008, 22, 580-592. [CrossRef]
Bush, T.D.; Stine, G.L. Flexural Behavior of Composite Precast Concrete Sandwich Panels With Continuous Truss Connectors.
PCIJ. 1994, 39, 112-121. [CrossRef]

Lee, A]J.; Pessiki, S. Design and analysis of precast, prestressed concrete, three-wythe sandwich wall panels. PCI J. 2007, 52, 70-83. [CrossRef]
Hodicky, K.; Hulin, T.; Schmidt, ].W.; Stang, H. Structural Performance of New Thin-Walled Concrete Sandwich Panel System
Reinforced with BFRP Shear Connectors. In Proceedings of the 4th Asia-Pacific Conference on FRP in Structures, Melbourne, VIC,
Australia, 11-13 December 2013.

Shams, A.; Horstmann, M.; Hegger, J. Experimental investigations on Textile Reinforced Concrete (TRC) sandwich sections.
Compos. Struct. 2014, 118, 643-653. [CrossRef]


http://doi.org/10.1080/09613218.2010.487347
http://doi.org/10.1016/j.jobe.2019.101108
http://doi.org/10.1016/j.compositesb.2015.11.040
http://doi.org/10.4028/www.scientific.net/AMR.335-336.1107
http://doi.org/10.1016/j.compstruct.2011.12.017
http://doi.org/10.1016/j.compositesb.2019.02.030
http://doi.org/10.1016/j.engstruct.2018.11.068
http://doi.org/10.1016/j.engstruct.2011.12.027
http://doi.org/10.1016/j.conbuildmat.2005.12.011
http://doi.org/10.1016/j.conbuildmat.2005.02.002
http://doi.org/10.3390/ma8030899
http://www.ncbi.nlm.nih.gov/pubmed/28787978
http://doi.org/10.15554/pcij.11012015.51.71
http://doi.org/10.14359/51686621
http://doi.org/10.1061/(ASCE)SC.1943-5576.0000213
http://doi.org/10.15554/pcij.03012008.95.115
http://doi.org/10.1016/j.conbuildmat.2006.11.023
http://doi.org/10.15554/pcij.03011994.112.121
http://doi.org/10.15554/pcij.07012007.70.83
http://doi.org/10.1016/j.compstruct.2014.07.056

	Introduction 
	Sandwich Panels Behaviour 
	Shear Connectors 
	PCSPs Insulation 
	Mass Insulation 
	Reflective Insulation 

	Classification of Insulators 
	Classification Based on Form 
	Classification Based on Composition 
	Inorganic and Organic Insulators 
	Combined and Innovative Technologies 


	PCSPs Thermal Performance 
	Future Development 
	Conclusions 
	References

