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Abstract. Full-scale temperature tests were conducted on inner and outer wythes
with single-piece truss connectors, both with and without openings, connected to
sandwich insulation wall panels. The purpose of the study was to investigate the
deformation and stress performance of these panels under temperature differen-
tials between the inner and outer wythes. The test results showed that throughout
the temperature variation process, the concrete temperature of the inner wythe
remained stable. The sandwich insulation layer exhibited good thermal insulation
performance, and the heat transfer through the connectors had minimal impact
on the temperature changes of the inner wythe. During the cooling process, no
cracks were observed on the surface of the specimens. During the heating pro-
cess, the crack widths of both specimens remained below 0.2mm. The overall
effect of temperature on the outer wythe, constrained by the inner wythe, was
relatively small. Under the influence of temperature difference, the specimens
exhibited some warping deformation. However, the deformation values did not
exceed the allowable limits for the facade panels.

Keywords: Prefabricated; Facade panels; Temperature test; Connections for in-
sulation wall.

1 Introduction

With the increasingly severe global energy shortage and environmental pollution is-
sues, the construction industry, being a major consumer of energy and emitter of car-
bon, needs to take effective measures to reduce energy consumption and carbon emis-
sions [1,2]. Prefabricated ultra-low energy buildings offer advantages such as improved
energy efficiency, reduced carbon emissions, enhanced residential comfort, and mini-
mized environmental pollution, making them an important direction for future green
building development. Among them, prefabricated ultra-low energy sandwich insulated
facade panels, as a crucial component of prefabricated ultra-low energy buildings, can
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effectively reduce carbon emissions and improve energy conversion rates [3,4]. There-
fore, research on temperature tests of prefabricated ultra-low energy sandwich insulated
facade panels holds significant importance in promoting the development of green
buildings.

The construction of sandwich insulated concrete facade panels is a common form in
prefabricated building facades. These panels are composed of two layers of reinforced
concrete with insulation material filled in between, forming a composite panel[5,6].
The connection between the inner and outer wythes and the intermediate insulation
board is achieved through specialized connectors, forming a unified structure. Based
on the configuration and quantity of connectors, sandwich insulated panels can be clas-
sified as fully composite panels, non-composite panels, or partially composite panels
[7]. For sandwich insulated shear walls, the current design approach in China generally
adopts the non-composite design concept, aiming to achieve minimal constraints on the
outer wythe from the inner wythe, thereby allowing free deformations under tempera-
ture effects. The use of truss-type connectors in sandwich insulated shear walls may
lead to significant constraints on the deformation of the outer wythe by the inner wythe
under temperature effects. This combination effect between the inner and outer wythes
increases the risk of bending deformations and cracking of the outer wythe under tem-
perature differentials between the inner and outer wythes. Additionally, the thermal
conductivity of the connectors is much higher than that of the inner and outer wythes
and insulation layer, resulting in thermal bridging effects and potential cracking risks
in the concrete near the connectors [8,9]. Therefore, it is necessary to study the perfor-
mance of sandwich insulated shear walls using this type of connector under temperature
effects.

This study investigates the deformation capacity and cracking patterns of the outer
wythe of sandwich insulated wall panels, both with and without openings, under tem-
perature differences between the inner and outer wythes. The panels were subjected to
both heating and cooling processes.

2 Test program

2.1  Specimen design

The dimensions of the specimens and the arrangement of connectors were determined
based on commonly used thermal insulation facade panels in actual engineering. Two
full-scale specimens were designed: one without openings (specimen WQ-1) and one
with an opening (specimen WQ-2). The inner wythe of the specimens has a thickness
of 200mm, the outer wythe has a thickness of 60mm, and the insulation layer has a
thickness of 270mm. The width of the specimens is approximately 3m, and the height
is around 2.7m. For the specimen with an opening, the opening is centered in the width
direction, with a distance of 0.9m from the bottom of the wall, and the size of the open-
ing is 1.4m x 1.4m. Detailed dimensions of the specimens and the arrangement of con-
nectors can be seen in Figure 1. The concrete strength grade of the specimens is C30.
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Fig. 1. The specimen dimensions and arrangement of connectors.

The connectors used for the inner and outer wythes are PDM320 single-piece truss-
type connectors manufactured by Peck. The total height of the connector is 320mm,
with 25mm embedded into the concrete on each side. The length and spacing of the
connectors are designed and arranged by the manufacturer. The construction and di-
mensions of the connectors can be seen in Figure 2.
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Fig. 2. The construction and dimensions of the connectors.

2.2 Test equipment

A homemade temperature control chamber was used for the temperature tests. The ex-
perimental setup is shown in Figure 3. A temperature control chamber was installed on
one side of the outer wythe. Inside the temperature control chamber, refrigeration and
heating equipment were set up for cooling and heating purposes. The wall panels were
placed at the junction of the indoor and outdoor openings. The gap between the opening
and the wall panel was filled with polyurethane foam to ensure a tight seal and prevent
heat loss. The temperature variations were controlled indoors. For cooling, refrigeration
air conditioners were used, and the air temperature could reach -25°C. For heating, ce-
ramic heating elements were installed in the air conditioner, supplemented by infrared
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heating lamps. The heating lamps were arranged in 3 rows and 3 columns, a total of 9
lamps, evenly distributed along the height.

2.3 Temperature application program

Referring to European standard EN1991-1-5[10] and American standard ASTM
C1472[11], the temperature requirements for the facade surface are specified. Consid-
ering the worst-case scenario (dim southwest wall), the maximum temperature and min-
imum air temperature of the outer surface of the wall panel are determined as follows:
For summer, the maximum outer wythe surface temperature is set as the basic temper-
ature (7Tmax) plus 42°C. For winter, the minimum outer wythe surface temperature is set

as the basic temperature (7min). The wall panel surface temperatures can be found in
Table 1.

Table 1. Surface temperature of the facade and indoor-outdoor temperature difference.

Season Base tempera- Indoor tempera-  Surface temperature Temperature dif-
ture(°C) ture(°C) of facades(°C) ference(°C)

Summer 38 25 80 65

Winter -15 25 -25 50

During the experiment, the temperature is first lowered and then raised. Once the
target temperature is reached, it is maintained for approximately 3 hours before the
temperature application is stopped. After that, observations and recordings of the ex-
perimental phenomena are conducted indoors.

2.4  The arrangement of measurement points

Measurements include controlling temperature inside and outside the control room,
concrete temperature in the inner and outer wythes, concrete strain in the inner and
outer wythes, out-of-plane deformation of the outer wythe, and resulting cracks. Tem-
perature sensors are used to display and collect indoor and outdoor temperatures. Re-
sistance temperature sensors and three-axis strain gauges are strategically placed at typ-
ical locations on the specimens. After the heating and cooling processes, measurements
are taken inside the control room to determine the out-of-plane deformation, crack dis-
tribution, and crack width of the outer wythe.The layout of temperature, strain, and
deformation measurement points can be seen in Figure 4. The inner and outer wythes
temperature sensors are numbered as NTj; (representing the temperature of the i-th row
and j-th column measurement point) and WTj;, respectively. Strain measurement points
are denoted as Sjj, while deformation measurement points are labeled as D;.
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Fig. 4. The arrangement of measurement points.

3 Experimental procedure

The temperature distribution of the concrete in the inner and outer wythes of the spec-
imens, as well as the relationship between temperature difference and time during the
cooling and heating processes, are shown in Figure 5 and Figure 6. From the figures,
we can observe the following: During the cooling process, the temperature of the outer
wythe decreases rapidly initially. As the temperature reaches a certain level, the rate of
temperature reduction gradually slows down, and the temperature stabilizes. During the
heating process, the temperature of the outer wythe increases approximately linearly
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with time. Once the temperature reaches a certain level, the rate of temperature increase
starts to slow down. The temperature of the inner wythe remains stable throughout the
cooling and heating processes, indicating that the insulation performance of the sand-
wich insulated wall panel is good and the heat transfer through the connectors has min-
imal impact on the temperature of the inner wythe. For specimen WQ1, after the cooling
process, the temperature along the perimeter is lower than the internal temperature..
The maximum and minimum values of the measured temperatures differ by only 1.9°C,
indicating a relatively uniform temperature distribution. However, after the heating pro-
cess, the temperature along the perimeter is higher than the internal temperature. The
maximum and minimum values of the measurement points differ by 13.2°C, indicating
a less uniform distribution. For WQ2, the temperature values at the top two corner areas
of the opening and the bottom area of the specimen are higher than the rest. During the
cooling process, the difference between the maximum and minimum values of the
measurement points is 7.3°C, while during the heating process, the difference is 15.4°C.
120 r7(°C) —— Outer Wythe 120 r7(°C) —— Outer Wythe

—=— Temperature Difference —=— Temperature Difference
+-a+ Inner Wythe 90 -

<&+ Inner Wythe
60 /,

30 3 aena
0 Il Il Il Il Il Il \t(h)\ 0 1 1 \w\ Il \t(h)
WO 25 30 35 40 45 wzo 25 30 35 40 45

90

60

30 &A-hadaa

230 30 |
-60 60 -
(a) (b)
Fig. 5. Temperature and temperature difference variation curves of the concrete in the inner and
outer wythes.
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Fig. 6. Temperature contour map of the outer wythe after cooling and heating processes.

4 Analysis of results

4.1 Crack analysis

Specimen WQ-1. Both specimens showed no cracks in the inner wythe after the cool-
ing and heating processes. According to the connector configuration and form described
in this article, the thermal bridging effect created by the connectors is not sufficient to
cause cracking in the concrete near the inner wythe.

Specimen WQ-1 did not exhibit any surface cracks on the outer wythe after the cool-
ing process. However, multiple cracks appeared on the surface of the outer wythe after
the heating process, as shown in Figure 7. From the figure, we can observe two main
types of cracks on the inner surface of the outer wythe: short diagonal cracks and long
cracks. The short diagonal cracks occur due to thermal expansion and deformation of
the outer wythe during heating, coupled with surface cracking caused by rapid water
loss from the concrete. The long cracks mainly originate from and extend along the
shorter cracks, intersecting and forming longer cracks. Several vertical cracks perpen-
dicular to the lower edges and bottom edges of the outer wythe are also observed, some
of which extend inward and nearly connect with the longer internal cracks. This is
mainly attributed to the uneven temperature and strain distribution near the specimen's
edges, as well as the constraints imposed by the connectors located near the edges.
Overall, although there are several surface cracks on the outer wythe, their widths are
relatively small, with none exceeding 0.2mm. Additionally, it is important to consider
that in actual engineering applications, the outer wythe surface is usually covered with
finishing materials, providing some level of crack resistance and waterproofing. There-
fore, it can be concluded that the specimen meets the functional requirements for nor-
mal usage.

Specimen WQ-2. Specimen WQ-2 exhibited surface cracks only on the outer wythe
after the heating process, similar to specimen WQ-1. The distribution of these cracks is
shown in Figure 8. From the figure, we can observe that there are only a few cracks
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present at the edges of the opening in the outer wythe. This is because the presence of
the opening reduces the constraints on the specimen itself, thereby reducing the internal
forces generated due to temperature changes and resulting in fewer cracks. The cracks
at the left edge of the opening develop horizontally, while the cracks at the lower edge
of the window develop vertically. All of the cracks observed are short cracks. The for-
mation of these cracks is attributed to the thermal expansion and deformation of the
outer wythe during heating, uneven deformation at the edge of the window, and local-
ized constraints. However, all crack widths are within 0.05mm. Overall, it can be con-
cluded that the specimen meets the functional requirements for normal usage, as the
number of cracks is minimal and their widths are small.
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Fig. 7. Cracks on the surface of the outer wythe after heating of WQ-1.
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Fig. 8. Cracks on the surface of the outer wythe after heating of WQ-2.

4.2  Concrete Strain Analysis

The strain variation curves of typical measurement points in the outer wythe concrete
for specimens WQ-1 and WQ-2 with respect to temperature difference are shown in
Figure 9 and Figure 10. In the figures, H represents horizontal strain, V represents ver-
tical strain, X represents diagonal strain at 45 degrees, Max represents maximum prin-
cipal strain. The strains are calculated according to equations (1) - (2), where the theo-
retical strains are based on the assumption of free expansion and contraction of the outer
wythe. Calculation is performed using equation (3).

j/xy = 28)( _(gl-[ +8V) (1)

E, & Ey — &
Entax = H2 V+\/( H2 ) 47 )
& = a[(Twi _Two)_(]:u' _Tao)] (3)

In the equations, &n, ¢v, and &x represent vertical, horizontal, and diagonal strains,
respectively. emax represents the maximum principal strain. yx, represents the shear
stress in the direction of study. a represents the coefficient of linear expansion, which
is taken as 1x10-3/°C for concrete. Ty and T; represent the temperature of the outer
wythe of concrete and the outdoor control room at the i-th hour, respectively. Two and
T.o represent the initial temperature of the outer wythe of concrete and the outdoor con-
trol room at the start of the experiment, respectively.

From Figure 9 and Figure 10, the following observations can be made:
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(1)For specimen WQ-1, both during cooling and heating, the measured strain values
show a linear relationship with temperature difference. The calculated theoretical
strains based on free expansion and contraction also agree well with the measured
strains.

(2)For specimen WQ-2, during the cooling process, the measured strain values at
each measurement point exhibit a linear relationship with temperature difference. How-
ever, during the heating process, the measured strain curve continues to increase rapidly
after the temperature difference reaches zero, followed by a rapid flattening of the
curve. This is mainly due to the presence of an opening in WQ-2, which allows heat to
affect the side surface of the opening. As a result, the local temperature on the outer
wythe surface becomes excessively high. Moreover, since the outer wythe is less con-
strained by the inner wythe in that area, it exhibits significant deformation. These fac-
tors together contribute to a rapid increase in strain, causing the measured strain to be
much larger than the theoretical strain.
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Fig. 9. Strain variation curve of the outer wythe concrete in WQ-1 with respect to temperature
difference.
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Fig. 10. Strain variation curve of the outer wythe concrete in WQ-2 with respect to temperature
difference.

4.3  Analysis of out-of-plane deformation

The measured out-of-plane deformation distribution of specimens WQ-1 and WQ-2 is
shown in Figure 11, and the statistics of the maximum out-of-plane deformation on the
outer wythe are presented in Table 2. From these results, the following observations
can be made:

(1)For specimen WQ-1, under temperature effects, primarily overall and continuous
warping deformation occurs. During cooling, the out-of-plane deformation is relatively
small near the edges, while the central concave portion experiences larger defor-
mations. During heating, the edge deformations are smaller, while the central region
shows significant outward convex deformations.For specimen WQ-2, due to the pres-
ence of a window opening, localized warping deformation mainly occurs under tem-
perature effects. During cooling, noticeable inward concave deformations occur at the
lower edges on both sides, the top edge of the window opening, and the corner of the
opening. Other areas mainly experience outward convex deformations.
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(2)The maximum deformation observed in WQ-1 during the test process is approx-
imately 6mm in either rows or columns. In contrast, WQ-2 exhibits a maximum defor-
mation of approximately 3.5mm.

The ratio of the maximum deformation to the short side length of the outer wythe in
specimens WQ-1 and WQ-2 is 1/450 and 1/771, respectively. According to the refer-
ence standard Technical standard for application of precast concrete facade panels
(JGJ/T 458-2018) [12], it stipulates that the allowable limit for out-of-plane deflection
of curtain wall panels is 1/250 of the distance between the outer supports.Based on this
requirement, it can be observed that the maximum deformation of the outer wythe under
temperature effects is significantly smaller than the specified limit, indicating compli-
ance with the requirements.

WQ-2¢ 0.5 WQ-2¢
After-cooling« After-heating«

o

FS
=

&
IS

-0.5 0 0.5 1 15 -1.5 -1 -0.5 0 0.5 1 1.5
(a) (b)

Fig. 11. Out-of-plane deformation contour maps of the outer wythe after cooling and heating.

Table 2. Maximum out-of-plane deformation of the outer wythe.

Specimen number  Deformation after cooling (mm) Deformation after heating (mm)

WQ-1 By line: average 3.25 By line: average 2.85
By column: average 5.90 By column: average 3.50
WQ-2 By line: average 3.55 By line: average 2.85

By column: average 3.45 By column: average 2.70
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5 Conclusion

Two specimens with truss connectors for sandwich insulation facade panels were sub-
jected to performance tests under temperature effects. During the test process, meas-
urements were taken for temperature, strain, cracks, and deformations. Based on this
study, the following conclusions can be drawn:

(1) Both cooling and heating of the outer wythe of concrete exhibit a pattern of ini-
tially rapid, followed by slower changes. During cooling, the outer wythe of concrete
shows relatively uniform behavior, while during heating, the temperatures are higher
around the opening and the outer edges.

(2) The temperature of the inner wythe concrete remains stable throughout the tem-
perature variations, with no cracks observed. The insulation boards provide effective
thermal insulation, and the thermal bridging effect caused by the connectors has mini-
mal impact on the inner wythe. Overall, the mutual constraints between the inner and
outer wythes are relatively small under temperature effects.

(3) Neither of the two specimens exhibited cracks in the outer wythe after cooling,
while after heating, the specimen without an opening experienced several internal
cracks, each with a width not exceeding 0.2mm. The specimen with an opening had a
few short and thin cracks along the edge of the window opening, with a crack width not
exceeding 0.05mm. Overall, the facade panels in this test meet the functional require-
ments for normal use.

(4) In the specimen without an opening, the measured strain values of the outer
wythe of concrete show a linear relationship with temperature difference. The theoret-
ical strains calculated based on free expansion and contraction agree well with the
measured strains during the cooling phase. However, in the specimen with an opening,
due to less constraint and localized high temperature, the measured strains at the open-
ing location are larger than the theoretically calculated strains.

(5) In the specimen without an opening, the outer wythe primarily undergoes overall
and continuous warping deformation under temperature effects. During cooling, signif-
icant inward concave deformations occur in the central part of the wall panel, while
noticeable outward convex deformations occur in the central part during heating. In the
specimen with a window opening, localized warping deformation mainly occurs under
temperature effects. During cooling, noticeable inward concave deformations occur at
the lower edges on both sides, the top edge of the window opening, and the corner of
the opening. Other areas mainly experience outward convex deformations. The maxi-
mum bending and torsional deflections of the two specimens after cooling are approx-
imately 6mm, while the maximum out-of-plane deformation after heating is about
3.5mm, which satisfies the limits specified in the standards.
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