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Abstract: Tide-embankment walls protecting coastal roads frequently contain numerous windows so
that pedestrians and drivers can view the scenery without experiencing reduced sunlight.
Tide-embankment windows must withstand extreme climatic conditions. However, the effects of
temperature extremes on acrylic boards have rarely been studied. This paper proposes a simple
method for constructing a high-temperature environment and a method for measuring strain on an
acrylic plate. The deformation and strain of a 40-mm-thick acrylic tide-embankment window were
determined experimentally and numerically in this study in a high-temperature environment,
obtaining similar results; additionally, the numerical method was subsequently used to simulate a
low-temperature environment. Because thermal conductivity was low, the internal temperature of the
thick acrylic board did not immediately change with the temperature of the surface, and thermal
expansion and contraction of the board were restrained. Temperature-induced deformation effects
were low across the entire range of temperatures and heating rates recorded in coastal Japan.

Keywords: tide-embankment window; acrylic board; high-temperature exposure test; temperature
deformation characteristic; finite element analysis
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Abbreviations: polymethylmethacrylate (PMMA); autoclaved aerated concrete (AAC); chloroprene
rubber (CR)

1. Introduction

Because typhoons and earthquakes occur frequently in Japan [1], concrete tide embankments
have been constructed along the coast to prevent storm surges and tsunamis. Although they improve
safety, tide embankments can be as high as 5 m, blocking sightlines and sunlight, which deteriorates
the quality of the living environment [2,3]. Therefore, slits containing acrylic windows are provided
in embankments at regular intervals (Figure 1). Each window consists of a transparent acrylic
(polymethylmethacrylate: PMMA) board fitted in a stainless-steel window frame. The window
permits a view of the sea or other scenery in normal circumstances but can withstand the water
pressure acting on the embankments in the event of a storm surge or tsunami.

Figure 1. Example of a tide embankment with acrylic windows.

Transparent materials that do not block sightlines and sunlight include acrylic, glass, and
polycarbonate. Table 1 presents a comparison of the materials of windows used for tide
embankments. Acrylics are the most suitable material for embankment windows because they are
hard and strong plastics with excellent optical properties [4] as well as easy to process, lightweight,
high bending strength, flexural modulus, and surface hardness; moreover, acrylic boards are not
easily scratched [5,6]. Although acrylic windows are currently used for each fixed section of tide
embankment constructed along the coast of the Tohoku region in Japan, the effect of the installation
environment on the acrylic test pieces has been investigated only for exposure to solar radiation and
seawater [7], and the effects of other factors have not yet been clarified. The thickness of the acrylic
window used in this study is 40 mm. Although the design is not discussed in this paper, the thickness
of 40 mm was determined by examining the thickness that can withstand the hydrostatic pressure due
to waves and considering the collision load of drifting objects such as driftwood.
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Table 1. Comparison of the materials of the windows used for tide.

Items Acrylic Glass Polycarbonate

Transparency High (93% or more) High (92% or more) High (89% or more)

Density (kg/m?) 1.19 2.4-2.6 1.20

Impact resistance High (<polycarbonate) Low High (200 times more
than glass)

Weather resistance Tough Tough Aged fading and

(preserving aesthetics) embrittlement

Processability High (Cutter cutting) Difficult (Generally) Difficult in the field

The focus of the present work is the temperature deformation of acrylic windows installed in an
outdoor environment under a wide temperature range. Studies on the temperature-dependent
mechanical behavior of acrylic boards have revealed that their elastic modulus, yield stress, and
tensile stress decrease with the increase in temperature. However, in a previous study [8], specimens
with a total length of 170 mm, width of 10 mm, and thickness of 4 mm were used. Moreover, the
tests were conducted under conditions maintained at predetermined temperatures (20 °C, 40 °C,
60 °C, and 80 °C) [8]. Apparently, the test was not conducted using an acrylic plate with a thickness
of 40 mm or in an environment with temperature changes.

The coefficient of linear expansion is commonly used in the study of the temperature
deformation of acrylic windows [9,10]; however, this is problematic in the present case: the
board used for tide-embankment windows is 40 mm thick and has a thermal conductivity of
only 0.21 W/(m-K). Because the board does not easily transfer heat, its surface and interior are
unlikely to expand uniformly.

The temperature deformation of an acrylic board has not been experimentally examined.
Although heat-conduction analyses of windows in model houses with walls made of autoclaved
aerated concrete (AAC), brick, pine, and glass [11] have been performed, there is apparently no
examples of analyses with acrylic windows in the literature.

Acrylic boards are used for many applications other than tide embankments, such as display
cases, large aquariums [12], and daylighting windows for buildings [13]. Evaluating the temperature
deformation of acrylic boards in detail, both experimentally and theoretically, is therefore very
important. In the present work, the deformation and strain of a 40-mm-thick acrylic window were
measured at high atmospheric temperature. The experimental values were compared with theoretical
ones from heat-conduction analysis. The same calculation was performed for the case of a
low-temperature environment, which is harder to reproduce experimentally. Because the acrylic
window was surrounded by a stainless-steel window frame, the effects of expansion and contraction
of acrylic windows on window frame were also examined.

2. Materials and methods
2.1. Experimental specimen and equipment

The experimental specimen was a full-scale acrylic window, as shown in Figure 2a. The
dimensions of the window frame were 1160 mm % 2160 mm (opening size 1000 mm % 2000 mm),
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and those of the acrylic board were 1060 mm x 2060 mm % 40 mm. The window material used in
this study was non-modified cast PMMA board (CLAREX: Nitto Jushi Kogyo Co., Ltd.) in which a
polymerization initiator was added to the PPMA and polymerized in a mold. The board was also
manufactured in accordance with JIS K6718-1, which is the Japanese Industrial Standard [14].
However, the board thickness range specified by the JIS is 1.5-25 mm; therefore, the thickness of 40
mm for the manufactured board is a custom order.

The experimental equipment shown in Figure 2b was used to provide a high-temperature
environment. First, an acrylic window was attached to the fixing stand and installed at the center of
the 2400 mm x 2400 mm x 2700 mm thermostat room. The walls of this room were constructed
from 40-mm-thick panels of heat insulating material (Styrofoam IB: Du Pont Styro Co., Ltd.)
fitted into a wooden frame surrounded by a cedar lumber with a cross-sectional dimension of 45 mm
x 45 mm. The inside of the thermostat room was covered with a 2-mm-thick veneer board, and
a 4-mm-thick heat shield sheet was attached. Thus, heat forced into the thermostat room from outside
using a fan was retained within the room.

A jet heater (HOTGUNI125N: Shizuoka Seiki Co., Ltd.) was used to control the temperature
inside the thermostat room. Hot air was blown from outside toward a 900 mm % 600 mm vent at the
front of the thermostat room. To prevent hot air from directly hitting the acrylic window, a baffle
board was installed so that hot air can be evenly distributed in the thermostat room. During the
experiment, the temperature was adjusted by varying the distance between the jet heater and
thermostat room while checking the temperature inside the latter.
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Figure 2. Schematic diagram of acrylic window and experimental equipment. (a) Acrylic
window dimensions, (b) Placement of experimental equipment.

2.2. High-temperature environmental conditions
The temperature inside the thermostat room was increased from 10-15 °C (the room

temperature of the building) to a maximum of 60 °C. The highest temperature ever observed in Japan
(as of the experimental date) was 41.1 °C (recorded in Kumagaya City, Saitama Prefecture, on
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July 23, 2018) [15]. On that day, the temperature continued to rise for 9 h, from 5:20 am (28.1 °C)
to 2:20 pm. The temperature in our experiment was increased based on these data under the
following conditions:

Heating condition 1: 20 °C/h (increases from 15 to 65 °C over 2.5 h);

Heating condition 2: 5 °C/h (increases from 10 to 60 °C over 10 h)

In condition 1, the outside temperature increases so quickly that the interior of the board cannot
be expected to follow the sudden temperature change of the acrylic surface, and the strain on the
surface will increase. In condition 2, the temperature increases by 50 °C over 10 h, comparable to the
temperature change in Kumagaya City mentioned above. Although this rate of increase is slower
than that of condition 1, the final temperature is 20 °C higher than the maximum temperature in
Kumagaya City, so this still corresponds to a very harsh thermal environment.

2.3. Displacement and strain measurement method

The acrylic window will expand and deform as the temperature inside the thermostat room
increases. The temperature inside the thermostat room, surface temperature of the acrylic window,
and displacement of the acrylic window were measured simultaneously to clarify the relationship
between temperature and deformation. In addition, the strain acting on the acrylic window was
measured using an attached strain gauge; the strain at the edge of the window is expected to be large
because the edge of the acrylic window was restrained using a stainless-steel frame lined with
chloroprene rubber (CR).

Figure 3 shows the locations of the installed displacement meter, strain gauges, and
thermocouples. The displacement in the acrylic plane in Figure 3a was measured by inserting a
displacement meter through a hole created in the window frame. The air temperature in the
thermostat room in Figure 3b was measured by installing thermocouples at four locations 100 mm
from the acrylic window in the out-of-plane direction and averaging their readings. The average
value from thermocouples attached to the six acrylic windows was taken as the surface temperature
of the windows. The positions of the strain gauges are shown in Figure 3c; some were placed near
the window frame where the strain is expected to be larger, whereas some were placed at the center
of the acrylic window where the strain is expected to be relatively smaller. A triaxial rosette gauge
was installed at the corner of the window. The angle between the vertical and main strains of the
triaxial rosette gauges are shown in Figure 3d. The strain was taken to be the average value of the
gauges installed at the same location at the front and rear of the window. A data recording device
(TDS-530: switch box, ASW-50B; displacement meter, CDP-25; strain gauge, GFLAB-6-70; triaxial
rosette gauge, GFRA-3-70; T thermocouple, TG-0.65 (all Tokyo Measuring Instruments Laboratory
Co., Ltd.)) was used for the measurements.
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Figure 3. Installation diagram for (a) displacement meters; (b) thermocouples; (c) strain
gauges; (d) triaxial rosette gauge, showing the angle between the vertical and main
strains.

2.4. Measurable strain of the acrylic windows

It was considered that the strain of the acrylic window consists of three elements (Figure 4).
Element 1, the strain due to temperature difference, is caused by the inability of the interior of the
acrylic to match the temperature-induced contraction or expansion of the surface because of the
thickness and low thermal conductivity of the window (Figure 4a). Element 2, the strain due to
external force, is generated when the expansion (contraction) of the acrylic window due to the
change in the acrylic surface temperature is restrained by the window frame (CR) (Figure 4b).
Element 3, the thermal output (i.e., the difference between the coefficient of linear expansion of the
acrylic window and the temperature coefficient of resistance of the strain gauge) is because of free
expansion of the experimental specimen and the strain gauge as the temperature increases. Although
this strain should theoretically become zero, it does not, because the coefficient of linear expansion
differs slightly depending on the type of acrylic material. By measuring the thermal output in
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advance and subtracting it from the measured strain, a strain depending only on elements 1 and 2 is
obtained. However, this also indicates that the strain due to thermal expansion cannot be measured
using a strain gauge.

[ Heating (or cooling) state ]

1. The outside of the acrylic board expands (contracts).

77#‘ 3. Strain caused by temperature

difference occurs

- 2. Inside has difficulty conducting heat.
(Thermal conductivity: 0.21W/m-K)

40

> < Cross section
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(a)

[ Heating (or cooling) state ]

The acrylic board expansion (contraction)
is constrained by the chloroprene rubber.

Chloroprene rubber
Acrylic boaro

B

Figure 4. Strain acting on acrylic window: (a) Element 1 (strain due to temperature
difference in the cross section of the acrylic board); (b) Element 2 (strain due to restraint
force).

(b)

2.5. Measurement of thermal output

The thermal output was obtained as follows:

(1) Strain gauges and thermocouples were attached to both sides of a 125 mm X% 125 mm x 40
mm acrylic specimen installed in an incubator (KCL-2000A; Tokyo Rika Kikai Co., Ltd.) in an
unrestrained state (Figure 5a). The outer circumference of the acrylic specimen was covered with a
heat-insulating material to prevent heating and restraint from the incubator.

(2) The temperature inside the incubator was maintained at 20 °C for 24 h, to maintain a
constant temperature distribution in the thickness direction of the acrylic specimen, and the strain
value at that time was set to 0.

(3) The temperature inside the incubator was increased in 5 °C increments from 10 to 55 °C.
After 6 h at each incubator temperature, the interior and surface temperatures of the acrylic were
equal and the strain value was constant (the thermal output &4,,), given to five significant digits by
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(see Figure 5b) &, = —0.00017* — 0.0176T° — 0.7416T° — 5.6528T + 63.985, where T is the
temperature (°C). The strains shown in the results were obtained by subtracting this thermal output
from the measured strain.

Acrylic specimen

SR s TR

i ‘ £pp = -0.0001T¢ + 0.0176T° - 0.7416T2 + 5.6528T + 63.985
= 60 T+ R? = 0.9957

o 10 15 20 25 30 35 40 45 50 55
Acrylic surface temperature (°C)

(2) (b)

_\Thermocouples

Figure 5. Measurement of thermal output of an acrylic specimen. (a) Acrylic specimen,
(b) Thermal output function.

2.6. Analysis conditions

The strain gauge freely expanded as the temperature changed; therefore, it cannot be used to
measure the thermal expansion strain of the acrylic window. In addition, it is expected that strain will
occur on the surface of the window owing to the temperature difference between the surface and
inside; however, the temperature distribution of the window was difficult to measure. Therefore, the
thermal-expansion strain and temperature distribution of the acrylic window were calculated using
the Marc/Mentat [16] finite element analysis program.

Figure 6 shows a model of the corners of the acrylic and CR. In this analysis, only the acrylic
board and the CR that sandwiched it and the window frame were modeled, and 8-node quadrilateral
solid elements were used. The element size of the CR was 10 mm X 10 mm x 5 mm; that of the
acrylic window was 20 mm % 20 mm X 4 mm, except at the contact area with the CR, where it
was 10 mm x 10 mm x 4 mm. The acrylic window and CR were in adhesion contact, so the elements
in contact were shared.

The width of the CR in contact with the acrylic window was 30 mm. When the width of the CR
in the model was 30 mm, the acrylic window in contact with the CR shared the element. In this case,
the deformation of the acrylic window was also constrained by the displacement constraint on the
nodal points of the CR. To allow the windows to expand and contract, the width of the modeled CR
was set to 40 mm, and the CR protruded 10 mm from the acrylic window.

AIMS Materials Science Volume 8, Issue 6, 932-951.
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Figure 6. Finite element model of the corners of acrylic board and chloroprene rubber (CR).

Table 2 lists the material properties of acrylic and CR. Because the elastic modulus of acrylic
decreases with temperature [17,18] and the linear expansion coefficient of acrylic depends on
temperature, the physical properties shown in Figure 7 were used [9].

Table 2. Material properties of acrylic and CR

Properties Acrylic CR
Poisson’s ratio 0.35 0.49
Density (kg/m’) 1.19 1.15
Thermal conductivity (W/m-K) 0.21 0.193
Specific heat (kJ/kg-K) 1.5 2.18
Elastic modulus (MPa) see Figure 7 10
Linear expansion coefficient (1/K) see Figure 7 0.002
4.5 1
E — Elastic modulus §
s 4.0 — Linear expansion coef. 10 :E’
% 3.5 19 8
3.0 18 @
g 3
3 25 17 _5
£ 7]
G 2.0 16 §
k=] Qo
815 F 5 8
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1.0 : : : : : . 4 g
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Acrylic temperature (°C)

Figure 7. Temperature dependence of plastic modulus and linear expansion coefficient of acrylic.
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3. Results and discussion
3.1. Displacement under heating condition 1

Figure 8 shows the measured air temperature, acrylic window surface temperature, and
displacement under condition 1. The temperature inside the thermostat room was increased almost
constantly at a rate of 20 °C/h. As the air temperature increased, the acrylic surface temperature also
increased, but remained lower than the air temperature, reaching only 50 °C when the air temperature
exceeded 60 °C. The surface temperature of the acrylic window decreased when the air temperature
decreased.
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Figure 8. Relationship between air temperature, acrylic-window surface temperature,
and displacement in heating condition 1.

The displacement increased with the surface temperature of the acrylic. D2 (i.e., the
displacement measured using meter D2 in Figure 3a) was the highest, whereas D1 was the lowest.
The two vertical displacements were different because when the acrylic window was installed, its
weight acted on the CR between the window frame and the window and the reaction force restricted
the expansion of the window. The horizontal displacement D4 was smaller than D3. These four
displacements increased slightly, despite the decrease in the surface temperature of the acrylic. At
this time, the temperature of the thermostat room reached 60 °C and was decreasing. Because the
thickness of the acrylic board was 40 mm, the temperature inside the acrylic increased later than that
outside, and when the temperature increased, the acrylic expanded.

The maximum values of each displacement were: D1, 0.81 mm; D2, 2.84 mm; D3, 1.26 mm;
D4, 0.77 mm. The total displacement in the vertical direction was 3.65 mm, and that in the horizontal
direction was 2.03 mm.

3.2. Displacement under heating condition 2
Figure 9 shows the measured air temperature, acrylic window surface temperature, and

displacement under condition 2. The temperature inside the thermostat room was increased almost
constantly at a rate of 5 °C/h. As the air temperature increased, the surface temperature of the acrylic

AIMS Materials Science Volume 8, Issue 6, 932-951.
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also increased. The difference between the air temperature and the acrylic surface temperature was

approximately 5 °C (lower than that in Figure 8 because the acrylic surface temperature can follow
the slowly changing air temperature).
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Figure 9. Relationship between air temperature, acrylic-window surface temperature,
and displacement in heating condition 2.

The displacement increased as the surface temperature of the acrylic increased. D2 had the
highest value, as shown in Figure 8. Under both conditions, D3 was higher than D4 because of the
difference in restraint due to the CR between the acrylic and window frame. These deformations
reached their maximum values when the air temperature reached 60 °C and decreased as the
temperature inside the thermostat room and the surface temperature of the acrylic decreased. Because
the rate of temperature rise was lower than that under condition 1, the temperature inside the acrylic
followed the changing surface temperature of the acrylic to some extent, and the deformation
followed accordingly.

The maximum values of each displacement were: D1, 0.97 mm; D2, 4.12 mm; D3, 1.85 mm;

D4, 1.16 mm. The total displacement in the vertical direction was 5.09 mm, and that in the horizontal
direction was 3.01 mm.

3.3. Strain under heating condition 1

Figure 10 shows the measurement results under heating condition 1 for the acrylic-window
surface temperature and the strain in the vertical and horizontal directions of the acrylic window, as
well as the main strain at the corner of the acrylic window.
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Figure 10. Acrylic window surface temperature and strain changes over time (heating
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and main strain at the corner of the window. Numbers identifying the curves refer to
strain gauges (Figure 3d) and (in c) to the angle of the main strain from the vertical.

As shown in Figure 10a, compressive strain occurred at all strain gauge attachment points as the
surface temperature of the acrylic window increased owing to the temperature difference between the
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surface and the inside of the acrylic window (element 1, Figure 4a). Specifically, compressive strain
was generated on the surface of the acrylic window because the interior of the acrylic, which is a
poor conductor of heat, restrained the expansion produced by heating of the surface. When the
surface temperature reached its maximum (50 °C), the strain also reached its maximum absolute
value (450-650 p).

Similarly, in Figure 10b, a maximum compressive strain of 500-800 p occurred as the surface
temperature of the acrylic window increased. In addition, the strain gauges attached near the window
frame had slightly higher maximum readings because of the compressive strains due to the restraint
force of the CR and the temperature difference between the surface and the interior.

Figure 10c shows the main strain and direction of the main strain from the measured values of
the strain gauge attached at the corner of the acrylic window. The main strain increased with the
surface temperature of the acrylic window, exhibiting a maximum compressive strain of 700-900 p.
The strain at the upper part of the window frame was higher than that at the lower part because the
displacement of the acrylic window shown in Figure 8 was larger than that at the lower part, and the
upper part was more restrained by the CR than the lower part. The average angles of the main strain
when the window surface temperature increased were 43.1° at measurement points 1 and 5, 43.5° at
measurement points 2 and 6, 42.8° at measurement points 3 and 7, and 43.6° at measurement
points 4 and 8. Therefore, the acrylic window was evenly restrained by the window frame.

3.4. Strain under heating condition 2

Figure 11 shows the measurement results under heating condition 2 for the acrylic window
surface temperature and strain in the vertical and horizontal directions of the acrylic window, as well
as the main strain at the corner of the acrylic window.

As shown in Figure 1la, the compressive strain increased with the surface temperature of the
window, but this phenomenon occurred only for the first 2 h, after which the compressive strain was
nearly flat, except at the bottom of the window. The compressive strain when the surface temperature
reached 50 °C was 150-350 p, which is lower than that under heating condition 1.

Similarly, in Figure 11b, a maximum compressive strain of 150-550 p occurred because of the
increase in the surface temperature of the acrylic window. The values of strain gauges 14 and 24
were particularly high probably because displacement meter 3 installed near these strain gauges had
a large displacement (Figure 9) and was therefore largely restrained by the CR.

Figure 11c shows the main strain and direction of the main strain from the measured values of
the strain gauge attached at the corner of the acrylic window. The main strain increased with the
surface temperature of the window, showing a maximum compressive strain of 250-300 p. The
average angles of the main strain when the acrylic window surface temperature increased were 42.0°
at measurement points 1 and 5, 42.5° at measurement points 2 and 6, 42.3° at measurement points 3
and 7, and 44.0° at measurement points 4 and 8. Therefore, the acrylic window can be evenly
restrained by the window frame, just as in heating condition 1.

Here, the maximum strain on the surface of the acrylic window was reduced by at least 200 u
(when compared with the result of heating condition 1) by decreasing the rate of temperature rise.
The strain decreased because the temperature difference between the surface and the inside of the
acrylic surface was smaller.
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Figure 11. Acrylic window surface temperature and strain changes over time (heating
condition (2) in the (a) vertical direction and (b) horizontal direction. (¢) Temperature
and main strain at the corner of the window. Numbers identifying the curves refer to
strain gauges (Figure 3d) and (in c) to the angle of the main strain from the vertical.
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3.5. Temperature-deformation analysis of acrylic windows in a high-temperature environment

The temperature change on the surface of the acrylic window (heating condition 2) shown in
Figure 9 was applied to the front and rear of the model, and the acrylic window was analyzed in a
high-temperature environment.

Figure 12a shows the relationship between the window surface temperature and the
displacement obtained from the analysis. The maximum displacements were 5.38 mm in the vertical
direction and 3.22 mm in the horizontal direction. These are almost equal to the values shown in
Figure 9 (5.09 mm in the vertical direction and 3.01 mm in the horizontal direction), confirming the
validity of the numerical model. Figure 12b,c show the strain and stress distributions due to thermal
expansion of the surface of the acrylic window when the surface temperature reached 56.8 °C,
respectively. As the temperature increased, the strain due to thermal expansion also increased. A
uniform tensile strain of 3472 p was generated on the surface of the acrylic window (Figure 12b).
This thermal expansion strain is higher than either the strain due to the surface—interior temperature
difference or that due to the restraint of CR, as shown in Figure 11.
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Figure 12. (a) Relationship between the acrylic window surface temperature and
calculated displacement (heating condition 2), (b) strain and (c) stress distributions of the
surface of the acrylic window at 56.8 °C.

In addition, a maximum tensile stress of 2.49 MPa was generated near the middle of the vertical
edges of the window frame, as shown in Figure 12c. Because the window was longer in the vertical
direction, the displacement due to expansion was also larger in that direction. As the displacement
increased, the restraint force from the CR as well as the restraint from the upper and lower surfaces
of the window frame also increased. As a result, the stress at the positions farthest from the upper and
lower edges of the window frame was the maximum because the compressive stress due to the
restraint acted in the direction opposite the tensile stress of the acrylic board. The tensile strength of
the acrylic window was 48 MPa (60 °C) [9]; therefore, the tensile stress generated by thermal
expansion was small and had minimal influence on the use of the acrylic window.
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3.6. Temperature difference between the surface and interior of the acrylic window

Figure 13a shows the temperature distribution in the thickness direction at a surface temperature
of 56.8 °C. On the horizontal axis of the graph, 0 mm represents the front surface of the acrylic
window and 40 mm the position of the rear surface. These front and rear surfaces were both at
56.8 °C, whereas the central part at a depth of 20 mm from the surface was at 48.8 °C. Therefore, the
maximum temperature difference between the surface and the interior was 8 °C. This resulted in the
difference in the temperature-dependent expansion of the acrylic that produced the compressive
strain shown in Figure 11.

Figure 13b shows the effect of the temperature difference between the surface and the interior
due to the thickness of the acrylic board. The temperature difference at a plate thickness of 40 mm
was 8 °C, whereas it was approximately 17 °C at a plate thickness of 60 mm. In contrast, almost no
temperature difference occurred when the plate thickness was 10 mm.

This result indicates that the internal temperature difference increased quadratically with respect
to the surface temperature as the thickness of the acrylic window increased.

Based on these results, the analysis method can be used in the following cases. The possibility
of an earthquake occurring in Nankai Trough, Japan, is high [1]. Hence, tide embarkment
constructions are expected to increase, as well as the height. As the tide embankments become higher,
the acrylic window may become larger, thereby requiring the board thickness to be increased. By
using the analysis method presented in this study, the deformation characteristics of acrylic windows

due to temperature change in the construction environment can be predicted and considered in the
design.
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Figure 13. (a) Temperature distribution in the thickness direction of the acrylic window
and (b) temperature difference caused by acrylic window thickness.

Thus, the results of this study will advance the use of acrylic windows and materials in various
fields.

3.7. Temperature deformation analysis of acrylic windows in low-temperature environment

An experiment in a low-temperature environment was considered, but it was not possible to
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prepare a device to cool the inside of the thermostat room displayed in Figure 2b.

Under the same conditions (except for surface temperature), the properties of the acrylic
window were calculated in a low-temperature environment. The coldest conditions recorded in a
coastal area of Japan occurred at Watari Town, Miyagi Prefecture, on January 24, 2017 [12]. On that
day, the temperature continued to decrease for 15 h, from —0.7 °C at 10:00 am to —11.1 °C at 1:00 am
the next day. Therefore, in this analysis, the temperature deformation was calculated as the surface
temperature of the acrylic window decreased from 0 °C to —20 °C over 15 h.

Figure 14a shows the relationship between the acrylic surface temperature and the calculated
displacement. At —20 °C, the displacements were —1.98 mm in the vertical direction and —1.09 mm in
the horizontal; its absolute magnitude increased as the temperature decreased.

Figure 14b,c show the strain and stress distributions due to shrinkage of the surface of the
acrylic window when the surface temperature of the acrylic window reached —20 °C. The
thermal-shrinkage strain increased as the temperature decreased, and a uniform compressive strain
of 1104 p was generated, as shown in Figure 14b. In Figure 14c, a very small compressive stress of
0.04 MPa was generated on the entire surface. A slight additional tensile stress was generated near
the window frame due to CR restraint.
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Figure 14. (a) Relationship between acrylic-window surface temperature and calculated
displacement, (b) strain and (c) stress distributions of the surface of the acrylic window at
—20 °C.

3.8. Effect of expansion and contraction of acrylic windows on window-frame mounting

Figure 2a shows a schematic diagram of the connection between the acrylic board and the
window frame. The clearance between them was 10 mm on one side, and the entire window frame
had a clearance of 20 mm in both the vertical and horizontal directions. A comparison of the
maximum in-plane deformations obtained from the experiments and analyses (Table 3) and the
clearance indicate that the expansion of the acrylic board was smaller than the clearance on the
high-temperature side where the surface temperature of the acrylic window was up to 60 °C.
However, even on the low-temperature side (as cold as —20 °C), the shrinkage of the acrylic board
was significantly smaller than the 30 mm sandwich between layers of CR. From this result, it may be
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concluded that, on the one hand, the expanded acrylic board does not exert a large force on the
window frame in the high-temperature environment, and, on the other, the contracted acrylic board
does not come off from the window frame in the low-temperature environment.

Table 3. Maximum displacement of acrylic board.

Properties Vertical direction Horizontal Board temp.
(mm) direction (mm) °O)

Measured, high-temperature environment, 20 °C/h 3.65 2.03 56.8

Measured, high-temperature environment, 5 °C/h 5.09 3.01

Calculated, high-temperature environment, 5 °C/h 5.38 3.22

Calculated, low-temperature environment, —1.3 °C/h  —1.98 -1.09 -20

4. Conclusions

In this study, changes in the displacement and strain of acrylic windows in a high-temperature

environment were measured as the temperature increased to investigate the temperature deformation
characteristics of the 40-mm-thick acrylic board used for tide embankments. In addition, a heat
conduction analysis was performed to verify the time variations of displacement and strain in high
and low-temperature environments. The main findings of this study are summarized below.

(1)

2)

€)

(4)

In an experiment to reproduce a high-temperature environment, the displacements of the acrylic
window in the in-plane direction when the surface temperature exceeded 50 °C were 3.65 mm
in the vertical direction and 2.03 mm in the horizontal direction under a heating condition of
20 °C/h. Under a heating condition of 5 °C/h, the corresponding values were 5.09 mm and 3.01
mm, respectively. Thus, the displacement was smaller at a higher heating rate. Because the
acrylic window was thick (40 mm) and the thermal conductivity was low, the internal
temperature did not immediately increase with the temperature at the surface of the acrylic
window and internal thermal expansion was delayed.

Although the expansion strain cannot be measured using a strain gauge installed at the surface
of the acrylic window, the combined strain due to the restraint of the window frame and the
temperature difference between the surface and the interior can be obtained. Maximum
compressive strains of 800 p and 550 p were generated when the temperature increased at the
rates of 20 °C/h and 5 °C/h, respectively. The strain near the window frame tended to be higher,
which increased as the heating rate increased. Because the internal temperature did not
immediately increase with the temperature at the surface, the expansion of the surface was
restrained.

From the numerical analysis, thermal expansion strain occurred in the acrylic window as the
surface temperature increased. This strain was higher than the measured compressive strain due
to the CR restraint and the compressive strain due to the temperature difference between the
acrylic window surface and the interior. The tensile strain due to thermal expansion
was dominant in a high-temperature environment. The maximum tensile stress generated was
2.49 MPa. The tensile strength of the acrylic window was 48 MPa (60 °C); therefore, the tensile
stress caused by thermal expansion is small compared with this value.

The internal temperature difference with respect to the surface temperature increased as the
thickness of the acrylic window increased during the analysis.
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(5) Numerical analysis of the temperature deformation of acrylic windows with surface

temperatures from —20 °C to 60 °C showed that on the one hand, no force due to the expansion
of the acrylic board acted on the window frame, and, on the other, the contracting acrylic board
did not come off the window frame.
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