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Abstract: SentryGlas® Plus (SGP) laminated glass is a novel type of safety glass with high strength
and stiffness. On the other hand, cold bending is a novel technique to build curved glass curtain
walls, and is advantageous in terms of its greater energy efficiency and cost-effectiveness as well as
its simple construction processes. The cold bending of SGP laminated glass could result in broad
applications for the material and provide huge economic benefits in the field of glass curtain wall
construction. To study cold-bending stress and its reverse-coupling effect with the uniform load
in SGP laminated glass panels, single-corner cold-bending tests, uniform load tests, and ultimate
capacity tests were conducted on eight pieces of such panels with different cold-bending curvatures
and interlayer thicknesses. The results revealed that cold-bending stress in the glass panels under
single-corner cold bending demonstrated a saddle-shaped distribution, with the maximum and
second-largest cold-bending stresses located near the corner of the short side and the long side
adjacent to the cold-bending corner, respectively. The cold-bending stress and coupling stress
increased nonlinearly as the cold-bending curvature rose and the interlayer thickness became greater.
Moreover, cold-bending curvature was a factor that affected the cold-bending stress and coupling
stress more significantly than the interlayer thickness. The ultimate capacity and ultimate deflection
of the glass panels decreased as the cold-bending curvature and interlayer thickness grew.

Keywords: SGP laminated glass; cold-bending stress; uniform load; coupling effect; ultimate capacity

1. Introduction

To improve aesthetics and expand the range of structural design concepts, curved
profiles are extensively used as constructional elements for architectural structures such as
windows and building facades/fronts, including sunshades and light shelves [1,2]. The
combination of curved glass and architectural structure provides more possibilities for
the interactions between space and light. As compared to other design industries, the
construction industry shows a greater tendency towards the use of large-area glass curtain
walls with relatively small curvatures to obtain the utmost permeability and space fluidity.
The curved glass curtain wall is thus becoming a popular structure in the construction
industry because of its excellent daylight acquisition and beautiful appearance.

Heat bending, plane fitting, and cold bending are three typical techniques for building
curved glass curtain walls [3]. More specifically, heat bending is a procedure that requires
a high temperature (usually above 550 ◦C) [4] and many molds, making the procedure
costly and time-consuming. On the other hand, plane fitting works by constructing a
rough curved surface through plane splicing, and the outcome for this procedure is often
unsatisfactory. However, cold bending can be used to create a curved glass curtain wall
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with a smooth texture through the unrestricted use of tempered glass. This technique can be
used to bend plane glass without any mold, and it is significantly advantageous compared
to the other two techniques due to its low energy consumption, high cost-effectiveness,
and simple processes [5]. The principle of cold bending is to make full use of the elasticity
of the glass itself. At the construction site and under ambient temperature conditions, glass
panels can form the designed shape by applying a force perpendicular to the outside of the
plane, and a piece of freeform curved glass is obtained [6,7].

Indeed, cold bending is an attractive technique for building curved glass curtain
walls. However, current research on the mechanical properties of cold-bent laminated
glass is still limited. Galuppi et al. [8–11] conducted cold-bending tests on hyperbolic
paraboloid polyvinyl butyral (PVB) laminated glass and found that the principal stress
of the glass became asymmetrical when the principal curvatures were large. The authors
proposed a method to calculate the principal stress and deformation of laminated glass with
single-corner cold bending. Spagnoli et al. [12] investigated the geometrically non-linear
problem of the anticlastic bending of panels with an example of the application of cold-bent
laminated glass panels in curved building façades. Belis et al. [13,14] studied the behavior
of cold-bent laminated glass units with a single curvature and two layers of fully toughened
glass that were bound together with different types of PVB. Their results showed that
the mechanical behavior of these units was dependent on three aspects, namely the type
and thickness of the interlayer, the speed of load application, and the temperature during
the bending process. Moreover, a complete cycle of cold-bent glass from cold bending to
spring-back and relaxation was analyzed by Fildhuth et al. [15], in which the corresponding
numerical analysis results were compared against the test results. The authors found that
elastic spring-back and long-term recovery of the PVB glass panels at room temperature
exhibited a non-linear loss of the initial deformation. Quaglini et al. [16] investigated the
mechanical response of glass shells cold-bent into hyperparaboloid shapes with a focus on
two subjects, namely the application of cold-bending procedures to vertically oriented panels
instead of horizontal ones (which allowed for the minimization of the disturbance from the
initial deflection due to self-weight), and the impact of wind load on curved glass panels
installed on glazing façades. Nehring et al. [17] performed a numeric and experimental study
on the parameters relevant to the load-bearing capacity of cold-bent glass (e.g., time- and
temperature-dependent material behaviors, geometry, and other supporting conditions),
and proposed a design method for two exemplary cold-bent structures (uniaxial or double
curved). Schlösser [18] studied the production procedure of cold-bent laminated thin glass
panels and transformed the glass panels into sinusoidal shapes with molds. The authors
used experimental and numerical simulation strategies to study the mechanical properties
and post-breakage behavior of these glass panels.

The studies described above suggest that many scientific problems remain to be
studied with respect to cold-bent laminated glass. Most previous research focuses on
the stress caused by cold bending, but research on the coupling of cold bending and
uniform load is relatively scarce. The deformation caused by cold bending could produce
permanent cold-bending stress in the glass panels, and such stress could be affected by
many other factors, including cold-bending curvature, interlayer thickness, and boundary
conditions. The cold-bending stress exists even before the cold-bent glass panels bear a
uniform load. After the uniform load is applied, the cold-bending stress in the glass panels
will be coupled with a kind of new stress generated by the load, which can be considered a
stress problem of a thin plate with initial stress [19]. The interlayer within laminated glass
deforms and interacts with the glass during cold bending, resulting in difficult theoretical
analysis and complex prediction of the overall stress [20]. As a result, practical experiments
are needed to reveal cold-bending stress and its coupling effect with the uniform load in
cold-bent SGP laminated glass panels.
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SGP laminated glass, a novel type of safety glass, is a composite structure manu-
factured by combining two or more pieces of glass together with one or more plies of
SGP [21,22]. It provides higher strength and rigidity than PVB laminated glass [23]. There-
fore, in recent years SGP laminated glass has been extensively used in building curved
glass curtain walls. In this paper, rectangular SGP laminated glass panels were taken as
the research object, and eight sample panels were subject to single-corner cold-bending
tests, uniform load tests, and ultimate capacity tests. The effects of different cold-bending
curvatures and interlayer thicknesses on the cold-bending stress and its reverse-coupling
effect with the uniform load were considered in this study. Reverse loading, which is
defined as the situation where the directions of the uniform load and cold bending are
opposite to each other, is the most unfavorable to the bearing capacity of cold-bent glass
panels; however, such an unfavorable situation could be a promising pathway to accurate
determinations of the bearing capacity of cold-bent SGP laminated glass panels. More
importantly, single-corner cold bending of rectangular glass panels provides more free
forms and greater architectural freedom to the panels, which could help fit most curved
glass curtain walls into complex shapes.

2. Experiments
2.1. Specimen Design

To investigate the impact of different cold-bending curvatures and interlayer thick-
nesses on cold-bending stress and its reverse-coupling effect with the uniform load on SGP
laminated glass, single-corner cold-bending tests, uniform load tests, and ultimate capacity
tests were performed on 8 tempered laminated glass panels with different cold-bending
curvatures and interlayer thicknesses. All the glass panels were 2200 × 1200 mm in planar
size, and were composed of 2 pieces of tempered glass with a thickness of 5 mm and an
inserted SGP layer. Because there is no precise description of the index of anticlastic cold
bending [20], to describe the degree of cold bending of the glass panels we referred to the
warpage measurement of PCB board in the IPC-TM-650 test methods manual and define
the cold-bending curvature as:

β =
s

2c
× 100% (1)

where ‘β’ is the cold-bending curvature; ‘s’ is the maximum cold-bending displacement of
the cold-bending corner; and ‘c’ is the diagonal length of the glass panel.

The geometric parameters in the test programs included interlayer thicknesses
(ts = 1.14 mm, 1.52 mm) and cold-bending curvatures (β = 0.4%, 0.6%, 0.8%, 1.0%). The
geometric parameter values and dimensions of test specimens are shown in Table 1. All the
test specimens were manufactured in factories. The Young’s modulus and Poisson ratio of
the tempered glass were set as 72 GPa and 0.22, respectively.

Table 1. Test parameters.

Specimens tv/mm β/% s/mm

SJ1 1.14 0.4% 20
SJ2 1.14 0.6% 30
SJ3 1.14 0.8% 40
SJ4 1.14 1.0% 50
SJ5 1.52 0.4% 20
SJ6 1.52 0.6% 30
SJ7 1.52 0.8% 40
SJ8 1.52 1.0% 50

2.2. Experimental Device and Procedures

During the tests, the corner point P2 on the glass panel was taken as the cold-bending
corner, and its adjacent 2 sides were designated as free edges. The other 2 sides were fixed
edges and kept on the same plane by fixed steel plates. The schematic diagram of cold
bending and uniform load is shown in Figure 1.
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Figure 1. Schematic diagram of cold bending and uniform load.

A special test device was designed and manufactured to cater to the objective of this
study. It is capable of performing cold-bending tests, uniform load tests, and ultimate
capacity tests on the frame-supported glass panels, as shown in Figure 2. It consists of
a reaction frame, several fixed steel plates, a support frame, and a cold-bending loading
device. The cold-bending loading device is symmetric at both ends, consisting of a square
steel pipe, 2 screws, and 2 fixed buckles. It is fixed under the support frame by the 2 fixed
buckles at both ends, with 1 end below the cold-bending corner P2 and the other below
the fixed corner P1. When the cold-bending loading device was used to load the glass
panel, the square steel pipe under the fixed corner end remained stationary. By twisting the
screw under the cold-bending corner end of the square steel pipe, P2 is driven to different
displacements, creating different cold-bending curvatures on the glass panel. Additionally,
the reaction frame provides the opposite force for the glass panel in uniform load tests
and ultimate capacity tests. Rubber gaskets were placed between the glass panel and test
device to avoid damage due to local stress concentrations.
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The tests were carried out in 3 stages. The first stage involved cold-bending tests to
study the cold-bending stress of glass panels during cold bending. The second stage in-
volved uniform load tests to study the reverse-coupling effect of cold-bending and uniform
load by simulating the static wind load. The third stage consisted of ultimate capacity tests
to investigate the ultimate capacity, ultimate deflection, and damage phenomena with a
hydraulic jack and an H-shaped distributive beam to load the cold-bent SGP laminated
glass panel.
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In the cold-bending tests, the glass panel was placed on the support frame, and the
2 fixed edges of the panel were fixed by the fixed steel plates. After that, the cold-bending
displacement at P2 was produced by twisting the screws on the cold-bending loading
device. The cold-bending tests are shown in Figure 3a. The glass panel was loaded with
displacement-controlled loading, which was evenly divided into 5 levels, with each being
20% of the maximum cold-bending displacement. Each level was maintained for 15 min,
and the cold-bending displacements at P2 were measured by a displacement sensor.
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Following the cold-bending tests, the uniform load tests were performed. For this,
2 wedge-shaped inclined braces were placed between the support frame and the 2 free edges
of the glass panel to make sure the panel remained cold-bent with the 4 edges of the frame
being supported. Subsequently, a gasbag was installed between the reaction frame and the
glass panel. To simulate the wind load, a uniform load was applied to the glass panel by the
gasbag and a gas pump. The uniform load tests are shown in Figure 3b. According to [20],
the wind load is 5 kPa when the wind load resistance of the exterior window reaches the
highest level. Based on this idea, the uniform load was divided into 5 levels (each at 1 kPa)
and maintained for 15 min. The load was measured by the barometer on the gas pump.

The ultimate capacity tests started 24 h after the uniform load tests ended. Since the
loading capacity of the gasbag is limited, the glass panel cannot be loaded to failure, so
a hydraulic jack and an H-shaped distributive beam were used as the loading devices in
the ultimate capacity tests. Firstly, after the gasbag was removed, the hydraulic jack and
the distributive beam were placed at the center of the glass panel for 4-point loading. The
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ultimate capacity tests are shown in Figure 3c. To avoid direct contact between the glass
panel and the distributive beam, 4 rubber blocks were located under the 4 corners of the
distributive beam. The self-weight of the loading devices and rubber blocks were taken as
the load of the first level (0.6 kN). Subsequently, the glass panel was loaded with step loads.
Each step was as large as 1 kN and was maintained for 15 min. When the glass panel failed,
the ultimate capacity tests would end, and the loading values would be measured by the
digital pressure gauge on the hydraulic jack.

The displacement and strain of the glass panels at each loading stage were measured
and recorded by the Chinese-made DH3821 static strain test system (which consists of
several strain acquisition instruments and a software operation terminal) with a sampling
frequency of 2 Hz. Before the tests, the displacement sensor, static strain test system, gas
pump, hydraulic jack, and other relevant instruments were calibrated by Guangxi Academy
of Measurement and Testing in Guangxi Autonomous Region, China. The measurements
of these instruments can be traced back to the Chinese Standard of Metrology, and all the
tests were carried out at 28~32 ◦C.

2.3. Arrangement of Testing Points

Strain gauges were attached on the upper and lower surfaces of the glass panel to
obtain the stress distribution on the surface of the glass panel during the tests. Through
these gauges, strain data could be automatically and accurately recorded and monitored by
the static strain test system mentioned above. The upper surface of the glass panel, where
9 strain gauges (S1–S9) are attached, was subjected primarily to compressive stress during
the tests. Meanwhile, the lower surface, where 25 strain gauges (S10–S34) are located,
was mainly subject to tensile stress. Since the bearing capacity of glass panels is primarily
dependent on the maximum tensile strength, more testing points were assigned on the
lower surface. The direction of the principal stress was uncertain, so right-angle strain
rosettes were adopted at all stress testing points. The linear strains of the 3 directions of
each right-angle strain rosette were collected by the static strain test system. Then, the
static strain test system automatically calculated the first main stress and the second main
stress of each testing point, and the maximum of the 2 was the maximum principal stress
of each testing point. The arrangements of the strain gauges are shown in Figure 4a,b.
Additionally, 9 displacement testing points were arranged on the lower surface of the glass
panel to monitor the displacement changes in the key positions of the glass panel during
the tests. The distribution of these testing points is depicted in Figure 4c. The strain-type
displacement sensors were installed on these displacement testing points to measure the
displacement, and the displacement data were recorded and monitored by the static strain
test system.
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3. Cold-Bending Test Results and Discussion
3.1. The Cold-Bending Stress Distribution

After inputting the coordinates and stress values of each testing point, MATLAB
generated the cold-bending stress nephograms and continuous stress contours on the lower
surface of the glass panels, as shown in Figure 5. It can be seen from the figure that the
cold-bending stress distribution on the lower surface of the specimens was uneven, with
the smallest stress being observed at the corner points P2 and P3, with relatively small
stress at the panel center. The maximum cold-bending stress appeared near the corner
of the short-side direction adjacent to the cold-bending corner, which was the position
of testing point S30, and the second-largest cold-bending stress appeared near the corner
of the long-side direction adjacent to the cold-bending corner, which was the position of
testing point S14. The average value of the second-largest cold-bending stress values across
specimens was calculated to be 71.1% of the average value of the maximum cold-bending
stress values. The two adjacent edges of P3 were fixed, while the two adjacent edges of P2
were free. Consequently, when the displacement occurred at P2, the curvature radius on
the long side became larger than that of the short side, leading to smaller cold-bending
stress on the long side.

The cold-bending stress along the diagonal P1–P4 was greater than that along the
diagonal P2–P3. More specifically, the stress along the diagonal P1–P4 was larger at both
ends but smaller in the middle, whereas the opposite situation occurred along the diagonal
P2–P3. It is noteworthy that the overall shape of the cold-bending stress nephogram was
like a saddle. As the bearing capacity of the panel edges was smaller than that in the middle
and the cold-bending stress values at P4 and P1 were large, the cold-bending stress at these
two points should be monitored and restricted with top priority during cold bending.
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3.2. Influence of Cold-Bending Curvature on Cold-Bending Stress and Its Distribution

By comparing the cold-bending stress nephograms of specimens with the same interlayer
thickness and different cold-bending curvatures in Figure 5, it could be concluded that
as the cold-bending curvature became larger, the cold-bending stress at the two adjacent
corner points of the cold-bending corner increased significantly, and the cold-bending stress
distribution on the glass panels became more polarized while keeping a saddle-like shape.

The cold-bending stress values of the key points on the tensile (lower) surface of each
specimen are listed in Table 2. Because the maximum coupling stress in the uniform load tests
was located at the panel center, the cold-bending stress of testing point S22 was also included.

Judging from Table 2, when the interlayer thickness remained unchanged, the cold-
bending stress rose with greater cold-bending curvature. More specifically, when the
cold-bending curvature increased by 0.2%, the maximum cold-bending stress also rose by
33% on average, demonstrating a significant correlation between the two values.
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Table 2. Cold-bending stress results (MPa).

Specimens Testing Point S14 Testing Point S22 Testing Point S30

SJ1 11.06 3.86 15.80
SJ2 17.51 5.95 24.32
SJ3 22.42 7.65 31.58
SJ4 26.04 9.05 37.17
SJ5 13.76 4.43 19.31
SJ6 20.91 7.33 29.15
SJ7 26.65 9.45 37.28
SJ8 31.23 11.28 43.63

The relationships between the cold-bending curvature and the cold-bending stress at
testing points S14, S22, and S30 are drawn in Figure 6 to give a more intuitive demonstration.
Due to the geometrical nonlinearity caused by the cold bending, the cold-bending stress
showed an increase with declining growth rates along greater cold-bending curvatures,
suggesting that the effect of cold-bending curvature on the cold-bending stress is stronger
at the early stage of cold-bending loading.
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3.3. Influence of Interlayer Thickness on Cold-Bending Stress and Its Distribution

Judging from Figure 5, the cold-bending stress nephograms of glass panels with iden-
tical cold-bending curvatures but different interlayer thicknesses exhibit few differences.
Therefore, the impact of interlayer thickness on the cold-bending stress distribution of the
glass panels is minimal.

However, by comparing the cold-bending stress of specimens with the same cold-
bending curvature but different interlayer thicknesses in Table 2, it can be inferred that the
cold-bending stress increased with a thicker SGP interlayer. Since SGP is a much stronger
material than other interlayer materials [24], the large interlayer thickness would bring
greater combined stiffness and cold-bending stress to the glass panel. More specifically,
when the interlayer thickness increased from 1.14 mm to 1.52 mm, the maximum cold-
bending stress of the glass panels was calculated to rise by 19.4% on average. Consequently,
interlayer thickness is a less relevant factor affecting the cold-bending stress than the
cold-bending curvature.

The relation curves with large interlayer thicknesses in Figure 6 had a large inclination
angle and were located above other relation curves with smaller interlayer thicknesses, and
the vertical distances between the curves increased with greater cold-bending curvature.
Consequently, the glass panel with a larger interlayer thickness is indicated to exhibit
greater cold-bending stress and faster rates of stress growth.

4. Uniform Load Test Results and Discussion
4.1. Coupling Effect of Cold Bending and Uniform Load

The coupling stress distribution produced by the coupling effect of cold bending and
uniform load on cold-bent SGP laminated glass panels was significantly different to that on
the flat glass. Hence, stress nephograms were used to analyze the coupling stress distribution
and its changes on the cold-bent SGP laminated glass panels under a uniform load.

The coupling stress distribution and its changes on SJ4 are given as a nephogram in
Figure 7, which is similar in shape compared to those obtained from other specimens (not
given in this paper). It can be inferred from Figure 7 that as the uniform load rose from 1 to
5 kPa, the coupling stress distribution changed from a cold-bending stress distribution to
a quadrilateral stress distribution. At a uniform load of 1 kPa, the location of maximum
coupling stress was consistent with that under cold bending, and the coupling stress near
the panel center was enhanced. Meanwhile, the location of maximum coupling stress
gradually moved towards the panel center as the uniform load rose. The area of tensile
stress in the glass panel center was magnified, but the area of compressive stress in the
panel edges shrank. When the uniform load was 5 kPa, the maximum coupling stress
appeared at testing point S22, and the overall shape of the coupling stress nephogram
turned to a spindle; in other words, the stress along the diagonal P1–P4 was smaller at both
ends and larger in the middle.

The coupling stress values at testing points S22 and S30 for each specimen during the
uniform load test are listed in Tables 3 and 4, respectively. Both tables exhibit a significant
positive correlation between the coupling stress and the uniform load. The relationships
between the coupling stress and uniform load at testing points S22 and S30 are depicted in
more detail in Figure 8. Both points demonstrated a linear correlation between the coupling
stress and the uniform load. The coupling stress at testing point S30 was greater than
that at S22 when the uniform load was initially applied and the bearing capacity of the
glass panel was controlled by the cold-bending curvature. However, the coupling stress at
testing point S22 grew faster than S30 and even exceeded S30 at a certain uniform load. At
this time point, the bearing capacity of the glass panel was controlled by the uniform load
instead of the cold-bending curvature. With such a change in the control factor of bearing
capacity, the corresponding uniform load increased with greater cold-bending curvature.
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Figure 7. Coupling stress nephograms of SJ4 in the uniform load tests (MPa). (a) Uniform load is 1 kPa; (b) Uniform load is
3 kPa; (c) Uniform load is 5 kPa.

Table 3. The coupling stress of testing point S22 (MPa).

Specimens
Uniform Load

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa 5 kPa

SJ1 11.2 15.9 20.3 24.9 28.7 33.1
SJ2 11.9 16.4 21.1 25.5 29.9 34.4
SJ3 12.4 17.1 22.1 26.7 31.3 36.0
SJ4 13.1 18.0 23.3 28.2 33.0 37.7
SJ5 15.6 19.5 23.3 27.0 30.8 34.2
SJ6 15.9 19.7 23.8 27.7 31.8 35.6
SJ7 16.2 20.1 24.5 28.6 33.0 37.2
SJ8 16.6 20.6 25.4 29.8 34.5 39.1

Table 4. The coupling stress of testing point S30 (MPa).

Specimens
Uniform Load

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa 5 kPa

SJ1 20.5 21.8 23.1 24.5 25.9 26.8
SJ2 23.2 24.1 25.1 26.4 27.5 28.7
SJ3 27.3 28.3 29.0 29.8 30.6 31.2
SJ4 30.8 31.7 32.7 33.6 34.6 35.7
SJ5 23.2 24.1 25.3 26.3 27.2 28.1
SJ6 24.3 25.8 26.8 28.0 29.2 30.9
SJ7 26.3 27.7 29.5 30.8 32.2 33.6
SJ8 30.7 31.8 33.3 35.1 36.5 37.9
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4.2. Influence of Cold-Bending Curvature on Coupling Stress

By comparing the maximum coupling stress of specimens in Table 3 with the same
interlayer thickness but different cold-bending curvatures, it was found that the maximum
coupling stress was positively correlated with the cold-bending curvature. This is because
the cold-bending stress was the initial stress on the glass panel during the uniform load
test, and a greater cold-bending curvature would lead to greater cold-bending stress and
consequently greater coupling stress. More specifically, when the cold-bending curvature
increased by 0.2%, the maximum coupling stress would also grow by 4.5% on average.

Based on the data in Table 3, the relationship between the coupling stress and the
uniform load was plotted in Figure 9. In this regard, Figure 9a shows SJ1 to SJ4 with an
interlayer thickness of 1.14 mm, and Figure 9b shows SJ5 to SJ8 with an interlayer thickness
of 1.52 mm. Judging from the two figures, when the interlayer thickness was identical, the
relation curves of each specimen were arranged according to the cold-bending curvature
in a descending order, and the curves with larger cold-bending curvatures were located
higher. Besides, the cold-bending curvature is shown to be positively correlated with the
coupling stress. Thus, the bearing capacity of the glass panel clearly decreased after the
reverse coupling of cold bending and uniform load. Meanwhile, the relationships between
the coupling stress and uniform load across different cold-bending curvatures were not
parallel. More specifically, at the initial stage of uniform load, the distances between the
relation curves were small, but they grew bigger at later stages of uniform load, indicating
that both the inclination angle of the relation curves and the growth rate of the coupling
stress dropped as the uniform load rose, a phenomenon that is due to the geometrical
nonlinearity effect of cold bending.

The relationship between the coupling stress and the cold-bending curvature at testing
point S22 was drawn in Figure 10, demonstrating a non-linear but positive correlation
between the two. The coupling stress increased faster under a greater cold-bending
curvature, which again reflected the geometrical nonlinearity effect. The intensity of
the geometrical nonlinearity effect is positively correlated to the cold-bending curvature.
Hence, when calculating the bearing capacity of cold-bent SGP laminated glass panels, this
effect is a crucial factor to consider.
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4.3. Influence of Interlayer Thickness on Coupling Stress

When comparing the maximum coupling stress of specimens in Table 3 with the
same cold-bending curvatures but different interlayer thicknesses it was found that the
maximum coupling stress increased with greater interlayer thicknesses. This phenomenon
occurs because greater interlayer thicknesses can enhance the cold-bending stress and the
coupling stress. When the interlayer thickness increased from 1.14 mm to 1.52 mm, the
maximum coupling stress of the glass panels increased by 3.46% on average. Therefore,
interlayer thickness is a less relevant factor affecting the coupling stress as compared to the
cold-bending curvature.

Moreover, it can be seen from Figure 10 that the two relation curves were almost
parallel, and the curve with larger interlayer thickness was located above the other one
with smaller interlayer thickness, suggesting that the glass panel with a large interlayer
thickness has greater coupling stress. Besides, the glass is a linear elastic material, and
the influence of interlayer material on the coupling stress was linear since the relationship
between the coupling stress and uniform load was revealed as linear.
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5. Ultimate Capacity Test Results and Discussion
5.1. Specimen Failure and Its Analysis

As can be seen from Figure 9, in the uniform load test, the load-stress curves of
the glass panels showed a linear relationship even when the uniform load reached 5 kPa,
indicating that the glass panels were still elastic. Consequently, the execution of the ultimate
capacity test after the uniform load test became feasible, and the ultimate capacity test
showed that with the ultimate load the glass panels broke suddenly without warning. The
lower layer of the glass panels exhibited numerous cracks and glass particles, but these
particles remained closely bonded to the interlayer, indicating that the SGP laminated glass
was safer than traditional glass. Notably, the upper layer of the glass panels was in contact
and undamaged.

The primary stress on the upper layer of the glass panel was compressive stress, while
the primary stress on the lower layer of the glass panel was tensile stress. In addition, the
glass is a brittle material [24], meaning the tensile strength was much smaller than the
compressive strength, leading to breakage of the lower layer of the glass panel with the
ultimate load. The SGP laminated glass is less dangerous than traditional glass. However,
in daily use, the stress on the tension face of cold-bent SGP laminated glass should be
controlled with utmost priority to prevent damage. Moreover, concentrated loading on
cold-bent SGP laminated glass should be avoided.

5.2. Influence of Cold-Bending Curvature on Ultimate Capacity and Ultimate Deflection

The ultimate capacity (qb) and ultimate deflection (∆) of the specimens are demon-
strated in Table 5. During the ultimate capacity test, the maximum deflection of the glass
panels occurred at the panel center.

Table 5. The results of ultimate capacity and ultimate deflection.

Specimens qb/kN ∆/mm

SJ1 35.6 50.38
SJ2 27.9 43.79
SJ3 24.1 40.71
SJ4 21.5 38.61
SJ5 33.3 48.26
SJ6 26.6 42.94
SJ7 23.3 40.14
SJ8 21.0 38.37

By comparing the qb and ∆ of the specimens with identical interlayer thicknesses
and different cold-bending curvatures, it was found that both parameters of cold-bent
SGP laminated glass panels decreased with greater cold-bending curvatures. When the
cold-bending curvature increased by 0.2%, qb and ∆ decreased by 14.7% and 7.9% on
average, respectively. Consequently, it can be concluded that the cold-bending curvature
has a great influence on qb and ∆ of cold-bent SGP laminated glass panels.

The data in Table 5 were plotted into the relationship curves in Figure 11, with Figure 11a
depicting the relationship curves between qb and cold-bending curvature and Figure 11b showing
the relationship curves between ∆ and cold-bending curvature. Both figures showed a nonlinear
negative correlation between the parameters they involve, and the rate of decrease became smaller
as the cold-bending curvature rose.
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5.3. Influence of Interlayer Thickness on Ultimate Capacity and Ultimate Deflection

By comparing qb and ∆ of the specimens with identical cold-bending curvatures
and different interlayer thicknesses, it was found that both parameters of cold-bent SGP
laminated glass panels decreased with greater interlayer thickness. This situation occurred
because the initial stress (cold-bending stress) of the glass panels was greater with the
thicker interlayers, and the qb and ∆ of the glass panels with thicker interlayers in the
ultimate capacity tests decreased. When the interlayer thickness increased from 1.14 mm
to 1.52 mm, the qb and ∆ values decreased by 4.2% and 2.1% on average, respectively.
Consequently, the influence of interlayer thickness on qb and ∆ was much less significant
than that of the cold-bending curvature.

Besides, it can be seen from Figure 11 that the two curves of different interlayer
thicknesses showed very similar shapes and a relatively close mutual distance. Therefore,
the interlayer thickness was demonstrated to show a slight influence on qb and ∆. Moreover,
the two curves exhibited a tendency to converge as the cold-bending curvature rose. At
a cold-bending curvature of 1.0%, the two curves almost overlapped, indicating that if
the cold-bending curvature were to exceed 1.0%, the interlayer thickness would have a
negligible influence on the qb and ∆ values of the cold-bent SGP laminated glass panels.

6. Conclusions

To study the cold-bending stress and its reverse-coupling effect with the uniform load on
SGP laminated glass panels, single-corner cold-bending tests, uniform load tests, and ultimate
capacity tests were performed on eight SGP laminated glass panels with different cold-bending
curvatures and interlayer thicknesses. The conclusions of this study are as follows:

(1) The cold-bending stress of SGP laminated glass panels under single-corner cold-
bending exhibits a saddle-shaped distribution, in which the maximum and second-
greatest cold-bending stresses appear near the corner of the short side and in the long
side direction adjacent to the cold-bending corner, respectively.

(2) Since the bearing capacity of the glass panel is controlled by its maximum principal tensile
stress and the bearing capacity is smaller on the edges compared to the panel center, the
two adjacent corner points of the cold-bending corner should be monitored and restricted
with utmost care and priority during cold bending for the cold-bending stress.

(3) Due to the geometrical nonlinearity effect caused by cold bending, the cold-bending
stress and coupling stress increase nonlinearly with the rise in cold-bending curvature.
Meanwhile, both the cold-bending stress and coupling stress are positively correlated
to the interlayer thickness. Besides, cold-bending curvature has a more significant
impact on the cold-bending stress and coupling stress than the interlayer thickness.
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(4) As the uniform load increases gradually, the coupling stress distribution changes
from a profile similar to the cold-bending stress distribution to another of four edges,
which is simply supported under a uniform load.

(5) After the reverse coupling of cold bending and uniform load, the bearing capacity of
the SGP laminated glass panels clearly dropped under the influence of the geometrical
nonlinearity effect caused by the cold bending. When the coupling stress at the corner
of the short-side direction adjacent to the cold-bending corner is greater than (or less
than) that of the panel center, the bearing capacity of the glass panel will be controlled
by the cold-bending curvature (or uniform load).

(6) The ultimate capacity and ultimate deflection of the cold-bent SGP laminated glass
panel decrease with greater cold-bending curvature and interlayer thickness. When
the cold-bending curvature exceeds 1.0%, the effect of interlayer thickness on the
ultimate capacity and ultimate deflection can be ignored.
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