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Abstract: Polyvinyl Butyral (PVB) laminated glass (LG) with varying numbers of layers is extensively
utilized in building structures, and its complex mechanical properties, due to the presence of PVB,
pose significant challenges. While comprehensive research has been conducted on the bending
behavior of two-layer PVB laminated glass, studies focusing on three-layer variants remain limited.
This study aims to investigate the bending behavior of three-layer PVB laminated glass under out-
of-plane forces and to ascertain the effects of increasing the number of layers. Experimental studies
were carried out on one-, two-, and three-layer PVB laminated glass plates subjected to such loads.
During the loading process, the out-of-plane displacement and surface strain of the glass plates were
monitored and analyzed. From these observations, load-deflection curves were constructed, allowing
for the determination of deflection and strain distribution across the planes. The impact of the
number of glass layers on stiffness and ultimate load capacity was examined. Additionally, another
experiment was conducted to analyze the mechanical properties of the laminated material (PVB).
The research results indicate that the tensile strain at the bottom layer of the laminated glass plate
reaches its threshold under an out-of-plane load, leading to a brittle fracture in that layer. However,
the remaining layers of PVB LG do not fail at this stage, enabling the plate to continue bearing the
load. The average ultimate loads for three-layer, two-layer, and one-layer PVB laminated glass are
37.8 kN, 36 kN, and 24.7 kN, respectively, with a ratio of 1:0.95:0.65. The bending stiffness values
for these are 2.77 kN/mm, 1.71 kN/mm, and 1.21 kN/mm, respectively, corresponding to a ratio
of 1:0.62:0.44. The stiffness shows a nonlinear increase with the layer count, an effect attributed to
the PVB’s characteristics according to the analytical findings. The tensile behavior of the laminated
materials demonstrates a bilinear characteristic when subjected to strain. The out-of-plane bending
tests on glass plates reveal that when the strain rate is low, PVB behaves like a quasi-linear elastic
material. Therefore, for design calculations of PVB LG, adopting an elastic modulus of 1.34 MPa for
PVB is deemed reasonable. The findings of this study provide insights for research on laminated
glass plates, which are instrumental in refining the calculation methods specified in relevant design
standards. Concurrently, it offers guidance for selecting the appropriate number of PVB LG layers in
engineering applications.

Keywords: laminated glass plate; out of plane bending; polyvinyl butyral

1. Introduction

As a type of high-strength translucent composite plate, the Polyvinyl Butyral (PVB)
laminated glass plate (LG) is manufactured by hot-pressing multiple borosilicate glass
plates with an interlayer of PVB. Owing to its excellent transparency, high strength, and
superior physical isolation properties, PVB LG has been extensively employed in build-
ings, vehicles, and various other structures since its inception in 1903. Initially, PVB LG
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was predominantly used as a decorative feature in buildings, but with advancements in
manufacturing technology and architecture, its application as a load-bearing element has
become increasingly prevalent. A glass floor is a quintessential example of such use. To
resist out-of-plane loads exerted by people, vehicles, and other entities, the number of glass
layers in PVB LG is carefully selected, often comprising two or three layers. As a laminated
component, its mechanical behavior is intricately influenced by both the PVB interlayer
and the glass layers, rendering its properties exceedingly complex. Overestimating its
load-bearing capacity can lead to dire consequences, whereas underestimating it can cause
considerable material wastage. In light of this, accurately determining the mechanical
response characteristics of laminated glass plates under out-of-plane loads is essential for
their rational structural design [1].

The bending behavior of PVB laminated glass panels is complex, partly because
the elastic modulus of PVB is significantly lower than that of borosilicate glass. Despite
both materials being isotropic, this discrepancy in elastic modulus means that when PVB
laminated glass is subjected to bending out of plane, PVB’s low elastic modulus cannot
adequately support the coordinated deformation of each glass layer. Consequently, a certain
degree of in-plane relative sliding occurs at the interfaces between glass layers. It has been
established that the flexural stiffness of laminated glass plates is lower compared to a single-
layer plate of the same thickness [2]. The extent of this relative slippage is influenced by
the shear stress provided by PVB, which is closely related to its elastic modulus [3]. Given
that PVB is a non-linear constitutive polymer material [4], this adds to the complexity of
the bending behavior of PVB laminated glass. In response to this complexity, scholars have
undertaken theoretical research on the bending behavior of laminated glass under various
operational conditions and mechanical hypotheses. For glass plates with unidirectional
support, the plates can be simplified into an equivalent superposed beam, which reduces
the number of generalized variables in the control equation and simplifies the solution
process [5]. Hooper et al. [6] derived an analytical solution for an equivalent beam with
simple support under four-point bending and compression, confirming the solution’s
validity. Asik et al. [7] extended equivalent beam theory to three-layer glass plates, derived
the control differential equation by accounting for shear deformation in the laminated
layer, and used the variational method to obtain a theoretical solution. However, the
layered beam theory may not capture all complexities of the plates. Asik et al. [8] applied a
variational approach to the partial differential equations of laminated plates, yielding an
analytical solution for the non-linear bending of these plates. Vallabhan et al. [9] employed
the Finite Difference Method (FDM) to discretize the bending partial differential equation
for laminated glass plates, offering a convergent solution.

Presenting an analytical solution directly is challenging due to the complexity involved
in applying classical shell theory to laminated glass plates and the influence of numerous
generalized variables, which limits its practicality. Consequently, in structural design prac-
tice, the equivalent thickness method is commonly used to compute the bending resistance
of laminated glass plates. This method facilitates the application of classical analytical
solutions, devised for single-layer plates, to laminated plates. Owing to its simplicity, this
approach has been adopted in glass plate specifications across many countries [10–13].
However, these specifications differ in the methodology used to determine the equivalent
thickness of laminated glass plates. Additionally, variations in the equivalent principle
lead to discrepancies in measured equivalent thickness [14–17]. Theoretical studies have
mainly focused on the bending calculations of two-layer PVB LG, with limited research on
three-layer PVB LG. Furthermore, these studies typically assume the elastic modulus of
PVB to be a constant value for calculations, ignoring the material’s nonlinearity [17]. The
validity of such an assumption remains in question and requires verification.

Due to the high complexity involved in achieving a closed-form solution using lami-
nation theory, finite element numerical analysis has become another popular method for
studying the mechanical response of laminated glass plates. Typically, the finite element
analysis of a laminated glass plate involves multi-layer plate elements for numerical sim-
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ulation, introducing the constitutive model of PVB to simulate the relative slip between
the plates. This finite element model is suitable for analyzing how various factors, such
as the number of glass layers, temperature, and adhesive thickness, affect the mechanical
properties of laminated glass plates. Biolzi et al. [18] performed numerical analyses to
investigate the effects of plate size, interlayer thickness, glass thickness, and the number
of glass layers on bending behavior, indicating that plate size significantly influences the
analytical results. Through finite element parametric analysis, Galic et al. [19] assessed
the impact of temperature, load duration, and laminate thickness on the deflection of the
entire plate and the stress distribution within it, leading to the proposal of an approximate
method for calculating the bending stiffness of the plate. Ali et al. [20] used the improved
zig-zag theory to develop numerical methods suitable for general working conditions and
presented an analytical solution for statically determinate beams by treating the glass plate
as an Euler beam and considering the adhesive layer as solely providing shear stiffness
for coupling the glass layers. Jaśkowiec et al. [21] created a 3D modeling approach for
bending laminated glass plates using a 2D planar grid and completed a visualization
post-processing program. They utilized this method to compute the bending of laminated
glass with two, three, and four layers of glass and analyzed the accuracy of the calculated
results. Vedrtam et al. [22] employed ANSYS for numerical simulations of laminated glass,
unveiling a strong correlation between bending stiffness and the type and thickness of the
laminate material. Yongjiu S. et al. [23] developed a finite element model for PVB lami-
nated glass supported at four points, examining the effect of load duration on maximum
deflection and finding that prolonged loading can diminish the bending resistance of PVB
laminated glass. Wen W. et al. [24] carried out finite element analyses of PVB laminated
glass with varying thicknesses for each glass layer, discovering that a significant discrep-
ancy in layer thicknesses can increase deflection, thereby reducing load-bearing capacity.
Bending stiffness is the physical quantity that most directly indicates a plate’s ability to
resist bending deformation. Although existing numerical simulations have explored the
deformation of different layers of PVB LG, none have quantitatively analyzed the effect
of the number of glass layers on bending stiffness. Moreover, the numerical simulation of
three-layer PVB LG still lacks experimental validation.

Conducting bending experiments on laminated glass plates is considered the most
vital method for analyzing their mechanical response [25], providing a means for theoretical
verification and numerical analysis. Researchers have focused on double-layered glass
plates to experiment with the load-bearing capacity of laminated glass under bending
conditions. Zhang et al. [26] performed bending load tests on cold-bent laminated glass
with varying cold bending rates and interlayer thicknesses. Cold-bent glass is produced by
applying external forces to flat glass to induce deformation, permanently setting it to the
desired curved shape, with the cold bending rate defined as the curvature of the curved arc.
They observed that the ultimate load-bearing capacity of laminated glass decreases with
an increase in both the cold bending rate and the interlayer thickness. Vedrtnam et al. [22]
conducted a three-point bending test to study the impact of a non-uniform thermal gradi-
ent on the bending performance of laminated glass. They demonstrated that the bending
deformation of laminated glass under heating is significantly more pronounced than that
without heating, with residual deformation being observable after unloading. In addition,
Vedrtnam et al. [27] measured the flexural strength of laminated glass with various inter-
layer materials and thicknesses. The experimental results indicated that PVB laminated
glass exhibits a greater extent of average deformation and can bear a higher average load
compared to vinyl acetate laminated glass. The average pre-fracture deformation was
found to increase with the rise in interlayer thickness. Mohagheghian et al. [28] investi-
gated the influence of polymer interlayer thickness, glass, and polymer type on structural
performance through static and low-speed loading experiments on laminated glass. Their
analysis focused on the effects of interlayer type, thickness, and loading method on the
fracture patterns of each glass layer. Huang et al. [29] conducted bending experiments on
two types of laminated materials under four-sided simple support, discovering that the
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bending stiffness of LG with polymer interlayers increases with a rise in the thickness of
the lamination. However, the LG with a polyvinyl butyral interlayer exhibited insensitivity
to changes in interlayer thickness, provided there was no significant deflection bending.
Vallabhan et al. [9] performed a four-point bending test on LG plates to compare the ef-
fects of temperature, load duration, and adhesive thickness on the overall deflection and
stress distribution within the plate. They presented an approximate calculation method
for determining the bending stiffness of the plate. Although scholars have conducted
experimental studies on various factors affecting the bending behavior of laminated glass,
these studies have predominantly focused on two-layer glass plates, with no experimental
studies on three-layer glass plates. The relationship between the number of glass layers
and the ultimate load-carrying capacity of PVB laminated glass, as well as the relationship
between the number of layers and the bending stiffness of PVB laminated glass, remain to
be further researched.

To study the influence of the number of glass layers on the bending behavior of
PVB LG (Trading Company, Guangzhou, China), and to address the gap in experimental
research on three-layer PVB LG, this study conducted and analyzed bending experiments
on one-layer, two-layer, and three-layer PVB LG under out-of-plane loading. During the
loading process, the out-of-plane displacement and surface strain of the glass plate were
monitored and analyzed. Load-deflection curves were plotted based on these observations,
and the distribution of deflection and strain in the plane was obtained. The influence of
layer count on stiffness and ultimate load was examined. Surprisingly, it was found that
the stiffness of PVB LG does not increase linearly with the number of layers. By calculating
and comparing the stiffness of LG when the effect of PVB is completely disregarded, it was
revealed that the nonlinearity is attributed to the PVB. Moreover, this study provides a
value for the elastic modulus suitable for PVB LG bending calculations through material
testing of PVB. This study offers experimental evidence to support the theoretical and
numerical simulation of PVB LG and serves as a reference for selecting the number of
layers in engineering applications. Additionally, the recommended elastic modulus of PVB
provided in this paper can be used as a reference in design calculations.

2. Materials and Methods
2.1. Mechanical Properties of PVB

PVB is a nonlinear constitutive material, with its elastic modulus varying at different
strain stages [29–32]. However, in the design calculations for LG, the elastic modulus of
PVB is often assumed to be a constant value to simplify the calculations, and this value
is not universally agreed upon [10]. To determine whether it is reasonable to consider
the elastic modulus as a constant value, and to provide recommended values, this study
conducted experiments to assess the mechanical properties of PVB.

2.1.1. PVB Sample Design

The PVB specimens were designed in accordance with ISO 3537 (Road vehicles-Safety
glazing materials-Mechanical tests) [33], as depicted in Figure 1, with their specific dimen-
sions provided in Table 1. All PVB samples for testing were peeled from the same batch
of PVB laminated glass and were cut into the standard shapes specified in the standard.
According to the standard, the tensile speeds were set at 10 mm/min and 20 mm/min,
which allowed fractures to occur within 0.5–5 min during preliminary experiments. The
specimens were divided into two groups, each consisting of five specimens with identical
specifications. Their details are presented in Table 1.
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Table 1. Parameters of the PVB sample.

No. Symbol Physical Parameter Size (mm)

1 L Total length 115
2 d Thickness 1.1
3 b Small radius 14
4 G0 Gauge length 25
5 W End width 25
6 H Distance between fixtures 80
7 C Middle section width 6
8 R0 Middle section length 33
9 R1 Large radius 25

2.1.2. Test Setup

The mechanical property tests of PVB were conducted in the Structural Laboratory
at the School of Water Architecture, Northwest A&F University. Figure 2 illustrates the
experimental setup for the PVB tensile testing. During these tests, the PVB specimen was
stretched axially at a constant speed until fracture occurred. A load sensor was installed
at the position indicated in Figure 2 to measure the tensile load. Additionally, a high-
resolution camera was set up directly in front of the tensile tester to continuously capture
the tensile process of the PVB sample at a frequency of one picture per second. The camera
specifications are listed in Table 2.
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Table 2. Camera specifications.

No. Parameter Value

1 Sensor 1.1′′ IMX304 Global shutter CMOS
(FRAMOS, Ottawa, ON, Canada)

2 Resolving power 4112 (H) × 3008 (V)
3 Pixel depth 8 bit
4 Image data format Mono8, Mono12, Mono12p
5 Pixel size 3.45 µm
6 Mechanical dimensions (W × H × L) 44 mm × 29 mm × 86.3 mm

2.1.3. Elastic Modulus of PVB

During the stretching process, the length of the specimen increased gradually, while
its width decreased. Upon reaching the stretching limit, a low and dull sound, described
as a “Bang”, was heard, as depicted in Figure 3. At this point, the ultimate elongation
approached 200% (±10%). For the tensile test, the engineering stress (σ) is denoted in MPa,
and the conditional strain (engineering strain) is expressed as (ε), calculated by:

σ =
F/

A0 (1)

ε =
(L − L0)

/
L0 (2)

where F represents the load applied to the specimen, in N; A0 denotes the cross-sectional
area of the specimen before stretching, in mm2; L denotes the change in the specimen’s
length after stretching, in mm; and L0 is the length of the specimen before stretching, in mm.
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Figure 3. Process of PVB specimen stretching.

Figure 4 shows the engineering stress–strain relationship exhibited by all of the spec-
imens, and Table 3 lists their experimental results, especially the mechanical properties
of PVB under investigation. This stress–strain curve is similar to those obtained through
quasi-static tensile tests conducted by Kluppel et al. [34] and Xu et al. [35].
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Table 3. Experimental results for the mechanical properties of PVB.

Number Sample V (mm/min) Su
(%)

Nu
(MPa)

Ec’
(MPa)

Ec”
(MPa)

1 PVB-001 10 1.74 10.27 1.04 17.78
2 PVB-002 10 2.03 17.37 1.43 18.42
3 PVB-003 10 / / / /
4 PVB-004 10 2.16 18.82 1.47 18.32
5 PVB-005 10 1.85 13.67 1.41 16.48
6 PVB-006 20 2.08 17.85 1.57 18.54
7 PVB-007 20 2.06 17.32 1.51 18.65
8 PVB-008 20 2.02 17.24 1.57 18.32
9 PVB-009 20 2.19 18.87 1.37 18.72

10 PVB-010 20 2.19 21.98 1.70 19.67
Note: V = stretching rate; Su = ultimate strain; Nu = ultimate stress; Ec′ = first-stage elastic modulus;
E′′

c = third-stage elastic modulus.

The tensile curve is divided into three phases. In phase I, where the engineering
strain is less than 0.6, the elastic modulus is comparatively low, and the engineering
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stress–engineering strain curve is almost linear. This observation is consistent with the
findings of Rong and Chen [36], who stated that the stress–strain relationship of PVB is
essentially linear under quasi-static conditions and with minimal deformation. On average,
the initial elastic modulus E of PVB materials is 1.34 MPa at a tensile speed of 10 mm/min
and 1.54 MPa at 20 mm/min. In phase II, with the engineering strain between 0.6 and 1.6,
the elastic modulus increases progressively, and the engineering stress–engineering strain
curve becomes markedly nonlinear. In phase III, as depicted by the elastic modulus curve
in Figure 4, when the engineering strain exceeds 1.6, the elastic modulus of PVB tends to
stabilize, hence this phase is also considered linear. The elastic modulus E levels off at an
average of 17.75 MPa for a tensile speed of 10 mm/min and at an average of 18.78 MPa for
20 mm/min. It is evident that a higher tensile speed results in a greater elastic modulus.

2.2. Bending Experiment on PVB Laminated Glass
2.2.1. LG Sample Design

To investigate the bending behavior of different layers of LG under out-of-plane
loading, we conducted bending experiments on LG samples. All LG samples were custom-
made by the manufacturer, and the glass plates used met the requirements of EN 16612 [11].
We prepared three types of LG samples: 1-layer, 2-layer, and 3-layer. Each type was
represented by three identical pieces, totaling nine LG samples. The dimensions of all LG
samples were 1200 mm in length and width. In the LG samples, the thickness of each glass
layer was 11.8 mm, and the thickness of each PVB layer was 1.1 mm. Figure 5 illustrates
the geometry and cross-section of the 3-layer LG sample. Table 4 details the parameters of
all of the samples. In the table, 3L-a to 3L-c, 2L-a to 2L-c, and 1L-a to 1L-c denote the three
samples of the respective 3-layer, 2-layer, and 1-layer LG.
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Table 4. Sample-related parameters and experimental results.

No. Specimen Label n Nu (kN) du (mm) Dt (kN/mm)

1 3L-a 3 47.8 16.4 2.91
2 3L-b 34.2 13.5 2.53
3 3L-c 37.3 13.1 2.86
4 2L-a 2 31 16.3 1.9
5 2L-b 35 21.9 1.6
6 2L-c 42 25.8 1.63
7 1L-a 1 22.1 24.6 0.9
8 1L-b 26.5 27.9 0.95
9 1L-c 25.5 21.1 1.21

Note: Nu = ultimate load; du = ultimate deflection of plate center; Dt = average slope of load deflection curve;
n = number of glass layers.



Appl. Sci. 2024, 14, 3416 9 of 17

2.2.2. Displacement Measurement Technology (DIC Technology)

Digital image correlation (DIC) is a non-contact optical method that analyzes digital
images of an object’s surface before and after deformation to capture deformation data. This
technique typically involves a camera, image analysis software, (Software name: Match ID
2019; version: 19.2.0.0) and markers or speckles that create identifiable surface patterns. The
DIC system’s displacement resolution can reach sub-pixel levels, such as 0.01 pixels [37].
Unlike traditional methods that measure strain at discrete points, DIC provides a full-field
view of the displacement distribution. The precision of DIC technology is exceedingly high,
often within micrometer accuracy.

2.2.3. Test Setup

Figure 6a displays the experimental setup for the LG bending test under out-of-plane
loading. The LG was placed on a square steel frame to achieve simple support along
its four edges. The geometry of the load application area was a circular section with a
radius of 100 mm to simulate the footprints or wheel marks on floor glass in practical
applications. This load application area was located at the center of the LG’s upper surface.
The loading device was a 3000 kN electric servo-hydraulic press. The experiment employed
a displacement-controlled loading at a rate of 2 mm/min. After every 2 mm increment of
loading, a 10 s pause was observed to allow for strain measurement collection.
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Strain measurements were taken using three-direction strain gauges, with the arrange-
ment of the gauges depicted in Figure 6. A strain reading was recorded after every 2 mm of
loading, during the 10 s pause.

Displacement monitoring during the deformation process of the LG was conducted
using DIC technology. Speckles were applied to the outer surface of the lower side of
the laminated glass to facilitate this monitoring. The measurement area covered only a
quarter of the plate surface to exploit symmetry in determining the displacement field of
the entire plate. The camera was positioned beneath the glass plate as shown in Figure 6a,
and photographs of the DIC measurement area were taken at 0.1 s intervals. The camera
specifications are listed in Table 2. Displacement tracking continued even during the
loading pauses.
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3. Results and Discussion
3.1. Destruction Mode of PVB LG

Figure 7 illustrates the initial condition of the laminated glass and the morphology at
the moment of the first failure. Throughout the loading process, two distinct failures are
observed. Prior to the first failure, the glass plate uniformly deforms downward under the
displacement load. Upon reaching the ultimate load, a sharp “Bang” is heard, signaling the
first failure event. At this juncture, the middle and top glass layers remain intact, while
the bottom layer shatters into numerous small fragments, creating a network-like pattern.
Supported by the unbroken top and middle layers and the adhesive layer’s bonding effect,
the glass plate still maintains its flatness, with minimal debris falling off (0–3 pieces).
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Figure 7. Failure forms of LG before and after the first failure event.

After the initial failure, the displacement loading proceeds. When the second ultimate
load is achieved, another “Bang” indicates the second failure. This time, the top and middle
glass layers break almost simultaneously, exhibiting a spider web-like pattern of damage
on the top layer. The center of the plate sags significantly, compromising its complete
flatness, yet the overall integrity of the glass plate is preserved by the adhesive layer.
Figure 8 compares the morphological differences between the two failures. Notably, both
instantaneous failures occur during displacement loading—not during the pauses—hence,
no crack development takes place while the displacement is maintained.
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3.2. In-Plane Distribution of Deflection and Maximum Principal Strain

Traditional out-of-plane bending tests on glass require the use of displacement meters
to measure displacement. However, displacement meters can only be placed at a few
strategic points, making it challenging to capture a continuous displacement distribution.
In this study, we employ DIC binocular vision technology and high-resolution cameras to
photograph the speckles in the monitoring area at high frequencies. Utilizing the principle
of binocular vision, the displacement field is determined by analyzing changes in the
speckle patterns. Figure 9 depicts the displacement distribution changes of samples 3L-a
to 3L-c during the loading sequence, with Pu1 representing the ultimate load. Spatially,
the displacement contours are nearly circular at the centroid and transition to a rounded
square shape near the edges to conform to the boundary support conditions. Over time, the
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magnitude of central deflection increases, with the lines of equal displacement gradually
expanding outward, while the spacing between them decreases as the loading progresses.
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Figure 9. Load–lateral displacement curve of three-layer laminated glass center.

Figure 10 presents the distribution of the maximum principal strain for sample 3L-a,
measured immediately before failure. The figure indicates that the maximum principal
strain values are higher closer to the plate’s center, with the strain direction radiating
outward from the center.

From the analysis of displacement and strain distributions, both exhibit similar pat-
terns, with the maximum values occurring near the plate’s center. Consequently, in engi-
neering design calculations for four-sided simply supported PVB laminated glass under
symmetric lateral loads, displacement and strain verification should focus on the plate’s
center. According to classical thin plate bending theory, the maximum compressive or
tensile stress in anti-symmetric bending of thin plates is found on the plate’s top and bottom
surfaces, with equal magnitudes. Furthermore, like concrete, silicate glass displays signifi-
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cantly higher compressive strength compared to tensile strength. Therefore, verifying stress
and strain on the tensile surface becomes more critical. In summary, for PVB laminated
glass under anti-symmetric bending, design calculations for deflection, stress, and strain
need only consider the tensile surface at the plate’s center.
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3.3. The Influence of the Number of Layers of Glass on Ultimate Load

To evaluate the effect of the number of glass layers on the mechanical response, bend-
ing experiments were conducted on one-layer, two-layer, and three-layer glass plates under
four-sided simple support conditions. Figure 11 depicts the load-deflection relationship for
PVB LG with varying numbers of layers. As illustrated in the figure, the central deflection
increases approximately linearly with the increasing load, aligning with the findings of
Wang et al. [38].
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Figure 12a presents a comparison of the ultimate load-bearing capacities of PVB
LG with different layer counts. The data indicate that the average ultimate load-bearing
capacities for three-layer, two-layer, and single-layer glass plates are 37.8 kN, 36 kN, and
24.7 kN, respectively, corresponding to a ratio of 1:0.95:0.65. The ultimate load capacity of
the two-layer PVB LG is significantly enhanced compared to that of the single-layer glass
plate, showing an increase of 45.7%. However, the three-layer PVB LG exhibits only a 5%
increase in ultimate load capacity relative to the two-layer PVB LG, despite a 50% increase
in thickness. Evidently, from an ultimate load-bearing capacity perspective, utilizing
two-layer PVB LG is more cost-effective than three-layer PVB LG in construction projects.
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Figure 12. Ultimate load, stiffness of LG of different layers.

By dividing the ultimate load-bearing capacity of PVB LG (Nu) by the total thickness
of the glass (t), the ultimate load capacity per unit thickness is obtained. Figure 13 shows
the relationship between ultimate load capacity per unit thickness and the number of
glass layers (n). It is evident from the figure that a smaller number of layers results in a
higher ultimate load capacity per unit thickness. This finding is in agreement with the
theoretical research of Cong [39]. Therefore, unless specific requirements dictate otherwise,
it is recommended to select two-layer PVB LG for economic considerations.
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3.4. The Influence of the Number of Layers of Glass on Stiffness

Figure 12b compares the stiffness of PVB LG with different numbers of layers. The
stiffness Dt, represented as the average slope of the load–deflection curve from Figure 11,
increases with the number of layers. The average bending stiffness values for three-layer,
two-layer, and single-layer glass plates are 2.77 kN/mm, 1.71 kN/mm, and 1.21 kN/mm,
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respectively, with a ratio of 1:0.62:0.44. As depicted in Figure 14, the stiffness of LG increases
nonlinearly with the number of glass layers, a trend that deviates from expected outcomes.
To understand the cause, the bending calculation theory for PVB LG must be considered.
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Figure 14. Stiffness–number of layers curve.

Typically, three assumptions are made when calculating the bending of PVB lami-
nated glass: (a) treating the glass as a simple stack, completely ignoring the PVB and only
considering the normal compression between glass layers; (b) assuming the PVB’s elastic
modulus is sufficiently high, treating each glass layer as a single unit subject to deforma-
tion; (c) the PVB is soft but has adequate bonding strength to participate in deformation
coordination. In reality, laminated glass is most likely in the third state, a hybrid of the first
two conditions [39]. These three states are illustrated in Figure 15.
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If the PVB’s presence is completely disregarded, as portrayed in Figure 15a, the com-
plete calculation method is provided in Chapter 9 of JGJ 113-2015 [10]. For n-layer PVB LG
with equal thickness, the deflection calculation is formulated into the following functions:

dt =
0.00406 qa4

D
(3)

D =
Et3

e
12(1 − υ2)

(4)
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te =
3√nt3 (5)

Among them: E is the elastic modulus of glass (MPa); q is load (MPa); υ is Poisson’s
ratio for glass (MPa); dt is center deflection (mm); t is thickness of single-layer glass (mm);
D is flexural rigidity for classical theory (Nmm); te is the effective thickness (mm); a is the
edge length of the board (mm).

According to Formulas (3)–(5), we can deduce that

q = n
Et3

12(1 − υ2) · 0.00406 · a4 dt (6)

So,
Dt = kn (7)

where

k =
Et3

12(1 − υ2) · 0.00406 · a4 (8)

Since the geometric dimensions and material parameters of LG are determined, k is
a constant. So formula (7) indicates a linear relationship between Dt and n when PVB is
excluded. Therefore, the observed nonlinear increase in PVB LG stiffness can be attributed
to the influence of PVB as the number of glass layers increases. If an engineering structure
requires tight control over deformation, selecting PVB LG with more layers is necessary.

3.5. Selection of PVB Modulus for the Calculation of PVB LG

In studying the selection of the elastic modulus of PVB for the bending calculation
of laminated glass, it is essential to first understand the deformation behavior of PVB LG.
Currently, the most widely accepted theory for the deformation of PVB LG is that the
PVB is soft yet possesses adequate bonding strength. This ensures that the PVB does not
separate from the glass, allowing for a compatible deformation relationship between the
two materials [36], as illustrated in Figure 15c.

The glass plate is treated as a standard thin plate, with its maximum strain occurring
at the top and bottom surfaces. In this scenario, PVB serves as a mediator to coordinate
the deformation of the glass plate, experiencing maximum strain at its interface with the
glass. Under the premise that PVB remains bonded to the glass, the strain at their interface
is identical. Given that the strain on the outer surfaces of the glass in antisymmetric
bending is assumed to be the same, the strain recorded on the exterior of the glass in the
experiments described in Section 2.2 is approximately equal to the strain at the interface
between the glass and PVB. Referring to the strain distribution shown in Figure 10, the
observed maximum strain (1.6 × 10−3) is significantly less than 0.6, which indicates that
the PVB is within the initial, elastic stage depicted in Figure 4.

Accordingly, under loading conditions, the PVB in laminated glass remains within the
elastic range. For theoretical calculations, the elastic modulus of PVB is taken from the linear
portion of the stress–strain curve at a tensile rate of 10 mm/min, which is Ec = 1.34 MPa.
Given that the values of Poisson’s ratio Vc from various national standards and academic
research are comparable, these values are considered consistent. In this study, Poisson’s
ratio Vc is set to 0.5, fulfilling the criteria of both EN 16612 [11] and JGJ 113-2015 [12].

4. Conclusions

In addressing the complex mechanical behavior of PVB laminated glass, this study
conducted loading tests. Observations were made of the load–displacement curve, as
well as the displacement and strain distribution during loading. The study analyzed
variations in stiffness and ultimate bearing capacity with respect to the number of glass
layers. Additionally, the mechanical properties of PVB were examined to assess their
constitutive characteristics. The findings are summarized as follows:
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1. The load–displacement curve remains approximately linear prior to damage in the
LG. Displacement manifests a circular distribution within the plane, with the first
principal strain value increasing towards the center of the plate. The direction of the
first principal strain radiates from the center of the plate.

2. The average ultimate load capacity for three-layer, two-layer, and single-layer PVB
laminated glass is 37.8 kN, 36 kN, and 24.7 kN, respectively, corresponding to a ratio of
1:0.95:0.65. The bending stiffness values for the same are 2.77 kN/mm, 1.71 kN/mm,
and 1.21 kN/mm, respectively, with a ratio of 1:0.62:0.44. The ultimate bearing
capacity of PVB LG increases with the number of layers; however, this increase
diminishes with additional layers, leading to material waste. For economic efficiency,
it is advisable to utilize LG with fewer layers in practical applications. The stiffness
of LG increases nonlinearly with the addition of layers, an effect attributable to
the characteristics of PVB. For engineering structures with strict deformation limits,
selecting PVB LG with more layers is necessary.

3. The mechanical property testing presented in this paper reveals that the constitutive
model of PVB laminate transitions from tensile deformation to fracture with a bilinear
relationship to strain rate. Elastic modulus is found to be lower at reduced strain rates.
Linearity is maintained when axial strain is below 0.6. Beyond an axial strain of 1.6,
the elastic modulus significantly increases, the differential being more than tenfold.
Considering the overall bending deformation of laminated glass plates, the maximum
principal strain on the surface is two orders of magnitude less than 0.6. Therefore, this
study concludes that the PVB layer involved in deformation coordination is within
the low strain rate stage. For calculating the out-of-plane bending of laminated glass,
it may be treated as a material with small-scale linear elasticity. The recommended
elastic modulus is 1.34 MPa.

It should be noted that these conclusions are derived from quasi-static experiments and
do not apply to the mechanical response under high-speed impact loading. Furthermore,
these conclusions pertain solely to PVB LG under four-sided simple support conditions,
necessitating further research to ascertain their relevance to point-supported LG.
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