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INTRODUCTION

Glass and laminated glass have become indis-
pensable materials for the construction industry 
due to their versatility, aesthetic appearance and 
structural performance, and even waste glass is 
now being used in the construction industry (54, 
55).  Laminated glass is a type of safety and secu-
rity glass which is created by heating and pressing 
two or more glass panels with a unique binding 
agent called polyvinyl butyral (PVB) interlayer. 
Even in the event of a break, the interlayer helps 
to maintain and support the glass to produce a 
strong, homogeneous layer. There are many differ-
ent interlayer used in the glazing industry to pro-
duce laminated glass. Mechanical performance, 
blast performance, durability, availability, mate-
rial cost, manufacturing cost, and optical clarity 
are factors to consider when selecting a good in-
terlayer. Several types of interlayer materials are 
commercially available; however, the most com-
monly used are polyvinyl butyral (PVB), ethylene 
vinyl acetate (EVA), sentryglas plus (SGP), poly-
urethane (TPU) and cast resin (CIP).

Because of its flexibility, cost-effectiveness, 
good adherence and optical clarity, PVB is the pri-
mary interlayer in the glazing industry. On the oth-
er hand, EVA has high resistance against moisture 
and can be used under high moisture levels. Since 
SGP is more rigid and stiffer than other interlay-
ers, it provides greater strength and less deflection. 
Despite the high strength and rigidity it provides, 
SGP costs a lot more than PVB and due to this 
feature, its use in the glass industry is limited.

After being invented, laminated glass was the 
focus of the automotive industry, and there were 
few technical patent filings concerning its applica-
tion. In the 1970s, research on the structural appli-
cation of laminated glass started to gain attention 
[1]. Researchers studied the structural behavior 
of laminated glass through theoretical and experi-
mental means [2–8] in the 1980s. Research on the 
real behavior of laminated glass was significantly 
enhanced in the 2000s by theoretical [9–15] nu-
merical [16–20] and experimental [21–24] studies. 
Studies revealed that layered and monolithic situ-
ations are the two limiting scenarios for laminated 
glass’s structural behavior [20, 32].
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In light of previously conducted research, it 
has been observed that the structural performance 
of laminated glass is significantly influenced by 
delamination under various loading conditions, 
including static [25], dynamic [26], impact [27, 
28] and blast [29, 30] loadings.

The process by which the interlayer of the 
composite separates from the glass surface is 
known as delamination. Although laminated glass 
has been used in buildings for a long time the pos-
sibility of delamination is a major concern about 
its safety.  Water immersion is the main cause of 
delamination, and as the area impacted by immer-
sion is typically near the bottom of the glass, de-
lamination typically occurs from the bottom up. 
Because of this, the foggy, opaque appearance, 
which is one of the earliest obvious symptoms of 
glass delamination, gradually rises to the top of the 
glass and naturally, the discoloration may appear 
unsightly. Even if the cause of the delamination 
is resolved, the delamination process quickly in-
tensifies once it begins, necessitating the replace-
ment of the glass. Although delamination cannot 
be completely removed, it can be slowed down or 
even stopped from spreading with the right correc-
tive procedures. Also, when chosen appropriately, 
these measures can cover up the delamination by 
improving the look. Initial delamination is result 
of pure manufacturing process. The unsmooth 
structure of tempered glass which cause surface 
stress, local bowing, and edge warping;  dirty glass 
surface;  Unsuitable site of application in terms of 
temperature and humidity; Use of incompatible 
sealants with the interlayer in lamination are the 
possible reasons of initial delamination. 

Since the mechanical properties of interlayer 
materials greatly affect the structural integrity of 
laminated glass, the effect of different interlayers 
on delaminated samples will also be different. Al-
though delamination affects laminated glass units 
as much as other composite materials, there haven’t 
been many studies done on the structural charac-
terization of delaminated glass [33–42].  From this 
angle, the ability to forecast how laminated glass 
will behave when it is subjected to delamination 
is essential for creating engineering applications. 
Examining adhesion and delamination between 
the interlayer and glass was the goal of some re-
search and numerical cohesive zone models were 
used to simulate delamination and modify adhe-
sion parameters [43–46]. The delamination analy-
sis of laminated glass has been the subject of nu-
merous numerical investigations because of their 

convenience in solving difficult problems [33, 36]. 
Additionally, experimental research on the prob-
lem of laminated glass delamination was con-
ducted [47–51]. A variety of testing methods exist 
to evaluate or quantify the Laminated glass inter-
facial adhesion, such as peel tests, pull-off tests, 
pummel tests, compression shear tests, and the 
through-cracked tensile/bending tests.

Using experimental tensile tests on samples 
of shattered laminated glass, Hooper et al. [33] 
investigated the delamination characteristics of 
laminated glass windows under blast stress. They 
noticed that a considerable quantity of energy is 
absorbed during the delamination process. 

The application of laminated glass units has 
risen significantly in the past few decades in a va-
riety of industrial sectors, including the marine, 
automotive, aerospace, and civil engineering sec-
tors. Analyzing laminated glass’s mechanical be-
havior has become more and more necessary as 
a result. The mechanical behavior of laminated 
units is the primary focus of the studies now con-
ducted on laminated glass; delamination-related 
research is rarely highlighted. Furthermore, the 
amount of research that examines the effect of 
interlayers on the nonlinear behavior of delami-
nated glass units is much smaller than the scope 
of engineering applications for this material.

The goal of the current study is to examine 
how interlayer type affects delamination, one of 
the most frequent issues with using laminated 
glass. To evaluate the effect of three different 
types of interlayers on the delamination strength 
of laminated glass plates the mathematical model 
developed by Dural [31] is applied. The boundary 
conditions are important to the model, and differ-
ent boundary conditions will lead to different ef-
fects on the strength of the laminated glass plate. 
Finally, the delamination and boundary condi-
tions relationships of the plate are discussed. To 
assess how the boundary conditions affect, the re-
sults obtained by using the fixed boundary condi-
tions are compared with those obtained by using 
the simple supported ones.

RESULTS OF MATHEMATICAL MODEL

In the laminated glass unit, the interlayer that 
permits the glass to be bonded together is insert-
ed between two glass panes, and the assembly is 
then placed in an autoclave under high pressure 
and temperature, causing the interlayer to adhere 
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to the glass. Mechanically, single and multiple-
layered glass plates require distinct treatment. 
The elastic behavior of monolithic glass is a well-
defined, fundamental structural mechanic prob-
lem but laminated constructions differ; determin-
ing the increased load-bearing capacity induced 
by interlayer contact remains a difficulty due to 
two reasons mentioned below: 

First of all, the properties of the glass and the 
material interlayer are entirely different. At room 
temperature, the corresponding modulus of the 
interlayer ranges from 1 to 400 MPa, whereas the 
shear modulus of the glass is approximately 28 
GPa. Highly viscoelastic material PVB has a large 
temperature dependency for this reason at higher 
temperature; the shear modulus is predicted to 
drop even further. Secondly, even when carrying 
their weight, they undergo significantly large lat-
eral displacements affecting the structure’s reac-
tion and resulting in geometric nonlinearity. 

For the reasons stated above, the classical as-
sumption that the plane section of a system before 
deformation stays plane after distortion is unreal-
istic for laminated glass units. A more accurate and 
comprehensive model for analyzing laminated 
glass structures is required. Aşık [32] developed a 
nonlinear mathematical model for analyzing lam-
inated glass plates, which Dural [31] amended in 
2023 to account for initial delamination. Aşık’s 
five nonlinear partial differential equations were 
modified for delaminated regions of the plate by 
Dural. [31] The present research focuses on the 
mechanical performance of structural glass with 
initial delamination and laminated with ethylene 
vinyl Acetate (EVA), sentryglas plus (SGP), and 
polyvinyl butyral (PVB) interlayers. Dural’s [31] 
model is used to assess the effect of interlayers 
on the mechanical behavior of delaminated glass 
units subjected to different boundary conditions. 
In the derivation, the variational principle was 
used to generate equations for lateral and in plane 
displacements, which were then numerically 
solved using an iterative technique. The solution 
technique yielded lateral and in-plane displace-
ments as well as stresses. The model was devel-
oped based on the premise that the interlayer pri-
marily transmits shear forces while experiencing 
minimal compression in the lateral direction. This 
model was validated using the results of  per-
formed experiments and created  finite element 
model [52]. The present research focuses on the 
mechanical performance of structural glass with 
initial delamination and laminated with ethylene 

vinyl Acetate (EVA), sentryglas plus (SGP), and 
polyvinyl butyral (PVB) interlayers.

The laminated glass plate utilized in this 
analysis has dimensions of 1 × 1 meter. It is 
composed of two glass layers of thickness 5 
mm and an interlayer of thickness 0.76 mm. 
The  modulus of elasticity of glass is 70 GPa and 
the Poisson’s ratio is 0.22. Three laminated glass 
panels with various interlayer materials (PVB, 
EVA, and SGP) positioned between two glass 
layers were examined in this study. The current 
study considers three distinct interlayers: Ethyl 
Vinyl Acetate, Polyvinyl Butyral, and Sentryglas 
Plus. Shear modulus of interlayers are given in 
Table 1. A 20 × 20 finite difference mesh is se-
lected to analyze the problem and it is subjected 
to a static lateral pressure that increases consis-
tently until it reaches a maximum pressure near 
10 kPa. Detailed explanation about the deriva-
tion of governing equations, solution process 
and validation of the model are given by Dural 
[31]. Since finite difference method requires less 
computational power and time and gives good 
results for regular geometries it is preffered as a 
suitable tool for the solution.

Results of a fixed supported laminated glass 
plate with initial delamination

To benefit from symmetry, the study exam-
ines one-fourth glass plate. Figure 1 illustrates 
how axes are taken. Considering a and b to repre-
sent half the length of the plate side, the boundary 
conditions for a unit that is fixed supported under 
uniform pressure are outlined as follows:
 • At x = 0;   u1 =0; e1xy= 0; u2 = 0; e2xy =0;  

wx=0
 • At x = a;   e1x +νe1y = 0; e1xy = 0; e2x +νe2y 

= 0; e2xy = 0; w = 0; wx= 0:
 • At y = 0;   v1= 0; e1xy = 0; v2 = 0; e2xy = 0; 

wy = 0: 
 • At y = b;   e1x + νe1y = 0; e1xy = 0; e2x + 

νe2y = 0; e2xy = 0; w = 0; wy = 0

In the above equations, u1 and u2 are the in-
plane displacement of the upper and lower glasses 

Table 1. Shear modulus of interlayer materials
Interlayer material Shear modulus (kPa)

Ethyl vinyl acetate 5300

Polyvinyl butyral 1287

Sentryglas plus 111000
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in the x direction, v1 and v2 are the in-plane dis-
placements in the y direction for the upper and 
lower glasses and w is the lateral displacement. 
e1x, e1y and e1xy are the strains of the upper lay-
er while e2x, e2y and e2xy are the strains of the 
lower glass layer. Figure 1 depicts delaminated 
portion of the glass plate. It is assumed that there 

is no bond between the layers in the delaminated 
zone, which is situated in the center of the unit as 
can be seen.

Figure 2 shows the load-lateral deflec-
tion curves of laminated and delaminated glass 
plates with various interlayers. As can be seen in 
the above figure, the delaminated region is at the 
center of the unit and accounts for 25% of the 
glass area. Plates exhibit nonlinear behavior due 
to the membrane forces developing under fixed-
end conditions. The deflection of delaminated 
and laminated glass units connected by PVB 
interlayer (PVB-connected units) is greater than 
those of delaminated and laminated glass units 
connected by EVA interlayer (EVA-connected 
units) and delaminated and laminated glass units 
connected by SGP interlayer (SGP-connected 
units). As detailed in the figure, deflection of 
undelaminated glass units is small compared 
with the deflection of delaminated glass units 
and the effect of delamination is more visible for 
SGP-connected units. The graph in Figure 3 is 

Figure 1. Location of delamination

Figure 2. Pressure versus maximum deflection

Figure 3. Pressure versus maximum stress
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designed to illustrate the comparisons between 
the maximum stress values. Stresses of SGP-
connected units are nearly 7 times smaller than 
those of PVB-connected units. 

Lateral deflections along the diagonal of the 
quarter plate units are given in Figure 4. Their 
values peak at the center and diminish to zero at 
the edge of the plate. Deflection lines display a 
double curvature as a result of nonlinearity. While 
the difference between deflections is greatest for 
SGP-connected units, it is lowest for PVB-con-
nected ones.

Figure 5 shows the variation of maximum 
principal stress along the diagonal of the quarter 
plate. It is observed that the maximum principal 
stresses are tension along the diagonal on the up-
per plate, and tension and compression on the 
lower surface. 

Maximum principal stress distributions over 
the upper and lower surfaces of the cross-section 
are plotted in Figures 6–11 for the three types of 
interlayer with and without delamination. With 
SGP and EVA-connected plates, the effects of 
delamination are more easily visible in the stress 

distribution. Both tension and compression zones 
are observed through the cross section. While 
the upper surface principal stresses are compres-
sive at the center, they are tension at the unit’s 
edge. The distribution of stresses on the lower 
surface exhibits a reverse pattern.  The stress 
distributions of the delaminated and undelami-
nated glass plates attached to the PVB exhibit 
similarities, as illustrated in Figures 10 and 11. 
Additionally, it is observed that undelaminated 
units show somewhat larger strains in compari-
son to delaminated ones. On the other hand, the 
lower surface stress distributions change when 
delamination is present. In the case of delami-
nated plate, lower surface stresses are maximum 
at the boundary of the delaminated zone, while 
they are maximum at the center of the undelami-
nated plate. The variations in shear modulus be-
tween the interlayers can be the cause of their 
dissimilar behaviors. Additionally, a zero stress 
area is shown on the upper and lower surfaces of 
the plate. The specified area is near the plate’s 
corner on the lower surface, whereas it is near 
the center on the upper surface.

Figure 4. Lateral displacement variation along the diagonal of fixed supported plate

Figure 5. Variation of the maximum principal stress over the fixed supported plate’s diagonal
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Figure 6. Maximum principal stress contours of EVA-connected delaminated unit for 10 kPa pressure a) upper 
surface b) lower surface

Figure 7. Maximum principal stress contours of EVA-connected undelaminated unit for 10 kPa pressure a) upper 
surface b) lower surface

Figure 8. Maximum principal stress contours of SGP-connected delaminated unit for 10 kPa pressure a) upper 
surface b)lower surface

Figure 9. Maximum principal stress contours of SGP-connected undelaminated unit for 10 kPa pressure a) upper 
surface b) lower surface
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Results of a simply supported laminated glass 
plate with initial delamination

To assess how boundary conditions affect the 
functionality of laminated glass plate subjected to 
delamination, a simply supported unit is also ex-
amined. The boundary conditions for simply sup-
ported units are outlined below:
 • At x = 0;   u1 =0; e1xy= 0; u2 = 0; e2xy =0;  

wx=0
 • At x = a;   e1x +νe1y = 0; e1xy = 0; e2x +νe2y 

= 0; e2xy = 0; w = 0; wxx= 0:
 • At y = 0;   v1= 0; e1xy = 0; v2 = 0; e2xy = 0; 

wy = 0: 
 • At y = b;   e1x + νe1y = 0; e1xy = 0; e2x + 

νe2y = 0; e2xy = 0; w = 0; wyy = 0

Figure 12 represents the load versus lateral 
deflection of the simply supported plate and 
the deflection of the simply supported unit ap-
proximately double that of the fixed supported 
unit. Compared to the fixed supported plate, the 
effect of delamination is observed to be more 

noteworthy for the simply supported unit. Stress 
versus load distribution is given in Figure 13 and 
simply supported plates have stresses that are al-
most half of those of fixed supported plates.

Delamination significantly influences the per-
formance of laminated glass panels connected 
by SGP interlayer. Concerning fixed supported 
units, there are more observable differences in the 
behaviors of simply supported PVB-connected 
units.  Lateral deflections along the diagonal of 
the plate are given in Figure 14.  

Figures 15 illustrates the maximum principal 
stresses along the diagonal of both the upper and 
lower surfaces of the plate. It should be empha-
sized that, in Figure 15, absolute principal stress-
es take place at the lower plate as tension. The 
maximum principal stress on the lower plate is 
tension, but the upper plate has both tension and 
compression. For undelaminated units, the maxi-
mum principal stresses are located in the middle 
of the plate. For delaminated units, the maximum 
stress site varies along the diagonal line.  For the 

Figure 10. Maximum principal stress contours of PVB-connected delaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

Figure 11. Maximum principal stress contours of PVB-connected undelaminated unit for 10 kPa pressure 
a) upper surface b) lower surface
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Figure 12. Pressure versus maximum deflection

Figure 14. Variation of lateral displacement along the simply supported plate’s diagonal

Figure 13. Pressure versus maximum stress

PVB connected delaminated unit it is close to the 
midpoint of the diagonal and it is closest to the 
corner for SGP connected unit. At a point along 
the diagonal line between 0.4 and 0.5 meters from 
the unit’s center, the maximum principal stresses 
on the upper plate are zero.

Figures 16 and 17 show stress patterns on the 
upper and lower surfaces of a PVB-connected 

plate under 10 kPa applied pressure.Tension and 
compression stresses are present on the upper sur-
face of the delaminated and undelaminated units 
connected by PVB, while tension stresses are 
present on the lower surface. Figures show that 
delamination alters both the position of maxi-
mum stress and the stress distributions. Undelam-
inated unit stresses are higher than those of the 
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Figure 15. Variation of the maximum principal stress over the simply supported plate’s diagonal

Figure 16. Maximum principal stress contours of PVB-connected delaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

Figure 17. Maximum principal stress contours of PVB-connected undelaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

delaminated unit. On both surfaces, the maximum 
stress position is moving via the delaminated re-
gion’s border.

 Observe how the contours alter in shape as the 
aspect ratio fluctuates. As the aspect ratio  increas-
es, areas of significant deflection and stress are not 
confined to the center of the plate, and the perfor-
mance begins to resemble that of one-way plates.

Stress contours of laminated glass units con-
nected by EVA are given in Figures 18 and 19. 

It seems that although tensile stress appears on 
the lower surface, both compressive and tensile 
stresses appear to develop on the upper surfaces. 
On the lower surface, location of maximum stress 
is at the center of the plate and it moves along 
the diagonal towards the corner of the unit. The 
upper surface maximum principal stress is at the 
edge of the delaminated plate as tension while it 
is compression and at the center for undelami-
nated plate.
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Figure 18. Maximum principal stress contours of EVA-connected delaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

Figure 19. Maximum principal stress contours of EVA-connected undelaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

Figure 20. Maximum principal stress contours of SGP-connected delaminated unit for 10 kPa pressure 
a) upper surface b) lower surface

Figure 21. Maximum principal stress contours of SGP-connected undelaminated unit for 10 kPa pressure 
a) upper surface b) lower surface
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Similar to the behavior of EVA connected 
unit, upper surface stresses are positive and nega-
tive and lower surface stresses are positive for the 
units connected by SGP as shown in Figures 20 
and 21. For both delaminated and undelaminated 
units, the maximum principal compressive stress 
on the upper surfaces is located on the diago-
nal line. On the other hand, the lower surface’s 
maximum principal stress occurs at the center for 
undelaminated unit and near the diagonal for the 
delaminated unit. Figures make it clear that the 
stress distribution in units that have delamination 
and those that don’t is precisely different.

CONCLUSIONS

Because of its unique qualities, including its 
longevity, high compressive strength, translucen-
cy, comparatively high tensile strength, and resil-
ience to environmental influences, glass has be-
come a more prominent structural material among 
architects in recent years. Despite the mentioned 
advantages of it, the fragile structure of glass is a 
significant problem. At this point, laminated glass 
emerges as a solution to various design problems. 
Since glass cannot flow plastically to relieve se-
vere stresses, by inserting interlayers between the 
glass panes the stress capacity of laminated glass 
is increased and structural glass design is created. 

This research study describes the investiga-
tions conducted on the delamination properties 
of laminated glass with different interlayers. Ef-
fect of delamination and structural performance 
of laminated glass are evaluated according to the 
properties of different interlayers. Nowadays, 
PVB is used most commonly and SGP is used 
less frequently. Several researches have been 
conducted to analyze the effect of alternative in-
terlayers. Further investigation is needed to gain 
a clearer understanding of how these alternative 
interlayer materials react to delamination.

The strength and deflection behavior of lami-
nated glass panes with initial delamination are 
obtained using the minimum potential energy 
theorem and variational method. Delaminated 
and undelaminated unit areas yield two distinct 
sets of equations with five coupled nonlinear dif-
ferential equations. The finite difference method 
is used to derive the discrete form of differential 
equations. Matrix equations are solved using spe-
cific solvers. Difficulties with convergence are 
overcome by utilizing a variable under relaxation 

factor for w and progressively increasing the load 
for a convergent solution. Analysis of laminated 
glass with different interlayer properties, support 
conditions and loadings are generated with the 
developed model.

Interlayer properties have proved to be an 
important factor in the structural performance of 
laminated and delaminated glass. The selection of 
interlayer type can cause significant variations in 
the strength of laminated glass with delamination. 
This study examines effects of three types of in-
terlayer case; Polyvinyl Butyral (PVB), Ethyl Vi-
nyl Acetate (EVA) and  SentryGlas® Plus (SGP). 
Laminated and delaminated glass plate deflection 
and strength were observed as dependent on the 
interlayer type. The mechanical characteristics of 
laminated glass have been extensively examined, 
with a focus on PVB and SGP linked units. Given 
the significance of delamination, further study 
into alternative interlayers is needed.

The author draws the conclusion that PVB, 
the most widely used interlayer material, isn’t 
always the best choice for all applications based 
on the information gathered. PVB exhibits good 
adherence to glass as well as transparency during 
the lamination process. SGP, on the other hand, 
is tougher and stiffer than standard PVB, it ad-
heres well to glass and demonstrates significant 
structural performance advantages over EVA and 
PVB. The different behaviors of PVB, EVA and 
SGP-connected laminated glass with and without 
delamination can be attributed to their differences 
in shear modulus. Differences in shear modulus 
have a significant impact on delamination be-
havior due to the definition of this phenomenon. 
As the shear modulus increases, the effect of de-
lamination becomes more noticeable. Undelami-
nated glass plates experience higher stress levels, 
including compression and tension, compared to 
delaminated units.

The results of this study have shown that 
where delamination is a major concern, interlayer 
type was the predominant effective structural fac-
tor. Additionally, boundary conditions have an 
impact on how a delaminated glass plate behaves. 
When comparing deflection and stress values for 
delaminated versus undelaminated units, the ef-
fect of delamination is more pronounced in sim-
ply supported plates than in those with fixed sup-
ports. Although SGP interlayer  provides lami-
nated glass with superior performance in terms of 
strength, safety, durability, sound insulation, UV 
protection, and overall visual appeal the effect 
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of delamination is more observable in laminated 
glass units connected by SGP. While the effect of 
delamination is more observeble for SGP coo-
nected units among the three, followed by EVA, 
and then PVB.
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