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Abstract 

 

The mechanical behaviour of laminated glass plates and beams is affected in different ways by 

the shear stiffness of interlayer materials. Polymeric interlayers are viscoelastic materials, and 

therefore experience creep when subjected to long-term loading. In this paper, three laminated 

glass panels, each with a different interlayer material (PVB Clear, PVB ES, and SentryGlas), were 

placed between two laminated glass beams. A uniformly distributed load was applied during four 

months to study the effect of creep, and then was removed to see the deflection recovery during 

one month. The midspan vertical displacement of the two laminated glass beams remained almost 

constant over time, with a small variation that was attributed to the rubber sheets placed in the 

supports. The plate with SentryGlas had the lowest elastic deformation, creep, and residual 

deformation. The plate with PVB Clear had the highest elastic and total deformation. The plate 

with PVB ES had a similar initial deflection as SentryGlas, but was the one that experienced the 

highest creep. At the end of the test the plates still had a small residual deflection, which could be 

due to an incomplete deflection recovery. The flexural behaviour of the three laminated glass 

plates was simulated using a Finite Element Model, representing the loading, the creep, the 

unloading, and the deflection recovery stages. 
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1. Introduction  

 

Laminated glass is obtained by bonding two or more glass layers with films of polymeric 

interlayer. The interlayer material transfers shear stresses between confronted glass surfaces [1, 
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2], and prevents glass shards from scattering in case of accidental breakage [3]. In terms of 

mechanical behaviour, glass is brittle and linear elastic, whereas polymeric interlayers are more 

ductile and viscoelastic, which means that their stiffness depends the loading history [4] and the 

working temperature [5,6,7].  

 

With the aim of characterizing the viscoelastic behaviour of PVB, which is the most commonly 

used interlayer material for laminated glass, Pelayo et al. [5] performed dynamic tests on PVB 

films using a DMA equipment, but in more recent research [8] they identified that the high 

temperature and pressure during the autoclave process, together with the chemical 

transformations in the bond region, may affect the mechanical properties of the interlayer. That 

is why Andreozzi et al. [9] performed dynamic tests on PVB, but using laminated glass specimens 

instead of the polymeric film alone. In that sense, Ranocchiai et al. [10] performed an extensive 

review of the experimental techniques to evaluate the viscoelastic properties of the interlayer in 

laminated glass. They stated that the interlayers should be adhered to glass when tested. 

 

More recently, Biolzi et al. [11] studied the viscoelastic response of double-lap joints under shear 

loading by performing relaxation and creep tests with three different interlayer materials: 

SentryGlas, PVB and plasticised PVB. The authors highlighted that the contribution of the 

interlayer material in laminated glass should be studied with laminated glass specimens, because 

the mechanical properties of the interlayer material not adhered to glass are not useful to predict 

the behaviour of laminated glass elements. 

 

The long-term behaviour of viscoelastic materials can be predicted by doing tests of a shorter 

duration at different temperatures, and then applying the time-temperature superposition (TTS) 

to extrapolate the results to time values outside the tested range. The TTS principle states that the 

effect of increasing the time of loading is equivalent, in terms of mechanical behaviour, to the 

effect of increasing the working temperature [12]. The final mastercurve of the material is 

obtained applying a TTS model to the experimental short-time curves at different temperatures 

[13]. The relaxation master curve of a viscoelastic material can be expressed as a mathematical 

expression by means, i.e., of a Prony series (Eq. 1), where ei and τi are the Prony coefficients. 

Some simulation programs use these coefficients in order to properly characterize the viscoelastic 

behaviour of the material. 

 

E(t) = E0 [1 − ∑ ei (1 − exp (−
t

τi
))

n

i=1
] (Eq. 1) 
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Laminated glass elements can be divided in two main groups, depending on the direction of the 

loading with respect to the placement of the layers: plates, when the load is perpendicular to the 

layers (e.g., facades, roofs or floors), or beams, when the glass layers are coplanar with the load. 

The mechanical performance of laminated glass plates is affected by the shear response of the 

interlayer [14]. Interfaces that are able to transfer bond stresses can contribute to increase the 

stiffness and strength of the composite material [15]. As a consequence, since the interlayer 

material is viscoelastic and affects the cohesiveness of laminated glass, the mechanical behaviour 

of laminated glass plates is also time- and temperature-dependant [16]. On the other hand, the 

contribution of the interlayer is negligible in the serviceability state of laminated glass beams [17], 

except in terms of lateral stability [18], but it affects the post-breakage behaviour and the glass 

breakage mode [17]. 

 

There are other types of loading for composite materials. Glass fibre reinforced polymer (GFRP) 

pipes may experience creep due to the effect of internal pressure and dead weight of the 

transported fluid [19-23]. Oil, gas, and water piping systems represent a big portion of the 

consumption of composites in industrial and civil engineering. They are required to remain 

operating during 50 years, and therefore they require long-term hydrostatic tests. GFRP pipes are 

lighter, cheaper, and easier to manufacture and install than metallic (e.g., copper) pipes, but they 

are also more prone to experience creep, especially when transporting fluids at high temperatures. 

 

Figure 1 shows the typical mechanical response of a viscoelastic material [24]. When a constant 

stress (σ1) is applied on a viscoelastic material, it presents an instantaneous strain associated with 

the elastic component (ε1,e), and an additional strain growth over time, known as creep, due to the 

viscous component (ε1,v). When the stress is removed, the material experiences a partial 

instantaneous recovery of the strain due to the elastic component (εr,e), and an additional 

progressive recovery over time due to the viscous component (εr,v). There may also be a residual 

deformation at the end due to plastic deformation (εp) or incomplete deflection recovery. 
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Figure 1. Creep compliance and recovery curves of a viscoelastic-plastic material. 

 

This paper aims to identify all the stages presented in Figure 1 by applying a long-term distributed 

load on a laminated glass slab. To do so, three laminated glass plates, each with a different 

interlayer material (PVB Clear, PVB ES, and SentryGlas), were tested simultaneously in order to 

perform a comparative study between them. In addition to that, the beams that hold the laminated 

glass plates were also made of laminated glass. The goal was to compare the short- and long-term 

deformational response of vertically placed laminated glass beams with horizontally placed 

laminated glass plates. The load was applied during four months, then the load was removed and 

the slab remained unloaded for another month in order to study the deflection recovery and the 

residual deformation. 

 

Very limited studies have been performed in the field of long-term creep analysis of laminated 

glass structures under bending. Valarinho et al. [25] performed flexural creep tests during 350 

hours on laminated glass plates. They tested two laminated glass plates, each with a different 

interlayer material and number of glass layers: 3-layer PVB and 4-layer SentryGlas. They applied 

predictive models to extrapolate the measured creep to long-term (50 years) deflection. 

Significant differences were observed between the predictions based on viscoelastic models 

derived from Dynamic Mechanical Analysis (DMA) and the predictions based on the Findley 

power law, especially in the case of the PVB laminated glass panel, which experienced a much 

higher creep. One of the issues that the authors identified was that the duration of the flexural 

creep test was too limited, and future experiments should require longer creep periods. 

 

This paper presents a longer creep period of over 3,000 hours. In addition to that, it compares 

laminated glass plates with three different interlayer materials (PVB Clear, PVB ES, and 

SentryGlas) instead of two. Another innovative aspect is that most creep tests found in the 
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literature, including the one presented by Valarinho et al. [25], finish before unloading the slab, 

while in this paper the recovery stage can also be evaluated. 

 

The contribution of the interlayer material in the pre-breakage stage of laminated glass beams 

with vertical layers is negligible [26]. By contrast, it is an important factor for the lateral stability 

[27] and failure mechanisms [28]. Biolzi et al. [29] studied the post-breakage strength of 

laminated glass with DG41 (plasticised PVB) under long-term loading. The authors identified 

that the stiffness of the interlayer delayed the formation of cracks. In addition to that, in broken 

laminated glass beams under long-term loading, the cracks size and density increased over time 

due to the stress relaxation of the interlayer. 

 

Since this paper focuses on the pre-breakage long-term behaviour of a laminated glass slab, the 

beams tested in this paper were oversized to prevent breakage and laterally constrained to prevent 

buckling. This means that the interlayer material of the laminated glass beams should not 

experience high stresses or creep during the test. 

 

The flexural behaviour of the three different laminated glass plates was simulated using a 

numerical model implemented in ABAQUS. The main goal of that part was to study the 

similarities and differences between the experimental results and the simulation. Pelayo et al. [5] 

developed an ABAQUS numerical model to predict the long-term flexural behaviour of laminated 

glass plates under bending, with errors below 2% with respect to experimental tests. 

 

Paolo Foraboschi [30] developed a model to study the out-of-plane flexural behaviour of 

composite laminates with elastoplastic interlayers. The model took into consideration the effect 

of interlayer material softening caused by creep, stress relaxation or plastic deformation. The 

resulting model could be applied to several composite materials, including laminated glass. The 

author highlighted that the nonlinearity of the interlayer plays a key role in the flexural behaviour 

of the composite element that should not be ignored. 

 

2. Materials 

 

The tested laminated glass slab is presented in Figure 2. The slab was composed of three laminated 

glass plates placed side by side, supported at two edges on two laminated glass beams. A rubber 

strip of thickness 5 mm was placed between glass plates and glass beams in order to prevent direct 

glass-to-glass contact. Rubber was also placed between the laminated glass beams and the wooden 

supports at both ends. The rubber strip was made from a combination of natural rubber (NR) with 

styrene-butadiene rubber (SBR), commercialized for general industrial applications. Each 
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wooden support was placed on top of a metallic beam (HEB 120), which in turn was placed on a 

high resistance metallic bench, with four wooden blocks to transfer the load to the floor. 

 

 

Figure 2. View of the laminated glass slab, where each component is highlighted in a different colour. 

 

The laminated glass beams were composed of three tempered glass layers of length 3240 mm, 

height 250 mm, and thickness 10 mm. The Young modulus of the glass layers was 72 MPa, the 

Poisson ratio 0.22, and the density 2500 kg/m3. The interlayer material of both laminated glass 

beams was 1.52 mm thick SentryGlas. The bending stiffness of glass is unaffected by the 

strengthening treatment [31]. 

 

Each of the three laminated glass plates had a size of 1580x1000 mm, with two layers of tempered 

glass, 8 mm thick each, and an interlayer of thickness 1.52 mm. Each plate had a different 

interlayer material: PVB Clear, PVB ES and SentryGlas. All interlayer materials were 

manufactured by Kuraray Europe GmbH, and the laminated glass elements were manufactured 

and supplied by CRISTEC Glass S.L. in Lleida (Spain). 

 

PVB Clear is a polyvinyl butyral (PVB) with an enhanced transparency, but the mechanical 

properties of the standard PVB used in automobile windshields and glazing. The contribution of 

this interlayer in the serviceability limit state is usually considered negligible, especially for long-

term loading and high temperatures [32]. 

 

PVB ES is a PVB with a lower level of plasticiser. Plasticisers increase the mobility of the 

polymer chains. By reducing the amount of plasticiser, the polymer becomes stiffer and its glass 

transition temperature increases [33].  
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SentryGlas is an ionomer that increased the resistance to impact and penetration of laminated 

glass, and for that reason it was originally used in hurricane glazing. Its application later expanded 

to structural elements [34], due to its good mechanical properties, and to laminated glass elements 

with metallic reinforcements [35,36] or embedded joints [37,38], because of its good adhesion to 

both glass and metals. 

 

3. Methodology 

 

3.1. Experimental set-up 

 

The two laminated glass beams were initially placed on the wooden supports, and then the lateral 

restraints, also made of wood, were fixed with screws to the support (Figure 3 and  

 
(a)  

 
(b)  

Figure 4). Rubber layers were placed between glass and wood on all the contact surfaces. Then, 

the three different laminated glass plates were placed on top of the beams, also using an 

intermediate rubber layer in order to prevent direct glass-glass contact. The three plates were 

tested simultaneously in order to ensure that they were subjected to the same testing conditions 

(i.e., room temperature and humidity, load, time, etc.). A separation of 3 mm was kept between 

laminated glass plates in order to prevent undesirable interaction between plates that could affect 

the deflections and the readings of the displacement transducers (Figure 5). 
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Figure 3. Fastening of the wooden lateral restraints after the placement of the laminated glass beams. 

 

 
(c)  

 
(d)  

Figure 4. Beam placement on top of the wooden support with lateral restraints. 

 

 

Figure 5. Separation between laminated glass plates. 

 

The distance between the supports of the beams was 3 m. The separation between beams was 1.5 

m. A sketch of the resulting laminated glass structure is presented in Figure 6 (lateral view), 

Figure 7 (front view), and Figure 8 (top view). 
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Figure 6. Lateral view of the laminated glass structure. 

 

 

Figure 7. Front view of the laminated glass structure. 

 

 

Figure 8. Top view of the laminated glass structure. 
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The tests were carried out in a laboratory at a controlled temperature of 23±1 ºC and relative 

humidity of 42±2 %. In order to measure the deflection of each of the three plates and two beams, 

five different displacement transducers (Novotechnik TR-0100) were placed at the bottom of the 

structure and connected to a data acquisition card (National Instruments NI-6212), which 

transferred the data to a computer using a LabVIEW program developed by the authors, with a 

sampling frequency of two measurements per minute (Figure 9). The displacement transducers 

were placed at the central point of the plates and the beams, where displacement was highest 

(Figure 10). 

 

 

Figure 9. Arrangement of the displacement transducers. 

 

 

Figure 10. Sketch of the placement of the displacement transducers at the bottom of the laminated glass 

structure. 
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During experimentation, a homogeneous constant load of 3 kN/m2 was applied, corresponding to 

the maximum load on floors of office areas (category B), or other public areas such as schools or 

restaurants (category C1) based on the standard EN 1991-1-1 [39]. The load was applied with 

water, in order to ensure a homogeneous surface distribution. In addition to that, using a 

transparent load on a transparent structure was considered to be more consistent from an 

aesthetical point of view. A wooden formwork with twelve compartments acted as retaining wall 

for the water (Figure 11). The load was applied by gradually pouring water buckets on each of 

the compartments of the formwork. First, a bucket was poured in each of the 12 compartments, 

and the process was repeated several times, until the desired load was reached. The loading 

operation took approximately two hours to complete. A polymeric film was placed between the 

water and the wooden frame in order to avoid leakage, and another film was placed top to prevent 

water evaporation (Figure 12). The constant load was maintained during four months, which is 

approximately the same one previously estimated by Andreozzi et al. [14] when defining the 

relaxation master curves of PVB. After four months the load was removed with the help of a hose 

connected to a vacuum pump. The unloading process took approximately half an hour to 

complete. After the unloading, the test lasted one additional month in order to study the recovery 

of the deformations and measure the residual deflection. 

 

 

Figure 11. Laminated glass slab with the full load of water poured into the 12 compartments of the 

wooden formwork, with plastic bags to prevent water leakage. 
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Figure 12. Laminated glass slab loaded with water and covered with a polymeric film to prevent water 

evaporation. 

 

 

 

3.2. Numerical model 

 

The bending deflection of the laminated glass plates investigated in this paper was simulated using 

a finite element model (FEM) implemented in ABAQUS. In the FEM, 3D linear shell continuum 

elements (SC8R) were used for the glass layers whereas the PVB layer was meshed with 3D linear 

hexahedral elements (C3D8R). Each layer of the laminated glass is discretized with one element 

along its thickness whereas an approximate size of 30 mm was used for the other dimensions. 

This meshing technique has been demonstrated to be adequate to reproduce the laminated glass 

behaviour with a relatively low computational time [5, 40]. The mesh is presented in Figure 13. 

 

 

Figure 13. Finite element model for the plates. 
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In order to consider the effect of the rubber bands used in the experiments between glass plates 

and beams (see Figure 11 and Figure 12), a simply supported linear elastic boundary condition 

with stiffness 120 kN/m was assumed in the FEM simulations. This value was obtained 

considering a constant linear compression in the rubber strips using a material Young’s modulus 

of 15 MPa [41, 44].  The load was modelled in four steps replicating the process followed in the 

experiments: first, linear loading until maximum pressure (3 kN/m2), second, creep test, third, 

linear load removal until the pressure is removed (discharge), and fourth, relaxation test 

(recovery). The loading process is presented in Figure 14a. Self-weight load was also considered 

to the plate. 

 

Figure 14a. Loading process using in the FEM simulations. 

 

With respect to materials modelling, a linear elastic behaviour was considered for glass layers 

(𝐸 = 72 𝐺𝑃𝑎, 𝜈 = 0.23) [5]. As regards the interlayers, a linear viscoelastic behaviour was 

assumed. The material model was implemented in ABAQUS using the Generalized Maxwell 

Model by means of Prony series equation (see Eq. (1)). The viscoelastic model coefficients were 

obtaining by fitting the master curves of the interlayers using MATLAB. Each material master 

curve was constructed using the TTS WLF model [5, 12] and the short time curves retrieved from 

manufacturer [41]. The shear master curves for each interlayer are presented in Figure 14. On the 

other hand, the Prony series coefficients fort each interlayer are presented in Table 14b for a 

reference temperature of 23𝑜C. 
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Figure 14. Shear modulus of the three tested interlayer materials as a function of load duration (from three 

seconds to ten years), at a temperature of 23 ºC, according to the manufacturer [41]. 

 

Table 14b. Prony coefficients (see Eq. (1)) for the interlayers 

Sentry Glass PVB ES PVB Clear 

𝜏𝑖 [s] 𝑒𝑖 𝜏𝑖 [s] 𝑒𝑖 𝜏𝑖 [s] 𝑒𝑖 

2.7978e-05 6.9639e-02 4.2529e-07 2.0743e-01 9.8967e-02 6.5673e-01 

2.1308e-03 4.5248e-02 8.5814e-06 1.3132e-01 7.5342e-01 2.0077e-01 

1.6228e-01 5.2259e-02 1.7315e-04 1.6307e-01 5.7357e+00 1.0927e-01 

1.2360e+01 1.4778e-01 3.4938e-03 1.8233e-01 4.3665e+01 1.4716e-02 

9.4131e+02 3.1893e-01 7.0496e-02 1.7227e-01 3.3242e+02 8.6423e-03 

7.1690e+04 2.5120e-01 1.4224e+00 8.2456e-02 2.5307e+03 6.9512e-05 

5.4600e+06 7.3016e-02 2.8701e+01 3.4552e-02 1.9266e+04 1.6249e-03 

4.1583e+08 3.3058e-02 5.7912e+02 1.6069e-02 1.4667e+05 7.8093e-04 

3.1670e+10 5.5461e-03 1.1685e+04 4.9452e-03 1.1165e+06 1.3491e-03 

2.4120e+12 1.8182e-03 2.3578e+05 2.9544e-03 8.5001e+06 1.5284e-03 

1.8370e+14 3.7681e-04 4.7575e+06 1.0820e-03 6.4710e+07 9.8863e-04 

1.3990e+16 2.5896e-04 9.5994e+07 5.6822e-04 4.9263e+08 1.1571e-03 

1.0655e+18 1.0658e-04 1.9369e+09 9.5460e-05 3.7503e+09 5.8693e-04 

 

 

4. Results and discussion 

 

4.1. Experimental results 
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The displacement values measured by the transducers placed on each plate corresponded to the 

sum of the displacements of the plate and the beam. In order to make a proper comparison between 

the three plates, as well as between experimental results and simulations, it was necessary to 

isolate the displacement of the plates (Figure 15). That is why the vertical displacement of the 

beams was subtracted from the measurements of the transducers on each plate. The displacement 

measured from the transducer placed under the beam was subtracted from the central plate, and 

half that value was subtracted from the lateral plates (Eq, 3 and 4). 

 

 

Figure 15. Vertical displacement of the beam at the points where the displacement transducers were 

placed on each plate. 

 

δ(x) =
qx

24EI
(x3 − 2lx2 + l3) (Eq. 3) 

δ(L 6⁄ )

δ(L 2⁄ )
=

41

81
≅ 0.5 (Eq. 4) 

 

Figure 16 shows the evolution of vertical displacement during the load application time, while 

Figure 17 shows the evolution of the vertical displacement during the unloading process. These 

figures indicate that the load application and removal were progressive and homogeneous over 

the whole surface of the slab. Since the loading process took over two hours to complete, the 

creep that may have happened during that initial stage could not be measured. What is indicated 

as creep hereinafter refers to the additional measured deflection starting from the end of the 

loading process. The same approach was adopted for the deflection recovery during the unlading 

process, which lasted approximately 30 minutes. 
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δ L 6⁄
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Figure 16. Measured vertical displacements during the loading process. 

 

 

Figure 17. Measured vertical displacements during the unloading process. 

 

Figure 18 presents the time evolution of the deflection for the three laminated glass plates and the 

two laminated glass beams. These results show that the initial vertical displacement of the 

laminated glass plates with PVB ES and SentryGlas was very similar, whereas the vertical 

displacement of the laminated glass plate with PVB Clear was almost the double. At the end of 

the four initial months, before unloading the slab, the vertical displacement of the plate with PVB 

ES was closer to the one with PVB Clear than the one with SentryGlas. The plate with PVB ES 

was the one that experienced the highest creep, and the one with SentryGlas, the lowest. The 

experimental results obtained by Valarinho et al. [25] also concluded that the creep deformation 
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was higher in the laminated glass panel with PVB than in the one with SentryGlas. After 

unloading the slab, there was a gradual recovery of the deflection, and the plate with SentryGlas 

had the lowest residual deflection. 

 

 

Figure 18. Vertical displacements during the whole test duration. 

 

Table 1 shows an overview of the vertical displacement experienced by each load-bearing glass 

element in each of the stages. The elastic deflection corresponds to the vertical displacement 

experienced during the loading process, while viscous deflection refers to the displacements over 

time with a constant load. The same thing applies to the elastic and viscous recovery in the 

unloading process. The different vertical displacements presented there correspond to the ones 

previously mentioned in Figure 1. In all three plates, the elastic recovery almost matched the 

initial elastic deflection. The plate with PVB Clear experienced the highest elastic deflection and 

overall vertical displacement after four months. However, the plate with PVB ES was the one that 

experienced the highest creep, almost doubling the creep of the plate with PVB Clear, and 

multiplying ten-fold the creep of the plate with SentryGlas. At the end of the test, the two plates 

with PVB had the same residual deformation, which doubled the one of the plate with SentryGlas. 

 

Table 1. Displacement measured on each beam and plate separating the elastic and the viscous 

components. 

Component Elastic 

deflection 

Viscous 

deflection 

Elastic 

recovery 

Viscous 

recovery 

Residual 

deformation 

Beam 1 1.8 mm 0.5 mm 1.8 mm 0.2 mm 0.3 mm 

Beam 2 2.2 mm 0.5 mm 2.2 mm 0.2 mm 0.3 mm 

Plate 1 (SentryGlas) 6.3 mm 1.0 mm 5.6 mm 0.5 mm 1.2 mm 
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Plate 2 (PVB Clear) 13.0 mm 5.0 mm 13.0 mm 2.5 mm 2.5 mm 

Plate 3 (PVB ES) 6.4 mm 9.7 mm 7.1 mm 6.8 mm 2.5 mm 

 

The results show a small creep effect over time experienced by the laminated glass beams. 

According to the literature, the bending stiffness of laminated glass beams does not depend on the 

shear stiffness of the interlayer material in the pre-breakage stage [3,17]. This means that, if a 

laminated glass beam were to experience creep, it would be caused by glass. However, the creep 

experienced by glass under these testing conditions, in terms of load duration (four months) and 

temperature (23±1 ºC) should be negligible [30]. That is why it seems much more likely that this 

small viscous deflection and recovery, as well as the residual deflection, were caused by the 

rubber sheets placed below the beams. In fact, according to the manufacturer, the rubber 

combination of NR and SBR used for this test can experience a plastic deformation of 40% under 

compressive loading. Therefore, it is reasonable to consider that the rubber strips of thickness 5 

mm experienced a 1 mm plastic deformation after the loading phase. 

 

Figure 14 presents the relaxation master curve of the three interlayer materials, generated with 

data supplied by the manufacturer [29]. Comparing the results from the three laminated glass 

plates in Figure 18 with the results from the polymeric films in Figure 14, it is possible to see the 

correlation between the shear stiffness of the interlayer and the bending stiffness of the laminated 

glass plates [9,16]. With a lower shear stiffness of the interlayer, there was a higher vertical 

displacement of the laminated glass plate, as a consequence of the reduction of the bending 

stiffness. For short-duration loading, the shear stiffness of PVB ES and SentryGlas was very 

similar, whereas the shear stiffness of PVB Clear was much lower. During the first few hours of 

test, the plates with PVB ES and SentryGlas presented a similar vertical displacement and 

evolution over time. However, as time advanced, the vertical displacement of the plate with PVB 

ES increased at a higher rate, as a consequence of the progressive decrease of the interlayer 

stiffness.  

 

Since the test was symmetrical and the two laminated beams were identical, their vertical 

displacement were very similar. In fact, the small differences may be due to inaccuracies during 

the calibrating process of the displacement transducers or the settling of the beams. The 

contribution of the interlayer in the serviceability state of laminated glass beams (vertical glass 

layers) is negligible. The shear stiffness of the interlayer material would affect the critical 

buckling moment of the laminated glass beams [43]. However, in this case, the lateral 

displacement of the laminated glass beams was restricted by the connection at the upper surface 

with the laminated glass plates and at both ends with the wooden supports. The measuring of 

displacements on the central point of the beams was almost constant over time, with a variation 
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of 0.5 mm after four months of loading. At the end of the test, after unloading the slab during one 

month, the remaining vertical displacement was of 0.3 mm. Such small creep and residual 

deflection may come from the rubber strips placed between glass and the wooden supports rather 

than from the glass elements, because the creep of glass at room temperature for the duration of 

this test should be unperceivable [42]. 

 

4.2. Simulation results 

 

The displacements obtained with FE model (defined in Section 3.2) at the same points measured 

in the experiments are presented in Fig. 9. The results obtained in the numerical simulations, 

together with those measured in the experimental tests, are presented in Figure 19. A detailed 

comparison between the experimental and the predicted results are shown in Figure 20 for the 

first part of the test (approximately the first 4 hours). 

 

  

Figure 19. Experimental results and Analytical prediction (Eq. 1) for the three tested glass plates. 
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Figure 20. Detail of the loading and beginning of the creep test for the three different plates. 

 

From the results it can be inferred that the response of the laminated glass plate with PVB Clear 

interlayer is predicted with an error less than 4.6% in the loading-creep process. However, the 

unloading is predicted with less accuracy, the maximum error being 32%. 

 

With respect to the SentryGlas laminated glass plate, the response is predicted with an error less 

than 4.5% in the loading-creep steps, whereas the unloading is predicted with an error less than 

10%. 

 

Larger errors were encountered for the plate with PVB ES interlayer, the maximum errors being 

25% in the loading process, 12% in the creep test and, 25% for the relaxation test. This plate 

presents an anomalous behaviour in the period from 0 to 400 hours (different to that exhibited by 

the PVB Clear and SentryGlas plates), which cannot be predicted with the FE model. This effect 

could be attributed to a material misbehaviour or to some problems in the experimental tests, but 

an explanation to this non-typical behaviour was not found. 

 

Valarinho et al. [25] simulated the creep deformation of two laminated glass plates: one with 

SentryGlas and another with PVB. They compared the deflection prediction of their model with 

other results found in the literature, and bigger differences were found for the plate with PVB, 

probably because its creep deformation was significantly higher. This is in line with the results of 

this paper: the laminated glass plate with higher creep deformation was the one with larger errors 

in the simulation. 

 

The simulation was carried out under the assumption that all three plates were placed horizontally. 

The beam deflection and its consequent in-plane angular variation may cause a tilt in the 
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supported plates. However, that tilt was considered to be negligible given the small angular 

variation experienced by the beams. In fact, the angle at the supports of the beams (φ) was of 

approximately 0.05º, as shown in Eq. 5. 

 

𝜑(𝑥 = 0) = 𝜑(𝑥 = 𝐿) =
𝑞𝐿3

24𝐸𝐼
≈ 0.05𝑜 (Eq. 5) 

 

Finally, the maximum displacement in the plates for different time intervals were predicted with 

the FEM. The values are presented in Table 20a. Although some discrepancies have been 

encountered between the numerical and experimental results, the predictions can be used for 

comparison proposes as well as to illustrate the different long term creep behaviour of each 

interlayer. 

 

Table 20a. Maximum deflection predicted with the FEM for different time periods. 

Material 5 years [mm] 10 years [mm] 20 years [mm] 50 years [mm] 

SentryGlass 7.745 7.937 8.275 8.982 

PVB ES 17.41 17.89 18.11 18.26 

PVB CLEAR 18.92 19.39 19.72 20.54 

  

 

5. Conclusions 

 

A long-term duration test was performed on a laminated glass slab. Three laminated glass layers, 

with a different interlayer each (PVB Clear, PVB ES, and SentryGlas), were placed on top of 

laminated glass beams. The separation between beams was of 1.5 m, and the span of the beams 

was 3 m. A homogeneous load of 3 kN/m2 was placed on the slab during four months, and the 

displacement of each load-bearing element was measured over time. In order to evaluate the 

deflection recovery and the residual deflection, the measuring of the vertical displacement 

continued during one month after removing the load. 

 

The two beams experienced almost no creep and no residual deflection. In fact, the creep and 

residual deformation measured in this case may be from the rubber strips placed between the 

laminated glass beams and the wooden supports, rather than from the laminated glass beams. The 

shear stiffness of the interlayer material did not have a significant influence in the serviceability 

limit state of laminated glass beams. However, according to literature, the interlayer material may 

have an important effect in the ultimate limit state of laminated glass beams [17], which was not 

studied in this paper, and in their lateral stability [18], which was restricted in this experiment by 
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the addition of the horizontally placed laminated glass plates at the top of the beams and the 

wooden lateral restraints at both ends of the beams. 

 

The elastic recovery measured by each load-bearing element was very similar to its initial elastic 

displacement. The laminated glass plate with SentryGlas experienced the lowest value of elastic 

deflection, creep, and residual deflection. The laminated glass plate with PVB Clear experienced 

the highest elastic and total vertical displacement, but the plate with PVB ES experienced the 

highest creep. 

 

The bending deflection of the laminated glass plates were predicted using a FEM. Although there 

are significant uncertainties in the mechanical properties of the interlayers, due to its viscoelastic 

nature, and the test developed in this paper was complex, the deflections can be predicted with a 

reasonable accuracy for the laminated glass plates with PVB Clear and SentryGlas interlayers. 

Larger errors were encountered in the plate with PVB ES in both loading-creep stage and 

unloading process. However, an anomalous behaviour was observed for this plate during the 

experiment, which does not follow the same tendency during the loading-creep process as the two 

other plates. 

 

The fact that only one displacement transducer was used for each plate could be a possible source 

of inaccuracies in the experimental test. One or two additional transducers should have been 

placed on each glass plate near the edges in order to eliminate the possible inaccuracies caused 

by the deformation of the constraints: between beams and plates the rubber deforms under loading 

and is probably responsible for most of residual deformation. 
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