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Dynamic analysis of thin laminated viscoelastic structures 
under elevated temperature using finite element modeling

Purpose. The current study is devoted to investigating the effect of elevated temperature on interlaminar stresses for different 
laminated viscoelastic structures and boundary conditions. Each structure considered consists of three laminated layers, where the 
core layer is made of plasticized polyvinyl butyral, which is a viscoelastic material, whereas both constraining layers are made of 
isotropic structural material silica float glass.

Methodology. Finite element (FE) modeling is used to perform modal, harmonic, and transient analyses. The current visco­
elastic composite model is compared to data in literature for verification purposes. Simply supported beam, cantilever, and simply 
supported plate are studied for temperature variation of 23, 40, 50, and 60 °C. Modal analysis is carried out to find natural frequen­
cies for all the structures considered.

Findings. The results obtained show that increasing temperature plays a significant role in reducing the natural frequencies in 
each structure as well as increasing the transverse deflections and decreasing the corresponding interlaminar shear stresses.

Originality. The literature does not contain a study on the influence of elevated temperatures on interfacial dynamic stresses in 
laminated viscoelastic structures.

Practical value. One of the main factors affecting the delamination process of composite viscoelastic sandwich structures is the 
interfacial harmonic shear stresses existing between layers. Hence, harmonic and transient analyses are performed to determine 
dynamic deflections and interlaminar shear stresses.
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Introduction. Viscoelastic materials are used in various ap­
plications such as planes and vehicles to absorb vibration and 
reduce noise [1]. However, modal analysis is presented theo­
retically and experimentally by studying free vibration of lami­
nated composite plate where excellent agreement was found 
[2].

Furthermore, Raleigh-Ritz method analysis was carried 
out in order to investigate the vibration in viscoelastic lami­
nated cylindrical shell [3] where vibration frequencies were 
calculated using numerical model to study the boundaries’ 
stiffness impact. Dynamic response of multi-layer thick beams 
with viscoelastic damping layer was investigated by a number 
of researchers [4]. Multiple models were developed using Red­
dy-Bickford shear and Ross-Kerwin-Ungar models since clas­
sical failure theory cannot explain testing and experimental 
results. However, FE Model for a 3-layer composite beam was 
performed using finite element package ANSYS; two con­
straining structural layers and a viscoelastic core layer [5]. In 
addition, both numerical and experimental analyses were 
compared to validate the FE results.

Other studies used the method of reduction to solve the 
response of viscoelastic core beams [6]. The results revealed 
that excellent agreement was observed in addition to reduction 
of computational cost. On the other hand, Euler-Bernoulli 
equation was used in finding mode shapes of viscoelastic can­
tilever sandwich through MATLAB code [7] where results 
showed good agreement with literature data. Buckling of vis­
coelastic core plate under elevated thermal environment was 
investigated analytically [8]. Free vibration analysis was per­
formed to determine the corresponding characteristics.

Investigation of static and dynamic loading for laminates 
of composite material was performed for failure prediction 
analysis [9]. The failure criteria predicted in a multi-laminar 
structure developed lately by Northwestern University were 
proven by current model. Analysis results showed clearly that 
generally, the best approach to predict failure in composite 
laminated structures is yet to be developed.

Detection of carbon fiber laminated composite beam 
damage was examined experimentally by a group of research­
ers [10]. It should be said that this experimental vibration anal­
yses were carried out to find natural frequencies and damping 

ratio for both laminated and delaminated composite beams 
where validation with numerical results were obtained using 
FE package ANSYS. It is eventually concluded that natural 
frequencies of undamaged beams differ from laminated beams, 
which results in varying modal analysis. FE analysis was per­
formed to study dynamic behavior of composite laminated 
plate using different stacking order and boundary conditions 
[11]. Results revealed that good agreement was obtained with 
experimental data and data obtained in the literature. Further­
more, location and size of delamination have a significant ef­
fect on modal results.

However, failure of fiber reinforced laminated layers was 
examined using failure approach in continuum mechanics 
[12]. Moreover, the model which was developed using the ap­
proach considered was coded using FE analysis software to 
validate the results. Furthermore, evaluation of structure fail­
ure caused by delamination is performed in this study. A study 
on dynamic behavior analysis concerning delamination of fi­
ber reinforced composites was carried out using a new method 
to detect the delamination and hence composites’ failure [13]. 
The results revealed that the size of delamination shows less 
influence then the position of delamination.

Other researchers performed rotor dynamic analysis simu­
lation to study the effect of gradual failure [14]. Rotor was sub­
jected to out-plane and in-plane load combinations in order to 
study failure initiation and in-plane damage propagation. The 
results obtained showed good agreement between experimen­
tal and FE dynamic stress results for the rotor considered. 
However, a model for delamination propagation for FRP 
composite structures was proposed to monitor failure [15]. 
The study aims at evaluating interlaminar failure due to de­
lamination using delamination propagation model considered. 
The new delamination model proposed was coded based on 
fracture and continuum mechanics where model’s results were 
compiled beside ABAQUS’ results.

A review of analytical damage criteria for laminated com­
posite structures was conducted to investigate and estimate the 
damage criteria capability to predict any failure under static 
and dynamic loading [16]. Finite element modeling was used 
to model post-damage phase using implemented intra and in­
terfacial failure criteria.

Dynamic analysis of different viscoelastic structures was 
carried out using FE package ANSYS by (Al-Huniti, et al., 
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2010). As a result, interlaminar shear stresses were investigated 
since they are responsible for composites’ delamination. The 
results revealed that viscoelastic layer plays a significant role in 
controlling vibration, and hence, reducing the dynamic defor­
mation of the composite viscoelastic laminated structures. 
Duser, et al. carried out an analysis of composite plate under 
uniform static pressure. The simply supported composite plate 
considered consists of three bonded layers in which the middle 
layer is a viscoelastic material. Finite element model was de­
veloped in order to compare static deflection at the middle of 
the plate with the literature data. Moreover, analytical model 
was performed to predict the failure in composite structures 
under specific boundary conditions

Based on the literature considered above, current work is 
concerned with studying the influence of elevated surrounding 
temperature on harmonic and transient interlaminar deflec­
tions and shear stresses induced in different viscoelastic sand­
wich structures where the viscoelastic layer contains no damp­
ing. All the structures considered contain a viscoelastic core 
layer with two structural constraining layers. FE modeling is 
performed using modal, harmonic, and transient analyses.

Material properties. The structures considered in the cur­
rent study consist of three laminated layers each; viscoelastic 
core layer with no damping sandwiched between two isotropic 
layers. The viscoelastic layer is made of plasticized polyvinyl 
butyral (PVB) while both constraining layers are made of an 
isotropic material of silica float glass. It should be said that the 
elastic modulus of a viscoelastic material is a complex value. 
The real part represents the elastic characteristics of the mate­
rial, while the imaginary part represents the viscous properties. 
These two parts can be presented using a mathematical for­
mula that depends on frequency as shown in Equation (1), 
(Meunier and Shenoi, 2001).

	 ( )1 ,vE E i= + h 	 (1)

where Ev is the viscoelastic modulus; E  is the elastic modu­
lus; h is the viscosity; i is the imaginary number. However, 
stress strain data for PVB material was modeled using the of­
ficial model of Kuraray Europe GMBII. The properties of the 
isotropic materials used are listed in Table 1.

Finite element models. Finite element models were devel­
oped for simply supported, cantilever, and simply supported 
square plate, as shown in Figs. 1, a–c respectively. Modeling 
of the structures considered is carried out using ANSYS’ soft­
ware where the type element used to model both silica float 
glass and PVB layers is an 8-node solid185, while conta174 and 
Targe170 are used for contact elements and surfaces respec­
tively. It should be said that modal, harmonic, and transient 
analyses are performed for all laminated structures considered 
where convergence is obtained for the finite element solution. 
Schematic diagram for squared cross section of simply sup­
ported and cantilever beams, and simply supported square 
plate is shown in Fig. 1, d where the depth of simply supported 
beam and cantilever is 50 mm, while it is 1 m for the simply 
supported plate.

However, several assumptions are considered when mod­
eling thin structures (Vinson and Sierakowski, 1986):

1. Each laminated composite structure consists of perfect­
ly bonded layers.

2. Each layer is a homogenous material with known effec­
tive properties.

3. Each layer is in a state of plane stress.
4. The laminate deforms according to the following Kir­

choff (Kirchoff-Love) assumptions for bending and stretching 
of thin plates or beams:

- Normals to the midplane remain straight and normal to 
the deformed midplane after deformation.

- Normals to the midplane do not change the length.
However, by using the superposition principle of 

Boltzman, the constitutive equations of thin thermo-visco­
elastic structures are shown in Equation (2) [17].
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viscoelastic stress and strain of the thin narrow strip respec­
tively; a is a linear expansion coefficient; DT is the net rise of 
temperature of the thin narrow strip.

Table 1
Properties of composite structures materials

Silica Float Glass PVB

Density (Kg/m3) 2500 950

Young modulus (GPa) 72 0.05 

Poisson’s ratio 0.22 0.4

Thermal expansion (°C-1) 9E-6 9E-6

Thermal Conductivity (Wm-1K-1) 1 0.8

a

b

c

d

Fig. 1. Finite element model for viscoelastic laminated struc-
tures considered:
a – simply supported beam; b – cantilever; c – simply supported 
plate; d – front view for laminated simply supported beam, cantile-
ver, and simply supported plate
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Furthermore, the equation of motion which finite element 
package uses in order to determine the displacements with 
thermal condition presence at every node is presented in 
Equation (3).
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where [M] = element mass matrix; [C] = element structural 
damping matrix; [K] = element stiffness matrix; {u} = displace­
ment vector; {F } = sum of the element nodal force; [C t] = ele­
ment specific heat matrix; [K t] = element thermal conductivity 
matrix; {T } = temperature vector; {Q} = sum of the element heat 
generation load and element convection surface heat flow vec­
tors; [C tu] = element thermoelastic damping matrix = -T0[K ut]T; 
[B] = strain-displacement matrix; {N} = element shape func­
tions; [K ut] is the element thermoelastis stiffness matrix  = 

{ }{ } ( ) ;T T

vol

B N d vol =- b ∫  To is the reference temperature

Model verification. Finite element viscoelastic laminated 
structure model verification was performed in order to validate 
current work. Experimental results for simply supported visco­
elastic sandwich plate subjected to uniform pressure obtained 
by (Duser, et al., 1999) were compared with current finite ele­
ment results in ANSYS where good agreement was found as 
shown in Fig. 2. The composite plate considered consists of 
three layers; two constraining layers are made of silica float 
glass whereas the interlayer is made of plasticized polyvinyl bu­
tyral (PVB). The applied pressure varied from 1000 to 7000 Pa.

Results. Modal analyses are performed on all composite 
structures considered (simply supported, cantilever, simply 
supported plate) for various temperature values 23, 40, 50, and 
60 °C to investigate the corresponding natural frequencies. The 
first five natural frequencies which lie within 0–600 Hz are 
listed and compared in Tables 2–4 for all the viscoelastic sand­
wich structures modeled and the temperature variation consid­
ered above, where the room temperature is considered 23 °C. It 
is clearly observed that when the temperature increases, all 
mode frequencies decrease for each structure. This is reason­
able, since elevated temperatures will definitely increase the 
structure temperature which weakens the interatomic bonding 
in solid materials and hence weakening material’s stiffness and 
strength, which in turn affects the natural frequencies inversely.

Table 2 illustrates the first five natural frequencies of a lami­
nated simply supported beam for temperature magnitudes of 23 
(room temperature), 40, 50, and 60 °C. It can be clearly seen that 
the maximum fundamental frequency 94.354 Hz is obtained at 
room temperature for the beam considered whereas the mini­
mum fundamental frequency of 22.566 Hz is recorded at 60 °C.

Finite element harmonic analyses were carried out for the 
thin laminated simply supported beam where a force of magni­
tude of 1000 N is applied at the mid of the beam for driving fre­
quency range 0–500 Hz (0–3140 rad/s). Maximum transverse 

deflections and interlaminar shear stresses were studied for tem­
perature variation 40–60 °C as seen in Fig. 3, a and Fig. 3, b re­
spectively. Generally, increasing the temperature values increas­
es the transverse deflection and decreases shear stress along the 
simply supported beam where maximum values of deflections 
and interlaminar shear stresses are achieved at the mid-point 
and the support respectively. Maximum deflection is found to be 
2.39 mm at 37 Hz when temperature of 60 °C is applied. How­
ever, maximum shear stress was recorded as 0.058 MPa at 400 
Hz in a room temperature environment (23 °C). Furthermore, 
the second largest value of deflection is recorded as 1.45 mm at a 
frequency of 50 Hz and a temperature of 50 °C whereas the sec­
ond highest value of interlaminar shear stress is found to be 
0.054 MPa at a frequency and temperature of 170 Hz and 23 °C 
respectively. The effect of natural frequencies on both maximum 
deflection and shear stress is clearly observed where values high­
ly jump as the driving frequency nearly matches the natural val­
ues of frequency since the viscoelastic material is frequency de­
pendent. However, it should be said that interlaminar shear 
stresses induced during harmonic analysis at a temperature of 
23  °C have larger values for all frequency range compared to 
stresses resulted at other temperature values since shear stress is 
inversely proportional to temperature (Andrei, et al., 2006).

The relation between harmonic response of deflection and 
interlaminar shear stress versus driving frequency are presented 
in Figs. 5, a, b respectively for viscoelastic sandwich cantilever. 

Fig. 2. Comparison between current finite element model results 
and (Duser, et al., 1999)

Table 2
First five natural frequencies of laminated simply supported 

viscoelastic sandwich beam for different temperatures

Natural Frequencies

Temperature 
(oC) 

First 
Mode

Second 
Mode

Third 
Mode

Fourth 
Mode

Fifth 
Mode

23 94.354 145.23 272.26 403.37 510.10 

40  47.737 115.05 171.66 194.26 206.60

50 45.752 92.347 127.64 131.80 156.94 

60 22.566 27.314 29.081 36.981 66.820

Table 3
First five natural frequencies of laminated viscoelastic 

sandwich cantilever for different temperatures

Natural Frequencies

Temperature 
(oC) 

First 
Mode 

Second 
Mode 

Third 
Mode 

Fourth 
Mode 

Fifth 
Mode

23 39.675 41.758 174.24 258.84 400.69 
40  19.073 41.742 107.55 258.42 264.12
50 17.761 41.740 105.87 186.00 257.94 
60 16.800 41.692 63.674 95.961 104.58

Table 4
First five natural frequencies of laminated simply supported 

viscoelastic sandwich plate for different temperatures

Natural Frequencies

Temperature 
(oC) 

First 
Mode 

Second 
Mode 

Third 
Mode 

Fourth 
Mode 

Fifth 
Mode

23 196.47 351.30 351.30 518.66 605.21

40  118.52 235.93 235.94 240.48 243.19 

50 115.39 185.10 185.10 185.54 227.82

60 94.615 94.616 94.732 105.58 169.35 
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It is clearly seen that as the temperature increases, the deflec­
tion rises and the shear stress drops. Furthermore, when driv­
ing frequency reaches about 20 Hz, which represents a funda­
mental frequency for all the cases considered, transverse de­
flections and interlaminar shear stresses for the temperature 
variation record high values as the driving frequency equals the 
respective natural frequencies. Maximum deflection of 

8.45 mm is obtained at a temperature of 60 °C whereas maxi­
mum shear stress is found to be 12.6 MPa at room temperature.

Influence of the temperature on transverse deflection and 
interfacial shear stress of viscoelastic sandwich cantilever is in­
vestigated for frequency range 0–500 Hz as shown in Fig. 6, a 
and Fig. 6, b respectively where alternating response is ob­
served at both relations. Moreover, Figures indicate that when 

a

b

Fig. 3. Harmonic response of viscoelastic core sandwich simply 
supported beam versus driving frequency for different tem-
peratures:
a – Variation of transverse deflection; b – Variation of interlami-
nar shear stress

a

b

Fig. 4. Transient response of viscoelastic core sandwich simply 
supported beam versus driving frequency for different tem-
peratures:
a – Variation of transverse deflection; b – Variation of interlami-
nar shear stress

Fig. 5. Harmonic response of viscoelastic core sandwich canti-
lever versus driving frequency for different temperatures:
a – Variation of transverse deflection; b – Variation of interlami-
nar shear stress

a

b

a

b

Fig. 6. Transient response of viscoelastic core sandwich cantile-
ver versus driving frequency for different temperatures:
a – Variation of transverse deflection; b – Variation of interlami-
nar shear stress
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increasing the temperature, deflection values increase accord­
ingly while on the other hand, shear stresses are inversely pro­
portional to temperature variation. It should be said that at 
room temperature and at the early stages, interlaminar shear 
stress records small values. However, and due to no damping 
effect, stresses rise sharply. Furthermore, it is observed that 
the variation of shear stress at temperatures of 40, 50, and 
60 °C are limited compared to the room temperature case.

Figs. 7, a, b present harmonic deflections and interlaminar 
stresses of a simply supported square plate for a frequency 
variation of 0–500 Hz. A 1000-N force is applied in the mid­
dle of the plate to investigate the harmonic response of the 
plate considered. It is clearly seen that similar trend is observed 
as in beam cases, that is, increasing the environment tempera­
ture leads to transverse deflection increase and shear stress de­
crease. It can be concluded that maximum harmonic deflec­
tion of 0.391 mm is recorded at about 110 Hz, while a maxi­
mum shear stress of 0.0142 MPa is obtained at 200 Hz for the 
40 °C case in the frequency range considered.

Transient transverse deflection and interlaminar shear 
stresses are studied under a 1000 N impact force concentrated 
in the middle of the plate for a time range 1–10 s as depicted in 
Figs. 8, a and 8, b respectively. It is observed that as tempera­
ture increases, transient deflection increases and interlaminar 
transient shear stress decreases. It should be said that the high­
est value of deflection and shear stress induced are 0.3 mm at 
60 °C and 0.0204 MPa at 23 °C respectively.

Conclusions. Modal, harmonic, and transient analyses are 
performed using finite element models which are developed us­
ing the student version of Ansys. Deflections and interfacial 
stresses are obtained for both temperature and frequency varia­
tions. Modal analyses results revealed that increasing the tem­
perature leads to natural frequency decrease for each case con­
sidered. However, applying harmonic excitation provided an in­
crease in the transverse deflection while reducing the interlami­
nar shear stresses. This indicates that while increasing the tem­
perature, interlaminar shear stress will no longer play a significant 
role in layers delamination since lower values are obtained.

However, when driving frequency equals the natural fre­
quency, high deflection results occur due to resonance phenom­
enon. Hence, if any failure occurs, it is due to driving frequency 
value where natural frequency has a significant effect on both 
transverse deflection and interlaminar shear stress so that high 
values are recorded. Furthermore, transient analysis results pro­
vided the same trend of harmonic results but produced an alter­
nating response where the no-damping effect resulted eventually 
in large values of interlaminar shear stress at a room temperature.
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Динамічний аналіз тонкошарових 
в'язкопружних конструкцій при підвищеній 
температурі з використанням моделювання 

методом скінченних елементів
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Мета. Це дослідження присвячене вивченню впливу 
підвищеної температури на міжшарові напруги для різ­
них композитних сендвіч-структур і граничних умов. 
Кожна конструкція складається із трьох ламінованих ша­
рів, де центральний шар виконаний із пластифікованого 
полівінілбутираля, що є в’язкопружним матеріалом. Два 
інших обмежуючих шари виконані з ізотропного струк­
турного матеріалу – кремнієвого флоат-скла.

Методика. Моделювання методом кінцевих елемен­
тів застосовано для проведення модального, гармонійно­
го й перехідного аналізів. Поточна модель в’язкопружного 
сендвіча порівнюється з даними в літературних джерелах. 
Вільно обперта балка, консольна балка й вільно обперта 
пластина вивчаються за зміни температур 23, 40, 50 і 

60 °C. Аналізом методу нормальних хвиль виконано ви­
значення власних частот і форм коливань для всіх роз­
глянутих структур.

Результати. Отримані результати показують, що під­
вищення температури грає важливу роль у зменшенні 
власних частот у кожній структурі, а також у збільшенні 
поперечних прогинів і зменшенні відповідних міжшаро­
вих зсувних напружень.

Наукова новизна. Література не містить дослідження 
впливу підвищених температур на міжшарові динамічні 
напруги у в’язкопружних сендвіч-структурах.

Практична значимість. Одним з основних факторів, що 
впливають на процес розшаровування композитних 
в’язкопружних багатошарових структур, є міжфазні гар­
монійні напруги зсуву між шарами. Отже, гармонійний 
аналіз і аналіз перехідних процесів виконані для визначен­
ня динамічних відхилень і міжшарових напружень зсуву.

Ключові слова: прогини, балка, динаміка, моделювання, 
зріз, вібрація, в’язкопружні матеріали
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Цель. Настоящее исследование посвящено изучению 
влияния повышенной температуры на межслойные на­
пряжения для различных композитных сэндвич-струк­
тур и граничных условий. Каждая конструкция состоит 
из трёх ламинированных слоёв, где центральный слой 
выполнен из пластифицированного поливинилбутира­
ля, который является вязкоупругим материалом. Два 
других ограничивающих слоя выполнены из изотропно­
го структурного материала – кремниевого флоат-стекла.

Методика. Моделирование методом конечных эле­
ментов применено для проведения модального, гармони­
ческого и переходного анализов. Текущая модель вязкоу­
пругого сэндвича сравнивается с данными в литературных 
источниках. Свободно опертая балка, консольная балка и 
свободно опертая пластина изучаются при изменении 
температур 23, 40, 50 и 60 °C. Анализом метода нормаль­
ных волн выполнено определение собственных частот и 
форм колебаний для всех рассматриваемых структур.

Результаты. Полученные результаты показывают, что 
повышение температуры играет важную роль в уменьше­
нии собственных частот в каждой структуре, а также в 
увеличении поперечных прогибов и уменьшении соот­
ветствующих межслойных сдвиговых напряжений.

Научная новизна. Литература не содержит исследования 
влияния повышенных температур на межслойные динами­
ческие напряжения в вязкоупругих сэндвич-структурах.

Практическая значимость. Одним из основных факто­
ров, влияющих на процесс расслаивания композитных 
вязкоупругих многослойных структур, являются межфаз­
ные гармонические напряжения сдвига между слоями. 
Следовательно, гармонический анализ и анализ переход­
ных процессов выполнены для определения динамиче­
ских отклонений и межслойных напряжений сдвига.

Ключевые слова: прогибы, балка, динамика, моделиро-
вание, срез, вибрация, вязкоупругие материалы
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