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Abstract: [ Objectives] In order to understand the energy absorption mechanism of glass fiber/resin composite foam

sandwich panels under bending load, the numerical simulation analysis and experimental study were carried out from

the angle of energy dissipation. [Methods] The finite element analysis model for glass fiber/resin composite foam

sandwich panels was established based on finite element software ABAQUS to simulate and analyze the typical failure

mode and energy absorption mechanism under three—point bending and compare the numerical simulation results with

test results. Furthermore, the influence of the thickness of the panel and the core on the bearing capacity and energy

absorption capacity was further analyzed based on the analysis of the validity of the numerical model. [ Results | The

results show that an increased thickness of composite face sheet can provide higher energy absorption mechanism of

glass fiber/resin composite foam sandwich panels. [ Conclusions ] The study in this paper can provide reference for the

engineering protection application design of glass fiber/resin composite foam sandwich structure, which has certain

theoretical significance and engineering application value.
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0 Introduction

With continuous enhancement of requirements on
structural design for impact protection, structures
with excellent impact resistance are expected in engi-
neering to meet different impact protection require-
ments. Composite sandwich structures have light
weight, high specific strength, high specific stiffness,
good energy absorption, and designable mechanical
properties. Therefore, they have been widely used in
aerospace, transportation, and ship and ocean engi-
neering for impact protection .

For the most widely used glass fiber/resin compos-
ite foam sandwich panels, bending is their most com-

mon load-bearing and energy—absorbing state under
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low—speed impact loads. Li et al. ™ pointed out that
research on the bending of composite sandwich pan-
els under low=speed impact loads had become the fo-
cus in engineering, due to the fact that up to 90% of
the structural failure is caused by bending. Xiong et
al. " studied quasi—static and dynamic bending re-
sponses of sandwich panels with different material
systems. Fan et al. " summarized the research prog-
ress of lightweight high—strength lattice materials
and their mechanical properties. At present, re-
search on the impact resistance of glass fiber/resin
composite foam sandwich panels mainly focuses on
impact strength, impact stiffness, and post—impact re-
sidual strength of overall structures . However, lit-

tle attention has been paid to energy dissipation and
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synergistic energy—ahsorption compatibility of differ-
ent material components of structures under impact
loads. Thus, it is difficult to provide a method of engi-
neering application value for the design and optimi-
zation of impact resistance of sandwich panels.

In this paper, a numerical analysis model of glass
fiber/resin composite foam sandwich panel was estab-
lished based on the
ABAQUS " Then, typical failure modes and ener-

gy dissipation mechanisms of such sandwich panels

finite—element software

under three—point bending loads were analyzed
through simulation. On this basis, the effects of struc-
tural sizes of composite faces and cores on energy
dissipation of overall structures were analyzed. Thus,
it provides a reference basis for the design and opti-
mization of impact resistance of composite sandwich

panels.

1 Test verification scheme

1.1 Specimen preparation

Three raw materials were used for preparing speci-
mens of glass fiber/resin composite foam sandwich
panel: EWT400 alkali—free glass—fiber twill from Ji-
angsu Jiuding New Material Co., Ltd. and 510C ep-
oxy vinyl resin from Ashland Group for composite
faces, and HP130 foam from DIAB for cores. Fig. 1
shows a specimen. Specifically, a composite face
plate had a thickness of 4 mm, consisting of 13 lay-
ers of fiber cloth with a laying direction of [0];; and a
single=layer thickness of 0.308 mm. The foam had a
thickness of 40 mm. The specimen had an overall
size (length X width X thickness) of 360 mm X 50 mm X
48 mm.

ng head

» Foam

. Glass fiber—resin composite

Simply—supported
boundaries

Fig.1  Test plan of three point bending
1.2 Test principle

The quasi-static three—point bending test of the
sandwich—panel specimen is a displacement—con-
trolled test, with its process being controlled by artifi-

cially—set,, ¢ompression ~displadement., DPuring  the
I

three—point bending test, the compression rate of the
mid-span loading head remains stable. This is not
exactly the same as the fact that the compression rate
of an impact body continuously decreases until zero
in an actual impact process. However, for low—speed
impact with a rate less than 10 m/s, bending charac-
teristics of a specimen under quasi—static compres-
sion are similar to those during the low—speed im-
pact. In addition, it is easier to observe detailed dy-
namic deformation evolution under quasi—static com-
pression conditions than under normal impact test
conditions. Especially, in the case of testing whether
a new structure has excellent mechanical load-bear-
ing properties and energy dissipation, quasi-static
test research is generally carried out for verification.
The main equipment of the three—point bending
test was a 10 t electric—servo universal material test-
ing machine from Xi'an LETRY. In the test,
three—point loading was adopted for bending, and
simply—supported boundaries were set at the bottom,
with a span of 275 mm. Both the mid—span loading
head and the bottom simply-supporting tooling were
cylinders with a diameter of 20 mm. The mid-span
loading head continuously applied a load through dis-
placement, with a loading rate of 2 mm/min, until un-
loading or obvious structural failure of the specimen.
Thus, a complete load—displacement curve was ob-

tained. Fig. 1 shows the loading scheme for the test.

2 Numerical-analysis model

2.1 Model establishment

A numerical-analysis model of the composite
sandwich—panel specimen under three—point bend-
ing was established by ABAQUS/Explicit. Specifical-
ly, the upper and lower composite faces were simulat-
ed by continuum shell elements SC8R; the foam core
was simulated by three—dimensional solid elements
C3D8R; the interfaces between the composite faces
and the foam core were simulated by cohesive ele-
ments COH3DS. In the model, steel supporting cylin-
ders on both sides of the bottom were of fixed—end
boundaries, while the top mid-span loading head
had sliding constraints, applying an axial displace-
ment load through the MPC action point. Compared
with the composite sandwich—panel specimen, the
bottom simply—supporting tooling and the mid-span
loading head are of higher stiffness. Therefore, their
deformation was ignored in the numerical simula-
tion, and they were defined as discrete rigid bodies.

Contagt.between, the loading head as well.as the, steel
\
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supporting cylinders on both sides and the specimen
can be defined by the universal contact algorithm in
explicit solution analysis. Hard contact was adopted
in the normal direction, and the tangential friction co-
efficient was set to 0.3. Fig. 2 shows the finite—ele-
ment analysis model of the composite sandwich—pan-

el specimen.

/_. Mid-span loading head

b i Foam core
Composite face | Rubber gasket

——_ Simply—supported _—
boundaries

Fig.2  Finite element model of three point bending

2.2 Constitutive models of materials

Two—dimensional Hashin failure criteria were ad-
opted for failure analysis of the surface composite of
glass fiber/resin composite foam sandwich panels.
Such criteria are based on the degradation of me-
chanical properties of materials under maximum
stress. Table 1 lists test parameters of mechanical
properties of the surface composite laminates. Trac-
tion—separation bilinear constitutive relation de-
scribed by the cohesion model in ABAQUS was ad-
opted for interfaces between the composite faces and
the foam core. Both stress and strain criteria can be
used for failure analysis of glue films, and the qua-

dratic stress criterion was adopted in this paper.

[elT ToT . [oT
D= N -'{T j +[S j (1)

max ma ma

o,, 0,>0
<"">:{0, an<o} 2)

where o,, o, and o, are interlaminar normal stress

n°
and shear stress in two directions, respectively.

N T

strength of interlaminar tension and shear. The dam-

and S, correspond to the peak

max ° max ?

age started to occur when the initial damage variable

D

chanical properties are shown in Table 2.

e was equal to 1. Parameters of interfacial me-

The elastic modulus and Poisson's ratio of the
foam core were 170 MPa and 0.36, respectively. As
an elastoplastic material, the foam core provides
structural stiffness. Therefore, the Crushing—foam
constitutive model was selected as the damage fail-
ure criterion of the foam core, with its compressive
yield—stress ratio of k = 1.73 and plastic Poisson's
ratio of v = 0. Table 3 lists plastic stress—strain rela-
tionship obtained based on uniaxial quasi—static

compression tests.of the foam/core.
I

Table 1 Material properties of composite laminate

Attribute Value
Longitudinal stiffness E1,/GPa 25.8
Transverse stiffness E,,/GPa 21.8
Out-of—plane stiffness E;;/GPa 10
Poisson's ratio V,, 0.115
Poisson's ratio Vy;, V,, 0.26
Shear modulus G./GPa 3.85
Shear modulus Gi;, G/GPa 1
Longitudinal tensile strength X,/MPa 489
Longitudinal compressive strength X./MPa 309
Transverse tensile strength Y,/MPa 276
Transverse compressive strength Y./MPa 183
Out-of—plane tensile strength Z./MPa 64.4
Shear strength Si2, S, S:/MPa 33.9
Density p/(kg-m™) 1900

Table 2 Mechanical parameters of glue film

Attribute Value
Longitudinal stiffness E,;/MPa 3000
Shear modulus G;/MPa 1160
Shear modulus G /MPa 1160
Normal stress o, /MPa 20 000
Shear stress o, /MPa 20 000
Shear stress o, /MPa 20 000
Primary fracture energy Gic¢/(J+mm™) 0.252

Secondary fracture energy Gyc/(J-mm™) 0.665

Table 3 Elastic—plastic data of the foam core

Yield stress/MPa Plastic strain

1.393 0

1.631 0.003
1.799 0.011
1.854 0.020
1.744 0.032
1.649 0.046
1.671 0.068
1.704 0.126
1.730 0.205

3 Comparative analysis of results

3.1 Effectiveness verification of numeri-
cal model

3.1.1 Comparative analysis of bending response
characteristics

In this section, FEM~calculation and experimen-
tal (Exp) results of response characteristics of the
composite sandwich—panel specimen under qua-
si—static three—point bending were comparatively an-
alyzed firstly. On this basis, the effectiveness of the
numerical model was verified, and mechanical
load-bearing properties and energy dissipation of
the composite sandwich—panel specimen were evalu-

ated, as shown in Fig. 3.

| )|
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Fig.3 Comparison of experimental and simulation results under

three—point bending

According to the comparative analysis of load-re-
sponse characteristic curves, the response of the com-
posite sandwich—panel specimen is obviously divid-
ed into three stages: a linear—elastic load—bearing
stage, a stiffness—degradation stage, and a structur-
al-failure stage. In the initial stage of linear elastic
bending, the compression load of the mid—span load-
ing head tends to rise linearly. In the case of the com-
pression load reaching 3.99 kN, structural stiffness
is degraded, and the specimen starts to enter the stiff-
ness—degradation stage. However, the load—bearing
capacity of the structure still tends to rise, and the
compression load is relatively stable in a long com-
pression range. In the case of the compression load
reaching 5.76 kN, stiffness degradation of the struc-
ture ends, and the load of the mid—span loading head
drops greatly. Hence, the specimen enters the struc-
tural—failure stage. From Fig. 3 (a), it can be seen
that simulation results are in good agreement with ex-
perimental ones.

The three—point bending of the composite sand-
wich—panel specimen can be divided into two stages.
In the initial linear—elastic load—bearing stage, the
specimen bends as a whole. With the increase in the
loading displacement of the mid—span loading head,
the stress in the contact area between the loading
head and the specimen continuously rises. In the
transition from stiffness degradation to structural fail-
ure of the specimen, with the continuous enlarge-
ment of local indentation, the specimen shows the co-
existence of local indentation and overall bending.
Simulation results are in good agreement with experi-

mental ones, as shown in Figs. 3 (b) and 3 (c).

3.1.2 Comparative analysis of bending failure
modes

In this paper, the damage evolution of the compos-
ite sandwich—panel specimen under three—point
bending was comparatively analyzed through numeri-
cal simulation and high-speed photography. Fig. 4
shows stress contours and final failure modes of dif-
ferent material components of the specimen under ul-
timate loads.

In the initial stage of quasi-static three—point
bending, the specimen is in a linear—elastic bending
state. Specifically, the foam core and the composite
faces are all in a linear elastic state, jointly bearing
the mid—span compression load. When the mid—span
compression load increases to 3.99 kN, compres-
sion—induced plastic damage occurs in the foam

core, which is macroscopicallymanifestetl-as areducs
\
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Fig.4 Bending failure modes of composite foam sandwich panel specimens

tion in structural stiffness of the specimen. In combi-
nation with the analysis of the numerical model, it is
known that average stress in the foam core within the
contact area between the mid—span loading head and
the upper face of the specimen is higher than 1.39 MPa.
This indicates that the foam core has a large area of
plastic damage, resulting in degradation of the struc-
tural stiffness of the composite sandwich—panel spec-
imen. At this time, peak tensile stress and peak com-
pressive stress of the upper composite face plate
along the span direction in the contact area are only
109.8 and 166.7 MPa, much less than its thresholds
of tensile and compressive strength in this direction.
Therefore, the upper face plate is still in a linear
elastic load—bearing state. After the specimen enters
the stiffness—degradation stage, different from the
metal structure, this structure undergoes internal
stress redistribution and still has a high load-bear-
ing capacity. With the increase in the mid—span com-

pression load and compression deformation,

creases. In the case of the mid-span compression
load reaching 5.76 kN, peak tensile stress and peak
compressive stress of the upper composite face plate
along the span direction in the contact area are up to
453.8 and 278.2 MPa, close to the thresholds of ten-
sile and compressive strength of the composite face
plate in this direction. With a further increase in the
compression of the mid-span loading head, the speci-
men will enter the structural-failure stage. Hence,
the upper composite face plate undergoes local com-
pression damage to its top and tensile fracture at the
interface between its bottom and the foam core. At
this time, peak stress in the interface between the
composite face plate and the foam core is only 3.02 MPa,
much less than the ultimate strength of 20 MPa of
the bonding interface. Therefore, no interfacial dam-
age of any form is observed. This is in good agree-
ment with experimental results, indicating a good in-
terface treatment of the specimen. According to the

comprehensive analysis, the numerical simulation

dwrii oaded ft @W“I“SWWVV S <ressarch.eom
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effectively simulating damage failure processes and
typical failure modes of glass fiber/resin composite

foam sandwich panels.

3.1.3 Comparative analysis of energy dissipa—
tion

In combination with the results of ABAQUS nu-
merical simulation, this paper quantitatively ana-
lyzed energy dissipation of different material compo-
nents in the three—point bending of the composite
sandwich—panel specimen. In addition, it compara-
tively analyzed the FEM~calculation results and ex-
perimental results (Exp), as shown in Fig. 5. In the

figure, E,, is work done by an external load.

100
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80 == E,~FEM stage
= 60
20 I
: |
= 40
Linear !
. i
20 load—bearing Stiffness— |
stage .
stage degradation |
Bt S NP B S
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Fig.5 Comparison of experimental and simulation results of

total energy
It can be seen from Fig. 5 that E, curves from the
test results (Exp) and the FEM-calculation results
are in good agreement with each other.
Overall energy balance of the numerical-analysis
model for three—point bending can be expressed as
E,+E,+E,+E,—-E, =E (3)

is internal energy; E, is viscosity—dissi-

total
where E, v
pated energy; E; is friction—dissipated energy; E,
is kinetic energy; E, ., is the sum total of these ener-
gy components and must be constant, usually with an
error of less than 1% in a numerical—-analysis model.
E,=E.+E,+E,+E,+E, (4)
In Formula (4), internal energy represents the sum
of energy, including recoverable elastic strain energy
E. . plasticity—dissipated energy E_ , viscoelastici-
ty— or creep—dissipated energy E_, damage-dissi-
pated energy E, of composites and interfaces, and
artificial strain energy E, . The artificial strain ener-
gy includes energy stored in hourglass resistance and
in transverse shear of beam and shell elements. The
artificial strain energy E_ is usually less than 5%,
and excessive artificial strain energy indicates neces-
sary mesh refinement or modification.
Fig. 6 shows the energy dissipation of the numeri-

cal-analysis model forfthree=point bending.
I
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(b) Simulation results of internal energy balance

Fig.6  Energy absorption process of model

As can be seen from Fig. 6, most of the work done
by the external load on the composite sandwich—pan-
el specimen in the whole loading process is convert-
ed into the internal energy of the specimen. More-
over, most of the internal energy is converted into in-
elastic irrecoverable damage—dissipated energy, as
well as recoverable elastic strain energy stored in the
structure. Energy is mainly dissipated in the stiff-
ness—degradation stage. In the inelastic irrecover-
able damage—dissipated energy, absorbed energy in
plastic damage to the foam core accounts for 85%,
and absorbed energy in fracture of the composite
face plates accounts for only 15%. Table 4 lists the

specific distribution of energy dissipation.

Table 4 Energy absorption distribution of model

Energy type Value/J
Overall ~ Face Core
Total energy 66 - -
Friction—dissipated energy 2.6 - -
Viscosity—dissipated energy 2.8 - -
Kinetic energy 0.1 - -
Internal energy 61 - -
Damage—-dissipated energy 7.4 7.4 0
Plasticity—dissipated energy 40.3 0 40.3
Creep—dissipated energy 0 - -
Linear—elastic strain energy 11.3 8.2 3.1
Artificial strain energy 2.7 - -

3.2
dissipation

On the-basisof yerifying the-effectivenessof the

| )|

Effects of structural size on energy
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numerical-analysis model, this paper further ana-
lyzed glass fiber/resin composite foam sandwich pan-
els through numerical simulation. Thus, effects of de-
signed structural sizes on energy dissipation were an-
alyzed, providing a reference for optimal design of
impact resistance of composite sandwich panels. Dif-
ferent thicknesses of glass fiber/resin composite
foam sandwich panels were briefly recorded as a+b+a.
Specifically, a represents the thickness of a compos-
ite face plate, which was set to 2—=6 mm in the calcu-
lation model, and b represents the thickness of a
foam core, which was set to 20-60 mm in the calcula-
tion model. Numerical simulation results were com-
pared with the calculation results of the 4 + 40 + 4
sandwich—panel specimen described in Section 1.1,

as shown in Fig. 7.
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Fig.7  Load-displacement results of composite foam sandwich
panels with different dimensions

Fig. 7 (a) shows calculated load-displacement
curves of the models with the same thickness of foam
cores and different thicknesses of composite face
plates. According to the analysis, given a constant
foam thickness of 40 mm, in the case of face—plate
thicknesses gradually increasing from 2 mm to 6 mm,
the initial loading stiffness and yield loads of the
load-displacement curves tend to increase gradual-
ly. In addition, effective compression of the struc-
tures is greatly increased. Thus, overall energy dissi-

pation is-effectively .enhanced. Fig. 7-(b)shows ;the
I

load—displacement curves of the models with the
same thickness of face plates and different thickness-
es of foam cores. According to the analysis, given a
constant face—plate thickness of 4 mm, in the case of
foam thickness gradually increasing from 20 mm to
60 mm, the initial loading stiffness and yield loads of
the load—displacement curves also tend to increase
gradually. However, effective compression of the
structures is greatly decreased, resulting in degrada-
tion of overall energy dissipation of the structures.

In order to quantitatively measure the effects of
changes in thicknesses of composite face plates and
foam cores on overall energy dissipation of struc-
tures, Fig. 8 shows variation curves of specific ener-
gy absorption of sandwich panels with different thick-
nesses of glass fiber—resin composite faces and foam
cores. Here, specific energy absorption is defined as

the energy absorbed per unit mass of a specimen in a
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three—point bending test.

According to Fig. 8, for glass fiber/resin composite
foam sandwich panels under three-point bending
loads, given a fixed thickness of foam cores, increas-
ing thicknesses of face plates can improve loading
stiffness in linear stages of the sandwich panels, ini-
tial yield loads, and energy dissipation efficiency in
effective loading deformation. Further analysis shows
that thickness increasing of composite face plates ex-
pands effective loading—deformation ranges of whole
structures. As a result, foam cores undergo more suf-
ficient plastic damage in the effective loading—defor-
mation ranges. Thus, the energy dissipation of the
whole structure is greatly improved. As shown in
Fig. 8 (¢), given a foam—core thickness of 40 mm, in
the case of thicknesses of upper and lower face
plates increasing from 4 mm to 6 mm, i.e., the thick-
ness ratio of the upper or lower face plate to the core
of a specimen increasing from 1:10 to 1:6.7, specif-
ic energy absorption is greatly improved. In the case
of a fixed face—plate thickness, increasing foam
thicknesses of sandwich panels also improves load-
ing stiffness in linear stages and initial yield loads of
the sandwich panels under three—point bending
loads. However, the excessive bending stiffness of
foam cores can convert deformation of upper compos-
ite face plates of specimens from deformation domi-
nated by overall bending to that dominated by local
indentation. In addition, the premature appearance
of compression—induced fracture of upper composite
face plates leads to a decrease in effective load-
ing—deformation ranges of sandwich panels. As a re-
sult, the foam cores fail to have sufficient plastic
damage. Therefore, specific energy absorption of
sandwich panels in such a case tends to decrease
with the increase in foam—core thicknesses. As
shown in Fig. 8 (¢), given a face—plate thickness of
4 mm, in the case of foam—core thicknesses increas-
ing from 20 mm to 40 mm, i.e., the thickness ratio of
the upper or lower face plate to the core of a speci-
men decreasing from 1:5 to 1:10, specific energy ab-
sorption is greatly reduced. In practical engineering
applications, glass fiber/resin composite foam sand-
wich panels must meet design requirements on struc-
tural strength and stiffness. On this premise, reason-
ably increasing thicknesses and mechanical proper-
ties of their composite face plates can effectively im-
prove mechanical load—bearing capacity and energy

dissipation of the whole structures.

4 Conclusions

A numerical-analysis model of glass fiber/resin
composite foam sandwich panels was established
based on the finite—element software ABAQUS. The
model can effectively simulate typical failure modes
and energy—dissipation mechanisms in three—point
bending tests, with numerical simulation results be-
ing in good agreement with experimental ones. This
provides a basis for impact-resistance design of
glass fiber/resin composite foam sandwich panels,
showing certain engineering value.

According to the research results, on the premise
that weight—based design requirements of protective
structures are satisfied, properly increasing thick-
nesses and mechanical properties of face plates can
greatly improve mechanical load-bearing capacity
and energy dissipation of glass fiber/resin composite
foam sandwich panels. Specifically, a reasonable
thickness ratio of the upper or lower face plate to the
core is between 1:8 and 1:5, which can lead to high

energy—absorption efficiency.
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