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Prediction of Ballistic Limit of Composite GFRP
Sandwich Panels under Hypervelocity Impact
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Abstract: In the present study,analytical solutions were presented for the prediction of the penetration and perfo-
ration of composite glass fiber-reinforced plastic (GFRP) sandwich panels struck normally by flat-nosed cylindrical
projectiles over a wide range of impacting velocities, projectile mass and core thickness. The analysis model involved a
three-stage perforation process including perforation of the front steel skin,the GFRP core,and the back steel skin.
The formulation were based on assumptions that the deformations of steel skins are localized and the projectile is
considered as a rigid body in the perforation of GFRP composite laminate. The energy absorption of the front and back
steel skins and the GFRP core were estimated with the upsetting effect of the projectile and the adiabatic shear effect
of the steel skins taken into consideration. In addition,based on the energy balance, the ballistic limit of the sandwich
panel were obtained and compared with the available experimental results. The results show that the analytical
predictions are in good agreement with the available experimental data.
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Sandwich composite structures are increasingly used in marine, military and aerospace fields due

L5 A sandwich structure usually

to their lightweight,high strength and energy absorption capability
consists of two thin and stiff skins (the front skin and the back skin) and a thick and light core. The
main function of the skins in a sandwich composite is to carry the bending moment while the core
undertakes the duty of fixing the separated skins, carrying the transverse shear load,and performing
otherstructural or functional duties such as impact tolerance, radiation shielding, etc"*’. Because of military
demand, the sandwich structures are frequently subjected to impact loadings such as fragments from
blast debris,shrapnel and bullets. In these cases, the sandwich panel with steel skins and a fabric-reinforced
plastic (FRP) composite core is an obvious choice.

A variety of FRP sandwich composites have been used for armor construction due to their highly
complex processes,but the prediction of the residual velocity after penetration remains to be a tough
problem because of its complicate process. A number of studies on the ballistic limit of sandwich struc-
tures are based on experimental tests'”*). The experimental method requires a broad test program,

which is time-consuming and costly. Numerical simulations may be useful in solving this problem but,
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unfortunately, they still require considerable resources in terms of computing time (CPU) and man-
power. To reduce the cost and time,it is essential to use the analytical method.

Researchers have done many experimental and analytical studies on the ballistic impact behavior
of composites™'™. Wen"" ' presented simple relationships for predicting the penetration and perfora-
tion of monolithic FRP laminates struck normally by projectiles with different nose shapes over a wide

f11]

range of impact velocities. Gu"'"” presented an analytical model to calculate the decrease of the kinetic

energy and residual velocity of a projectile penetrating the targets composed of multi-layered planar

£. 125 studied the energy absorbed by different mechanisms, ballistic limit

woven fabrics. Naik et a
velocity and contact duration of typical woven fabric E-glass/epoxy thick composites using an analyti-
cal method. Gama and Gillespie!'! found that the ballistic damage mechanisms can be mimicked by
conducting a series of quasi-static punch shear experiments at different support spans. In their study,a
quasi-static punch shear test (QS-PST) methodology was developed to quantify and partition the pen-
etration energy into elastic and absorbed energies as a function of penetration displacement and sup-
port span. Besides,some researchers used the numerical simulation method to determine the ballistic

limit of composite materials' """

,and the simulation results usually show good agreement with the
test data.

Lots of work has been done on the problem of the ballistic limit of composite sandwich panels by
many researchers”'®?") Goldsmith er al."*) investigated the ballistic limit of cellular sandwich plates
with honeycomb or flexible sheets of aluminum cores using the experiment. They found that the bal-
listic limit of the sandwich plates was not significantly affected by the type,cell size or wall diameter
of the composite,as the principal mechanism resisting the perforation of the composite was piercing
the facing plates.

[20] studied the effect of the impact angle and nose shape on the ballistic limit by

Zhou and Stronge
experimental and numerical methods. The results suggested that during the perforation by a flat-nosed
projectile,layered plates caused more energy loss than monolithic plates of the same material and total
thickness. There was no significant difference in the measured ballistic limit speed between the mono-
lithic plates and the layered plates at the oblique impact by a hemispherical-nosed projectile.

Skvortsov et al. " developed an analytic model to deal with the partition of the energy of absorp-
tion,allowing for quantitative estimation of the energy fraction consumed via elastic response of the
panel and the one consumed via irreversible damage. Numerical results are corroborated with experi-
mental data obtained from intermediate-velocity impact tests performed for sandwich panels with FRP
composite laminate faces and foam cores.

[22Janalyzed the perforation of composite sandwich structures subjected to high-velocity

Buitrago et al.
impact using the finite element model (FEM). The FEM was validated with experimental tests by
comparing the numerical and experimental residual velocity,ballistic limit and contact time.

I also have

Researchers such as Jover et al. ' ,Ryan et al. ", Garcia-Castillo et al. " and Feli et al."
done some meaningful work. However,all these previous research works focused mainly on the ballistic limit
of composite sandwich panels with honeycomb,foam or balsa cores,while studies on composite sand-
wich panels with glass fiber-reinforced plastic (GFRP) cores and steel skins were relatively few.

The objective of this work is to develop an analytical model for the ballistic limit of the composite
sandwich panels with a GFRP core subjected to high-velocity impact of a flat-nosed cylindrical projec-
tile. The front and back skins of the sandwich panel are made from steel. The perforation process is divided

into three stages based on which the energy absorption and ballistic limit of the composite GFRP sand-

015101-2
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wich panels are estimated with the upsetting effect of the projectile taken into consideration. The ana-

lytical model is validated by comparing the analytical solutions with the experimental results.

1 Analytic Model

1.1 Problem and Assumptions

The impact problem under consideration is described in Fig. 1. The composite sandwich panel con-
sists of FRP composite laminate cores sandwiched between two thin steel plates. The projectile consid-
ered is a steel cylindrical projectile with a flat nose. According to the law of conservation of energy,the

conservation of energy reads

1 1
?mv? =FE.. Jr?m('vf D

where m is the mass of the projectile,m. is the mass of combination projectile, E, is the total energy
absorption during the penetration,v; and v, are the initial and residual velocity of the projectile,respec-

tively.

D
1]

Cylindrical projectile

Jl v Front steel skin

VAVAVAVAVAVAV IVAVAVAVAVAV bl
AVAVAVAVAVAVAVAYA
VAVAVAVAVAVAVAVAV

\

Back-up steel skin

Fig.1 Schematic diagram of composite sandwich panels under impact of flat-nose cylindrical projectile

The analytical model is based on the following assumptions: (1) The interfaces between front and
back skins and GFRP composite laminate core are negligible and the energy absorptions of sheets and
core are considered to be relatively independent; (2) The projectile is considered as a rigid body when
penetrating the GFRP composite laminate; (3) The thickness of GFRP composite sandwich panel is
uniform; (4) Only local deformation of steel skin is taken into consideration.

With different impact velocities and thicknesses,simply using the same calculation method on the
front and back steel skins is unreasonable. With the above assumptions, the perforation process is divided

into three stages (as shown in Fig. 2):

<

(a) Perforation of the front skin (b) Perforation of the GFRP core (c) Perforation of back skin

Fig.2 Three stages of perforation

015101-3
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Stage 1:perforation of the front steel skin.

Stage 2:perforation of the GFRP composite laminate core.

Stage 3:perforation of the back steel skin.

The overall absorption energy consists of three parts

Es=FEu + Eo + Epe (2)
where Eq, s E.. s E\. stand for the energy absorption of stage 1,stage 2 and stage 3,respectively.
1.2 Perforation of Front Steel Skin

In the process of the projectile penetration, the overall deformation of the front steel skin is so
small because of the support of the GFRP composite laminate that it can be neglected. Under the high-
speed projectile impact,the projectile and the sheared part of the front skin form a closed region where
most of the plastic work is converted into heat instead of getting lost instantly into the surrounding area.
The temperature of the shear area increases rapidly,along with the effects of strain hardening, strain
rate enhanced and thermal softening. The failure mode of the front steel skin is considered as localized
adiabatic shear plugging.

When the cylindrical projectile starts to penetrate, the front skin is gradually extruded by the pro-
jectile. With the deepening of the penetration, the projectile velocity gradually decreases with the
increase of the velocity of the plug block. Due to the compression,the axial compression deformation is
produced by the projectile (as shown in Fig. 2). Assuming that the projectile and the plug block move
together at a common speed,the diameter of the projectile after having the upsetting is d,and the com-
mon speed is v.,then,according to the law of conservation of momentum,we have

muv,., = (m+ mp) v, 3)
Here vy, is the initial velocity of the ptojectile in the first stage,m; is the mass of the plug block which
can be expressed as
mi =nd*hipi/4 4)
where h; and pr are the thickness and density of the front skin,respectively.

Based on the stress wave theory,the relation of the diameters of the projectile before and after the
upsetting can be expressed as"*"

c, =d*/D?

oy =k + 14 /b 4 2k, (5)
ky =3pvi./(8c,)
where D is the initial diameter of the projectile,p is the density of the projectile,and o, is the dynamic
yield strength of projectile.
Regardless of the energy loss of collision,according to the law of conservation of energy,the ener-
gy loss in the penetration process is equal to

0

—’7’”2"”* cdP 6

Efro -

"p
('U;Z_] - 'U%_l ) :Ttdh[J

0
where v, is the residual velocity of the projectile after the penetration of the front steel skin,and P,, is
the maximum penetration depth when the adiabatic shear occurs. Based on the Bai-Johnson thermal-

251 |z can be written as

__(r n (r ”“}
T—TM(%jexp{n+l{l ()/i) } 7

The Bai-Johnson thermal-plastic constitutive relation is shown in Fig. 3,where 7y is the critical stress

plastic constitutive relation

of the adiabatic instability of the front skin,7; is the corresponding shear strain of the critical stress,

015101-4
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and n is the strain hardening index.
The ultimate shear stress of the front steel skin can be written as"*"
7, =0,(0.41H/D + 0. 42) 8
where 7, is the ultimate shear stress,o, is the ultimate tensile stress, H is the thickness of the front
steel skin,and H = h;. Using 7, =ty as a first order approximation, after considering the upsetting

effect, substituting Eq. (8) into Eq. (7) gives

_ H Fak n [, (v "“]
fu_au(o.zuD +o.42) (%j exp{n+1|:l (%) } (9

The penetration depth can be expressed as™?”

__ndy,
P=5s0+n

where 7, is the shear strain of the contact area of

(10) Ty

the projectile and the front steel skin. Using 7, =
Y:» the maximum penetration depth (P, ) at the
time when the adiabatic shear plugging failure occurs

can be written as

0

ndy;
21 +n)

where 7 is the maximum shear strain of the adia-

Y % 4

Pt[l: (11)

Fig. 3 Bai-Johnson thermal-plastic constitutive model

batic shear band. The crack propagation speed of the front steel skin is faster than the penetrating
speed as the flat-nosed projectile penetrates the front steel skin. The experimental results show that
the maximum penetration depth (P,,) is less than the thickness of the front steel skin'?”. Using P, ==
0.8h;,Eq. (11) can be transformed as

y _n+1 2P, _ 1.6(1 +n)h;

T on d nd (12)
Substituting Eq. (9),Eq. (11) and Eq. (12) into Eq. (6) gives
LG/)((I\II)
_ T 5 /Lif J wd N ” n (r nuji
Eq, = 5 d*heo, [0.41 y + 0. 42} O (yj eXp{n 1[1 (yi) }dy (13

Eq. (13) represents the penetration energy of the projectile in the first stage. The above derivation
does not take the energy dissipation of the overall deformation of the front steel skin into account, be-
cause the overall deformation of the front skin is very small when the adiabatic shear failure occurs.
According to the law of conservation of energy,the residual velocity of the projectile after the penetra-
tion of the front steel skin (v,,,) can be obtained

mvi = 2B, (14)

m + my
1.3 Perforation of GFRP Composite Laminate

Ur1 —

It is assumed that the mean pressure (6,,) applied normally to the surface of the projectile provid-
ed by an GFRP laminate material to resist penetration and perforation by a projectile can be divided
into two parts, one being the cohesive quasi-static resistive pressure (o,) due to the elastic-plastic
deformation of the laminate and the other is the dynamic resistive pressure (¢,) arising from the veloc-
ity effect””’. Thus we get the following equation

Om =0, + 04 (15)

Assuming that the cohesive quasi-static resistive pressure is equal to the quasi-static linear elastic

limit (6.) in the through-thickness compression of the FRP laminate,i. e. 6,=0.,and that the dynamic

015101-5
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resistive pressure is taken to be 6s=p(p./0.)"*vi»0.,then Eq. (14) can be rewritten as

sz[lJrﬁv;_g ‘0“}63 (16)

where p. is the density of the GFRP composite laminate,v;, is the initial impact velocity of the projec-
tile in the second stage,here v, =wv,,; sand 8 is a constant determined empirically.

From the energy conservation, the energy loss of the GFRP cores can be written as
W
E.. :J onAdh an
0

where A is the instant cross-sectional area of the projectile and is equal to nd”/4. Substituting Eq. (16)

Ewr:%ndz (ge+2ﬁvr,lacj/7c (18)
Oe

Then the residual velocity of the projectile after the penetration of the GFRP laminate (v,.,) can

into Eq. (17) gives

be obtained

Dy :/\/m'z);_.l - 2(E[m +E(-or) (19)
m —+ m;

1.4 Perforation of Back Steel Skin

The penetration process is shown in Fig. 4. A three-stage model consisting of the simple compres-
sion stage,the compression-shear stage and the adiabatic shear stage is used to describe the penetration
process of the back steel skin. Assuming that the projectile upsetting deformation only occurs in the
simple compression stage and the upsetting length is equal to the penetration depth (h,),then,based

on Eq. (5),the relation of diameters of the projectile before and after upsetting can be expressed as

d;
Co :dZ
Co :k2+1+ k§+2/€2 (20)
_ 3pvis
ke = 8oy

where d, is the diameter of the projectile after the upsetting deformation. Then the energy loss of the
simple compression stage can be expressed as

W, :%(m+mf)(v?,3*Uf):%ndgayhl 1)

where v, is the residual velocity of the projectile after the simple compression stage and can be written

as follows

_ 2 ndioyh, 22)
v \/v"g 2(m 4+ myp)

After the simple compression stage,the projectile continues to compress the back steel skin. The
relative movement of the plug block and the back steel skin leads to the existence of shear stress. Under
the action of the compression force, the projectile and the shear block will reach the same speed.
Assuming that the diameter of the plug block is equal to d; ,the projectile and plug block will reach the
same speed under the effect of the compressive stress. According to the law of conservation of momen-
tum,one obtains

(m +mg) v,
Uy —

Y m s +my

Here m, is the mass of the plug block and can be expressed as

(23

015101-6
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(a) Simple compression stage (b) Compression-shear stage (c) Adiabatic shear stage
Fig. 4 Penetration of the back skin
1 2
mb:I‘Obedz(hb*hl) (24)

where p, and h, are the density and thickness of the back skin,respectively. Then,according to the law

of conservation of energy,the energy loss of the compression-shear stage can be written as
1 ; 1 ,
WgZ?(m#—m[)vf*?(m#—m[—ﬁ—mb)‘vﬁ (25)

With the deepening of the penetration, the temperature as well as the shear strain of the shear
zone rises gradually. The material adiabatic instability occurs when the shear strain reaches its critical
value (7). Assuming that the penetration depth of the projectile in adiabatic shear stage is h;,accord-

ing to Eq. (13),the energy loss of the adiabatic shear stage can be written as

Wi = Zdiho, 04175 10,42 J (l) Cexp—" [1 — (l) j dy (26)
2 ! d, o \7i n—+1 Vi
Then the total energy loss of the perforation of the back steel skin is
E,..=W,+W,+W, 27

When the initial velocity (v;) equals to the ballistic limit (wvy ), the residual velocity (v,) of the
projectile after the adiabatic shear stage is considered to be zero. Combining Eq. (1) and Eq. (2),0ne
obtains

muiy — 2(E.q + Epo + Ep) =0 (28)
Solving Eq. (28) ,0ne can get the ballistic limit of the composite sandwich panel with GFRP core.

2 Experimental Verification of the Analytical Model

To study the ballistic limit of the composite sandwich plate, the experimental study on the ballis-
tic impact and penetration of the composite GFRP sandwich panel is carried out. The sandwich panels
are quadratic with the size of 500 mm X500 mm. Panels have steel skins separated by GFRP composite
laminate core. The thicknesses of the front skin and back skin are 6. 2 mm and 10. 6 mm,respectively.
The mechanical and geometrical properties of the steel skins are shown in Table 1. The density and
quasi-static linear elastic limit of GFRP composite laminate core are 1650 kg/m® and 225 MPa,respec-

tively. The thickness of the GFRP composite laminate varies from 40 mm to 75 mm.

Table 1 Mechanical and geometrical properties of steel skins

hi/mm h,/mm or/(kg+m *) 0./ MPa n 7
6.2 10.6 7850 779 0. 586 1.4

015101-7
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The projectile is cylindrical with the mass ranging from 30 g to 50 g and the diameter D=12. 8 mm.
The density and the dynamic yield strength of the projectile are 7750 kg/m’ and 1280 MPa, respectively.
The incident angle is 90°.

The experimental setup is shown schematically in Fig. 5. In order to provide the clamped bounda-
ry conditions, the steel skins and the GFRP core are bolt fastened together through 4 @10 mm bolts

which are located in the 4 corners of the plate.

Chronograph

Ballistic gun

Recycle setting

0]

Projectile Sandwich panel

Fig. 5 Experimental setup of the ballistic impact on sandwich panels

The projectile is fired through the ballistic gun, and the initial velocity (wv;) is measured by the
time difference of the projectile passing through the two light-emitter/sensor pairs. A recycle setting is
provided to stop the projectile from hitting the back wall when the sandwich panel is perforated. Inci-
dent and residual velocities of the projectile are measured with high precision and the ballistic limit of
the sandwich panel is estimated using statistical method. Considering the high-speed projectile impact,
the initial striking velocity varies from 900 m/s to 1700 m/s.

2.1 Experimental Study on Damage Mechanisms

Consider the perforation of the sandwich composite plate with a 60 mm thick GFRP core as a typi-
cal case. The plastic deformation of the front skin is shown in Fig. 6. A visual examination reveals that
the front skin only shows up localized plastic deformation and the diameter of the hole is a bit larger
than the diameter of the projectile. It is illustrated that the upsetting phenomenon occurs on the pro-
jectile during perforation of the front skin. Fig. 6 (a) shows the plug block is produced and Fig. 6 (b)
presents an obvious adiabatic shear band which proves the failure mode of the front skin to be local

adiabatic shear-plugging failure.

(a) In the front skin (b) Out of the front skin
Fig. 6 Plastic deformation of the front skin

The 60 mm thick GFRP core consists of 3 layers of 20 mm thick composite laminates. The plastic

deformation of each layer is shown in Fig. 7. It is illustrated that the overall deformation of the first

015101-8
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layer is very small, which gives a good support to the front skin. The failure mode of the front side
fiber under high-speed projectile impact is compression shear failure while the failure mode of the back
side fiber is tensile failure. With the deepening of the penetration,the overall deformation of the GFRP
composite laminate gradually increases due to the compression and shearing between the projectile and
the composite laminate. However, the existence of the back skin imposes a restriction on this trend.
Besides,a large amount of heat produced by the hypervelocity penetration leads to the firing of the

fibers.

(d) Out of the second layer (e) In the third layer (f) Out of the third layer
Fig. 7 Plastic deformation of GERP core

The plastic deformation of the back skin is shown in Fig. 8. As is shown,except for the localized
plastic shear deformation,a small overall deformation occurred to the back steel skin as a result of the
compression between the projectile and the back skin. After the penetration of the face skin and the
GFRP core,the speed of the projectile is relatively low when the projectile penetrates the back skin.
The shape of the projectile after the perforation of the back skin is shown in Fig. 9. The shapes of the
projectile and bullet hole show that the main failure mode of the back skin is the simple shear plugging
failure, which is similar to the penetration characteristics of the mid-thick steel plate. However,a small

adiabatic shear band exists in the edge of the bullet hole (shown in Fig. 8(b)).

8 "“"F:

(a) In the back skin (b) Out of the back skin

Fig. 8 Plastic deformation of the back skin Fig. 9 Shape of projectile after perforation of back skin

The experiment results show that the failure mode of the composite sandwich plate is consistent

with the theoretical model established in this paper. The front and back steel skins will produce a large

015101-9
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deformation when subjected to the projectile impact due to their good ductility. The tensile strength of
the fiber reinforced composite material is higher than that of the steel whereas,however,little plastic
deformation occurs before reaching its tensile strength. This kind of characteristic effectively restrains
the deformation of the steel skins. The existence of the back skin can provide a last barrier to resist
against the projectile as much as possible. Therefore,the steel skins are typically responsible for bear-
ing the in-plane load,whereas the GFRP core serves to transfer the shear between the front and back
skins and restrain the overall deformation of the composite sandwich plate.
2.2 Comparison of Results and Discussion

One may find a summary of the experimental data for the sandwich composite panels with a 60 mm
thick GFRP core in Fig. 10 where the ballistic limit is marked up using a red line. The conditions
between exact perforation and near perforation are considered as the critical state of which the corre-
sponding incidence velocity is considered as the critical velocity. Obviously,there are 15 cases conducted,
the ballistic limit is obtained using the statistical method from the critical values. The standard devia-
tion of the ballistic limit is 18. 91 m/s.

As it is shown in Table 2, five ballistic

1800
tests with 3 different core thicknesses and 3 L 600 0 Incident velocity
different projectile masses are conducted. Due L 400 Ballistic limit
to the constraints, we failed to gain the data

1200

for two conditions of the five. The test values
. L . . 1 000
of the two failed conditions given in Table 2
. . . 300
are the maximum speed of the projectile, one

. . . . 600
projectile of which is almost through the panel

Incident velocity/(m-s™)

. . . 400
while the other is not. The theoretical values

of the ballistic limits are calculated following 200

. , . 0
Eq. (28). Comparison of the test and theoreti- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
cal results is listed in Table 2. Case

Notice that the errors of the ballistic limit Fig. 10 Experimental data of sandwich composite panels

between the test results and the theoretical with a 60 mm thick GFRP core under impact
results is less than 11%, which is within the of flat-nosed cylindrical projectile

limit of engineering requirements. It should be

mentioned that the experimental evaluation of the ballistic limit is uncertain to some degree for the
limited amount of data and measurement error. The calculated value of the ballistic limit of the sand-
wich plate with a 40 mm thick core is relatively large. This is because the support effective of GFRP
cores is relatively weaker than the other conditions so that the bearing capacity of the front skin has
been overestimated.

In order to further explore the ballistic impact characteristics of the composite GFRP sandwich
panels,some numerical results are obtained based on the theoretical formula in this paper. The energy
absorption ratio of each stage under the condition of the ballistic limit velocity is shown in Table 3. It
is shown that more than 90% energy is absorbed by the GFRP composite laminate and less than 10%
by the steel skins. Only very little plastic deformation occurred to the steel skins of both sides because
of its low energy absorption. It is also proved that the energy absorption of the fiber compression and

fracture is much larger than the shear energy dissipation of the steel skins.
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Table 2 Comparison of ballistic limit computed by theoretical model with experimental results

Mass/g Core thickness/mm Exp. value/(m s ') Cale. value/(m =+ s ") Error/ %
40 40 753.8 831.9 10.7
30 60 1422.9 1402.9 —

40 60 1162.7 1132.4 2.6
50 60 974.1 958.1 1.6
50 75 879.0 1144.7 —

Fig. 11 shows that the ballistic limit of the composite GFRP sandwich panel presents a linear in-
crease trend with the increase of the core thickness. On the other hand,a nonlinear decline of the bal-
listic limit of the composite GFRP sandwich panel with the increase of the mass of projectile is shown
in Fig. 12. It is evident from these two figures that the theoretically predicted ballistic limits are in
good agreement with the experimental data. As a matter of fact,the mass of both the projectile and the
core thickness exerts a significant influence on the ballistic limit, which provides a reference for the

penetration resistance design standards.

Table 3 Energy absorption ratio of composite GFRP sandwich panels under impact of

flat-nosed cylindrical projectile with ballistic limit velocity

Mass/g Core thickness/mm (Eto/Ea)/ % (Ew/Ead)/%  (Ewd/Ex)/%
40 40 2.9 90.7 6.4
30 60 1.6 95.0 3.4
40 60 1.4 95.7 2.9
50 60 1.8 94.4 3.8
50 75 1.2 96.1 2.7
. 15001
1600 — Theoretical value v — Theoretical value
~ 1500f 4 Experimental value o 1400p v Experimental value
2 1400p 1300t
E 1300} E
= s I
£ 1200} é 1 200
; 1100} ; 1 100F
.g 1000 g 1 000
& ooof &
B0} 7 900}
700 L L L L 1 1 3800 n L L L L L . N
40 50 60 70 30 90 25 30 35 40 45 50 55 60 65
Core thickness/mm Mass of porjectile/g
Fig. 11 Ballistic limit changing with the GFRP core Fig. 12 Ballistic limit of composite GFRP sandwich
thickness under impact of a 40 g flat-nosed panels with a 60 mm thick core changing
cylindrical projectile with the mass of projectile

3 Conclusions

In this study,a theoretical approach is developed for the penetration and perforation of the com-
posite GFRP sandwich panels struck transversely by the cylindrical projectiles with a flat nose over a
wide range of impact velocity, mass of the projectile and thickness of the core. The approach is based
upon a three-stage model with the assumption that the deformations of the steel skins are localized and
the projectile is considered as a rigid body in the perforation of the GFRP composite laminate. The en-
ergy absorption of the sandwich panels is divided into three parts,i. e. the energy absorption of the

front skin,that of the GFRP core,and that of the back skin. The adiabatic shear model and simple
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shear model are used to predict the energy absorption of the front skin and the back skin,respectively,
with the upsetting effect of the projectile taken into consideration. Analytical solutions have been
derived for the penetration depth and the ballistic limit in the case of perforation.

It is demonstrated that the theoretical predictions are in good agreement with the experimental
observations for the composite GFRP sandwich panels struck normally by the cylindrical projectiles
with a flat nose in terms of the penetration depth and the ballistic limit. Numerical calculation is car-
ried out based on the theoretical formula proposed in this paper,which indicates the significant influ-

ences of the projectile mass and the core thickness on the ballistic limit.
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Table 1 Experimental designs

Case No. m/g Or Case No. m/g Or Case No. m/g Or
J1 9.6 0.12 J3 9.6 0.16 J5 9.6 0. 26
J2 14.1 0.12 J4 14.1 0.16 J6 14.1 0. 26

(@J1 (e)J5

(b) J2 (d) J4 HJo

B2 AR TST e m A2 T 1% il

Fig. 2 Deformation of the sandwich cylinders under different work conditions
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Table 2 Experimental results

Case No. dy,/mm  do/mm Case No. dy,/mm  d,./mm Case No. di/mm  d.,./mm
J1 19.7 11.7 J3 18.7 14.9 J5 13.8 15.0
J2 28.6 22.5 J4 27.6 23.6 J6 24.6 24.4
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Table 3 Material parameters

Material Density/(g * ecm™*)  Young’s modulus/GPa Yield stress/MPa Poisson’s ratio

Aluminum 2.70 69 170 0.3
Steel 7.85 210 410 0.3
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Table 4 Simulation designs

Relative No. of work condition Relative No. of work condition

density d=6.0 mm d=4.5mm d=3.0 mm density d=6.0 mm d=4.5mm d=3.0 mm
0. 06 301 401 501 0.11 306 406 506
0.07 302 402 502 0.12 307 407 507
0.08 303 403 503 0.13 308 408 508
0.09 304 404 504 0. 14 309 409 509
0.10 305 405 505 0.15 310 410 510

........
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~
3
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Fig. 4 Difference between relative densities of 2D and 3D models
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Fig.6 Deformation process
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Dynamic Response of Sandwich Cylinders Cored with Aluminum
Foam under Internal Blast Loading

ZHANG Guodong, L1 Xiangyu, LIANG Minzu, LU Fangyun
(College of Science s National University of Defense Technology ,Changsha 410073 ,China)

Abstract: Sandwich cylinders cored with aluminum foam have been widely applied in the fabrication of blast
protection containers. The experiment under internal blast loading was performed and, based on the Voronoi
technique, finite element models of sandwich cylinders were constructed and then used to simulate the deform-
ation process of the sandwich cylinders. The results show that the simulation results agree well with the
experiment results. With the increase of the cores’ relative densities,the deflections of the inner shells increase
and the deflections of the outer shells decrease. Furthermore, the deflections of the shells and the relative
density of the cores approximately satisfy a quadratic relationship.

Keywords: internal blast;aluminum foam;sandwich cylinders;deflection; Voronoi technique
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Mechanical Behaviors of Closed-Cell Aluminum Foams
under Quasi-Static Compression-Shear Loads

LI Xueyan, LI Zhibin,ZHANG Duo
(College of Science s National University of Defense Technology ,Changsha 410073 ,China)

Abstract: In the present work, we conducted the quasi-static compression-shear experiments on the
closed-cell aluminum foams using an improved testing machine and installing beveled bars and a
column sleeve. By changing the angle of the inclined beveled bars we obtained the mechanical properties of
the aluminum foams in different compression-shear loading paths, and then figured out the aluminum
foam’s experiment yield surface from the force analysis of the specimen used. At the same time, we
simulated the compression-shear process of the closed-cell aluminum foams using the finite element
software LS-DYNA. The simulated yield surface is in good agreement with the experimental yield
surface. The results show that,for the aluminum foams of the same density and in a given range of the
cell size,the yield strength of the closed-cell aluminum foams increases with the increase of the cell
size,and so does its load capacity.

Keywords: compression-shear loading; closed-cell aluminum foams; tetrakaidecahedron model; yield

surface;cell size
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Fig.1 Beam size and reinforcement section (Unit: mm)
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PR N 200 GPa IR LN 0. 3. NI AT B A, 4R v=1+/2gh (1g=9.8 m/s"), ¥4k T ¥ & B
1.2.2.4 Fl 4.8 m, FETUE L3400 06 3RS 73 il 18R 4. 85.6. 86 F1 9. 60 m/s, X HEELARIERAF y
D7 I AF AR , B =k 5 R BE 1 9 b e T 4 fnk Dy 3 T ik . S BB ONAE & 7 ) b CRIVR BE 1 B2k ) A7
R, RS SIREE LT FREAGE SN 1 mm, ARITEERE 2 PR, SRR PRE + R H CDP
(Crack Damage Plastic)# 8, S5 4158 1 fron, IREE+ R P =4 8 35 &S 45 i FR 3 B0 (C3DSR) , M)
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Fig. 2 Finite element model
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Table 1 Parameters of concrete!'s]

Dilation angle/ Viscosity Density/ )
3 Eccentricity fwo/feo K E/GPa v
) parameter (kg e+ m *)

30 0.1 1.16 0.6667 0. 0005 2400 26.48 0.167
A 1315 R = AT R ABE R, A7 BR T AR R rp R R BT Sk = 4 8 Y A 4 AR 43 BA T (C3DSR) L A% R SF
1.2 mmX1.2 mmX1.2 mm, Pk Embed JE i ATREE Rk rp, AR Z BN SIRE L Z /Y
P8 S RPN . RIS F AN R AR HAE T A A 0 R A E R RN AR N HPB235 1
PP EL R 210 GPa, HRB335 Fl HRBA0O 9 3 45 5 Ok 200 GPa. 4K 19 J IR 8 5 R AR PR 56 4 Bt 7
AR R NITE = R (5 R E I N

Q)
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ARG S50 i S0 86, #4581 HPB235 M HRB335 19 D, Ml D, 43514 10. 05.8. 73 1 6. 38.6. 54, Lk

=T A ST S Ay 48], FE R - A O B AT R

Ee 0 <<e<epa
vd 5b,d<€<€.d
o=l = (3
€ &4
fy.d + = fu.d €ed L € < €ud
€ud T €eud

o cey o Fil e 53 5 0 J RT3 FF 46 FN 45 SRS AH B B AR se,q = fy.a/Eseca=epat (Eew —&1u) 560 AR
P 558 55 XoF 17 1 10 A% s =€ a0
B HRB335 ¥ é=2.9 s " i iy Jast Ml 5o 3 AR B 5 3, HPB235 3£ H] ¢ =6.5 s ' B 1y Ja Il o 32
FIRR BR o B, DL 3% 2,
x2 WEHHH

Table 2 Parameter of steel model'*

Reinforced  Diameter/ o/ Yield strength/ Ultimate strength/
] E/GPa v
grades mm (kg e m ) MPa MPa
HPB235 8 7862 210 0.3 400 540
HRB335 10 7860 200 0.3 438 687
HRB335 12 7 850 200 0.3 438 687

2 BIRTEEIGIE

PR B o ili 07 B PR R OB S SRR A5 R HEAT XS L R 3 TR . ST il RS R A4
B A ety 7 0 B B B KB SRR A R W A R EL R TSR . X B A D PR S P B P
22 SRR PR R LA b il a8 TS 2377 A RO A%, T AT FR T AR 28 e iy T F7 A A58 0 9 A At S ik 2 2
WM. 53— T ¥ I R v Sk 15 W LB A AR BE R L T B0 Sk 5 YR A e B T R 4 Ak (1 i
BEAA FE TSR/ o X WA U5 TH] e 28 5 B0 0 2 R LU REAUL 25 R A /)

Wt e ol R ) B e AT A S v A T R i R A BIR 5 B8 5 A BR ST ASE R v A L il g D £
RIZB W/ o S T I S O L RS A R I B Sk A B L BRI Sk (6 8% 15 B B b e R AEUR [ L AL o
PRI bR R AR I AR A . S PR B0 PP B Sk 0 8% A B g O [E S B Sk T B R, R B Ay A i
SAREARLE () Nz 3l 5 FhHe SE ARSI K, SCHG I AT 10 B Sk (67 8% die KR LU 2 s R Be BE o R AR W /N . B il
o JEE R e S S i I SR AT Y Sl BB B O B P R S R AEL A G 3 R, S BOREADL 5 S Y TR 2 HE R

R3 BRUISXBERNL

Table 3 Comparison of results between FEM and experiment

Drop height (m)  Impact velocity/ Maximum impact Maximum deflection of
Method /Mass (kg) (me+s 1) force/kN mid-point/ mm
Experiment 1.2/124 104.0 28.3
FEM —/124 4. 85 149. 1 30.7
Experiment 2.4/124 94.7 51.2
FEM — /124 6. 86 134.7 56.5
Experiment 4.8/124 173.9 90. 4
FEM — /124 9. 60 181.2 102.9
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Fig. 3 Time history curves of the impact forces Fig. 4 Time history curves of the mid-point deflection
at v=29.60 m/s at different impact velocities
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Fig. 5 Time history curves of impact relative to mid-point Fig. 6 Damage and failure of beams

deflection at different velocities at different falling heights
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Fig. 7 Time history curves of impact force for reinforced beams with different reinforcement ratios

at different impact velocities

034102-5



%33 mooORE 0w ® o R % 32%

R4 MENEBEBLERIL

Table 4 Comparison of the results of maximum impact force

Impact velocity/ Reinforcement ratio:2. 56 % Reinforcement ratio: 2. 66 % Reinforcement ratio:2. 76 %

(mes ) Max. impact force/kN Time/ms Max. impact force/kN Time/ms Max. impact force/kN Time/ms

4,85 114 0.66 149(+30.0%) 0.6 170(+49.0%) 0.5
6. 86 125 0.50 134(47.2%) 0.5 201(+60.8%) 0.4
9. 60 169 0.33 181(+7.1%) 0.3 222(+31.3%) 0.3

I [a) T 7377 246 R A AN [ oot BT 4 B85 vl 8 B I R e R LR KB A ] 8 R 5 R . [l — il R
JETR B BT AL BE 7 i TC 55 23 A 39 T e AT R X A/ 5 e R K B i AL 94 BN (] T 15 R Y
MmN . 5 BRI AT AR 2. 66 V01 2. 76 V0 1 BRI vh B BE AR X C A AR 2. 56 Y0 AU
T, i R T 6,86 m/s I TE A3 R X BT AL I RE 7 114 18 55 S5O B v ol 3 A 494 DA TG 328 ¥ 55

—&— 1.2 m, P=2.56%
120} —&— 1.2 m, P=2.66%
—A— 1.2 m,P=2.76%

[ —v— 2.4 m,P=2.56%
100} —<¢— 2.4 m,P=2.66%
2.4 m, P=2.76%

I —— 4.8 m, P=2.56%
30k —— 4.8 m, P=2.66%
—o— 4.8 m, P=2.76%

60

40

Mid-point deflection/mm

20

4 " 1 " n "
5 10 15 20 25 30

Time/ms

&l 8 AN TR A7 2 G AR AS [R] b ol 3 BE T B 85 v B8 R R oI 4k
Fig. 8 Deflection time curves of beams with different reinforcement ratios

at different impact velocities

x5 BHRUBEELSRIL

Table 5 Comparison of results of maximum mid-point deflection

Impact velocity/ Reinforcement ratio:2. 56 % Reinforcement ratio:2. 66 % Reinforcement ratio:2. 76 %
(mes™) Max. deflection/mm Time/ms Max. deflection/mm Time/ms Max. deflection/mm Time/ms

4. 85 38. 26 16.0 31.72(—17.10%) 13.32 27.70(—27.60%) 12.3

6.86 68.15 25.5 56.56(—17.00%)  17.30  49.73(—27.03%) 15.6

9. 60 120. 33 26.0 102. 94(—14.43%) 25.00 91.37(—24.07%) 21.0

B9 AR o R BE R ohals i-B5 v B4R . M B 9 WA, AR FE RS L v S AR A — 2
heily R Ry 4. 85 m/s i, AN TR A3 25 5% 4 il O i v B R R IR 3 A Ak TR A R IR AR X O At 2k
B, MBS 6,86 m/s I BC RN R vhl D TERS th B FE IR B 40 mm 5B WARE L BRI
2 H Al R I S BT U0 R A, HC Al A S TR 1 b il O e v B R B R R B AIR S A A R AR i a R
i B BE A 9. 60 m/s L AR A 2. 56 %M 2. 66 Y0 MR L A BT DI R AL T RN 2. T6 IR L AL
ARG, DRI . Bl 2 T A0 SR A U0 » A oy 2k A v % 2B BT DTG I A4 T B R 4 K
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Fig. 9 Impact loading-mid-point displacement curves for beams with different

reinforcement ratios at different impact velocities
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Numerical Simulation of Responses and Failure Modes of Reinforced
Concrete Beams under Drop-Weight Impact Loadings

SONG Min, WANG Zhiyong, YAN Xiaopeng, WANG Zhihua

(College o f Mechanics sShanxi Key Laboratory of Material Strength & Structural Im pact
Taiyuan University of Technology » Taiyuan 030024 ,China)

Abstract ;: Reinforced concrete structural members subjected to impact loads behave quite differently as
compared to those subjected to quasi-static loading, with their failure mode becoming more complex. In
this work, by introducing the strain rate effect of reinforcement in the trilinear model of the reinforcement,
we simulated the structural responses of reinforced concrete beams under different impact loadings
based on the dynamic analysis module of ABAQUS. The curves of impact-time and mid-point
deflection-time were observed to agree well with those from the experiments. Based on this model,we
simulated the responses of beams with the reinforcement ratios of 2. 56%, 2. 66%, and 2. 76 %,
respectively. The comparison shows that the bearing capacity and deformation resistance of the beams
increased with the increase of the reinforcement ratios; the enhancement effect of the reinforcement
ratio weakens gradually as the impact velocity increases; when the impact velocity is 4. 85 m/s, the
reinforcement ratios have slight effect on the failure mode of beam at low impact velocities; in
addition,when the impact velocity is higher than 4. 85 m/s, the failure mode changes from shear
failure to bending failure with the decrease of the reinforcement ratio.

Keywords: drop weight impact;reinforcement ratio;strain rate effect;reinforced concrete
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Table 2 Diameter of tested tungsten alloy spheres

Diameter/ mm
No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Sintered 7.00-7.09 7.01-7. 04 7.00-7. 08 7.02-7.10 7.01-7.04 7.03-7.09
Polished 7.00-7.02 7.00-7.01 7.00-7.01 7.00-7.01 7.00-7.02 7.00-7.01

State
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Fe Bt S AR T
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MBI A D40 mm X80 mm [ JH-14C #F 25 XF BMCES & 4 BRIEAT 9 S5 I, ol G vy 3t
i 4 mm JiE Q235 WA H P B S B BREE AR EE B0 250 mum, 75 H9 AR B4 b D7 A1 2 000 A (R 0 3
FEZ A1 2S5 50 mm) o FH LA 48 45 <5 TR 0 fh S0 BT TR AR 199 5 A B2 [ W 4 22 2 AR B L T
DA RIS 25 5 A AR B0 85 A R . 1R s X 8 < BR R AT B, WL S P R iR 15 00 . K6 D7 T 7 T T
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Tungsten alloy sphere

g Velocity measurement
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Fig. 2 Illustration of dynamic loading test
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Fig.3 Quasi-static loading test results
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Table 3 Results of quasi-static test

No. 1 No. 2 No. 3
State Crushing load/kN Deformation/ % Crushing load/kN Deformation/% Crushing load/kN Deformation/ %
Sintered 157 66. 54 163 67.01 155 65. 86
Polished 77 50. 39 85 51.05 73 51

2.2 HEMBRBER
RIS SRE S EEFENER 4 w8058 5 18-S 4R B 7E M AR b, K682 A,

SERANIEL 4 R .
R4 HEMBHBBEESRMMLEE

Table 4 Terminal velocity of tungsten alloy spheres

Terminal velocity/(m * s ')

State
No. 4 No. 5 No. 6
Sintered 468 492 446
Polished 430 447 506

(a) Sintered state

(b) Polished state

I PO | E= AW e S
Fig. 4 Dynamic loading test results
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034201-3



%3 [/ = S // NS I S 14 532 %

G ERFR T S TT R L LS TT R LB R R 28 BOR B B T A5 B a6 AR SR A B9 R T R R B BBk OT BB Y
BHAEAR"O 5 T DR 2 R A 4 R A PN IS 45 R I 4 A Rk 0 3R R 286 4 A 2 A A R

(b) Surface of polished state tungsten alloy sphere
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Fig. 5 Result of SEM on surface of tungsten alloy sphere

(a) Sintered state (b) Polished state
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Fig. 6 Result of SEM internal of tungsten alloy sphere
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(b) Crack on polished state tungsten alloy sphere

Bl 7 AR S 8 SRR R I R SR AR

Fig. 7 Result of SEM on surface crack of tungsten alloy spheres after quasi-static loading test
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Comparison of Mechanical Properties and Damage Mode
of Tungsten Alloy Spheres in Two Different States

KONG Qingqgiang,ZHOU Tao,SHEN Fei
(Xi’an Institute of Modern Chemistry ,Xi'an 710065,China)

Abstract;: In this paper,we studied the mechanical properties of tungsten alloy spheres in sintered and
polished states using the quasi static test and the dynamic loading test,observed their metallographic
structure and damage mode before and after the test using SEM, and analyzed the causes leading to
their difference. The result showed that the surface microstructure of the tungsten alloy sphere in the
sintered state was more uniform than that in the polished state, which accounts for its better mechanical
properties.

Keywords: tungsten alloy sphere;mechanical properties; damage mode; SEM
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Numerical Simulation of the Effect of Pre-stress on the

Ballistic Performance of Ceramics

WU Xue,ZHANG Xianfeng, DING Li, TAN Mengting, BAO Kuo,CHEN Beibei

(School o f Mechanical Engineering s Nanjing University of Science & Technology s
Nanjing 210094 ,China)

Abstract: In this work we studied the processes of applying pre-stress on SiC ceramics by using the

finite element software AUTODYN. We established a model of long-rod projectile of different veloci-

ties penetrating ceramics with different pre-stress values to investigate the ballistic performance of the

pre-stress ceramic,and obtained the stress distributions in the ceramic under different loading condi-

tions through the comparison and analysis of the results,as well as the relation of different pre-stress

and ballistic performance of the ceramic. The simulated results show that the appropriate pre-stress

can improve the ballistic performance of ceramic, but the ballistic performance of ceramic is reduced

when the pre-stress value is greater than 112 MPa,and that there exists a best matching relationship

between the pre-stress value and the ballistic performance of the ceramics.

Keywords: ceramic armor;pre-stress ceramic; ballistic performance
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Table 1 Material property of 30CrMnMoRE and 30CrMnSi
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30CrMnSi =1080 =885 =10 =45

30CrMnMoRE 30CrMnSi 1 7 47 5 45 K bR o oy 14 P 6 9 1% 6, 52 59 3 25 280 9 106 1
R )25 3 2 e S AR B0 RS T 2T A e o T 208 R b 0 5 o 7
A R 0 B (080 1 25 P G 0 B0 55 T 200 bR R 1 5007 T 4 AR i I O s
603,675,685 % I HHEAT T — 2k FEFF 20 45 FE 45 P00 410 M il 53 e 6 57 1 bk 3 26 P 05 3 5 2
IR Z B B E R . EAREEHIIE T 100~900 “CF 30CrMnSi ) 2 24 i K -l 26 | [ 248 S A
A BT XA RT3 B B . {FUR T 30CrMnMoRE 1 30CrMnSi i HU i 4 12
102 ~10" s RIS R 19 7 5 i T UR A B9

A TAEFII S B3 Hopkinson J FF (Split Hopkinson Pressure Bar. SPHE) % 30CrMaMoRE i

» TR HEHEE: 2017-10-12; 1EE B H: 2017-12-25
EERA: B0 F1988—), 5B By B T RR W, = 2 FH B AL SR 5. E-mail s jiayu_jiayu@ foxmail. com
BEESR: B A7), B 05 5, FE AR ISR S F A AR WEST. E-mail: ztcj@sohu. com

044102-1



%54 mooOJE B B % W 55 32 %

30CrMnSi 48 FE IR FEAT IR 4 50 560, B FE ML AR RN 10° ~ 10" s ' Z[H & SR S T~ e L 2
TS B H A L R 2 A Y )5 B Johnson-Cook 5 B4 W Fh b1 RHI S S AR SE R .

1 TLWHE

SHPB R4 FEH T B S T =R oh o o) Z M T & )8 & A A JREE L  ZE 6 H
BB G PRI R S A Ty A se . SR H SHPB 24X 30CrMnMoRE Fl 30CrMnSi (1) 3l
POASE: Tk B i e M ) B T N [ IR AR P B S N S VAP R R A S A 1o RS SRR B O N 3 S

SHPB F B 25 S F 5 L A AT RSCRTF 3 00 3 2 L 3 245 I A8 A3 B30 Ak A7 it 2% 55 38 o 4
AL INE L FR . R SHPB R G138 15 A RHE 107 ~10" s A8 R [ P4 9 Bz J)- 1 A8 6 R

[+ ] | 12

(a) Schematic (b) Photo

K1 SHPB R (. FHREEF) ;2. FATGI 3. L gk i 8% s 4. IR G WAL 5 5. AGFHT 56, 1857, BB A s
8. B AT 5 9. WEWCHT 5 10. BHJE i s 11, 8 S A N A8 A5 12, 5 RN 3 43 48 5 13, B4 Ak B 5 50
Fig. 1 Configuration of SHPB (1. Strike bar;2. Source of parallel light;3. Photorelay;4. Velometer;5. Incident bar;
6. Sample; 7. Strain gage;8. Transmitted bar;9. Momentum trap bar;10. Buffer;11. Amplifier;

12. Intelligent speed analyzer;13. Data processing system)
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Table 2 Design of specimens

Material Specimen diameter/mm Specimen length/mm Length-diameter ratio
10 5
30CrMnMoRE 0.5
3 1.5
10 5
30CrMnSi 0.5
3 1.5
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Fig. 2 Relationship between time and stress of test specimen
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Dynamic Compression Properties of 30CrMnMoRE and 30CrMnSi

JIA Yu',LIU Yan®*,LIANG Xiaolu',ZHENG Teng'

(1. Xi’an Modern Chemistry Research Institute ,Xi'an 710065,China;
2. College of Mechanical and Electrical Engineering ,Beijing Institute of Technology ,
Beijing 100081,China)

Abstract: We conducted tests on the dynamic stress-strain relationship of both 30CrMnMoRE and
30CrMnSi at different strain rates using the split Hopkinson pressure bar (SHPB) system to study the
mechanical response of alloy metal under high impact,and obtained their dynamic stress-strain curves
and yield strength. And combined with the Johnson-Cook model, we obtained the dynamic constitutive
model of the two materials. The test results show that the stress-strain relationship and the strength
parameters of the two steels have obvious strain rate dependence. With the increase of the strain rate,
the dynamic strength of 30CrMnMoRE increased by about 79 % ,and that of 30CrMnSi increased about
by 50%.

Keywords: impact;split Hopkinson pressure bar (SHPB) ; high strain rate;constitutive model

044102-7



#3248 Ham [N S SO/ B = S Vol. 32, No. 4
2018 4 8 H CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Aug. » 2018

DOI: 10. 11858/gywlxb. 20170642

% SR R B R SR E RS
[EE AR R
B8, EE0K

CHE B R R SC 2 BE . 9 KV 410073)

FE . KA MTS AR B AL R T B % 0. 322~0. 726 g/cm®) By F 7L 8 % 48 & &
B 25~500 CT W B A ESF HFHk B THABEFRRE THWEHESE N J-N
Tt &, o T BEURREME A FAT MR E., FlA Liu A1 Subhash #2 1 8y A A 45 AL 3¢
TRBEMABEYNA- LT EHATUEG, oM ETEA P E ST E RN B S,
F RN Liv-Subhash A , 58 T A BN EBRSES AWEA , &5 N B Z &L T T f
BAEBAMEARTBE . BLITHRBEERLNBAREBERSESE RAWEE, A 38Kk
BWIRENAEHEERE XL,

KRR M EARBERAES RWHA B E RN B E BN

RESES. 0347;TJ410 XERARIRAD : A

VR 4 I8 T, LA 0 v 1 b D R B D R B A o R R S ) R BB AR VR G A LR
FT 23 M0 R B vz B W T RALAR e e 2 R A B RS . BRILZ AN IR 4 R 7 2 B R g L i T
LR AR S5 T T, R 4 -0 AR R o — AR RN 1T 6 AR AZ AR 1 S AR TR L R O I UK
&8 HA R BER I 0T T G A eh o 08 TR 1 | R R B IR A R

HAr. % F ke E N/ sh SRR L8 Z 5. Chen M1 Lu™ &1 T — MK T
AR IO, 7 R0 AR AR 1) R 1 34, FE B Al b ST T — A M G2 I T 4 0 A R R R [ R AR L R AR R
o7 NN IX G0 I8 -0 A8 (0 3 P DX S B B2 e, T U E 2D B Chen T Lut $2 A i G2 AS g 455 80
MEZR ST T — AN IR & 8 ME RS AR R A AL, 15 31 1 Y0 7K 4 I 76 — 4 55 B B3I i 4 R ) 32 249 K%l 1) R 45
B 1Y 22 0N -7 A8 4 . B AR BRI T — > 2 S R0 AR L 5 S M i G A R A, T L 4 T M A
AR TR 43 T B RL 2 B B L IV ) 5 BORN % S B ) SR =B B TR RRAE

WK 4 2 — Fh SRS ) IR A 52 T M Bt , L2 6 S5 K A BR AR Oy i s ) KA 4 v Y B A A A
HR: , 30 28 (8] QAT 25 7 20 10 0 FH 2 58 AN (22 SR HC 25 4 4 o A T L 22 SR 36 K 4 s 7 s i T A B AF i 7R
PR A v WCRERE . EAT 5 R R AN I ML UR & R 12 AT R I F S R > . Hakamada 85
& T ALPORAS P FLIE IR SE S FEAA M BHE IR BE ] 573~ 773 K N B HEFR S R 4015, & B £L
WL TRADFE = IR T 1 28 T BL ] 5 S AR R i A8 TS BL AR B 2 AR . Aly W IR T ALPORAS FIfL
Y VR BR R R RS TR 0 e 4 SE 6 L RIS T AR R 2B R RN S IR R S e O 9 K I L R RE e ot 2 P L 3
TRER ) R BARTE AL 36 K% 5 T v S 00 TR X R 4 IR S A PR RE A B i W A AR B . Cady 255 5T
T ALPORAS ¥ iR R 7E A A 25 3£ (0. 001~1 800 s~ ) A [F] I B 45 14 (77~ 295 KO T 1 124 MRk, 45
SRR DA AL 00 TR 408 19 g 27 R X I 3 EL A AR iR ) A4l

« WFEBHEI: 2017-09-18; EEEH . 2017-11-03
BELWHE: WA HARB=E4(2017]]3359)
EEBN: Z2EHA91—) , L B4, EENFEM B SIS I & ERERT 5. E-mail : 15073146797@163. com
BEEE: FEWA985—), 5 11 ghil, =2 AFE MRS 3) 2 ) #PEBEBF5E. E-mail: lizhibin@nudt. edu. cn

044103-1



54 [ A I - %32 %

B WK A B IR E SN A R MM R B REZ . 2 SEEY IFR T —50~300 CEHE M
N T kT 9 TR A P T S R A S 6 ST T BRI R AR I Y TR B S TR A AR AR TS TR AR 3
T Sherwood Fll Frost £t 1A 4 5¢ RAE L , 4387 1 90 TR 45 A A4 5 2 v i 2 R0 5 o7 728 8 3000 i 5 O
R 0K 7 R P N A R UR R BT T B I B IE R AR O R S LRSS R A R 1
LA A5 B 7 R A AE — R R N R B IR R N AR R ) Y S A B A T R

AW 38 3 TF A 6] %5 3 (0. 322~0. 726 g/cm®) IR SR 78 A [R) IR (25 ~500 °C) T My R A &
ARSZ L TR AR AE AN RN EE R (9 ) 2= PR R L A AS TR UL BE T I6L UK SR Y Bl R 4 1 - AR il . S
F Liu-Subhash A O6F R[] BT 14 52 56 5008 HE AT 400G o #5725 SRR B A0 R R 80O A 9 TR R
Y 0 A T A A R AR

1 LWHERFTR

SLHG AL AL R AR L B RV R R A B R A MR R A BR R AR A A B 5 R Y BT L T R
A RHE R SF 400 mm X400 mm X 600 mm, FLAEAF 2~5 mm Z[A] ., #4546 95 55 5% FH 42U &
BRI TR . A T AR IE A HEBR I LR T 52 ma L il 1 3 B M B AR AR /N T 5 AN AL i R
SEM D32 mm X 15 mm., ST O AR HE AT RR G, A5 B S0 A X B DU A5 R 2 Y L
0.322~0.796 g/cm?,

HERFASEITE MTS810 MBHASR AL AT n# Ah 0.001 s ' SL50 IR FE 40 Bl M 25,200,275,
350,425 1 500 °C, i I2 86 7E MTS810 H 4 1Y i IRAH P b AT IR iR 22 5 °C,

2  Liu-Subhash 7= #4{& &Y

T U A AR 6 TR RN - AR il 2 = B B AR A Liu 5 Subhasht Y R T — 4E 7S S B
F A

N (D

K io IR ST ve HIRATRLE 2 popopspops A ps W TRORGIRMBHER S8, po EEAM
TR TR 4 W RS B9 AR 5 po B py SR TG EE NS B, BRI ) G B B AL PERE s po R ps T EAH
T % S B ) R R SE B BURE A KI5 pe F2 IR BE B R R R/, B BS R al LA Y L S8
po WAEFIATLART po #1 ps AREE . S 2 250 4R M T AL B Y, T 580 1 RSB o M LT 6 TS50
1Ll

ef2f —1

1+ep36—0—e”1(e’]3€*1) 2

O:pl

3 XWERESDN

3.1 BaFENNMEKRERGER
3.1.1 FEX R - i 2k B 0

K1 AR BE o B WL TR R A T S TR 4 L - AR SR i 2 . NSIR 25 SRR A L I TR A 14 1z 7 -
AR 2 R AR Bk R e SRR AL 2 Y ) B BRI BV /N AR T A R R Y B X O T M 2 e B
B 22 g2 bR R ) F 6 B BOFEE 5205 B R B RB B, L T Ha] LA L IR AR ) 46
4305 JRE X JFL W g - 10 78 i e R ) LA i A R Y O e MR A v i R R JE AR 4 O 1EL R 4 R
BB B R AR /D o DRI TR PR AR R B 15 BT S A — RE ) B L RN L TR R R R A T 2
FE T2 2 B 00 46 265 52 TR ) 0 e R A R R TR S8 RE T BGR

044103- 2



%32 % 5 5 4 IR 036 DR 0 b 5% 4

3.1.2 %%: Liu-Subhash =B} LG R IL &

Ty Liu-Subhash #2588, % 5256545 21 09 5 I T A W) 25 B2 10 R 58 0 M 28 0 ) -1 A28 i 4 i A7
m%w%?ﬁ%Hﬁrgvﬁﬁ'i%nﬁﬂéﬁwﬂ%ﬁ{ﬁ,ﬂui% LR, St &l & & m i 2 fros, w] WA
B ORI AT T SR FH A2 TR 8 3R 0 TR 55 1 B Al o 0 S TR A 1 ) - R R

30 T 30 T v T
Temperature 25°C, .

=| strain rate 0.001 s ’ —*— Experimental data
g 25 ‘ = 0.322 g/em’ b S 25F - - - Fitted curve 1
s -+ 0.48] glem? s
2 20 a 0639 glem’ 1 g 20r 1
= -+ 0.726 glem? 2
oo 15 q oo 15 .
E | .C“
5 5
2 10} E £ lor 1
By f b
s 5 4 it 5 ]

0 1 1 1 0 1 1 1

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Engineering strain Engineering strain
B1 IR AN TR) 25 B2 6 R BR i e A &2 H IR S [ 95 BE IR TR R 10 8 - AR
N -7 A i 4% ity £ 4004515
Fig. 1 Quasi-static stress-strain curves of Fig. 2 Fitting of stress-strain curves of
aluminum foam with different densities aluminum foam with different densities
at room temperature at room temperature

®1 FRZETHERESHE

Table 1 Parameter values for different densities

Density/ Parameter

(grem ) b b bs b s
0.322 3.08 86. 09 86. 22 —6.49 11. 60
0.481 5.98 90. 83 90. 74 —4.66 10.98
0. 639 9.31 91. 20 90. 89 —3.00 9.41
0.726 12.01 92. 04 92.14 —1.33 7.41

3.1.3 BEFEHMKEERE

R LR 28 pypo by pops BEEBEREALTIIAZ AL BARIX 5 DS U RE L o %L, K
1. (2) 3R LA AR
- ( )el’g({ﬂ)s—l /,4<10)[ pr(p)f*l] (3)
c=p1(p WJre efs

(3) 2RI 25 08T % B 52 W) ) 10 TR B 1 L o e A TR A A A R [ 3 D BN rh 5 A 2 R R
AL B0 0 SRR AR AT IS L AR B 5 NSRS EIE RN
p1(p) =20. 340"
p2(p) =94, 580"
b () =94, 41" (4
pi(p) =12. 340 — 10. 55
ps (o) =—8.6p+ 14.68

H1 (30 3R (4) 30AT 321 2% 18 5 B2 250 1) AT FL 0 TR 0 0 285 T 20 AN A 8 2 G2 A8 20 ] ]l 3t AS ) 4 2
UL IR B L - AR il 2 HARIE U R

044103-3



54 [ HE L] il 2 Eiid %32 %
C94'58p(1.(\85 )
2 — 55 —8. 6, €
0_:20. 34(01'69 1 + ” 1”00.035 + el_‘.3-1p 10. [e( 8.6p+14.68)e __ 1] (5)
e
15 T T 95.0
LI fitted = D,
12 — p,, fitted curve | ¢ . _
I 92.5F — p:, fitted curve  P,=94.58p"%
ol — p,. fitted curve
< | p1:20.34pl.0" 2' 90.0 px=94.4lpmm
al 87.5
0 ) L 85.0 . .
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
pl(g-cm) pl(g-cm™)
(@ p, (b) p, and p,
0 12
= D, .
Ll — D, linear fit - | 1k
) p,=12.34p-10.55 . 9
& —Ar & p,=—8.6p+14.68
9 L
or 8t w D, .
— D linear fit
-8 . L 7 . ,
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
p/(g-cm™) pl(g-cm™)
©p, (d) py

B3 W IR T S5O AR A R A
Fig.3 Variation of parameters with density at room temperature

3.2 G8EERMAEKAREGRER
3.2.1 BEX N -5 3 # 2 B9 70

P4 28O 0,322 g/em’ BILIRARAE A [ I
JER B WA N - AR 2 rh 1 4 TR BE A R
FE R T o BORE R BE AR B, S AR ). B R BT
8 ek B R A RO L S R I 25 °C BT E] 500 “CHRY,
T TR R I I 4. 70 MPa R B %) 0. 88 MPa.,
3.2.2 EEEBEVMHEEZE

T A B AL U R ARV B U R B A R AL,
A il BE B A T

p=0.322 gI/cm*", strain 'rate 0.001 s*ll
A 25°C - 200 C
275°C -4+ 350°C

F > 425°C 500 C

Engineering stress/MPa

H(T)=1—T"" (6) 0.2 0.4 0.6 0.8
S T T AR o RS R Engineering strain
. _ T — T om 4 SRR EE R 0 7R 55 B v e A -y A il 2R
T T T 7
melt — room

Fig. 4 Quasi-static stress-strain curves of

AT oo BB Troon =298 K;Tmehﬁﬂ%é{éﬁ\ﬂ/ﬂ% aluminum foam at different temperatures
B Toa = 933 K,
BRI, (3) AT i — 22 5
o e —1 pLo [ abs (e __ o T—T.om "
o= {Pl (o) 1+ ofs@¢ el e 1]} 1 T . —T. (8)
(8) 2 By 255 et 2 A0 I P 285 32 5007 1) 0 TR R T i A AN A RS 1Y, R T B AL, X AN [m] O BE T A5 3 Y o

044103-4



%32 4% 255 0 A - 7 DR R AR BV VAR B o e 2 S A4 A A A R %4 8

T 25 4 o 0 -1 78 2k AT U L A3 B S 8

m=1. 31, [ R i B 9 B A 5 :) e Eperimemaldma _
W R ML WE 5 FiR, NE 5 Al E g | T Finedeurve

BT A B RUES B A I el 5 '
28 W) A S 0T, D5 P AR T T A8 R I 9 z 4 ]
FKE R A (AR A F 3 ]
%5 5 W4 R A A KGE, EREHE D ]
Liu-Subhash 5% B GEAR L b 41 38 17 -1 7% 1 " T
ot 01 7 B L 57 T o T S5 R ) e T

0.2 0.4 0.6 0.8
Engineering strain

P 5 I [l i B2 T 6 oK AR R - AR il £k v 4L 1 OO

Fig.5 Fitting of stress-strain curves of aluminum

FEPERIANE B 7 AL iR 22 . BV B AULA th T
LB e 552 56 1 26 B R AIE , 40045 19 21 0 2 B0 2
AAE

4 g:él: i/k\. foam at different temperatures

FIH MTS T3 e pF R 56 HLAH 58 1 AN [6] 25
Ji(0.322~0.726 g/cm®) 1 P FLIULIK BB 7E A [ BE (25 ~500 °C) T MRS 48 J1 27 PERE . SE g 45 R &
T YL PR A8 M) B0 4 4 5 X6 LR - g 8 il R e B K, B S B RE 9 1 K e IR 5 R A A 0 3 K b
AR RE 7 3G 0 Bl R EE A T M UR AR AL g 2 R e A AR R, S ) A R R AR . R Liu-
Subhash #BYXE AN [7] 25 BE T Y 52 50 B0 AT 06 B SOCRARGE /- A JE 8 8 T B AL 5 A S B0 %% B
A I R B, IFARA Liu-Subhash #8453 1 2% [ %5 B2 500 1 AS A A58 A0 5 S5 | A IR B 4904k T X6) AR A4 485
TUFEATABIE , BT T 8B % SE IRV S50 R85 85 3050 07 %) 94 T 0 o 0 250 A AR AR A8

S % UMk -

(1] XA 2= gkl 0. 2L mbretag AT [T, Shaest#t.2001,32(1) : 12-15.

LIU P S,L1 T F,FU C. Application of porous metal materials [J]. Functional Materials,2001,32(1):12-15.

(2] W ipk, 00 PR B MR T BUAR S Br [J ). = i1 42, 2016, 45(3) 1 10-13.

SHANG Z Q, WANG Y W. The research status analysis of aluminum foam material [J]. Yunnan Metallurgy,
2016,45(3) :10-13.

[3] CHEN C,LU T J. A phenomenological framework of constitutive modelling for incompressible and compressible
elastic-plastic solids [ J]. International Journal of Solids and Structures,2000,37(52) :7769-7786.

(4] FETAEEFHFA T E WIREARER S A CR MR A SLI AT [T]. J12#5H,2004,36(6) :673-679.
WANG E H,YU J L,WANG F,et al. A theoretical and experimental study on the quasi-static constitutive model
of aluminum foams [J]. Acta Mechanica Sinica,2004,36(6):673-679.

[5] WANG Z H,JING L,ZHAO L M. Elasto-plastic constitutive model of aluminum alloy foam subjected to impact
loading [J]. Transactions of Nonferrous Metals Society of China,2011,21(3) :449-454.

[6] HAKAMADA M,NOMURA T,YAMADA Y,et al. Compressive deformation behavior at elevated temperatures
in a closed-cell aluminum foam [J]. Materials Transactions,2005,46(7) :1677-1680.

[7] ALY M S. Behavior of closed cell aluminum foams upon compressive testing at elevated temperatures: experimental
results [J]. Materials Letters,2007,61(14):3138-3141.

[8] CADY C M,III G T G,LIU C,et al. Compressive properties of a closed-cell aluminum foam as a function of strain
rate and temperature [ J]. Materials Science and Engineering A,2001,525(1) :1-6.

(9] >0, X3RS B L A5 25 IR B Z800 1 T TR AR S R A AR AL [T, MR /R I AR R %% 4, 2013, 34(8)
1000-1005.

044103-5



b
e

# [ A I - %32 %

XI H F,LIU Y P,TANG L Q,et al. Constitutive model of aluminum foam with temperature effect under the quasi-
static compression [J]. Journal of Harbin Engineering University,2013,34(8) :1000-1005.

L10] MG & GRAR AR W I k. 5 0 52 55 0 A8 A A 3 IR IR R A R [T, m R BIoA 41, 2014, 28(1) : 23-28.
WANG P F,XU S L,HU S S. A constitutive relation of aluminum foam coupled with temperature and strain rate
[J]. Chinese Journal of High Pressure Physics,2014,28(1):23-28.

[11] LIU Q.SUBHASH G. A phenomenological constitutive model for foams under large deformations [J]. Polymer
Engineering and Science,2004,44(3) :463-473.

Constitutive Model of Aluminum Foams Considering
Temperature Effect under Quasi-Static Compression

LI Xueyan, LI Zhibin,ZHANG Duo

(College of Liberal Arts and Sciences s National University of Defense Technology .
Changsha 410073 ,China)

Abstract; In this study,we employed the MTS machine to apply a compressive load to the closed cell
aluminum foams with different densities (0. 322—0. 726 g/cm®) at different temperatures (25—500 ‘C)
under quasi-static state, and obtained the stress-strain curves of the aluminum foam under uniaxial
compression and analyzed the influence of density and temperature on its mechanical behavior. We fit-
ted the stress-strain curves at different densities using the Liu and Subhash constitutive model,and the
fitted results accorded well with the experimental curves. Then we analyzed and determined the func-
tion between the revised 5 parameters and the varying density.and established a constitutive model of
the aluminum foams with density effect taken into consideration. With the temperature softening
effect added to the modification of this constitutive model, we eventually established a constitutive
model of aluminum foams considering both the temperature effect and the density effect under quasi-
static compression.

Keywords: closed cell aluminum foams; quasi-static compression;constitutive model; temperature effect;

density effect
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Copper 119 8.96 0. 326

B2 FiR 0 n=1k=1/2 WA [ A4 B T I 5300 N S0 AR LSRRI . X hon kg
Lo Je E —5E PR RO TR G NG B o ST/ o 25 Lo A I IR P88/ BR B A e 5 4817 (L
TP R BRA L EL B /KBRS 5 B Re /S AR A N L MRTE LB 1 m TR . f T 57 )
WE AN e R A =R SR

Bl 3 JT 7 o B 65 /R T REBR BE A RHRAE n=1 B} R Ta) & F N5 LR IME., B honp E
LKA BRI — R ke AR I NG BEA Lo B3I/ o 2 L AR TR IRE S N B 1Y e 118 38 T sl /)
R T S LTI 4 2 0 g 27 2 A Al A o 2L AL 2 TR

4 FT7R by ) Re /B S BEBR BE A BLIRTE k= 1/2 BRI n B NG5 L BIRR ML . SR bk,
E VL BB — 52 o AR NGB Lo B3R/ . 2 (AR NG BEE 2 B 38 0 K.
2k & W o ol AT K R S B )

40 45
R S, — Ceramics/titanium 405
35 — Ceramics/iron 35—t
= 30 --- Ceramics/copper 2 30
5 2 L 25
— =
<;; 20 <; 20¢
“ 15 Z 15
15
10t
10 5t
S 0
)() 02 04 06 08 1.0 1.2 14 1.6 1.8 20 02 04 06 08 1.0 1.2 14 1.6 1.8 20
le/m l/m
2 NTEBERHE BT i S8R 5 e S B I e R 3 ANIEHE BE SR T I SR S i S R OC R
Fig. 2 Relationship between critical load and Fig. 3 Relationship between critical load and
critical length for different materials critical length for different gradient indexes

044104-5



%54 mooOJE B B % W 55 32 %

K5 FRom b /AR RE R BEM BHRAE k=1/2 n=1 0, R A TN, 5L HKERMLE. Y20 0k,
pnE VL RAPRA R — 52 b AN H N BEE L B3R/ . 2 L AR TR N BEE A R0 3 ORI R

T S 25 —
50 o
5 --- h=2.0 cm |
- o it
Z z. - h=3.0 cm
S o 15 - h=3.5cm |
2 =4
0 e T
1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 20 1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 20
le/m l./m
B4 AFBSECT IR AR 8 5 R KRR VL5 AN [m) 480 T I AR S I S e R
Fig. 4 Relationship between critical load and Fig.5 Relationship between critical load and
critical length for different modal numbers critical length for different heights

Bl 6 KR Ek=1/2.n=1.p=0. 41 , A E TN, 5 BXRML., YR hkpn—E ERE
B, NGBS L rR RN . 2 (AR N BEE E R3S R K.

B 78R kE=1/3.n=1.E=100 GPa i} , A6 o F N, 5 [, IXRZME., M2 h k. En—E. pu
AR H NGBS LB . 2 AR OR ] 0 BB A, R o X NI K,

24 i 18
22N — F=100 GPa — u=0.15
20 RN - E=125GPa 16 - u=0.20
= 18 — E=150 GPa . — 1=0.25
Z 16 ~ E=175GPa z 14 = =030
S 14l - E=200 GPa S 19 ~ p=035
S 12 <
< 10 = 10
8 8
(%3 =
4 ' 6
10 1.1 12 1.3 14 15 16 1.7 1.8 1.9 20 1.0 1.1 1.2 1.3 14 15 16 1.7 1.8 1.9 20
l./m l./m
6 AN IE PR T G S AR 5 I R I R B 7 AEAMS T I S8R 5 A R e R
Fig. 6 Relationship between critical load and Fig. 7 Relationship between critical load and
critical length for different elasticity modulus critical length for different Poisson’s ratios

B 8~ 11 Mg ek TRk BEA B R TE k=1/2 B}, A RIS ST 098 i B A & . 7T 0L, bifi 25 452
AH 0 BB, BB i AR S AL B A, T A i e AR S A R A K X B A TRIASE 2 T ) [ 3 o 5 e 52
sty » FLWRAE LGS R 1. 62~2. 88,

£ £
S S
ool
K8 FJE MBS B n=1 B K Ko 3 BB n=2 B
Fig. 8 Buckling mode of beam for n=1 Fig. 9 Buckling mode of beam for n=2

044104-6



%32 % B 200 R S BB BE AR Timoshenko 23 J Ji Hh 41 B 5% 4

w/m

Fl10 B2 A S B =3 BEAS A FI11 B2 S O =4 B A
Fig. 10  Buckling mode of beam for n=3 Fig. 11 Buckling mode of beam for n=14
5 & ®

(1) 3£ F— B39 D136 33 Hamilion JSUHE S 1 20 A B8 B b Timoshenko 2 3 73 i il £
IR,

(2) JH R0 5 WS I 4 SRS £ 8 ) T 30 BB HE B Timoshenko Y7 %[ % 34 3 4 1
51 U 98 A 5 2 2 0

(3) BEJI MATLAB B 146 T 9 B B bER Timoshenko HA9 JLA RS Bl 1 45 40 025 bt
R 3P P BB BE R TR (B0 . 4 S0 S0 A B PR Timoshenko A9 3 41 i
I 80 L K E B I A6 50 T/ 5 1 500 B ASES 0 88KCT40C  EL o c 00 BK B
LS 51 T 5 1 P Y L S 00 M T 88K ELYF L 0 6 0 5 K T 30
RO . 11T D05 i A R 0 56 3% 2 00 98T 2 5 W M
S S 0 S

S & Xk

[1] BIRMAN V,.BYRD L W. Modeling and analysis of functionally graded materials and structures [J]. Applied Me-
chanics Reviews,2007,60(5):195-216.

[2] GUPTA A.TALHA M. Recent development in modeling and analysis of functionally graded materials and struc-
tures [ J . Progress in Aerospace Sciences,2015,79:1-14.

[3] NAEBE M, SHIRVANIMOGHADDAM K. Functionally graded materials: a review of fabrication and properties
[J]. Applied Materials Today,2016,5:223-245.

[4] KOCATURK T,AKBAS S D. Post-buckling analysis of Timoshenko beams made of functionally graded material
under thermal loading [J]. Structural Engineering & Mechanics,2012,41(6):775-789.

[5] KOCATURK T,AKBAS S D. Post-buckling analysis of Timoshenko beams with various boundary conditions un-
der non-uniform thermal loading [J]. Structural Engineering & Mechanics,2011,40(3):347-371.

[6] PAUL A. Non-linear thermal post-buckling analysis of FGM Timoshenko beam under non-uniform temperature
rise across thickness [J]. Engineering Science &. Technology: An International Journal,2016,19(3):1608-1625.

[7] SIMSEK M. Buckling of Timoshenko beams composed of two-dimensional functionally graded material (2D-FGM)
having different boundary conditions [J]. Composite Structures,2016,149:304-314.

[8] ELTAHER M A.KHAIRY A.SADOUN A M,et al. Static and buckling analysis of functionally graded Timoshen-
ko nanobeams [J]. Applied Mathematics & Computation,2014,229(229) ;:283-295.

[9] RAHIMI G H,GAZOR M S.HEMMATNEZHAD M,et al. On the postbuckling and free vibrations of FG Timo-
shenko beams [J]. Composite Structures,2013,95(1):247-253.

[10] LI S R. Relations between buckling loads of functionally graded Timoshenko and homogeneous Euler-Bernoulli

beams [J]. Composite Structures,2013,95(1) :5-9,

044104-7



54 [ A I - %32 %

[11] KAHYA V,TURAN M. Finite element model for vibration and buckling of functionally graded beams based on the
first-order shear deformation theory [J]. Composites Part B: Engineering,2017,109:108-115.

[12] KIANI Y. Thermal buckling analysis of functionally graded material beams [ J]. International Journal of Mechanics
&. Materials in Design,2010,6(3):229-238.

[13] ANANDRAO K S. Thermal post-buckling analysis of uniform slender functionally graded material beams []].
Structural Engineering &. Mechanics,2010,36(5) :545-560.

[14] AKBAS S D,KOCATURK T. Post-buckling analysis of functionally graded three-dimensional beams under the in-
fluence of temperature [J]. Journal of Thermal Stresses,2013,36(12):1233-1254,

[15] RYCHLEWSKA J. A new approach for buckling analysis of axially functionally graded beams [J]. Journal of Ap-
plied Mathematics & Computational Mechanics,2015,14(2):95-102,

[16] FEREZQI H Z, TAHANI M, TOUSSI H E. Analytical approach to free vibrations of cracked Timoshenko beams
made of functionally graded materials [J]. Mechanics of Advanced Materials &. Structures,2010,17(5):353-365.

[17] e 2t o, — B 8 V) B0 R Do Re s o 32 5 1 ) RS Z M AR BLOC R [T, TR JI%,2012,29(4) 1 161-167.
XU H,LI S R. Analogous relationship between the static solutions of functionally graded beams and homogeneous
beams based on the first-order shear deformation theory [J]. Engineering Mechanics,2012,29(4) :161-167.

[18] KIRCHHOFF G. Ueber das Gleichgewicht und die Bewegung eines unendlich diinnen elastischen Stabes [J]. Jour-
nal FiiR Die Reine Und Angewandte Mathematik,2009,1859(56) :285-313.

(191 Zete, #haE2%E B S . JE T BB R G A RHE G AR 9 3 Jy Ja i R [T, %3 5 b, 2016, 35(10) : 180-184.
LI N,HAN Z J,LU G Y. Research on dynamic buckling of laminated composite plates using Ritz method [J].
Journal of Vibration and Shock,2016,35(10):180-184.

Dynamic Buckling of Functionally Graded Timoshenko Beam
under Axial Load

HUANG Yue',HAN Zhijun',L.U Guoyun®

(1. College of Mechanics , Taiyuan University of Technology ,Taiyuan 030024 ,China;
2. College of Architecture and Civil Engineering , Taiyuan University of Technology ,
Taiyuan 030024 ,China)

Abstract; In this study, we investigated the dynamic buckling of the functionally graded Timoshenko beam
whose property parameters continuously change according to the power function along the thickness direction.
Based on the first order shear deformation theory,we derived the governing equation of the dynamic buckling
of functionally graded material Timoshenko beams under axial step loading by using the Hamilton’s principle.
Using the Ritz method combining with the de Moivre’s formula,we obtained the buckling solution and the ex-
pression of the critical load of the dynamic buckling of functionally graded material Timoshenko beam under
the clamped-fixed boundary condition. Then, the influence of geometric size, gradient index, modal number,
material composition, Poisson’s ratio and elastic modulus on the critical load by MATLLAB calculation was dis-
cussed. The results show that the critical load of the functionally graded material Timoshenko beam decreases
with the increase of beam length and the gradient index,and increases with the increase of the modal number,
showing that the higher modal number is more easily excited by the increase of impact load. Furthermore, the
critical load increases with the increase of the Poisson’s ratio and the elastic modulus,and the effect of elastic
modulus is greater than Poisson’s ratio. The critical load-critical length curve tends to be gentle at the loading
end because of the influence of shear term. Buckling mode of beam becomes more complicated when the modal
number increases.

Keywords: functionally graded material ; dynamic buckling;critical load;Ritz method;de Moivre’s formula
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Dynamic Buckling of Functionally Graded Cylindrical
Shells under Axial Loading

ZHOU Jiahua' . YANG Qiang', HAN Zhijun',L.U Guoyun®

(1. College of Mechanics , Taiyuan University of Technology ,Taiyuan 030024 ,China;
2.College of Architecture and Civil Engineering » Taiyuan University of Technology s
Taiyuan 030024 ,China)

Abstract; Based on the Donnell shell theory and classical shell theory., we established the dynamic
buckling governing equation of functionally graded cylindrical shell under axial load using Hamilton
principle. According to the expression of the radial displacement based on the circumferential continui-
ty of cylindrical shell,we also obtained the dynamic buckling critical load expression and the buckling
solution of functionally graded cylindrical shell under axial loading using the separation variable meth-
od. Using MATLAB, we performed the numerical analysis of functionally graded cylindrical shells,and
discussed the influence of the diameter-thickness ratio, the gradient index,the number of circumferen-
tial mode and axial mode on the critical load of dynamic buckling. The results show that the critical
load of cylindrical shells decreases with the increase of the critical length. The constraint conditions
have effects on the critical load, and the critical load of the clamped edges is higher than that of the
simple support. Moreover, the critical load of cylindrical shells grows as the modal number increases,
indicating that the higher the critical load is, the easier the high-stage mode excites. The dynamic
buckling modal diagram becomes more complicated as the modal number increases.

Keywords: functionally graded material ; buckling critical load;cylindrical shell; Hamilton principle; mo-

dal number
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Table 1 Dimensions of shell and charge

No. D/mm d/mm L/mm C/M
1 30. 64 20. 64 70 0.18
2 41.99 30. 13 70 0.23
3 40.13 30. 13 70 0.28
4 50. 87 39.52 70 0.33
5 49.52 39.52 70 0. 38
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Table 2 Dimensions of shell with end effect and charge

No. D/mm d/mm L/mm t/mm C/M
1 30. 64 20. 64 60 5 0.18
2 40.13 30.13 60 S 0. 28
3 49.52 39.52 60 S 0. 38
4 58. 84 48. 84 60 5 0.48
S 32.11 24.11 60 4 0. 28
6 48.16 36. 16 60 6 0.28
7 56. 19 42.19 60 7 0.28
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Fig. 5 Influence of end effect on the normalized Fig. 6 Influence of wall thickness on the normalized
Payman fragmentation parameter C, Payman fragmentation parameter C,
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Fig. 7 Schematic of steel shell with
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Table 3 Dimensions of shell with charge vacancy and charge

No. D/mm d/mm L/mm L' /mm t/mm C/M
30. 64 20. 64 60 30 5 0.18

40.13 30.13 60 30 5 0.28

! 49.52 39.52 60 30 5 0. 38
58. 84 48. 84 60 30 5 0.48

40.13 30.13 60 10 5 0.28

40.13 30.13 60 20 5 0.28

- 40.13 30.13 60 30 5 0. 28
40.13 30.13 60 40 5 0.28

32.11 24.11 60 30 4 0. 28

40.13 30.13 60 30 5 0.28

’ 48.16 36.16 60 30 6 0.28
56. 19 42.19 60 30 7 0.28

YA C/M L EMTC 2o K L AR RSB LSS IR A B S8 C, B BE I 1 A8 AL G 3R
WAL 9 Bz o B 7 VA BE JE Y 18 I e 25 70 43 S TR 24 0 23 ) IR PR LT fR 45 AN 72 L e W] e 1A B JEL g
S G2 245 78 0 X 24 0 20 B4 B AR R JC R R . 0 T G 2 R 0 K B AN TR 9 e R R R I 2 RO Ak
P10 firo , AT LA 2 TR 25 300 4K BESE Nt , € 25 38 20 ) B i S BOLP A8 . NIl 5 1, o 24
H8 LA R W) 7 R 2408 03 () 1 R A i

60 16 30 - 5
o With charge, C, © With charge, C,
50 © No charge, €, oy 114 F© No charge, €, e
09 6ol < o < 4
_ a0l CEAs+9LIOM L o B,
y 10 5 =t =}
g ¥ = 33
S 30 L g wr ] o ,
] Y o %
20f 6 < S
< < 4 20
lof © L'=30 mm CIM=0.28 11
t=5mm 1> r L=60 mm, L'=30 mm
0 . \ . 0 0 ! s . . 0
0.2 0.3 0.4 0.5 4 5 6 7
CIM t/mm
K8 FRBEWSEH C, 5 C/M IEMRR B9 ZERBEESEC, SRR CR
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Dynamical Fragmentation of Steel Cylinders Subjected to
Internal Explosive Detonations

CHEN Hu',SHEN Zhengxiang'?*, WANG Du',
CHEN Dingyue', YUAN Shugiang”

(1. Ningbo Special Equipment Inspection & Research Institute s Ningbo 315048,China;
2. Ningbo Branch of Institute of Metal Materials s Ningbo 315103 ,China)

Abstract: Explosively driven fragmentation of material is a highly complex phenomenon. In this study,
we evaluated the influence of explosive on the intrinsic fragmentation characteristics using hollow
cylindrical steel shells,and investigated a new universal assessment criteria for the fragmentation of
cylindrical shells. The results show that there is a linear relationship between the normalized Payman
fragmentation parameter C, of the shell and the charge/mass ratio C/M, for various combinations of
shell material and explosive. The fragmentation parameter C, of columnar part decreases by a constant
value for the presence of end effect,while other factors including the shell thickness and the length of
charge vacancy,have little effect on the fragmentation parameter C,. The fragmentation performance
of shell with no charge is relatively low and is only determined by shell material properties.

Keywords: cylinder; Payman fragmentation parameter;charge/mass ratio;end effect
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Table 1 Material parameters for hat-section beam

Material E/GPa v o./MPa o,/ MPa /%
DCo1 210 0.3 165 303 47.8
CR380LA 210 0.3 410 524 24. 8
DP980 218 0.3 660 1033 11.0
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Table 2 Parameters of deformation modes for 3 different types of beams

Specimen 8/ mm t./ms n Deformation mode
Type- I beam 208.5 50 3 Compact
Type-1l beam 184.2 40 2 Non-compact
Type-lll beam 181.7 40 2 Non-compact
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Fig. 15 Load vs. displacement for 3 different beams Fig. 16 Energy vs. displacement for 3 different beams
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Table 3 Energy absorption parameters for 3 different types of beams

Specimen d/mm E./k] Foux /KN Frcn /KN N
Type- T beam 208. 5 17.777 283. 66 85. 26 0. 30
Type-T beam 184. 2 17.616 313.79 95. 63 0. 30
Type-1ll beam 181.7 17. 550 319,59 96. 59 0. 30

Xt B IT RS I Y 22 Rl A 4 A4 IR SCHE b 20 o 45 2R s o T RS SRR A 40 7 I 28 232 L o 2
TE W TR ) S5 R U T A A S TR R 2 A A R ot L A5 A ) e R A A S L LA A Y A I R 2 A
4 BE fE I W A

4 4 &

(1) AR DPISO Al A7 (8] £ B 8 2 52 1 % e Bl i) o o S 96 v o DA oo il o i) ¢ A 5 1 28 s 35 7%
B IR R3 A8 B B EC A AR AL .

(2) et 220 78 T 4% v ) R 100 7 7 25 A 28 T A M A 5% 3 2R o 55 3 TR e s O L 8 4 ) 114 A R o
FE T o 9% I 05 {0 280 0 205 4 52 A R JEE

(3) WAL T I8 18 09 25 3 A1 B2 W0 35 24 25 A B2 e 22 50 /DN I X 495 g 78 2 A6 5 ) 52 i A8 R 5 fH
S G PRL 78 TR 4% LA 8 7 1 ol 0 10 B A 2> W {1 B A 4R 0 L 5 R T B 2 A

(4) ARWFIERAT— 5 B Jey BRAE o 491 20 7 23 A7 45 3 A 2 X R 284 222 il 1) o ol o 37 ) 52 00 I, A R T
E A AR B DO I AR TR AR 2 A B AR A B 7S 2 AR b A 2 A Al ) iR Y 2
b g ok o 7 2 0 A — 2B BRI

S UMk :

[1] ABEDRABBO N,MAYER R,THOMPSON A,et al. Crash response of advanced high-strength steel tubes: experi-
ment and model [J]. International Journal of Impact Engineering,2009,36(8) :1044-1057.

[2] ZHANG X W,SU H,YU T X. Energy absorption of an axially crushed square tube with a buckling initiator [ J].
International Journal of Impact Engineering,2009,36(3) :402-417.

(3] A, A EX S e, MRS S50 09 BE & OB Tf 4 0 - sk - 22 Bidr (M. dbat b2 ol i it . 2006.

[4] ALEXANDER ] M. An approximate analysis of the collapse of thin cylindrical shells under axial loading [J]. The
Quarterly Journal of Mechanics and Applied Mathematics,1960,13(1):10-15.

[5] WIERZBICKI T.ABRAMOWICZ W. On the crushing mechanics of thin-walled structures [J]. Journal of Applied
Mechanics1983,50(4) . 727-734.

[6] WHITE M D,JONES N, ABRAMOWICZ W. A theoretical analysis for the quasi-static axial crushing of top-hat
and double-hat thin-walled sections []]. International Journal of Mechanical Sciences,1999,41(2):209-233.

[7] WHITE M D, JONES N. A theoretical analysis for the dynamic axial crushing of top-hat and double-hat thin-
walled sections [J]. Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile Engi-
neering,1999,213(4) :307-325.

[8] TARIGOPULA V,LANGSETH M,HOPPERSTAD O S,et al. Axial crushing of thin-walled high-strength steel
sections [J]. International Journal of Impact Engineering.2006,32(5) :847-882.

(9] JBecs . B BRI, . 5340 S5 5 MR 20 2 45 H il 1) TR B BB F 5T [0, 904 TR 2441, 20166 (4) - 252-259.

GU J C,FAN T.DUAN L B.et al. Research on axial crushing theory of hat-section beam with different materials
and thickness [J]. Chinese Journal of Automotive Engineering,2016,6(4) :252-259.
[10] BODLANI S B,YUEN S C K,NURICK G N. The energy absorption characteristics of square mild steel tubes with

multiple induced circular hole discontinuities— Part [ : numerical simulations [ J]. Journal of Applied Mechanics,

054203-7



5% 5

o
=
N

i i %325

e

2009,76(4):041013.

(117 RIS, 525 BFRHn s i BE 5R 22 Al ke 12 05 B 5 0B AT 58 (D] K7 W1 K%, 2016:22-32.

[12] ROSSI A.FAWAZ Z,BEHDINAN K. Numerical simulation of the axial collapse of thin-walled polygonal section
tubes [J]. Thin-Walled Structures,2005,43(10):1646-1661.

[13] BRSRTT, BEACHR, A I WD, 4. w5 5 8 R4 DPS00 JU I 14k 18 1k RE A 40 A (0. ¥ TR 2441 ,2010,17(4) : 91-95.
CHEN G J,KANG Y L,ZHU G M,et al. The influence of stamping.springback and strain rate on collision per-
formance of high-strength dual-phase steel DP800 parts [J]. Journal of Plasticity Engineering,2010,17(4):91-95.

(147 ABSCRE. e wheoy 2O R 9B 7 S0 AR S0 10 it 45 e 2 0N (D] B : T K%, 2014 : 43-45.

[15] LIU Z,HAO W.XIE J,et al. Axial-impact buckling modes and energy absorption properties of thin-walled corru-
gated tubes with sinusoidal patterns [J]. Thin-Walled Structures,2015,94:410-423.

(167 VLRE B3 kT 4 W BE AL 2 fll 4 10 2 JE KO R et i 05 5 20 17 (D], s DU T %, 2009 : 41-43.

Effect of Sectional Geometric Parameters on Axial
Impact Response of Hat-Section Beam

TIAN Ze',HAN Yang', YIN Xiaowen',XIN Hao',
ZHAO Longmao',LI Zhigiang'***

(1. Institute of Applied Mechanics and Biomedical Engineering ,
Taiyuan University of Technology » Taiyuan 030024 ,China;
2. Shanxi Key Laboratory of Material Strength & Structural Im pact sCollege of Mechanics
Taiyuan University of Technology » Taiyuan 030024 ,China;
3. National Demonstration Center for Experimental Mechanics Education

(Taiyuan University of Technology) ,Taiyuan 030024 ,China)

Abstract; As the major part of the vehicle front side member,the hat-section beam structure’s deform-
ation mode and energy absorption characteristics under the axial impact is the main reference index in
the design of automobile passive safety. In this study,we carried out a drop hammer axial impact test
and numerical simulation with initial energy of 17. 8 kJ for the hat-section beam with chamfering. In
addition, keeping the total mass constant,we simulated two other beams with different sections of no
chamfering and right-angle bend in the same conditions,aiming to investigate the influences of section
geometric parameters on these characterizations as deformation modes,amount of deformation,energy
absorption, peak load,the average crushing load and crushing force efficiency within a certain scope.
The calculation results of the deformation modes and amount of deformation of the hat-section beam
with chamfering are consistent with the experimental ones,verifying the rationality of the computation
model. Due to the existence of chamfering in the structure, the pattern of structural deformation was
transformed from a non-compact mode to a compact mode,the buffering effect was increased, whereas
the maximum crushing load was reduced. When the bending angle changed from 93° to 90°,it only has
minor influence on the deformation mode,and the energy absorption of the beam with non-right-angle
bending is better than that of the beam with right-angle bending. Therefore,the geometric parameters
of the cross section have some influence on the deformation mode and energy absorption characteristics
of the hat-section beam structure.

Keywords: hat-section beam; drop hammer test; finite element simulation; deformation mode; energy

absorption
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Table 1 Parameters of CDP model

Density/(kg * m™*) E/GPa # Dilation angle/(°) Eccentricity g /0.0 K Viscosity paramenter
1800 2.03 0.16 25 0.1 1.16  0.66667 0
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Damage Evolution and Dynamic Response of Anchorage Caverns
with a Crack under Top Explosion

WANG Guangyong',PEI Chenhao', LIN Jiajian”

(1. School of Civil Engineering s Henan Polytechnic University ,Jiaozuo 454000,China;
2.College of Electrical Engineering and Automation ,
Anhui University , Hefei 230601 ,China)

Abstract ; Based on the similar model test,the damage evolution and dynamic response law of anchored
caverns with a crack under top explosion was studied by numerical analysis,and the influence of crack
angle and length on the damage distribution and crown displacement of the anchor caverns was
discussed. With the propagation of the explosion stress waves,tensile damage is formed on the surface
of the fracture, and a winged crack extends at the tip of the fracture. Subsequently, a large tensile
damage zone was formed successively at the vault free surface near the anchoring cavern,at the boundary of
the anchoring zone,and in the middle of the floor. As the crack angle increases from 0° to 90°,the area
of the largest damage zone at the boundary of the anchorage zone and the anchorage zone first
decreases and then increases,and the area at the crack inclination angle of 45° is the smallest. When the
cracks have the same length, the peak displacement of the crown increases first and then decreases
with the increase of the crack dip angle. When the fracture angle is the same, the longer the crack
length is,the more obvious the obstruction of the stress wave is,and the damage of the cavern with the
facture 30 cm in length and 45° in inclination angle under top explosion is minimal.

Keywords: underground engineering; blast loads;anchorage caverns;opening crack; damage evolution;

numerical analysis
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Table 1 Experimental maximum deformation deflection

Maximum deformation deflection/mm

Target plate

Measured value Deviation Correction value
1-1 85.6 —2.1 83.5
1-2 86.5 —2.1 84.4
2-1 88.8 —2.1 86. 7
2-2 92.2 —4.5 87.7
3-1 101.5 —10.3 91.2
3-2 109. 8 —15.8 94.0
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a5 Bl s TP LEEB U2 5 AR A i JE A, P i 3 21 S 58 1 s Al ) sk 5 < 20 i) i
AR AR T (g B2 i R ) v TR] DXl S A6 R 30 5% X ol e A8 i R A D00 5, T L AR X sl 43 15 48 &) L AR AR
[l o 5 DX SIS E AN 3% 2 o

Edge area !

x .1

Mid point

Mid area’
—

P 5 B AR 3 DX R

Fig.5 Area division of thinning rate tests
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Table 2 Thinning rate statistics

Target plate Target plate actual Mid point The average of Mid The average of edge
thickness/mm thickness/mm area/mm area/mm
1-1 1.76 1. 37 1. 56 1.62
1-2 1. 83 1. 37 1. 68 1.75
3-1 1. 84 1. 50 1. 56 1.68
3-2 1.77 1.31 1. 56 1. 68
Target Target plate Mid point  The average of The average of The average of The average of
plate actual thickness/  thickness/ Mid area Mid area edge area edge area
mm mm 1/mm 2/mm 1/mm 2/mm
2-1 1. 82 1.43 1.56 1.56 1.72 1. 56
2-2 1. 81 1.56 1.62 1. 56 1. 81 1.62

25 DX D) S 2 M R N 6 B s, RIDKE 2

21 A 2-2 i AL o] X % X R 600 25| u o Offul pro-tormed holo plate T
WARRICE . R S R e e
BT AL K E R R ALBE K
S L 5 3 0 L T b O 5 R AR 2 15
6 AT TR SR B R P BT
FR B AR A0 T B L 07 o A0 2 B
o] X 8 36 0 22 30 4 X S A 5 o 5t
1] X 48 0 9 2% X 31 A o 5 ol L ARk o K 6 AL Mid point Midarea  Hdgeama
A5 0 102 I T LB S 1 Area
H o] DX P il 9 3 L A LY D v ] DX 3k Ay ) B 6 4% X i R
R T 700 FL AR AR T8 A7 7 R S BB, vh R SR T A Fig. 6 Thinning rate in different areas

Sy I N Iy B v L 0 AL G o A, SLAR R R
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X500 mm, WK 7 firzs . H AR HA ) 25 058 “ Flow-out 73 321 5t 5 H AR Al as A 19 78 23 152
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Target
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Flow out
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Fig. 7 Numerical model Fig. 8 Numerical model of preformed holes plate
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Table 3 Parameters of Q235 steel

Bulk modulus/ Specific heat/
o/(kg+m ?) EOS Ref. temperature/K
GPa (Jekg '+ K™
7830 Linear 175 293 477

%X 4 Cowper-Symonds 58 BB 5 S #

Table 4 Some parameters of Cowper-Symonds strength model

Shear modulus/GPa Yield stress/MPa n D/s™! q

80 235 0 40 5

3 HESERSH

3.1 MERBENERERSHT

il 28 AR P R v s DR ) = R AR 9 s . e BT E SR N R A B T LUE B MR 2 R IB S
HE TP 2 24 43 HE w5 I8 320 78 SR BROE it e T A 7E AR 38 A5 8L PR A% 4 o ol o DB T A% 9 30 T 12 i
b BPGERETE Y 4 AR EE b, a0 1E 9 (a) BT 7R 5 SR 5 oo 0 A6 i BE T Y 4 )R BE B B S O 7E BE T A
BE 32 5 A T ST 3R 0 7 R TR o A Y 2R 9Bl 5 B2 O T 9 - T A% 48 14 B A b e L 7E 0. 25 ms BB T IR
S5 s i 4R 235 B AR A, N 9(b) BIr 7R s 7 29 0. 30 ms B, 55 1 YR 5w i 8 2 H bR A, 4R 5 B
WA BT QB 9 Co) s s E i B M VE T L 04T 1 e A% 88 R % Ak . B AR BT IR A= A2 8 s BB A 1)
(] 19 4 %, o 0l A A 2 A5ERY PN AS DRI B SR R 2R R 1T 4R 3% 7 FE 2 A i W R B N R B ks T
o, B 1k s HE 59 S B ) (Quasistatic pressure) , QTE 9(d) Fizs .,

D> [ 2] =1

(a) 0.10 ms (b) 0.25 ms (c) 0.30 ms (d) 6.00 ms

9 P 0 A% % o
Fig. 9 Contour of internal blast shock wave propagation
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Fig. 10 Shock wave overpressure-time history curves at simulated gauge points

£5 MWEMEIL
Table 5 Impulse comparison between gauge points
Total impulse/(Pa ¢ s)
Gauge

in 1 ms in 2 ms in 6 ms

1 996. 10 1787.58 5143.99

2 921.76 1707. 36 5052.09

3 742.53 1500. 95 4719.41

F1E 5 AT AN ] — 000 i Ak v ol P ) AN DB P o 7 AR A b ol 52 2y T 3 A T T 32 o i R B
A B RA I AT T AT 2 Ak i 25 RO O AR 3 A B R N i RN 22 S R SRR AR By BE™
AR RS TR .
3.3 ARBHRIREBRERT THERINS ST

TSR R o T L AR ol F5 A L A A T 9 0 A B R B RE SR TE AN 18T 11 B, A Z TR 230 O TE AL
B B FLAR AN 20 fLAR . 3 Fh H AR AR A AL 249 2 52 280 DX S 1 3R TR | [ i 5 M 32 8 1K i 2 A
(S50 v e M A b Al 45 5 Ab ) ) BE TR S PR B (BT I 28 LR, X 5 SRR 10 T b i 2 A 20 o [ Ak
St 2T 1) P S 7 R 114 g IS AN [ 58 1T 254 T 52 40 7 52 19 8 K 2 AT FL R BB o0 800 Al H B 45 A 104 45
i, 32 BAIE ML O B A AL, I GOIBPE AR IE v SR B R O O AL AR B A0 5 AL B AR I
W R B S LR BRI AT e K . BUE AU EE R S 25 2 12 B R 4 A — B
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(a) Non pre-formed hole plate -
(b) Offset pre-formed holes plate -
(c) Uniform pre-formed holes plate -

11 EARAAL R e R b

Fig. 11 Target plates deformation and maximum deflection

3 M H AR AR s AR M AN 12 B, oAl

P|—P

79.16 mm| 74.69 mm| 72.05 mm|

<

i AT T 0N s i 5l 3 B i B B o ) L AR 3k 3 ol
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JE A BUE AL RN 92 B 0 LU 25 S e 6 B e o B O0F
bR i K 78 T 8 BE O — 20 55 5 A AR Y B R P g ol
Y . g |
_ a —— Non pre-formed hole plate

H % 6 Al A5 2] 1Y 3 A H br b B B 19 A2 fb s 20 - —— Offset pre-formed holes plate
SR (7 15 52 00 5L TR A B 1 — BOPE L 55 7 WU/ F i — Uniform pre-formed holes plate
KAV FAUR <M T FLAR <2953 FLAL . BB L S S R
A5 S 3 i /) 5 55 SCHR (8 ] v 2 4 3 A T o] L AL Time/ms
A5 2 BT, 150 B D R K 2T T 32 B e B, B B 12 AP E AR S R
ZANERGRZE R E R AUTODYN 34 B & 1Y Fig. 12 Midpoint displacement-time curve
JELDR S A B 5 I S R R AR AR T AL A R of three target plates

IR o) B AL P R I ) 52 MR K
x6 REXMLERE

Table 6 Deflection comparison and deviation

Maximum deflection/mm

Target plate deviation/ %
Exp. Sim.
Non preformed hole plate 83.95 72.05 —14.18
Offset preformed holes plate 87.20 74.69 —14.35
Uniform preformed holes plate 92. 60 79.16 —14.51

4 #& &

Bt X i 2 A 2R P AR K A T T FL AR S TR AL AR B4 RIS e R UL R S 46 45 B LT 248

(1) BE R T7 5 AT AT 5 P94 b o 0 70 MR 2 8 8 A R A7 7 S S AL SRBL R O 72 22 A0 4 i I A7

T e AR 5

(2) 135 g TNT a5 8 rfri i b it o H bs Al B B2 R /N S G FL AR =< LA <7249 2] £ A T il LA

F18) o 70 5 R D 5353 X 8 AR 1) 496 i DR T itk AR AT B 5 R 5

(3) S 56 ] LA AN [7] DX Il Dol 3 30 A7 7 22 5« IO B TLART v A D 3R e R T X ik 3 0 T

Z o 100 5% DX A B AR vl ] DX sl 99 o P AR D 3 R T TR AL AR
Jer S 3 T A F i FLE SCFT TINTT A A5 8 1 FH OGS 9 il FL AR A 1 R B F 5 T4
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Deformation of Plates with Pre-formed Holes
under Internal Blast Loading in Cabin Model

ZHAOQO Pengduo' , WANG Qing'*,ZHANG Lei',
ZHANG Peng'?, HUANG Song'*,XU Yuxin®

(1. Nawval Research Academy ,Beijing 100161,China;
2. College of Mechatronic Engineering ,
North University of China , Taiyuan 030051,China;
3. State Key Laboratory of Explosion Science and Technology
Beijing Institute of Technology ,Beijing 100081,China)

Abstract ; In order to investigate the dynamic response of plates with preformed holes under internal blast load
in the cabin model, the deformations of the plates with offset preformed holes and the plates with uniform
preformed holes in the cabin model were experimentally investigated. The results are also compared with that
of the plates with non-preformed holes. The numerical calculation of the internal blast load was carried out by
using established simulation model of cabin. The distribution of internal blast shock waves at typical gauge
points was analyzed and the deformation rules of plates with preformed holes were studied as well. The
research results indicate that the effect of gain of deflection deformation obtained from decreasing local
strength due to the preformed holes is greater than that of the blast venting. The shock wave exhibits the
reflection and convergence phenomena inside the cabin model and a quasi-static feature during the late stage of
milliseconds. The simulation results are consistent with the experimental ones. At the same time, there are
differences between the thinning rates in different areas of the plates with preformed holes. The current
research can provide reference for the analysis of the mechanism of coupling damage between shock wave and
fragments in the cabin.

Keywords: cabin model; plates with pre-formed holes;internal blast shock waves; gain of deflection;

thinning rate
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