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A B S T R A C T

The compressive behaviour of sandwich panels with lattice truss core filled by shear thickening fluid (SPLTC-
STF) at high strain-rates is performed analytically and numerically. Firstly, a hydrodynamic constitutive model
for the shear thickening fluid (STF) involving shear thinning, shear thickening, and hydrostatic compressibility is
undertaken to describe the dynamic behaviour of the STF. Then an analytical model based on the squeezing flow
of viscous fluids is proposed. The squeezing resistance of the STF between the two panels of the SPLTC under
various loading velocities is analysed using a fluid-structure interaction (FSI) simulation, by which the con-
stitutive parameters of the STF are obtained. Finally, the dynamic response of the SPLTC-STF involving buckling
and post-buckling of core struts in the STF is investigated using the FSI method. The enhanced energy absorption
capacity of the SPLTC-STF observed in Ref [1] is numerically interpreted. The effects of shear thickening be-
haviour of STF on the dynamic response of SPLTC-STF are predicted, providing a method of optimal design for
STF filled sandwich panels over a wide range of impulse loadings for dynamic energy absorption.

1. Introduction

Structural materials can be designed to realize various functions
such as high ballistic limit and shock absorption. As one kind of ad-
vanced structural material, sandwich panels with lattice truss core
(SPLTC) have attracted significant interest in the research community
[2–4]. There are considerable publications that address the mechanical
performance of SPLTC [5–11], showing that the SPLTC can dissipate
dynamic energy by various deformation modes. However, as a protec-
tive structure, the usage of SPLTC is still hindered by its unsatisfied
dynamic energy absorption capacity and rapid degradation of stiffness
during impact [3, 7, 12].

Filling with lightweight materials has been proved to be a practical
solution to enhance the impact resistance and energy absorption of the
SPLTC. Many types of fillers such as low-density polymers and ceramics
have been considered to improve the impact protection capacity of
SPLTC [13, 14]. Shear thickening fluid (STF), as an intelligent material,
is characterized by its reversible energy absorption behaviour under
impulse loading [15–18] and remarkable energy absorption capacity by

means of viscous dissipation during shear thickening [16, 19–21] and
compression thickening [22, 23]. The vibration attenuation [24–26]
and penetration protection [27, 28] properties of sandwich structures
filled with STF have been measured by Gurgen et al. [24, 27], Fischer
et al. [25], and Tan et al. [28] The results showed that the shock ab-
sorption and stab resistance capacity of the sandwich structures have
been greatly improved after adding STF. Recently, the dynamic beha-
viour of the SPLTC-STF has been measured [1]. The results showed that
the dynamic compressive strength of the SPLTC-STF increases sig-
nificantly when compared to that of the SPLTC. In addition, the study in
the previous experiments [1] revealed the enhanced dynamic energy
absorption behaviour of the SPLTC-STF due to their coupling en-
hancement effect under impulsive loading.

To improve the impact resistance of SPLTC-STF, it requires further
understanding of the coupling mechanisms of energy dissipation be-
tween SPLTC and STF under impulsive loadings. Therefore, it is im-
portant to model the compression behaviour of the SPLTC-STF.
Successful analytical and numerical models of empty or solid-filled
SPLTC have been proposed, based on which the dynamic response of
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the corresponding sandwich panels could be predicted [11, 29–34]. The
fluid-structure interaction (FSI) between the surrounding water and the
face sheets of the sandwich panels was also investigated [5, 29, 35].
However, the coupling effect between SPLTC and the inside STF fillers,
which is crucial for the understanding of the dynamic response of
SPLTC-STF, has not been performed based on the authors’ best
knowledge due to the lack of hydrodynamic constitutive models for
STF. In this paper, the parameters of the hydrodynamic constitutive
model for STF are obtained, and the coupling energy dissipation me-
chanisms of the SPLTC-STF under compression are studied analytically
and numerically. The effect of the rheology behaviour of the STF on the
impact response of the SPLTC-STF is also investigated.

The paper is organized as follows. In Section 2, a hydrodynamic
constitutive model of the STF is described. In Section 3, analytical and
numerical models describing the compressive behaviour of the STF are
developed. In Section 4, the buckling and post-buckling behaviour of
the SPLTC-STF is analysed based on an FSI numerical model, followed
by discussions and conclusions.

2. Hydrodynamic constitutive model of STF

To perform the modelling and numerical simulation on the com-
pression behaviour of the SPLTC-STF requires an understanding of the
dynamic behaviour of STF. Here, a hydrodynamic constitutive model of
STF is employed based on the previous experimental results [1, 22, 23]
to describe the dynamic shearing and compressive behaviour of the
STF.

The STF is a non-Newtonian fluid whose dynamic constitutive
equation can be described by a hydrostatic response (equation of state
or EOS) and viscous response under shear (deviatoric) stresses [36]. Its
dynamic shear viscosity changes significantly with increasing shear
strain-rate. Meanwhile, its volumetric compressibility has a non-linear
relationship with the hydrostatic pressure. Therefore, the stress applied
on the STF, σij, is decomposed into deviatoric stress, sij, and hydrostatic
pressure, p, i.e.

= − +σ pδ s ,ij ij ij (1)

where δij is Kronecker delta function.
The corresponding strain, eij, is

= +e e δ ε1
3

,ij ii ij ij (2)

where eii and ɛij are volumetric strain and deviatoric strain, respectively.
Accordingly, the strain-rate is

= +
de
dt V

dV
dt

δ
dε
dt

1
3

,ij
ij

ij

(3)

where V is specific volume.
The dynamic viscosity of the STF [36], μij, is a function of the shear

strain-rate, ε̇ij,

= −μ m ε· ˙ ,ij ij
n 1

(4)

where m and n are material constants. Then, the deviatoric stresses are
determined by

= =s μ ε m ε· ˙ · ˙ .ij ij ij ij
n

(5)

Similar to Petel et al. [37, 38], the Mie-Grüneisen EOS [39–41] is
used to describe the hydrostatic behaviour of the STF,

= +U C S U· ,s p0 (6)

where Us and Up are shock velocity and particle velocity, respectively.
C0 and S are material constants.

In the previous studies [22, 23], the relationship between the shock
velocity, Us, and particle velocity, Up, for the STF has been obtained
using laser-induced shock experiments,

= +U U2050 5.324 ,s p (7)

where Us and Up have a unit of m/s.
The parameters m and n in Eq. (4) can be obtained by fitting ex-

perimental results. The steady-state shear viscosity of the 57 vol./vol.%
spherical silica particle-polyethene glycol STF has been measured in the
previous study [1]. As shown in Fig. 1, the viscosity of the STF is about
100 Pa · s at a shear strain-rate of 5 × 10−2 s−1. With the increase of
shear strain-rate, the viscosity of the STF initially decreases gradually,
indicating the shear-thinning regime, which is followed by a steep in-
crease at a critical shear strain-rate of about 25 s−1 corresponding to
the start of the shear thickening regime. It should be noted that the
viscosities of the STF in the shear-thickening regime are not fully
measured [1] when the shear strain-rates are higher than 47 s−1 due to
the limitation of the rotational rheometer. For the shear-thinning re-
gime, i.e. shear strain-rates are lower than 25 s−1, as shown in Fig. 1,

=m 16 and =n 0.47. Once the shear thickening happens, the viscosity
of the STF increases significantly, and then it is hard to fully obtain the
viscosity of the STF in the shear-thickening regime at high shear strain-
rates. In the present study, the shear strain-rate dependent viscosity of
STF in the shear thickening regime is obtained based on the previous
experimental result and the FSI simulation, which will be elucidated in
detail in the following sections of modelling and numerical analysis.

3. Modelling of compression resistance of STF

During the dynamic compression of the SPLTC-STF, the face sheets
of the SPLTC squeeze the STF filler. Meanwhile, the core struts buckle
symmetrically under the lateral pressure induced by the shear de-
formation and inertial effects of the surrounding STF, which could be in
either shear-thinning or shear-thickening regimes depending on the
local deformation state. Therefore, the dynamic compressive stress of
the SPLTC-STF could be decomposed physically into the squeezing re-
sistance of the STF and the symmetrical buckling and post-buckling
resistance of the core struts. Here, the squeezing flow model for a non-
Newtonian fluid layer is developed to describe the squeezing behaviour
of the STF. However, as it is difficult to theoretically obtain the tran-
sient squeezing resistance of the STF with both shear-thinning and
shear-thickening behaviour, the FSI numerical simulation with the
hydrodynamic constitutive model and the EOS for the STF is performed
using LS-DYNA [42] to analyse the dynamic squeezing response of the
STF, from which the constitutive model parameters m and n are de-
termined by calibrating with the experimental results. The plastic post-
buckling behaviour of the core struts under the unsteady lateral load-
ings induced by the nonlinear interaction between the core struts and

Fig. 1. Shear-thinning and shear thickening behaviour of the STF used in
modelling and numerical simulation [1].
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the surrounding STF is analysed by the same FSI numerical simulation
method.

3.1. Analytical squeezing flow model for non-Newtonian fluids

Suppose that the fluid layer with thickness, h, is squeezed by two
circular plates with diameters of 2R, as shown in Fig. 2.

The movement of the fluid layer is assumed to be a two-dimensional
flow, and obeys the following equation [43],
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where μ is viscosity of the fluid, p is pressure, u0 and v0 are solutions of
the velocities in y and r directions, respectively, when neglecting the
inertial effect of the fluid layer, and
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h
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where ḣ is the squeezing velocity. Substitute Eq. (9) into Eq. (8) to
obtain
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The shear strain-rate of the fluid is

= ∂
∂

+ ∂
∂

= −ε u
y

v
r
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y h˙ 3 ˙
(2 ).0 0

3 (11)

According to Eq. (4), the viscosity of the non-Newtonian fluid is
= −μ mε̇n 1. n < 1 and n > 1 denote the shear thinning and shear

thickening behaviours of the fluid, respectively. Consequently,
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Therefore, Eq. (10) can be rewritten as
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Define − =y h ξ2 . Therefore, =ξ 0, =μ 0; =ξ h, = α ( )μ
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Integrating function u with respect to variable ξ and considering
boundary conditions =ξ 0, =∂

∂ 0u
ξ and =ξ h, =u 0, the following

equation is obtained,
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From continuity of deformation,
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Integrating Eq. (17), we obtain
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The pressure can be obtained by integrating p with respect to r in
Eq. (18),
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with boundary condition =p R t p( , ) 0, where p0 is the ambient pressure,
the constant C4 is determined as
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Then, the squeezing force of the non-Newtonian fluid is given by
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The nominal stress versus strain relationships of the non-Newtonian
fluid at various compressive strain-rates are determined as

=σ F
πR

,squeeze 2 (22)

=ε h
h

˙
˙

,squeeze (23)

∫=ε ε dt˙ ,squeeze

t

squeeze
0 (24)

where σsqueeze, ɛsqueeze and ε̇squeeze are nominal stress, strain and strain-

Fig. 2. Squeezing flow model for non-Newtonian fluids [43].
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rate, respectively.

3.2. Simulation results of squeezing behaviour of STF

For non-Newton fluids with only shear-thinning or shear-thickening
behaviour described by Eq. (4), the nominal stress versus strain re-
lationships at various shear strain-rates could be calculated according
to Eqs. (8) – (24). However, for the non-Newtonian fluids whose de-
formation covers both shear thinning and shear thickening regimes, e.g.
the presently studied STF as shown in Fig. 1, it is difficult to integrate
Eq. (17) with the complex boundary between shear thinning and shear
thickening, and the dynamic compression behaviour of the STF cannot
be analytically given by this model. Therefore, the coupled Eulerian-
Lagrangian FSI simulation method, where the Eulerian domains are
overlapping with the Lagrangian domain [42, 44], is employed to
analyse the dynamic squeezing behaviour of the STF. The schematic of
the simulation model based on the experimental setup is shown in
Fig. 3(a). The loading bar with a size of Φ19 × 1800 mm is attached by
a trumpet-shaped end with a thickness of 30 mm and a maximum
diameter of 75 mm. The cylindrical shape of the STF specimen with a
size of Φ52 × 9.4 mm surrounded by the air is placed between the
trumpet-shaped end and a rigid body. The air domain is also modelled
to ensure the STF could be squeezed into the surrounding air during the
compression. The arbitrary Lagrangian-Eulerian (ALE) algorithm [45,
46] by using the constrained model *CONSTRAINED_LAGRA-
NGE_IN_SOLID, which is implemented by LS-DYNA [42], is employed to

analyse the interaction between the loading end and the STF. The ALE
model *ALE_MULTI_MATERIAL_GROUP and the material model *MA-
T_ALE_VISCOUS are used to simulate the STF behaviour. The ALE al-
gorithm governing equations of mass, momentum and the energy are
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where ρ is density of the material, vi is velocity in Lagrange coordinate,
σij is Cauchy stress tensor, fi is body force in unit mass, ci is convection
velocity, qi is heat flux, and e is internal energy [44–47].

In order to prevent the leakage in FSI simulation, the mesh sizes of
the Eulerian elements are smaller than the Lagrangian elements on the
coupling boundaries. The loading bar and the rigid body are fine-me-
shed with 296,892 hexahedral Lagrangian elements, and the STF and
the surrounding air are meshed with 203,776 hexahedral Eulerian
elements. In each Lagrangian element, two coupling points are used to
increase the simulation accuracy. The domains of the STF and the air
are meshed with the share of boundary nodes to ensure the continuity
of displacement, velocity and acceleration. The acceleration and velo-
city at the fluid-structure boundaries are constrained. The compression,
tension, and shear directions are coupled to simulate the sticky beha-
viour of the STF. The Mie-Grüneisen EOS as given in Section 2 is used
for the STF. It can be re-written as

=
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where = −μ 1ρ
ρ0 0

, C0 is intercept of the −U US P curve, S1,S2,S3 are
coefficients of the slope of the −U US P curve, γ0 is Mie-Grüneisen
constant, a is first order volume correction to γ0, ρ is current density,
and ρ0 is original density [48]. The related constitutive parameters of
the STF are listed in Table 1. It should be noted that the Mie-Grüneisen
EOS does not describe the formation and collapse of cavitation bubbles
of fluids. However, for fluids with extremely high viscosity such as the

Fig. 3. Numerical models of (a) schematic, and (b) the loading pressure histories at the impact velocities of 5, 8, and 13 m/s.

Fig. 4. Analytical stress versus strain relationships of the pure STF at various
compressive velocities with the shear-thinning regime parameters =m 16 and

=n 0.47, and the shear-thickening regime parameters =m 72 and =n 1.35.

Table 1
Mie-Grüneisen EOS parameters for STF [22,23].

ρ0 (kg⋅m−3) C0 (m⋅s−1) S1 S2 S3 γ0 a

1600 2050 5.324 0 0 2 0
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STF in the present study, the cavitation is very difficult to occur. In
addition, the STF will act as solid after the occurrence of the shear
thickening behaviour, making it possible to use Mie-Grüneisen EOS for
describing the compressibility behaviour of the STF.

The hydrostatic behaviour of the air is described by the linear
polynomial EOS,

= + + + + + +P C C μ C μ C μ C C μ C μ E( ) ,0 1 0 2 0
2

3 0
3

4 5 0 6 0
2 (29)

where = −μ 1ρ
ρ0 0

, C0 ~ C6 are parameters, E is internal energy, ρ is
current density, and ρ0 is original density [49].

The related constitutive parameters of the air are listed in Table 2.
As shown in Fig. 3(b), the loading pressure histories at the impact

velocities of 5, 8, and 13 m/s measured in previous experiments [1], are
applied on the cross-section of the left end of the loading bar. The same
data processing method used in previous experiments [1] is employed
to obtain the nominal stress versus strain relationship of the STF.

The hydrodynamic constitutive model in Section 2 is employed for
the STF. Both shear thinning and shear thickening regimes are taken
into account in the numerical simulation. As shown in Fig. 1, the shear-
thinning behaviour of the STF between the shear strain-rates 5 × 10−2

to 25 s−1 in the numerical model is fitted according to the rheology test
results,

= −μ ε16· ˙ .ij ij
0.47 1

(30)

It has mentioned that the viscosity of the STF in the shear-thick-
ening regime could not be fully measured at high shear strain-rates due
to the limitation of the rotational rheometer. As a result, the shear-
thickening behaviour of the STF is determined by comparing the nu-
merical simulation results with various thickening parameters and the
dynamic compression experimental results. It is found that with shear
thickening behaviour of

= −μ ε72· ˙ ,ij ij
1.35 1

(31)

the stress versus strain relationships of the STF based on FSI model as
given in Fig. 4 are a little higher than their measured stresses [1] when
the strains are larger than 2.2%, 4.1% and 3.1% for impact velocities of
5, 8 and 13 m/s, respectively. We have performed a series of simula-
tions with various shear-thickening parameters and find that =m 72
and =n 1.35 in the shear-thickening regime gives the best results. It will
be shown later that, with these shear-thickening parameters, the nu-
merical simulated compressive strength of the SPLTC-STF also agrees
with the experimental results. Therefore, =m 16 and =n 0.47 in the
shear-thinning regime and =m 72 and =n 1.35 in the shear-thickening
regime are used for the non-Newtonian viscosity parameters of the STF.
When <ε̇ 25ij s−1, Eq. (30) is used, and when >ε̇ 31ij s−1, Eq. (31) is
used to describe the viscosity of the STF. When < <ε25 ˙ 31ij s−1, the
linear relationship between the logarithmic of viscosity and the loga-
rithmic of shear strain-rate is used to ensure the continuity of compu-
tation. Fig. 5(a) shows the squeezing stress versus strain relationships of
the STF with various shear-thickening constants m and n under the
impact velocity of 8 m/s, and the continuous transition from shear-
thinning to shear-thickening behaviours is shown in Fig. 5(b). It is
clearly shown that the squeezing stress of the STF increases significantly
with the increase of viscosity.

4. Plastic buckling behaviour of SPLTC-STF

The dynamic compressive response involving elastic buckling and

post plastic buckling of core struts of SPLTC-STF is analysed with the
same FSI method [42] as the squeezing model of non-Newtonian fluids.
The loading methods, as well as the data processing procedures for the
SPLTC, the SPLTC filled with water (SPLTC-WT) and the SPLTC-STF,
are the same as the squeezing model of non-Newtonian fluids as shown
in the Fig. 3(a). The pressure histories at various impact velocities
measured in the previous experiments [1] are applied on the cross-
section of the left end of the loading bar. The numerical model for the
SPLTC with the same dimensions as the previous experiments [1] is
built, as shown in Fig. 6(a). The upper surface is loaded; the lower
surface of the bottom panel is fully constrained; the rest sides have free
boundary conditions. The FSI numerical models for the SPLTC-WT and
the SPLTC-STF are developed by adding water or STF inside the inner
space of the SPLTC model and air in the surrounded domain with a non-
reflecting boundary as shown in Fig. 6(b). The same boundary condi-
tions are applied on the lower surface and the rest sides of the SPLTC-
WT or the SPLTC-STF as in the model of the SPLTC. The ALE algorithm
[45,46] as used in Section 3 is employed to analyse the interaction
between the SPLTC and the STF or water filler. The mesh sizes of the
Eulerian elements in the model of the SPLTC-WT and SPLTC-STF are
smaller than the Lagrangian elements to prevent leakage of fluids. The
loading bar and the SPLTC are meshed with 292,560 and 183,600
hexahedral Lagrangian elements, and the surrounded air, the filled
water or STF are meshed with 1472,480 and 549,280 hexahedral Eu-
lerian elements, respectively. In each Lagrangian element, two coupling
points are used to increase the simulate accuracy. The elements of the
air and the filled water or STF share the fluid boundary nodes to ensure
continuity of displacement, velocity, and acceleration. The acceleration
and velocity at the structure-fluid boundaries are constrained. The
compression, tension, and shear directions are coupled to simulate the
sticky behaviour of the STF.

The mechanical behaviour of the sandwich panels made of 304
stainless steel is described by the Johnson-Cook constitutive model and
the Mie-Grüneisen EOS [16,50]. The effective stress is described as

= + +σ A B ε Clnε( )(1 ˙*),y
pn (32)

where ε p is the equivalent plastic strain; ε̇* is the normalized equivalent
plastic strain-rate; A, B, and C are material parameters; n is the work
hardening exponent. The hydrostatic behaviour of the STF, the SPLTC,
and the water are described by the Mie-Grüneisen EOS [6,22,23,48],
and the hydrostatic behaviour of the air is described by the linear
polynomial EOS [49]. The related constitutive parameters are given in
Tables 1–5.

As shown in Fig. 7(a), the loading pressure histories at the impact
velocities of 5, 10 and 16 m/s measured in previous experiments [1] are
applied on the cross-section of the left end of the loading bar. Firstly,
the mesh sensitivity of the numerical model is performed. Fig. 7(b)
gives the simulated nominal compressive stress versus strain relation-
ships of the SPLTC model and the SPLTC-STF model meshed with dif-
ferent element numbers at the impact velocity of 10 m/s. It could be
seen that the numerical simulation result of the SPLTC model meshed
with 476,120 Lagrangian elements at the impact velocity of 10 m/s is
almost the same as that meshed with 1761,320 Lagrangian elements. In
addition, the numerical simulated result of the SPLTC-STF model me-
shed with 476,120 Lagrangian elements and 2021,760 Eulerian ele-
ments at the impact velocity of 10 m/s is almost identical to that me-
shed with 476,120 Lagrangian elements and 2949,120 Eulerian
elements. Therefore, the mesh strategies of the numerical models satisfy
the condition of convergence, and the SPLTC model meshed with
476,120 Lagrangian elements and the SPLTC-STF model meshed with
476,120 Lagrangian elements and 2021,760 Eulerian elements are used
in the following numerical simulations.

Fig. 8(a) shows the numerically predicted nominal stress versus
strain relationships of the SPLTC at the impact velocities of 5 and 10 m/
s and of the SPLTC-WT at the impact velocity of 16 m/s. The previous

Table 2
EOS parameters for air [49].

ρ0 (kg⋅m−3) C0 C1 C2 C3 C4 C5 C6 E (J⋅m−3)

1.29 0 0 0 0 0.4 0.4 0 2.5 × 105
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related experimental results of the SPLTC and the SPLTC-WT [1] are
also given. It can be seen that the numerically simulated results agree
well with the experimental results, validating the numerical models of
the SPLTC and the SPLTC-WT. Fig. 8(b) shows the simulated and ex-
perimental deformation behaviour of the SPLTC after dynamic com-
pression at the impact velocity of 5 m/s. The numerical models could
also well predict the non-symmetrical deformation behaviour of the
SPLTC and the SPLTC-WT, as observed in experiments [1].

The simulated nominal compressive stress versus strain relation-
ships of the SPLTC-STF at impact velocities of 5, 10, and 16 m/s are
given in Fig. 9(a), and the related experimental results [1] are also
given for comparison. Similar to the experimental observation, the si-
mulated nominal compressive stress of the SPLTC-STF initially in-
creases almost linearly with the increase of strain. Then it continues to
increase slowly with further compression even after the attainment of
the buckling of core struts. The simulated results of the SPLTC-STF
agree with the experimental results except for the higher stiffness of the
simulated results, which might be attributed to the error while de-
termining the viscosity of the STF in the shear-thickening regime. It is
very difficult to directly measure the viscosity of STF at high shear
strain-rates, which will be further studied in the near future. Fig. 9(b)
shows the stress distributions of the SPLTC and the SPLTC-STF in the
loading direction after compression at the impact velocity of 5 m/s,
respectively. After undergoing elastic deformation, the struts on one
side of the SPLTC begin to buckle and the struts on the other side begin
to rotate, leading to the attainment of the peak stress. During the
buckling process of the SPLTC, only one side of struts generates large
supporting forces. For the SPLTC-STF, after the elastic deformation, the
core struts on both sides begin to buckle, and both sides of the struts
generate large supporting forces, as shown in Fig. 9(b).

The effective stress distributions in the middle section of the STF of
the SPLTC-STF at the strain of 0.002% and 13.6% are given in
Figs. 10(a) and (b), respectively. As shown in Fig. 10(a), when the core
struts begin to deform under the compression, the lateral velocities of
the struts give rise to the increase of the viscosity of the surrounding
STF. In response, the STF provides the supporting forces against the

Fig. 5. (a) The squeezing stress versus strain relationships of STF with various shear-thickening constants m and n. (b) Viscosity versus shear strain-rate relationships
of STF with various shear-thickening regime constants m and n.

Fig. 6. Numerical models of (a) SPLTC, and (b) SPLTC-WT or SPLTC-STF.

Table 3
Material properties for 304 stainless steel [6].

E (GPa) Poisson's ratio A (MPa) B (MPa) C n

200 0.33 310 1000 0.064 0.34

Table 4
EOS parameters for 304 stainless steel [6].

ρ0 (kg⋅m−3) C0 (m⋅s−1) S1 S2 S3 γ0 a

7800 4570 1.49 0 0 0.34 0.46

Table 5
EOS parameters for water [48].

ρ0 (kg⋅m−3) C0 (m⋅s−1) S1 S2 S3 γ0 a

1000 1647 2.56 1.986 1.2268 0.5 0
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lateral movement of the core struts. It should be noted that the ambient
atmospheric pressure is not taken into account in the simulation. Even
if the atmospheric pressure is taken into account, the counterforces
provided by the STF as depicted in Fig. 10(a) is, however, negligible to
affect the deformation modes of the core struts, showing that the FSI
interaction between the STF filler and the core struts during its buckling
is not the reason to transform the deformation modes from asymmetry
to symmetry of the SPLTC after being filled with STF. As shown in
Fig. 10(b), with further compression, the effective stress of the STF near
the periphery of the SPLTC-STF increases significantly. Correspond-
ingly, the large symmetrically distributed outward counterforces are
applied on the core struts in the periphery of the STF, which prevented
the asymmetrical deformation-induced lateral movement of the upper
panel of the SPLTC, as shown in Fig. 8(b). Therefore, the lattice core
struts of the SPLTC-STF are forced to deform symmetrically as shown in
Fig. 9(b) and consequently significantly improve the dynamic energy
absorption capacity of the SPLTC-STF. Actually, the large outward
counterforces provided by the STF near the periphery of the SPLTC-STF
are generated by the strong interaction between the core struts and the
fast flow STF. As shown in Fig. 11, the outwards flow velocities of the
STF near the periphery of the SPLTC-STF increase quickly with the
increase of strain. When it flows across the core struts with fast velocity,
the STF is sheared under high shear strain-rates, leading to the shear
thickening of the STF and the high amplitude counterforces on the core
struts. The interaction mechanism between the SPLTC and the STF

proposed in the previous study [1] needs to be revisited.
The simulated nominal compressive behaviour of the pure STF and

the SPLTC at the impact velocity of 5 m/s, and of the SPLTC-STF and
SPLTC-WT at the impact velocity of 16 m/s are given in Fig. 12(a). As a
comparison, a ‘total’ stress-strain relationship calculated by directly
adding the stress-strain curves of the pure STF and the SPLTC at the
impact velocity of 5 m/s is also given in Fig. 12(a). The numerical si-
mulated specific energy absorption versus strain relationships the
SPLTC at the impact velocity of 10 m/s, and the SPLTC-STF and the
SPLTC-WT at the impact velocity of 16 m/s are given in Fig. 12(b). The
dynamic stress of the SPLTC-STF at the strain of 4.5% is about 60% and
35% higher than those of the SPLTC at the impact velocity of 5 m/s and
the SPLTC-WT at the impact velocity of 16 m/s, respectively. In addi-
tion, the numerical simulated peak strength of the SPLTC-STF is much
higher than the ‘total’ strength of the pure STF and the SPLTC, and the
numerical simulated specific energy absorption of SPLTC-STF is much
higher than the specific energy absorption of SPLTC and SPLTC-WT
after the strain of 6.1%, showing the enhanced dynamic energy ab-
sorption capacity of the SPLTC-STF as observed in the previous ex-
periments [1].

The nominal compressive responses of the SPLTC filled with non-
Newtonian or Newtonian fluids with various viscosities at the impact
velocity of 10 m/s are shown in Fig. 13. The stress at the same strain of
the sandwich panels increases with increasing viscosity of the fluid
filler. Unlike the rapid decrease of the compressive stress after

Fig. 7. (a) Loading pressure histories at the impact velocities of 5, 10, and 16 m/s. (b) Mesh sensitivity of the numerical models.

Fig. 8. (a) Simulated nominal stress versus strain relationships for SPLTC at impact velocities of 5 and 10 m/s, and for SPLTC-WT at the impact velocity of 16 m/s. (b)
Deformation behaviour of the SPLTC after dynamic compression at the impact velocity of 5 m/s.
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attainment of the buckling of core struts of the SPLTC or the SPLTC-WT
[1], the nominal compressive stresses of the SPLTC-STF and the SPLTC
filled with fluids with constant high viscosity continue to increase after
the viscosities exceed a certain value, by which method the energy
absorption capacity of the sandwich panels could be increased sig-
nificantly. The energy absorption capacity of the sandwich panels could
be optimized by filling STF with different shear thickening behaviour.
However, it is worth emphasizing that only the shear thinning and
shear thickening regimes are taken into account in the material con-
stitutive model of the STF. Actually, the solid-state STF may experience
failure behaviours such as crack and yield under relatively high pres-
sure as observed by Waitukaitis and Jaeger [16]. The failure behaviour
of the solid-like STF in the shear-thickening regime, which will limit the
shear stress of the STF, could be induced during fast compression. In the
future, we will try to measure the dynamic behaviour of the solid-like
STF in the shear-thickening regime to give a complete description of the
constitutive model of the STF in a wide range of loading condition.

5. Conclusions

In this paper, the dynamic behaviour of the SPLTC-STF at high
strain-rates is studied by modelling and numerical simulation. The main
conclusions are as follows.

1 A hydrodynamic constitutive model for STF is employed to describe
the complex dynamic behaviour involving shear thinning, shear
thickening, and bulk compressibility, and the related constitutive

model parameters are obtained by experiments and numerical si-
mulation.

2 An analytical model is developed for describing the dynamic
squeezing behaviour of non-Newtonian fluids, which is used to de-
termine the viscosity of STF in shear thickening regime indirectly
through the calibration with squeezing experimental results.

3 The strong interaction between the SPLTC and the STF during the
fast flow of the STF near the periphery is obtained, which leads to
the transformation of deformation mode and therefore contributes
to the enhanced energy absorption capacity of the SPLTC-STF.

4 The effects of shear thickening behaviour on the dynamic response
of the SPLTC-STF are obtained by the FSI simulation. The results
show that the energy absorption capacity of the SPLTC-STF in-
creases with increasing viscosity of the fluid. The hydrodynamic
constitutive model for STF and the coupling effects between the STF
and lattice structures with various topologies will be investigated in
the near future.
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