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Abstract
This paper presented the numerical studies on the dynamic crushing behaviors of the aluminum foam filled energy absorp-
tion connectors. The finite element (FE) model was firstly constructed and the accuracy of the FE model was verified by 
comparing the force–displacement curves from FE analyses with those from tests and analytical predictions. The numeri-
cal results revealed that the deformation mode of the connector under dynamic crushing evidently differed from that under 
quasi-static loading mainly due to the inertia effect. Besides, the energy absorption capacity was also improved when the 
dynamic crushing load was applied. Then, the parametric studies on the effects of crushing velocity–time history, angle 
between flat plate and pleated plate as well as pleated plate thickness on the energy absorption enhancements of the connec-
tors were conducted. Based on the numerical results, two empirical equations were derived in terms of various parameters 
to predict the energy absorption enhancements of aluminum foam and pleated plate, which could be employed to obtain the 
force–displacement functions of the connectors under dynamic crushing.

Keywords Aluminum foam · Deformation mode · Dynamic crushing · Energy absorption connector · Numerical study

1 Introduction

The probability of blast attack on buildings has shown an 
increasing tread in recent years and therefore many blast 
resistant façades/panels were developed in order to reduce 
the blast-induced damage on the buildings (Wang et al. 
2015, 2016; Ngo et al. 2015; Zhang et al. 2015; Huang et al. 
2015; Huang and Liew 2016; Zhu and Khanna 2016). The 
blast load transferred to the building may be considerably 
high if the ‘rigid’ connection between the façade/panel and 
building is adopted, which may lead to severe damage of 
the building. Therefore, the ‘soft’ connection between the 
façade/panel and building via energy absorption connec-
tors was recently developed (Amadio and Bedon 2012a, b; 

Wang et al. 2017c), which showed better performance than 
the ‘rigid’ connection in terms of dissipating part of blast 
energy and reducing peak blast load transferred to the build-
ing (Amadio and Bedon 2014; Wang and Liew 2015). Up 
to date, several types of energy absorption connectors made 
of metallic material were developed to resist relatively low 
blast pressure (Hallissy et al. 2005; Whitney 1996). Such 
energy absorption connectors relied on plastic deformation 
of pleated plate to absorb blast energy. Besides this, Amadio 
and Bedon (2012a) developed a dissipative device for the 
blast mitigation of glazing façade supported by prestressed 
cables, which was shown to mitigate the severe structural 
damage of critical components of the façade as well as 
to dissipate part of the blast-induced stresses in the criti-
cal façade components (Amadio and Bedon 2014). As for 
the case with relatively high blast load, the connector with 
higher energy absorption capacity was necessary, which 
promoted the development of aluminum foam filled energy 
absorption connectors shown in Fig. 1. The connector was 
designed with mild steel as face plates and aluminum foam 
as core energy absorption material. Hence, both plastic 
deformation of pleated plate and compression of aluminum 
foam contributed to the energy absorption. The energy 
absorption performance of the connector under quasi-static 
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crushing load was experimentally, numerically and analyti-
cally studied by the authors (Wang et al. 2017a, b) and it 
was found that the filled aluminum foam could consider-
ably improve the energy absorption capacity of the connec-
tor (Wang et al. 2017b). Since the connector experienced 
dynamic crushing under blast load and its deformation mode 
and energy absorption performance might show some dif-
ferences as compared to those under quasi-static crushing 
(Baroutaji et al. 2016; Fan et al. 2013). Hence, the aim of 
this work is to study the behaviors of the proposed energy 
absorption connectors under dynamic crushing and develop 
the empirical equations to predict the energy absorption 
enhancements.

In the past, metallic material was usually adopted as 
energy absorbers which were designed to dissipate energy 
via plastic deformation (Baroutaji et al. 2014; Baroutaji et al. 
2015a; Gupta et al. 2005; Wang 1987; McDevitt and Sim-
monds 2003; Niknejad and Orojloo 2016; Fan et al. 2015), 
splitting of steel plate and friction (Chen et al. 2016) as 
well as free inversion of circular tubes (Zhang et al. 2009). 
Besides the studies on the metallic energy absorbers under 
quasi-static loading, its behaviors under dynamic loading 
were also investigated (Su et al. 1995a; b; Baroutaji et al. 
2016; Olabi et  al. 2008a; b) and the observed different 
energy absorption behaviors could be attributed to the iner-
tia and strain rate effect (Su et al. 1995a; b).

Recently, metal foams have been increasingly used to 
absorb blast and impact energy due to the lightweight and 
high energy absorption capacity, and the improvement in 
energy absorption capacity was evident when filling the 
tubes with metal foams (Reyes et  al. 2004a; Hall et  al. 
2002; Shen et al. 2015). The crushing behaviors and energy 
absorption performances of the energy absorbers under 
quasi-static loading were extensively studied (Santosa et al. 

2000; Reyes et al. 2004a; Hall et al. 2002; Shen et al. 2015; 
Baroutaji et al. 2015b; Reyes et al. 2004b). For the metal 
foam-filled square columns under axial compression load-
ing, the increase of mean crushing force was found to be 
linearly dependent on the foam compression resistance and 
cross-sectional area of the column (Santosa et al. 2000). The 
energy absorption performances of the metal foam-filled 
square columns under oblique loading were also experi-
mentally and numerically studied and it was found that the 
high-density aluminum foam filler could increase the energy 
absorption capacity but showed some reduction in specific 
energy absorption as compared to the empty cross sections 
(Reyes et al. 2004a). As for the metal foam-filled tubes under 
lateral compression loading (Hall et al. 2002; Shen et al. 
2015; Baroutaji et al. 2015b), it showed fewer fluctuations 
in load and low amplitude of peak load, which were more 
desirable as an energy absorber (Shen et al. 2015). Since 
the energy absorbers usually experienced dynamic crushing 
load, their dynamic crushing behaviors were also extensively 
studied (Shahbeyk et al. 2007; Smith et al. 2016; Fan et al. 
2013; Yang and Qi 2013). The multiobjective optimization 
of foam-filled square columns under oblique impact load-
ing was conducted by Yang and Qi to maximize the specific 
energy absorption and minimize the peak crushing force and 
it was found that the optimal designs were generally dif-
ferent with varying load angles (Shahbeyk et al. 2007). As 
for the aluminum foam filled braided stainless steel tubes 
subjected to transverse impact loading, it was found that 
aluminum foam cores possessing a density level exceeding 
400 kg/m3 might mitigate the desired foam crushing effect 
due to incompatibilities between the mechanical strengths 
of the aluminum foam core and braided tube (Smith et al. 
2016). The dynamic lateral crushing behaviors of sandwich 
circular tubes, which consisted of two concentric aluminum 
tubes of different diameters filled with aluminum foam, 
were also examined by Fan et al. (2013). It was found that 
significant increase was shown for the dynamic crushing 
load. Moreover, the energy absorption over its quasi-static 
counterpart and the deformation profile also showed some 
differences, which could be attributed to the inertia effect 
under dynamic crushing.

In the present study, the explicit code in LS-DYNA, 
which was widely used to simulate the crushing behavior 
of aluminum foam (Reyes et al. 2003; Hanssen et al. 2002; 
Qi et al. 2013; Shim et al. 2013), was utilized to analyze the 
deformation mode and energy absorption enhancements of 
the aluminum foam filled connectors under dynamic crush-
ing. The accuracies of the FE models were verified against 
test results and analytical predictions. Then, the deformation 
mode and energy absorption of the connector under quasi-
static and dynamic crushing were compared. In addition, the 
parameters that affected the energy absorption enhancements 
of the connectors under dynamic crushing were discussed 
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Fig. 1  Application of energy absorption connector
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and two empirical equations for determining the energy 
absorption enhancements of aluminum foam and pleated 
plate were also presented.

2  FE Model Establishment and Verification

The quasi-static compression loading tests on the proposed 
aluminum foam filled energy absorption connectors were 
conducted by the authors (Wang et al. 2017a). The speci-
mens, test setup and instrumentation were summarized in 
this section and the test results and analytical predictions 
were adopted herein to validate the FE models described in 
this section.

2.1  Summary of Tests on Energy Absorption 
Connectors

2.1.1  Specimens

The aluminum foam filled energy absorption connectors 
were fabricated from mild steel as face plates and closed 
cell aluminum foam as core energy absorption material. The 
closed cell aluminum foam generally shows three deforma-
tion stages under uniaxial compression loading, i.e., initial 
elastic deformation, plastic deformation and densification 
stage. The strain within plastic deformation stage is con-
siderably higher as compared to the other two deformation 
stages and the stress in this stage also shows nearly con-
stant, both of which are desirable for the energy absorp-
tion material. As shown in Fig. 2, the pleated plates were 
bolted to the top and bottom plate to form a closed space 
where the aluminum foam was inserted thereafter. The re-
entrant pleated plates instead of salient pleated plate or flat 
plate was adopted, since it could provide confinement on 
the aluminum foam and showed fixed plastic hinges during 
crushing. The selected connectors for the FE model verifi-
cation are summarized in Table 1 and the varying param-
eters include pleated plate thickness and angle θo (the angle 
between flat plate and pleated plate). The material properties 
of mild steel and aluminum foam in Table 2 are obtained 
from the tensile coupon test and uniaxial compression load-
ing test, respectively. The geometry of the test specimens are 
illustrated in Fig. 2 and summarized in Table 1.

2.1.2  Test Setup and Instrumentation

A material testing machine (MTS) of 1000 kN capacity was 
employed to apply the quasi-static compression load on the 
connectors. As shown in Fig. 3 for the test setup and instru-
mentation, the connector was inserted between the actua-
tor and I beam support and the load was applied through 
moving down the actuator. In order to ensure a quasi-static 

loading rate, the actuator moved downwards at a speed 
of 0.5 mm/min before yield and the speed was gradually 
increased to 2 mm/min thereafter. Two 20 mm thick steel 
plates were bolted to the connector on the top and bottom 
plate, respectively, to avoid the bending of these two flat 
plates as well as to be consistent with the actual boundary 
condition shown in Fig. 1. Two Linear Variable Displace-
ment Transducers (LVDTs) were employed to measure the 
displacement of the connector and a load cell was installed 
on the actuator to measure the compressive force. The read-
ings of LVDTs and load cell were recorded using a data 
logger. The force–displacement curves of the connectors 
obtained in this test would be used to verify the FE model 
in the following section.

2.2  FE Modeling of Energy Absorption Connector

2.2.1  Material Models

The Piecewise Linear Plasticity material model (Hallquist 
2006) in LS-DYNA was employed to simulate the mild 
steel. The input true stress–effective plastic strain curves of 
the mild steels used in the connectors were obtained from 
the tensile coupon tests. The material properties of mild 
steels with variant thicknesses are given in Table 2 and the 
input true stress–effective plastic strain curves are shown in 
Fig. 4a. In this material model, the Cowper-Symonds model 
is adopted to scale the yield stress as

where σy(ɛeff
p   ) is the yielding stress without considering 

strain rate effects, �̇�p
eff

 is the effective plastic strain rate, C 

and P are the strain rate parameters. In this study, the strain 
rate parameters C and P are 40.4 s−1 and 5 for mild steel 
(Jones 1988). Since there was no failure of mild steel being 
observed in the test, the failure criteria specified in this 
material model in the form of effective plastic strain and 
element eroding was not defined.

Several material models are available in LS-DYNA to 
simulate the crushing behavior of aluminum foam, e.g., 
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results with numerical predictions utilizing these material 
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245International Journal of Steel Structures (2019) 19(1):241–254 

1 3

the yield stress Y and Yt for compressive and tensile princi-
ple stress component, respectively. Y is a yield stress from a 
user-defined volumetric strain-hardening function and Yt is 
a constant tensile cutoff stress (Hanssen et al. 2002). Table 2 
gives the material properties of aluminum foam, which were 
obtained from uniaxial compression loading tests. Figure 4b 
shows the input yield stress Y versus volumetric strain curve. 
The plastic Poisson’s ratio is set to a small value (0.01), since 
the aluminum foam nearly shows no lateral expansion under 
uniaxial compression loading (Yang and Qi 2013).

2.2.2  Model Description

Figure 5 shows the FE model of the energy absorption con-
nector. The mild steel plates of the connector were meshed 
using S/R Hughes-Liu shell element with five integration 
points along the thickness and eight-node solid element with 
reduced integration in combination with hourglass control 
was employed for the aluminum foam. The element sizes of 
the pleated plate and aluminum foam were 7 and 8.5 mm, 
respectively. Finer mesh with element size of 1 mm per-
pendicular to the width direction was applied at the corners 

Table 1  Geometry of the energy 
absorption connectors

θo, angle between flat plate and 
pleated plate; tp, Pleated plate 
thickness

Specimen θo (o) tp (mm)

Pt4 45 4
Pc 45 6
Pt8 45 8
Pa30 30 6
Pa60 60 6

Table 2  Material properties of mild steel and aluminum foam

Ey, Ef, Young’s modulus of steel and aluminum foam; σy, yield stress 
of steel; σu, ultimate stress of steel; ρf, density of aluminum foam; σP, 
Plateau stress of aluminum foam

Mild steel Ey (GPa) σy (MPa) σu (MPa)

tp = 4 mm 202.8 300.9 429.9
tp = 6 mm 204.6 298.2 445.9
tp = 8 mm 217.7 363.9 485.0
Aluminum foam ρf (g/cm3) σP (MPa) Ef (MPa)
– 0.305 1.8 95.4

20 mm thick
steel plate 

I beam support Bolt connection 

Aluminum foam 

LVDT LVDT 

Load cell 

Pleated plate 

Fig. 3  Test setup and instrumentation
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Fig. 5  FE model of energy absorption connector
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of pleated plate to capture the smooth curvature change 
and severe local deformation. The penalty-based contact 
approach in LS-DYNA, which is suitable for modeling con-
tact between bodies of similar materials, was adopted for 
the contact between steel plates. The soft constraint-based 
contact approach, which is suitable for treating contact 
between bodies of dissimilar materials, was employed for 
the contact between steel plates and aluminum foam. As 
shown in Fig. 3, the 8 and 20 mm steel plates were bolted 
together in the test and no separation was observed dur-
ing the compression loading test. Hence, the single steel 
plate with 28 mm thickness was chosen as an alternative, as 
shown in Fig. 5. The fixed boundary condition was applied 
to the steel plate at the bottom by restricting all the nodes 
on the bottom plate from translation and rotation. The top 
steel plate was specified with a linearly varying downward 
velocity to apply the dynamic crushing load. The perfect 
bolt connection was applied in the FE model by connecting 
the selected nodes on pleated plates to flat plates through 
*CONTACT_TIED_SHELL_EDGE_TO_SURFACE in LS-
DYNA (Hallquist 2012).

2.3  FE Model Verification

In order to verify the established FE models with the test 
results and analytical predictions, the top steel plate was 
specified with a low constant downward velocity and the 
kinetic energy was kept to be less than 5% of internal energy 
to ensure a quasi-static loading rate. The collapse process 
of the connector Pc from FE simulations is compared with 
the test observations in Fig. 6. As for the pleated plate, the 

curvature change of pleated plate at plastic hinge locations 
(mid-height and near the bolts) and along the pleated plate 
can be clearly seen from the FE simulations, which is in 
agreement with the test observations. As for the crushing 
of aluminum foam, cracking and following separation is 
observed at the front and rear surfaces of the aluminum 
foam under severe compression due to the absence of lateral 
confinement on the two surfaces. However, the separation 
portion of aluminum foam is not significant. This is not cap-
tured in the FE simulations, since the failure of aluminum 
foam, which shows negligible effect on the FE results, is 
not defined in the FE model. Figure 7a compares the com-
pressive force–displacement curves of the energy absorp-
tion connectors obtained from tests and FE predictions and 
good match between the two can be observed in the elastic 
and plastic deformation stage. However, the FE predictions 
show slight delay in entering aluminum foam densification 
stage, in which the aluminum foam reaches densification and 
the compressive force shows sudden increase. The possible 
reason is that the density of aluminum foam in the test is not 
uniformly distributed, which is difficult to capture in the FE 
model. A better agreement between the FE and analytical 
predictions can be observed in Fig. 7b, which shows reason-
able match of the compressive force–displacement curves 
in both plastic deformation and aluminum foam densifica-
tion stage due to the assumed uniformly distributed density 
of aluminum foam in these two models. Based on above 
comparisons, the established FE models are proven to be 
reasonable and can be used to study the response behaviors 
of the aluminum foam filled energy absorption connectors 
under dynamic crushing.

Fig. 6  Comparison of collapse 
process of connector Pc: a FE 
results and b test results

=0mm 

(b)
(a)
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3  Dynamic Crushing Behavior

3.1  Crushing Velocity–Time History

Since the aluminum foam filled energy absorption con-
nector is proposed to be inserted between a façade and a 
building, it will immediately start to crush after exposed 
to blast load and the crushing velocity of the connector (in 
Fig. 8) continuously rises to the peak value and thereafter 
drops to zero. Meanwhile, the connector reaches the ulti-
mate crushing stage. Due to coupling effects between the 
blast resistant façade/panel and connector, the crushing 

velocity–time history profile varies with the blast load his-
tory and mechanical properties of blast resistant façade/
panel and connector. In order to study the dynamic crush-
ing behaviors of the connector and develop the formulas 
to predict the energy absorption enhancements in terms of 
the parameters of crushing velocity–time history, a fixed 
crushing velocity–time history profile is necessary. Hence, 
a simplified crushing velocity with linear variation was 
adopted in this study, which is close to the actual crushing 
velocity–time history (i.e., the crushing velocity shows 
monotonic increase to the peak value and then monotoni-
cally drops to zero). Vm, a, ta and td in Fig. 8 stand for peak 
crushing velocity, positive acceleration, positive acceler-
ation duration and total crushing duration, respectively. 
In the following calculations, a and ta can be chosen as 
varying parameters and Vm is determined once a and ta 
are determined. The value of td is determined by ensuring 
that the total crushing displacement, Sc, of the connector 
is constant (i.e., Sc = ∫ td

0
Vdt = const. ) and slightly larger 

than the densification displacement of the connector. The 
densification displacement is the crushing displacement 
when the aluminum foam reaches densification and the 
compressive force shows sudden increase. Herein, Sc is 
determined as 125 mm, which is larger than the densifica-
tion displacements of the connectors, as shown in Fig. 7. 
In order to reveal the different behaviors of the connector 
under quasi-static and dynamic crushing, the connector Pc 
was applied with the quasi-static and dynamic crushing 
loads by specifying the top steel plate with different veloc-
ity–time histories. To apply the dynamic crushing load, the 
linearly varying velocity–time history with a = 7.46E6 m/
s2 and ta = 0.0134 ms was applied, which was correspond-
ing to Vm = 100 m/s.

3.2  Deformation Modes and Energy Dissipation

Figure 9 compares the deformation modes of the connector 
Pc under quasi-static and dynamic crushing loads and the dif-
ferences of the deformation modes of aluminum foam are evi-
dent, i.e., the uniform crushing of aluminum foam is observed 
under quasi-static crushing load and the non-uniform crush-
ing of aluminum foam with crushing initiating at the top is 
observed under dynamic crushing load. This phenomenon 
can also be proven by comparing the compressive strains of 
aluminum foam at upper and lower layer under quasi-static 
and dynamic crushing loads in Fig. 10. The compressive 
strains of aluminum foam at upper and lower layer are almost 
same under quasi-static crushing. As for the connector under 
dynamic crushing, the compressive strain at upper layer shows 
rapid increase at initial crushing stage and thereafter remains a 
constant value when the aluminum foam at upper layer reaches 
densification. Meanwhile, the aluminum foam at lower layer 
shows delay in developing compressive strain and the value 
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is also lower as compared to upper layer. However, the com-
pressive strains of aluminum foam at upper and lower layer 
approach each other with relatively larger deformation when 
the aluminum foam at lower layer also reaches densification. 
At this moment, the compressive strains of aluminum foam 
are almost uniformly distributed under both quasi-static and 
dynamic crushing loads.

The non-uniform crushing of aluminum foam under 
dynamic crushing is mainly due to the inertia effect. As illus-
trated in Fig. 11, due to the existing of inertia force under 
dynamic crushing, the compressive stress variation along the 
depth of aluminum foam, dσ, can be determined as

(2)d� = �f a(x)dx

where ρf is aluminum foam density and a(x) is accelera-
tion. Hence, the compressive stress of aluminum foam shows 
highest value at the top and lowest value at the bottom. This 
leads to the crushing of aluminum foam initiating at the top.

The deformation mode of pleated plates also shows some 
differences under dynamic crushing. As shown in Fig. 9, the 
upper and lower pleated plates show symmetric deformation 
mode when the quasi-static crushing load is applied. As for 
the connector under dynamic crushing, the upper pleated 
plate develops evident hogging moment at initial crush-
ing stage and finally changes to sagging moment, while the 
deformation mode of lower pleated plate is similar to the 
case under quasi-static crushing. The change of deformation 
mode of the upper pleated plate under dynamic crushing is 
also due to the inertia effect. As illustrated in Fig. 12, the 
acceleration along the pleated plate is almost linearly dis-
tributed at initial crushing stage before the evident change of 
deformation mode and it is same with the inertia force distri-
bution. Hence, the upper pleated plate with higher accelera-
tion and inertia force is easier to behave deformation mode 
changing. Figure 12 shows the bending moment diagram 
(BMD) of upper pleated plate with inertia force considered, 
which can explain the hogging moment of upper pleated 
plate at initial crushing stage observed in Fig. 9b.

Figure 13 compares the energy absorption–displacement 
curves of the connector Pc under quasi-static and dynamic 
crushing loads and the significant increase in energy 

Fig. 9  Deformation modes of 
the connecter under a quasi-
static and b dynamic crushing
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absorption under dynamic crushing is observed. It is also 
noted that the pleated plate contributes more to the energy 
absorption improvement due to the change of deformation 
mode and strain rate effect. Taking the energy absorption of 
the connector Pc at 100 mm displacement for instance, the 
total energy absorption under dynamic crushing is increased 
by 94.1% as compared to that under quasi-static crushing. As 
for the energy absorption increase of each component, 40.9 
and 312.9% increases of energy absorption are observed for 
aluminum foam and pleated plate, respectively.

Figure 14 compares the energy absorption–displace-
ment curves of upper and lower pleated plates under quasi-
static and dynamic crushing loads. It is noted that the upper 
pleated plate dissipates more energy as compared to the 
lower pleated plate under dynamic crushing. This can be 
attributed to higher strain rate at the upper pleated plate 
and more significant plastic strain energy accumulation by 
the change of hogging moment to sagging moment during 
dynamic crushing. In terms of the connecter under quasi-
static crushing, the upper and lower pleated plate dissipates 
comparable energy. Although the deformation mode of 

lower pleated plate under dynamic crushing is similar to 
that under quasi-static crushing, improved energy absorp-
tion is observed for the lower pleated plate under dynamic 
crushing with displacement lager than 40 mm, which can 
be attributed to the enhanced yield strength of pleated plate 
induced by strain rate effect.

The resultant force–displacement curves of the connecter 
at upper and lower layers under quasi-static and dynamic 
crushing loads are compared in Fig. 15. When the dynamic 
crushing load is applied, the resultant force at upper layer 
initially shows significantly higher value than that at lower 
layer due to the aforementioned inertia effect. However, the 
resultant forces at upper and lower layers approach to each 
other thereafter with the continuous crushing of the con-
nector, which are also close to the resultant forces of the 
connector under quasi-static crushing.

4  Energy Absorption Enhancement Under 
Dynamic Crushing

The analytical force–displacement function of the proposed 
energy absorption connecter under quasi-static crushing was 
presented by Wang et al. (2017a). Since the connector expe-
riences a dynamic crushing load in the event of blast attack, 
the dynamic crushing induced force–displacement function 
of the connector is necessary to more accurately represent 
the energy absorption capacity of the connector. Herein, 
the energy absorption enhancement (the dynamic energy 
enhancement over its static one) of the connector, together 
with the analytical force–displacement function proposed by 
Wang et al. (2017a), are used to yield the dynamic crush-
ing induced force–displacement function of the connector, 
which can be approximately determined by scaling up the 
force–displacement function of the quasi-static loaded con-
nector with the energy absorption enhancement. It is noted 
in Fig. 16 that the energy absorption enhancement shows 
significant decrease at initial crushing stage and approaches 
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a stable value with relatively larger deformation. In the blast 
resistant design, it is preferred to make full use of the con-
nector to dissipate blast energy. Hence, the adopted energy 
absorption enhancement in the following discussions is cor-
responding to the displacement when the connector reaches 
the ultimate energy absorption capacity and the compres-
sive force shows sudden increase (shown in Fig. 15). This 
energy absorption enhancement is also conservative for the 
case when the connector does not reach the ultimate energy 
absorption capacity. Herein, the energy absorption enhance-
ment at 100 mm displacement was adopted.

The parametric studies on the effects of crushing veloc-
ity–time history (a and ta), angle θo, pleated plate thickness 
on the energy absorption enhancement are presented in this 
section and two empirical equations are derived in terms of 
various parameters to predict the energy absorption enhance-
ments of aluminum foam and pleated plate.

4.1  Effect of a and ta

As previous observations, the different responses of the 
connector under quasi-static and dynamic crushing loads 
were mainly due to the inertia effect. Hence, positive accel-
eration, a, and positive acceleration duration, ta, of the 
crushing velocity–time history were adopted as the varying 
parameters.

Since positive acceleration, a, and positive acceleration 
duration, ta, determine the magnitude and duration of iner-
tia force, respectively, the energy absorption enhancement 
of the connector is thought to be closely related to a and 
ta. Figure 17 shows the effects of a and ta on the energy 
absorption enhancements of aluminum foam and pleated 
plate, and increasing either a or ta can lead to an increase 
in energy absorption enhancement. The energy absorption 
enhancement of pleated plate with relatively higher a and ta 
is evidently higher than that of aluminum foam.

In order to combine the effects of a and ta on the energy 
absorption enhancement, the peak crushing velocity, Vm, 

which can be determined by multiplying a by ta, is adopted 
and Fig. 18 plots the energy absorption enhancements of alu-
minum foam and pleated plate versus Vm. It is noted that the 
energy absorption enhancement of aluminum foam seems 
to be only related to Vm. As for the pleated plate, the energy 
absorption enhancement versus Vm curve obtained by vary-
ing a evidently differs from that obtained by varying ta when 
Vm is higher than 120 m/s. Hence, in the following discus-
sions, the energy absorption enhancement of aluminum foam 
is only plotted with respect to Vm and the energy absorption 
enhancement of pleated plate is plotted with respect to a 
and ta.

4.2  Effect of Angle θo

Figure 19 shows the effect of angle θo on the energy absorp-
tion enhancement of aluminum foam. It is noted that angle 
θo rarely affects the energy absorption enhancement when 
peak crushing velocity, Vm, is less than 72 m/s, which could 
be attributed to the insignificant inertia effect with relatively 
small value of Vm. However, decreasing angle θo leads to an 
increase in energy absorption enhancement with higher Vm 
and the increase magnitude of energy absorption enhance-
ment is more significant with increasing Vm. The effect of 
angle θo on the energy absorption enhancement of pleated 
plate is given in Fig. 20, which shows that increasing angle 
θo leads to an significant decrease in energy absorption 
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enhancement of pleated plate, especially with higher a and 
ta. The pleated plate mainly relies on plastic hinge rotation at 
corners to absorb energy under quasi-static crushing. As for 
the connector under dynamic crushing, besides the energy 
absorption contribution from plastic hinge rotation, the flat 
part of upper pleated plate also contributes to the energy 
absorption by the change of hogging moment to sagging 
moment induced by inertia effect, as illustrated in Fig. 12. 
The connector with smaller angle θo has longer upper 
pleated plate, which leads to the higher energy absorption 

contributed by the upper pleated plate under dynamic crush-
ing as well as the higher energy absorption enhancement.

4.3  Effect of Pleated Plate Thickness

Figure 21 shows the effect of pleated plate thickness on the 
energy absorption enhancement of aluminum foam which 
is found to be rarely affected by the variation of pleated 
plate thickness. This is because the variation of pleated 
plate thickness nearly has no effect on the volume and 
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deformation mode of aluminum foam, both of which deter-
mine the energy absorption of aluminum foam. The effect 
of pleated plate thickness on the energy absorption enhance-
ment of pleated plate is compared in Fig. 22. It is noted that 
decreasing pleated plate thickness leads to an increase in 
energy absorption enhancement of pleated plate, especially 
with higher a and ta. Since the energy absorption improve-
ment of pleated plate under dynamic crushing is due to the 
strain rate effect and deformation mode change, the thinner 
pleated plate may behave more significant deformation mode 
change, which leads to more significant increase of energy 
absorption with thinner pleated plate.

4.4  Empirical Equations for Determining the Energy 
Absorption Enhancement

The previous parametric studies revealed the significance of 
parameters that affect the energy absorption enhancements 
of aluminum foam and pleated plate. It was noted that the 
energy absorption enhancement of aluminum foam was 
strongly dependent on Vm and angle θo. Hence, an empiri-
cal equation was derived through multivariable regression 
analysis in terms of two non-dimensional parameters to pre-
dict the energy absorption enhancement of aluminum foam, 
EAEf, as shown in Eq. (3).

where ρf (kg/m3) and σp (Pa) are density and plateau stress 
of aluminum foam, respectively, and Vm (m/s) is peak crush-
ing velocity. As for the energy absorption enhancement of 
pleated plate, it was found to be strongly dependent on a, ta, 
angle θo and tp. Hence, an empirical equation in Eq. (4) was 
also derived in terms of four non-dimensional parameters to 
predict the energy absorption enhancement of pleated plate.

where ρs (kg/m3) and σy (Pa) are density and yield strength 
of pleated plate, respectively, a (m/s2) is positive accelera-
tion, tp (m) is pleated plate thickness, D (m) is aluminum 
foam depth and ta (s) is positive acceleration duration. The 
empirical equations for predicting the energy absorption 
enhancements of aluminum foam and pleated plate are com-
pared with numerical results in Figs. 23 and 24, respectively. 
It is noted that the empirical equations can provide close 
predictions as compared to the numerical results. With the 
empirical equations for predicting the energy absorption 
enhancements of aluminum foam and pleated plate as well 
as the analytical force–displacement function of the quasi-
static loaded connector proposed by Wang et al. (2017a), 
the force–displacement function of the connector under 
dynamic crushing can be determined by scaling up the ana-
lytical force–displacement relation of the quasi-static loaded 
connector with the energy absorption enhancement for each 
component as follow:

(3)
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where FD is crushing force of the dynamic loaded connector, 
Fpp and Ff are crushing forces contributed by aluminum foam 
and pleated plate, respectively, in the quasi-static crushing 
case (Wang et al. 2017). Hence, the analytical formula for 
predicting force–displacement relation of the dynamic loaded 
connector can be adopted for the blast resistant design.

5  Conclusions

In this paper, the dynamic crushing behaviors of the alu-
minum foam filled energy absorption connectors were 
numerically studied and the different deformation modes 
of the connector under quasi-static and dynamic crushing 
loads were also revealed. Then, the parametric studies on 
the effects of crushing velocity–time history, angle θo and 
pleated plate thickness on the energy absorption enhance-
ment were conducted, based on which, two empirical equa-
tions were derived in terms of various parameters to predict 
the energy absorption enhancements of aluminum foam and 
pleated plate. The main findings from this work were sum-
marized as follows:

(1) The deformation mode of the connector under dynamic 
crushing showed some differences as compared to that 

under quasi-static crushing, i.e., the crushing of alu-
minum foam initiated at the top and the upper pleated 
plate initially bended upward under dynamic crush-
ing. The change of deformation mode under dynamic 
crushing could be attributed to the inertia force which 
changed the force distribution on the connector.

(2) The energy absorption of the connector showed signifi-
cant increase under dynamic crushing as compared to 
that under quasi-static crushing and the pleated plate 
showed more evident energy absorption improvement 
as compared to aluminum foam. The improvement of 
energy absorption could be attributed to the change of 
deformation mode (for aluminum foam and pleated 
plate) and strain rate effect (for pleated plate).

(3) It was noted from the numerical results that the energy 
absorption enhancement of aluminum foam was only 
related to peak crushing velocity, Vm, while the energy 
absorption enhancement of pleated plate was related to 
positive acceleration, a, and positive acceleration dura-
tion, ta.

(4) The energy absorption enhancement of aluminum foam 
showed increase with decreasing angle θo, but it was 
rarely affected by the variation of pleated plate thick-
ness. In terms of the energy absorption enhancement of 
pleated plate, it could be increased by reducing either 
angle θo or pleated plate thickness. This was because 
smaller angle θo had longer upper pleated plate which 
could lead to higher energy absorption enhancement via 
plastic strain energy accumulation by the change of hog-
ging moment to sagging moment during dynamic crush-
ing. In addition, thinner pleated plate might behave more 
significant deformation mode change, which resulted in 
more significant increase of energy absorption.
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