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Highlights 

 Dynamic plastic properties, deformation modes, constitutive relations and shock states 

are described  

 Experimental observations in the quasi-static, transitional dynamic and shock regimes 

are presented  

 Mechanisms associated with inertia, enclosed gas and microscopic strain-rate 

sensitivity of base material are elucidated 

 Mesoscopic modelling and its applications are discussed with regard to idealised and 

realistic cell structures 

 Macroscopic continuum-based modelling for compression-dominated loading is 

summarised and commented 
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Dynamic compressive behaviour of cellular materials: a review of 
phenomenon, mechanism and modelling 

Yongle Sun1§, Q.M. Li1,2 

1School of Mechanical, Aerospace and Civil Engineering, The University of Manchester, 
Sackville Street, Manchester M13 9PL, UK 

2 State Key Laboratory of Explosion Science and Technology, Beijing Institute of 
Technology, Beijing 100081, PR China 

Abstract: Dynamic compressive behaviour of cellular materials is crucial to their 

applications in energy absorption, ballistic mitigation and blast/impact protection. The recent 

research progress in this subject has led to an improved understanding of the experimental, 

analytical and numerical observations. This review focuses on the aspects of phenomena, 

mechanisms and modelling on the concerned subject. Attention is paid to linking macroscopic 

dynamic compressive behaviour with the subscale influential factors. The characteristics of 

cellular materials at different spatial scales and their compressive behaviours at different 

loading rates are introduced, based on experimental observations in the quasi-static, 

transitional dynamic and shock regimes of compression. Then a comprehensive discussion 

about the roles of the micro- and meso-scale mechanisms in the dynamic compressive 

behaviour is presented. Finally, important modelling approaches and results are reviewed and 

commented. The main conclusions are: (1) the strain-rate sensitivity of cellular materials is 

closely associated with base material properties (both quasi-static and dynamic ones) and cell 

structure; (2) the compaction shock in cellular materials has mesoscopic structural causes and 

its formation leads to unique deformation mode, load transmission and stress-strain states; (3) 

shock initiation requires sufficient loading rate or intensity, and its critical condition can be 

described based on impact velocity; (4) cell-based modelling is useful for the identification 

and examination of the underpinning mechanisms, while continuum-based modelling is 

necessary for the analysis of structures made of cellular materials. Outstanding issues on the 

subject of the dynamic compressive behaviour of cellular materials are also addressed.  

Keywords: Foam; Honeycomb; Wood; Strain-rate effect; Shock; Dynamic compressive 
behaviour; Multiscale analysis; Modelling  

                                                
§ Correspondence: yongle.sun@manchester.ac.uk; sunyongletl@gmail.com 
 Corresponding author. Email address: Qingming.Li@manchester.ac.uk (Q.M. Li)  
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Nomenclature 

a Acceleration 

d Equivalent diameter of cell 

h Current height (or length) of sample 
ha, hb Height (or length) of material ahead of and behind shock front, 

respectively, in the current configuration 

l  Length of cell edge 

p0, p Initial and current pressure of enclosed gas, respectively 

qa, qb Heat flux density ahead of and behind shock front, respectively 

t Time 

u Displacement 

w Thickness of cell wall/strut 

D Hardening parameter in dynamic stress-strain relation 
E Elastic modulus 
Ep Hardening modulus in linear hardening plastic model 
H Initial height (or length) of a sample  
Ha, Hb Height (or length) of material ahead of and behind shock front, 

respectively, in the original configuration 

K Hardening parameter in quasi-static stress-strain relation 

P, Pm Current and maximum pressure, respectively, during blast loading 

Tm Melting temperature 

T0, T Initial and current temperature, respectively 
Ua, Ub Internal energy density ahead of and behind shock 

front, respectively 
Upl Energy absorption in the plateau stage 
V0, V Initial and current velocity, respectively 

Va, Vb Velocity of material ahead of and behind shock front, respectively 

Vi Impact velocity 
Vs-c Critical impact velocity for shock initiation 

Vr  Reference velocity in linear Hugoniot relation 

Vs Propagation velocity of shock front 
 Strain 

 Strain-rate 

a, b Strain ahead of and behind shock front, respectively 

,  Critical strain-rate for an adiabatic process and an isothermal 

process of internal gas pressurisation, respectively 

c0 Strain at the onset of cell collapse, when shock is absent 
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d0 Strain at the onset of densification, when shock is absent 

s-c   Critical strain for shock initiation 
sh
d0  Densification initiation strain obtained from the Hugoniot relation 

of shock stress-strain state 

y Yield strain 

 Energy absorption efficiency 

a , b  Entropy density ahead of and behind shock front, respectively 

 Poisson’s ratio 

 Density 

0 Initial density before loading 

s Density of base material 
 Stress 
sh
0   Stress parameter in the Hugoniot relation of shock stress-strain state  

a, b Stress ahead of and behind shock front, respectively 

c0 Stress at the onset of cell collapse, when shock is absent 

d0 Stress at the onset of densification, when shock is absent 

e Mises equivalent stress 

m Mean stress 

pl Plateau stress 

s-c  Critical stress for shock initiation 

y Yield stress 
d
y  Dynamic yield stress 

s
y  Static or quasi-static yield stress 

y0 Yield stress at absolute zero temperature 

ys Yield stress of base material 
   Porosity 

   Yield function 

 

Abbreviation 

 

1D/2D/3D One-/two-/three-dimensional 

CT Computed tomography 

DIC Digital image correlation 

FEM Finite element method (or model) 

R(E)-LHP-L(R) Rigid(Elastic)-Linear Hardening Plastic-Locking(Rigid) 

R(E)-PP-L(R) Rigid(Elastic)-Perfectly Plastic-Locking(Rigid) 

R(E)-PP-NLH Rigid(Elastic)-Perfectly Plastic-Non-linear Hardening 

R(E)-NLHP Rigid(Elastic)-Non-linear Hardening Plastic 
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R(E)-S-H Rigid(Elastic)-Softening-Hardening 

RD Relative density 

RVE Representative volume element 

SEM Scanning electron microscopy 

SHPB Split Hopkinson pressure bar 

1. Introduction 

1.1. Cellular materials at different spatial/temporal scales 

Nature materials often exhibit certain optimised structure and functionality realised by the 

evolution over millions of years. Many natural materials, such as wood, coral and cancellous 

bone, are composed of unique cell structures which enable them to possess unusual properties 

such as ultra-low density and multi-functionality. This enlightens and motivates humans to 

produce various synthetic materials similar to natural cellular materials in order to meet the 

continuing demands of weight reduction and function integration in engineering structures. 

The common feature of cellular materials is the interconnected network of cells to fill the 

internal space, thereby optimising the load resistance with reduced density. Because of the 

cell structure, a cellular material can have very high porosity (usually exceeding 70% and 

even as high as 99.7% [1]) and thus much lower density than that of the base material. 

Cellular materials are also distinct from porous materials which are composed of isolated 

pores and have relatively low porosity (<70%) [1]. Cellular materials can be categorised 

according to their cell morphology and topology. One widely accepted classification is based 

on the cell connection, i.e. cells are open or closed, or have semi-openness. Another 

classification is based on the way in which cells are arranged. For instance, 2D cellular 

materials (e.g. honeycombs) have cells parallelly arrayed in one direction (i.e. out-of-plane 

direction), while 3D cellular materials (e.g. foams) have cells connecting each other by 

sharing struts (i.e. edges of open cells) or walls (i.e. faces and edges of closed cells) in the 

whole space occupied. 

Cellular materials are attractive for many engineering applications with regard to their 

mechanical, thermal, acoustic and electromagnetic properties, among which the applications 

for energy absorption and load attenuation have been continuously increased in transport, 

aerospace, defence, building and biomedical industries [1-11]. When they are used to absorb 

energy or mitigate impact/blast loads, their compressive properties, under both quasi-static 

and dynamic conditions, are of particular importance. In addition, compression tests are used 

most widely to determine the yield surface and its strain-rate sensitivity in constitutive models 
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for cellular materials. The research efforts on the topic of the compressive behaviour of 

cellular materials, especially those made in the past twenty years, have led to a body of good 

knowledge for engineering analysis and design. This review summarises and comments on 

the recent research progress in the dynamic compressive behaviour of cellular materials.  

A cellular material consists of at least two phases (i.e. a solid and a gas) and its structural 

characteristics are manifested at different spatial scales. At least four spatial scales can be 

distinguished in a cellular material, as shown in Fig. 1. At the macro-scale, the cellular 

material is characterised by its overall geometrical and physical properties, and the continuum 

assumption is normally adopted. A macroscopic description of a cellular material implies that 

a sufficient number of cells are involved. In most cases, a spatial scale on or above the order 

of 10-2 m can be regarded as macro-scale, but the lower bound may vary in a wide length 

range depending on cell size (e.g. equivalent diameter, d, of cell). The meso-scale defined 

here is the spatial scale (typically 10-4-10-2 m) at which the individual cells, which are 

constructed by the base material and the enclosed gas, are arranged and connected in space. 

With further reducing the dimension, the micro-scale typically covering 10-6-10-4 m describes 

how the base material itself is constituted. The nano-scale (<10-6 m) may be important when 

the cell size is extremely small or the base material itself is highly porous, but the nanoscopic 

behaviour is less frequently encountered in the current engineering applications, and thus, will 

not be discussed here.  

 

Fig. 1. Structural features of cellular materials (metal foams taken as an example) at different 

spatial scales. Illustration images are adapted from Refs. [4, 5, 12-17]. 
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To guide material optimisation and engineering analysis, the micro- and meso-scale 

mechanisms controlling the macroscopic material properties have to be understood. Fig. 2 

demonstrates the distinctive characteristics and properties of a cellular material at different 

spatial scales. The base material may exhibit significant micro-structural heterogeneity, but 

normally it needs to be homogenised to obtain the “bulk” base material properties in order to 

simplify the material modelling at the meso-scale. The mesoscopic morphology and topology 

of cells, and their deformation modes, as well as the homogenised properties of the base 

material and enclosed gas, play important roles in determining the macroscopic material 

properties (e.g. plastic strength and its strain-rate sensitivity).  

The links between the mechanical behaviours at different spatial scales are illustrated in 

Fig. 2. The multiscale behaviour of a cellular material can be realised from the deformations 

undergone by the cellular material, individual cell and base material. A macroscopic global 

strain (or nominal strain) is defined with respect to the gauge length over the representative 

volume element (RVE) (or a whole sample in a material test), while a macroscopic local 

strain is equivalent to the mesoscopic global strain defined as a measure of the average 

deformation experienced by each cell (or a row of cells if one-dimensional simplification is 

adopted). Such a conceptual equivalence between the macroscopic local strain and 

mesoscopic global strain for cellular materials has been applied in experimental strain 

mapping using digital image correlation [18, 19], and in numerical strain calculations based 

on the cross-sectional displacement [20, 21] and finite element nodal distance in a cell 

neighbourhood [22, 23]. Similarly, the mesoscopic local strain and the microscopic global 

strain are equivalent, and they are both a measure of the deformation of the base material [21, 

24-26]. This conceptual equivalence, again, acts as the link between the meso-scale and 

micro-scale. When the deformation of an individual phase or grain in the base material is 

examined, the microscopic local strain measure should be resorted to, which is beyond the 

scope of this review. It should be noted that the strain or strain-rate at each spatial scale, as 

discussed throughout this review, refers to the global one averaged over the whole gauge 

length at that scale, unless otherwise stated. Furthermore, engineering strain measure is 

adopted. If no specification of the spatial scale is made, macroscopic strain or strain-rate is 

implied. Similar convention is applied to stress. 
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Fig. 2. Characteristics and properties of cellular materials at different spatial scales and their 

links. 

Mesoscopic structural parameters are necessary to quantify the cell characteristics which 

distinguish cellular materials from other engineering materials. The most important structural 

parameter is relative density [1], which indicates the proportion of solid content in the cell 

structure and is expressed as 

s

RD 1
 


                                                           (1)                                                               

where   is the bulk density, s  is the density of the base material, and   is the porosity. 

The relative density s   describes the original cell structure of a cellular material, unless 

otherwise stated. The bulk density can be measured by the total mass of a specimen divided 

by the bulk volume. The density of the base material can be estimated by a rule-of-mixtures 

method if the chemical composition or constituent phases are known. The relative density also 

can be obtained using geometrical parameters of cells. For example, the relative density of a 

honeycomb with regular hexagonal cells can be derived as  

s

2 1
(1 )

3 2 3

w w

l l




                                                   (2)                                                  

where w and l are the thickness and length of cell wall, respectively. Formulae to predict or 

estimate relative densities of cellular materials are given by Gibson and Ashby [1]. Compared 

to porous materials, cellular materials contain many interconnected cells rather than isolated 

pores, and thus have much lower relative density. There exists a transition from cellular 

materials to porous materials when the relative density exceeds approximately 30% [1]. 

Other important mesoscopic structural parameters include the dimension, curvature, 
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corrugation, orientation, anisotropy and connectivity of the cells or their struts/walls, and so 

on. Gibson and Ashby [1, 27] systematically analysed and demonstrated the correlations 

between bulk properties and relative density of cellular materials (mainly honeycombs and 

foams). In the subsequent studies, it has been shown that the morphology [28-35], topology 

[36-39] and defects [40-46] of cell structure can also significantly affect the bulk properties.  

When different temporal scales are considered, the macroscopic compression of cellular 

materials can be divided into three regimes in terms of the macroscopic loading rate 

(strain-rate or loading speed), i.e. quasi-static, transitional dynamic and shock regimes, as 

shown in Fig. 3. Note that the compressive behaviour at very high velocity (>1000 m/s) is not 

included here. Also note that, despite the widely observed shock compression in the vast 

majority of cellular materials subjected to high speed impact (Sections 2.3.1 and 3.2.1), 

exception has been reported for dynamic out-of-plane compression of aluminium honeycombs, 

for which shock effect has not been observed in experiments with an impact speed up to 45 

m/s [13, 47, 48], nor in cell-based numerical simulations with an impact speed up to 200 m/s 

[49]. Karagiozova and Alves [49] thus stated that “the honeycombs out-of-plane dynamic 

compression does not pertain to the shock wave phenomenon”. However, it should be noted 

that honeycombs only have one cell in the out-of-plane direction, unlike other cellular 

materials such as foam and wood. Honeycombs resemble parallelly arrayed tubes, for which 

the dynamic load transmission during axial high-speed impact is controlled by the stress wave 

propagation in the tube walls [50, 51] rather than cell-wall interaction (e.g. contact and 

compaction) in foams [52, 53]. The mesoscopic mechanism of load transmission in cellular 

materials during high speed impact is still an open topic. In the subsequent discussion on 

shock, the dynamic out-of-plane compression of honeycombs will be excluded.  

In the quasi-static and transitional dynamic regimes, a cellular material is compressed 

under macroscopic force equilibrium (or macro-inertia effect is insignificant) and the nominal 

strain-rate (i.e. loading speed divided by sample gauge length) is commonly used as a 

measure of the overall deformation rate for the description of constitutive behaviour (see 

Section 2.2). However, in the shock regime the force balance is violated due to the 

macro-inertial force in axial direction, and the shock propagation leads to discontinuity of 

macroscopic physical quantities. Consequently, the loading speed, which is correlated with 

particle velocities within the cellular material, is more appropriate to characterise the 

compression process [54, 55]. Although not recommended, the nominal strain-rate is 

occasionally used even when shock occurs, for the convenience of comparison between 

different compression regimes, but in such a case, the loading speed must be also given for 
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the specific length of the sample tested, since the shock behaviour essentially depends on 

loading speed rather than nominal strain-rate.   

Equally importantly, the microscopic strain-rate experienced by the base material can be 

significantly different from the macroscopic strain-rate experienced by the cellular material, 

due to nonuniform deformation (e.g. shear bands and crush bands) in the cell structure. 

Localised deformation is common in cellular materials (see Section 3.2.1). In quasi-static and 

transitional dynamic regimes, localised large deformation can be correlated with a stress 

plateau in the stress-strain curve (see Sections 2.1, 2.2 and 3.2.1). However, relatively 

uniform large deformation could be also produced if the cellular material (e.g. composite 

metal foam [56, 57]) has certain mesoscopic stabilising mechanism. In the shock regime, 

localised and progressive crushing initiates from loading end, and the stress in the crushed 

zone is significantly larger than that in the uncrushed zone, due to the strong inertia effect (see 

Sections 2.3 and 3.2.1). Despite the recognised deformation localisation in many cellular 

materials, the nominal strain and stress are commonly used to characterise the compressive 

properties. This is acceptable in quasi-static and transitional dynamic regimes, since the 

internal force equilibrium (or the continuity of macroscopic stress) is established and the 

localised deformation is randomly distributed in the sample, so that the homogenised stress 

and strain can be used for engineering analysis. By contrast, the local stresses and strains in 

the crushed and uncrushed zones, separated by shock front, should be used in the shock 

regime, and further discussion about this issue will be presented in Sections 2.3, 3.2.1, 4.1.2 

and 4.2.1. 

The dynamic compression of cellular materials may also involve micro-inertia apart from 

macro-inertia, which must be distinguished when evaluating the inertia effects. Micro-inertia 

arises from the acceleration of actual material points in individual cell wall or strut, which is 

associated with cell deformation (particularly for Type-II structure deformation, as discussed 

in Section 3.1, see Fig. 15 and Ref. [58]). Macro-inertia in axial direction appears when the 

axial acceleration of a macroscopic point (e.g. mass centre of a representative volume) of a 

cellular material is not zero. The evaluation of macro-inertia is based on the macroscopic 

deformation mode, and the macro-inertia can be represented by the averaged macroscopic 

density. However, a uniaxial compression of a cellular material actually produces mixed 

deformation modes (e.g. bending and stretch/contraction) of the base material in the cell 

structure, potentially leading to amplified transverse micro-inertial force that may affect the 

deformation process and the axial load resistance of the cellular material. If we simply refer 

the micro-inertia to the transverse inertia [26, 59], the conventional continuum mechanics 
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approach is usually not able to capture the micro-inertia effect, partially because most of 

cellular materials have small macroscopic plastic Poisson’s ratio (close to zero [60-62]) but 

the walls/struts inside the cell structure actually undergo significant transverse motion (lack of 

constraint due to high porosity) under macroscopic compression. As micro-inertia is sensitive 

to cell structural characteristics, the evaluation of its effect must consider the cell deformation 

at the meso-scale. The dynamic compressive properties of a cellular material might change 

due to micro-inertia effect [48, 63], even when macro-inertia has negligible contribution to 

the compressive resistance of the cellular material. 

 

Fig. 3. Compression regimes at different loading rates (strain-rates or loading speeds). 

The quasi-static compressive behaviour is normally regarded as the reference case when 

evaluating the effects of dynamic factors at intermediate and high loading rates. It is generally 

agreed [1, 64, 65] that the strain-rate sensitivity of base material, micro-inertia, internal gas, 

as well as macro-inertia and structural shock wave, are key factors to affect dynamic 

compressive behaviour. It has been also recognised that distinctive cell deformations can 

occur in different compression regimes [54, 66-69]. In particular, when shock initiates, the 

cell deformation is dominated by the propagation of a macroscopically planar discontinuity 

wave front, which is distinct from the structure-sensitive cell deformation in the quasi-static 

and transitional dynamic regimes. It may be expected that critical conditions exist between 

different compression regimes. However, such conditions may not be easily identified if there 

is no distinct boundary between two considered regimes. For instance, the quasi-static 

compression is broadly similar to the transitional dynamic compression with regard to cell 

deformation, due to the lack of macro-inertia effect. By contrast, the shock leads to unique 

cell deformation and distinctive shock stress-strain states, and hence it is more feasible to 
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identify the critical condition for shock initiation. 

Microscopic and mesoscopic models are important for identifying mechanisms and 

quantifying the effects of different small-scale factors. Moreover, exactly the same samples 

can be used in compression simulations for quasi-static, transitional dynamic and shock 

regimes, thereby avoiding the uncertainty caused by mesoscopic structural difference between 

nominal “same” samples used in experiments (this is particularly an issue for stochastic 

cellular materials with large cells). On the other hand, a macroscopic continuum-based model 

is needed for structural analysis and design. Such homogenised models represent the averaged 

responses of a collection of mesoscopic structures of a cellular material, instead of their 

individual responses in a mesoscopic model. However, it is preferable that the 

continuum-based models are underpinned by the understanding of the micro- and meso-scale 

mechanisms, rather than merely empirical or phenomenological. The mechanism-based 

understanding provides robustness to the predictive capability of analytical and numerical 

models, which motivates the authors to present a review with the balance between 

observations, mechanisms and modelling.   

1.2. Objective, scope and outline 

This paper is aimed to review the observations, mechanisms and modelling reported in the 

literature and furthermore to present a consolidated understanding of the dynamic 

compressive behaviour of cellular materials. The strain-rate sensitivity of cellular materials 

has caused much controversy and confusion in the past [54, 55, 59, 70, 71]. The supposed 

load attenuation function of cellular materials is also questionable in high speed impact or 

intensive blast loading [72-77]. Recent progress in research has led to a clearer picture and a 

better understanding of the experimental and numerical observations. In this review, the 

dynamic mechanisms operating at the micro- and meso-scale are elucidated on the basis of 

experimental evidence and cell-based modelling results. The summary of modelling methods 

is focused on dynamic compression problems while, as an extension, macroscopic 

constitutive modelling for isotropic cellular materials subjected to multiaxial or combined 

loading is also discussed.  

The cellular materials examined here are mainly mesoscopic bending-dominated or 

buckling-prone materials, including foams, honeycombs, wood and other idealised virtual 

cellular solids (e.g. Kelvin and Voronoi foams), which are used primarily for the purpose of 

energy absorption and load attenuation. Mesoscopic stretch-dominated cellular materials (e.g. 

architected lattices) possess better initial stiffness and strength, and their macroscopic 

properties can be correlated with relative density linearly, unlike the nonlinear correlation of 
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bending-dominated cellular materials [36, 37, 78, 79]. Stretch-dominated cellular materials 

are preferable in lightweight structure construction wherein weight reduction and load bearing 

are most important. However, they are less suitable for energy absorption or load attenuation, 

as they can be susceptible to significant post-yield softening which leads to a compressive 

stress-strain curve with high peak stress but much lower plateau stress [39, 78, 80]. Despite 

the difference in the initial compressive response, at large compressive strains the bending- 

and stretch-dominated cellular materials actually exhibit similar mesoscopic deformation 

mode (e.g. buckling collapse and crushing). Shock can also occur in both bending- and 

stretch-dominated cellular materials, controlled by similar mesoscopic mechanism [81]. 

Therefore, most of the discussion and conclusions about large-deformation compressive 

behaviour and the modelling methods presented in this review are also applicable to 

stretch-dominated cellular materials, despite that the results and analyses of 

bending-dominated cellular materials are mainly used to obtain the conclusions.  

Exceptional compressive behaviours associated with functionally graded [82-84] and 

hierarchical [85-87] cellular materials, which involve tailored architectures, are not discussed 

here, and neither is the hypervelocity compressive behaviour [9, 10]. Large deformation 

plastic behaviour in compression-dominated loading (mainly dynamic uniaxial compression, 

with reference to quasi-static case; multiaxial compression or combined loading is briefly 

discussed in Section 4.2.2) is of major interest here, which is most important for energy 

absorption and load attenuation, although the elastic properties of cellular materials can be 

also sensitive to strain-rate [88].  

This review paper is divided into five sections, which are devoted to general background 

(Section 1), experimental observations of macroscopic compressive behaviour (Section 2), 

micro- and meso-scale examination of mechanisms (Section 3), methodology and application 

of modelling (Section 4), and concluding remarks (Section 5).  

2. Macroscopic compressive behaviour 

2.1. Quasi-static regime 

2.1.1. Stress-strain relation 

Fig. 4 shows typical stress-strain curves of metallic foam, honeycomb and packed hollow 

sphere structure under quasi-static compression [13]. The tested samples in Fig. 4 have a 

sufficient number of cells, which avoid sample size effect [89-91], and thus they are 

representative for the measurement of macroscopic mechanical properties. The compression 
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exhibits three distinctive stages: (1) the initial stage wherein stress increases approximately 

linearly with strain until reaching a local maximum; (2) the subsequent plateau stage wherein 

stress remains relatively constant over a large strain range (note that it is this unique plateau 

stage that differentiates cellular solids from porous and fully dense solids); (3) the final 

densification stage wherein the stress rises rapidly. It should be noted that appreciable stress 

oscillation may occur in the plateau stage (Fig. 4), which indicates unstable mesoscopic 

deformations associated with base material properties and cell structure. Similar stress-strain 

relations also exist for wood [92], polymer foams [93, 94], ceramic foams [95], concrete 

foams [96, 97], and so on. 

 

Fig. 4. Quasi-static compressive stress-strain curves of closed-cell aluminium Cymat foam 

(235 kg/m3) and Alporas foam (245 kg/m3), aluminium honeycomb (38 kg/m3, out-of-plane 

compression) and packed nickel hollow spheres (219 kg/m3). [adapted from Ref. 13] 

2.1.2. Plastic properties 

In the initial compression stage, the collapse initiation stress, c 0 , is usually used to 

indicate the yield strength, which can be obtained as the first peak stress or the stress at which 

the tangent modulus is the first minimum. Although an offset yield stress (e.g. 0.3% offset 

yield point [60]) can be also used to determine the initial yield strength of a cellular material, 

it requires the knowledge of elastic modulus which may vary with strain and needs 

considerable extra effort to obtain accurate measurement [96, 98, 99].  

The collapse initiation strain, c0 , can be unambiguously identified as the strain 
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corresponding to c 0 , as shown in Fig. 5, indicating the start of the plateau stage. By 

contrast, a variety of methods have been proposed to determine the densification initiation 

strain d0  [100]. Tan et al. [101] first proposed an energy absorption efficiency method, 

based on the stress-strain curve obtained in a quasi-static compression test, to determine the 

strain at the onset of densification. Subsequently, Li et al. [100] experimentally investigated 

the compressive stress-strain curves of various foams using different methods to determine 

d0  and concluded that the energy absorption efficiency method is advantageous as it can 

give unique and consistent results.  

 

Fig. 5. Schematic diagram of stress-strain curve illustrating the three compression stages 

(inset showing    curve) [96]. 

The energy absorption efficiency is defined as 

0

1
( ) ( )d

( )


    

 
                                              (3) 

where   and   are the nominal compressive stress and strain, respectively. The 

densification stage begins (or the plateau stage ends), when   reaches the maximum, i.e. 

d0

d ( )
0

d  

 
 

                                                   (4) 

where d0  is the densification initiation strain (Fig. 5). This definition of densification 

initiation strain has been widely accepted and increasingly used by researchers for various 

types of cellular materials [96, 102-106]. It is also noteworthy that the densification initiation 
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strain can be derived if the stress-strain equation is known. For instance, when a power law, 

e.g. c0
nk    , is adopted, we have 

1/

2c0
d0

( 1) 4
( 2) ( 2)

2 1

n

n
n n

k n


            

                         (5) 

The valid condition of the above equation is that the exponent n is not smaller than three, 

which suggests that the energy absorption efficiency method is applicable only when n has 

relatively large values. For most of cellular materials (e.g. foams and honeycombs, as shown 

in Fig. 4), the stress-strain curve has an overall increasing slope and a rapid change of the 

slope from the plateau stage to the densification stage. Ideally, the slope change is abrupt, e.g. 

from a very small value to a large value. This justifies the use of a single parameter, i.e. 

densification initiation strain, to characterise the boundary (or transition) between the plateau 

stage and densification stage. 

In the literature, another term “densification strain” is also widely used. In most cases, the 

“densification strain” has the same meaning as the “densification initiation strain”, 

particularly when it is used in an analytical model based on a simplified stress-strain relation 

[100]. However, the “densification strain” was originally defined by Gibson and Ashby [1] to 

indicate a limiting strain at which “the opposing walls of the cells crush together and the cell 

wall material itself is compressed”. In other words, the “densification strain” indicates the 

completion of densification. However, in the practical application of cellular materials and the 

related engineering design, the onset of densification is more important than the completion of 

densification. Therefore, only the “densification initiation strain” is discussed in this review. 

Densification initiation strain is an important parameter in analytical models wherein the 

compressive responses in the plateau stage and the densification stage are treated separately 

(see examples in Section 4.2.1). It is also used as a material parameter to characterise the 

crushability of a cellular material in terms of the maximum compressive deformation 

attainable in the plateau stage, in both quasi-static and dynamic cases [34, 69, 92, 104, 107, 

108]. In addition, this parameter is usually required for the determination of the average stress 

in the plateau stage, i.e. plateau stress, as well as the energy absorption capacity of a cellular 

material. 

The plateau stress can be obtained by the energy equivalence in the plateau stage, viz. 

d0

c0

pl
d0 c0

( )d



  


 





                                                 (6) 
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The calculation of energy absorption normally neglects the pre-collapse and densification 

stages, as well as elastic energy. Therefore, the plastic energy can be obtained by 

d0

c0
pl pl d0 c0( )d ( )U




                                                   (7) 

2.2. Transitional dynamic regime  

2.2.1. Strain-rate effect on stress-strain relation 

In the transitional dynamic regime, a macroscopic force balance is established in the 

cellular material throughout the compression. Standard test methods for intermediate 

strain-rates, e.g. split Hopkinson pressure bar (SHPB) technique, are widely used to determine 

dynamic constitutive stress-strain relations of materials. However, the standard SHPB method 

has several remarkable drawbacks when it is applied to cellular materials. First, the pressure 

bar has limited diameter but the tested sample must be large enough to avoid size effect [89]; 

this issue causes either experimental difficulty associated with the requirement of large 

diameter pressure bars or data scattering when the pressure bar diameter is insufficient [54, 65, 

109, 110]. Second, the wave impedance of the tested sample is usually too low to produce 

strong signals for metallic pressure bars, and consequently, additional difficulty has to be 

overcome when low-impedance polymer or hollow metallic pressure bars are used to ensure 

measurement accuracy [54, 65, 110-113]. Third, the interest in the dynamic crushing stress 

throughout the plateau stage implies that large deformation of the tested cellular material 

should be produced by the pressure bar, which requires that the striking bar and the output 

pressure bar must be sufficiently long to avoid multiple loading-unloading [111]. Fourth, 

some test setups are incapable of acquiring sufficient information to verify the force 

equilibrium assumed in a SHPB test for the transitional dynamic regime [54, 65, 109, 114]. 

Therefore, it is suggested that the SHPB test results for cellular materials should be 

interpreted with caution, and the experimental uncertainty should be addressed. Other 

prevalent test methods, such as pendulum and drop hammer, generally have more limitations 

than SHPB [58, 115, 116]. Recently, some experiment-based inverse methods using digital 

image correlation technique have been applied to obtain the stress-strain relation within a 

foam sample, e.g. Lagrangian analysis method [109, 117] and non-parametric analysis 

method [118], which may overcome the limitation of traditional SHPB method.   

On the other hand, Deshpande and Fleck [64] pointed out that cellular materials like 

aluminium foams are highly heterogeneous and have significant scatters of compressive 
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properties, and thus the tested samples can be regarded as strain-rate sensitive only when the 

increase in dynamic strength is larger than the scatter band (20% adopted in their work). 

Indeed, great scatters of compressive properties are widely observed in both quasi-static and 

dynamic compression tests [119, 120], and therefore, sufficient tests should be done to show 

both the average and the standard deviation at various strain-rates.  

The aforementioned experimental uncertainties should be considered when making 

conclusions from some experimental test results. Nevertheless, most of the reported 

experimental observations have confirmed that the compressive strength of closed-cell 

aluminium Alporas foam is sensitive to strain-rate and thus this specific foam is selected as an 

example here to demonstrate the strain-rate effect. The mechanisms responsible for the rate 

dependence of Alporas foam will be discussed in Section 3. 

Shen et al. [107] used a High Rate Instron Test System to achieve a constant strain-rate 

up to 220 s-1 in compression tests, and the stress-strain curves of Alporas foam at different 

strain-rates are shown in Fig. 6. These results are particularly valuable to examine the 

strain-rate effect on the whole stress-strain relation, while other dynamic compression tests 

such as those using SHPB and pendulum normally have difficulty to attain the densification 

stage due to the shorter loading pulse. From Fig. 6, it is clearly seen that the compressive 

stress is enhanced and the densification initiation strain is somewhat reduced when the 

strain-rate increases. 

 

Fig. 6. Strain-rate effect on the compressive stress-strain relation of closed-cell aluminium 

Alporas foam [107]. 
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2.2.2. Strain-rate effect on plastic properties 

Extensive experimental tests have been conducted to examine the strain-rate effect on the 

plastic properties of cellular materials in the past two decades. However, it still lacks a 

general conclusion on the strain-rate sensitivity of cellular materials, and it is unclear whether 

some conflicting observations (discussed later) are caused by the limitation of experimental 

technique (see Section 2.2.1) or the inherent difference of dynamic compressive behaviour 

between different types of cellular materials.  

Fig. 7 shows the dynamic compressive strength normalised by the quasi-static value for 

different types of cellular materials. The 20% scatter band, as suggested by Deshpande and 

Fleck [64], is included to consider the uncertainty in experiments. The strain-rate hardening is 

evident for the Balsa wood (loaded along grain) and the steel foam, but it is complicated for 

PVC and aluminium foams. The established mechanisms explain that the wood can be 

strengthened by micro-inertia (see Section 3.1.2), and the strain-rate sensitivity of steel foam 

is mainly due to the strong rate dependence of its base material, i.e. steel (See Section 3.1.1). 

However, these mechanisms cannot give convincible explanation about the dynamic 

compressive strength of PVC foams and aluminium foams. It appears that the PVC foams and 

the open-cell aluminium foams with higher densities are sensitive to strain-rate, but those with 

low densities are strain-rate insensitive. Despite the strain-rate insensitivity of some 

low-density polymer foams, most of polymer foams have been experimentally observed to be 

strain-rate sensitive [29, 61, 94, 121-125]. It is also interesting to note that the strain-rate 

effect appears more pronounced at strain-rates above 1000 s-1, as shown in Fig. 7 and in Ref. 

[124]. However, cellular materials are generally susceptible to shock at moderate impact 

speeds (e.g. 40-60 m/s [13, 69, 126]), which can be comparable to the nominal strain-rates in 

the order of 103 s-1, depending on the sample length and shock properties. Further discussion 

about this issue can be found in Section 2.3.  

The closed-cell aluminium Alporas foam is evidently sensitive to strain-rate, see Fig. 6 

and Fig. 7. By contrast, for another closed-cell aluminium foam (Cymat), Montanini [115] 

observed that it has a discernible rate-dependence of peak stress, but its plateau stress is 

insensitive to strain-rate. Therefore, it is necessary to further examine the strain-rate 

sensitivity in terms of plateau stress which represents the average of the stresses in the plateau 

stage.  
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Fig. 7. Dynamic compressive strength normalised by the quasi-static compressive strength 

obtained at a nominal strain-rate of 0.001 s-1 [92, 112, 127-133]. Note that the compressive 

strength is defined as collapse initiation stress or first peak stress, except the data of Ref. [127] 

where the stress at a nominal strain of 0.15 is used. Wood (Balsa) is loaded along grain. 

 

Fig. 8 shows the plateau stress normalised by the relative density and the edge 

thickness-to-length ratio for closed-cell aluminium foams and aluminium honeycombs, 

respectively. It can be clearly seen that the plateau stress generally increases with strain-rate 

for Alporas foam, but it is insensitive to strain-rate for Alulight foam. Similar rate dependence 

has been observed for SCHUNK foam [115], IFAM foam [65] (Peroni et al. [134] observed 

an insignificant rate dependence of IFAM foam) and some non-commercial foams [135], 

while similar rate independence has been observed for Hydro foam [111], Cymat foam [115] 

and some non-commercial foams [136]. It implies that the cell structure, which may vary 

from each other among different types of foams manufactured by different processes, have a 

significant effect on the strain-rate sensitivity. This issue will be further discussed in Section 3. 

For aluminium honeycombs subjected to out-of-plane compression, the strain-rate hardening 

of plateau stress is evident, which has been consistently observed by different researchers [47, 

65, 137-139]. Similar to foams, the cell structure of honeycombs affects the magnitude of this 

rate dependence (see mechanisms in Section 3). By contrast, the in-plane compressive 

strengths of aluminium honeycombs were observed to be insensitive to strain-rate [139]. 
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Fig. 8. Normalised plateau stress versus nominal strain-rate [108]: (a) closed-cell aluminium 

foams (note that the data reported by Deshpande and Fleck [64] are for Alulight foam, while 

all other data are for Alporas foam) [64, 103, 107, 130, 140-143]; (b) aluminium honeycombs 

(out-of-plane compression) [47, 65, 137, 138]. 

Densification initiation strain is another important parameter for the characterisation of 

plastic properties. However, some conflicting experimental observations have been reported 

for the strain-rate sensitivity of the densification initiation strain. Han et al. [144], Shen et al. 

[107], and Vural and Ravichandran [92] observed that the densification initiation strain 

decreases with increasing strain-rate for open-cell aluminium foam, closed-cell aluminium 
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foam and balsa wood, respectively. Both Shen et al. [107] and Vural and Ravichandran [92] 

attributed this decrease in densification initiation strain to the less packing efficiency under 

dynamic compressive deformation. By contrast, Barnes et al. [69] and Tan et al. [145] 

reported that the densification initiation strain of open-cell aluminium foams increases with 

increasing strain-rate, which are consistent with the modelling results of Zou et al. [20]. 

However, Wang et al. [104] and Xu et al. [108] found that the densification initiation strain is 

almost independent of strain-rate according to their experimental results for closed-cell 

aluminium foams. The above inconsistency is probably caused by the inherent difference of 

the cell structures of the cellular materials tested or the different definitions of the 

densification initiation strain adopted. Based on energy absorption efficiency method, see Eq. 

(4), Sun and Li [34] found that the dynamic structural influence factor tends to increase the 

densification initiation strain of a 2D cellular solid, while the internal gas effect can lead to a 

decrease in it. The competition between these two mechanisms is dependent on both 

strain-rate and cell morphology.  

The energy absorption capacity can be evaluated by calculating the dissipated energy per 

unit volume up to the densification initiation strain. However, when shock occurs, the energy 

absorption is complicated due to the strong discontinuity within the sample and the 

dependence of local stress-strain states on the loading speed, which will be discussed in next 

section. For many cellular materials compressed in the transitional dynamic regime, more 

energy can be dissipated when strain-rate increases [104, 107, 112, 131, 146], which are 

usually associated with the increases in plateau stress and/or densification initiation strain 

with the increase of strain-rate. 

2.3. Shock regime 

2.3.1. Shock state and constitutive relation 

When the loading speed is sufficiently high, compaction shock occurs in most of cellular 

materials, and strong macro-inertia effect begins to play a dominant role in the dynamic 

compressive response. When shock occurs, the nominal stress-strain relation is unable to 

describe the constitutive behaviour of cellular materials and the nominal strain-rate should not 

be used to characterise dynamic behaviour, since the axial inertia leads to a significant 

difference between the stresses and strains across the shock front. This has been demonstrated 

in experiments and cell-based simulations, i.e. for a tested sample there is significant 

difference between the stresses measured at the loading and supporting ends, as well as the 

deformations observed in the crushed and uncrushed zones separated by the shock front. 
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Therefore, it is impossible to establish stress equilibrium and strain homogeneity throughout 

the sample and measure the constitutive stress-strain relation. In order to obtain the stress and 

strain states under shock, the physical quantities of cellular materials must be determined 

locally [54, 69, 147-149].  

The compaction shock discussed here pertains to a sudden loading (e.g. impact or blast 

loading) on a cellular material. Both constant speed loading and attenuating impact/blast are 

considered in this review, with emphasis on stress-strain state and constitutive relation in this 

section and dynamic response process in Section 4.2.1. The compaction shock is associated 

with a loading speed higher than a critical impact velocity (or equivalently, a critical blast 

pressure), which will be discussed in more details in Section 2.3.2. Other types of shock [71, 

109, 150] represented by discontinuity but having stress/strain at the similar level of plateau 

stress/strain could also occur in cellular materials, but their existence requires more 

experimental and numerical evidence and thus they are not discussed here. Although the 

continuum-based shock theory can be applied to most of cellular materials with a degree of 

success (see Section 4.2.1 for typical analyses), it should be noted that the shock in cellular 

materials is distinct from the shock in fully dense solids. Shock in cellular materials arises 

from mesoscopic structural mechanisms (e.g. flexural deformation, progressive cell collapse 

and compaction, see Section 3.2.1), and therefore, it is termed as “structural shock” [54, 55]. 

It is also noteworthy that the compaction shock in a cellular material can be initiated at a 

relatively low loading speed (e.g. 40-60 m/s [13, 69, 126]), and the shock speed in the cellular 

material is very close to the material particle velocity behind the shock front [25].  

Reid and his collaborators pioneered in the experimental and theoretical studies in 

“structural shock” for energy absorbing structures and materials. “Structural shock” was 

initially used for 1D ring systems [151, 152], which was then extended to cellular materials 

like wood [153, 154] and foams [54, 55, 145]. Experimental setups used to generate 

compaction shock in cellular materials are shown in Table 1. In 1997, Reid and Peng [153] 

employed direct impact tests to investigate the dynamic compressive properties of five species 

of wood with impact velocity up to 300 m/s and found significant strength enhancement 

measured at the impact end, which was attributed to shock enhancement. Subsequently, Tan 

et al. [54, 101] studied the dynamic compressive strength of closed-cell aluminium 

Hydro/Cymat foams using direct impact experimental setups with impact velocity ranging 

from 10 to 210 m/s, and they observed an approximately quadratic increase in dynamic 

plateau stress with impact velocity. They also showed that a critical impact velocity exists for 

a steady shock. More recently, Tan et al. [145] investigated the impact response of open-cell 
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aluminium Duocel foam by the same experimental procedure and observed similar stress 

increase. In parallel, Lopatnikov et al. [148] and Radford et al. [147] employed a modified 

Taylor impact test, so-called Taylor cylinder-Hopkinson bar test, to investigate the dynamic 

compressive properties of closed-cell aluminium foams, and they also observed the shock 

enhancement of compressive strength.  

Table 1 Impact experimental setups to generate compaction shock in cellular materials 

Schematic of experimental setup Description of impact process  Application examples 

0V

 

Stationary or forward impact 
The striker impacts the sample 
supported by the pressure bar 

Refs. [13, 68, 69, 126, 
154] 

0V

 

Direct or reverse impact 
The sample with backing mass 
impacts the pressure bar 

Refs. [54, 68, 69, 126, 
145, 153, 154] 

0V

 

Modified Taylor impact 
The sample directly impacts the 
pressure bar 

Refs. [126, 147, 148] 

Note: The loading speed is inevitably decreasing when the input energy is absorbed 
during the impact test and thus the experiment represents a load attenuation process. 
However, when the input energy is sufficient (e.g. high initial velocity and/or large 
mass), the impact velocity is approximately equal to the initial velocity in the 
majority (or effective measurement) of the compression process. Strictly constant 
speed loading can be realised in simulations (see Figs. 31 and 32 in Section 4.1.2). 

 

The experimental tests using direct impact and modified Taylor impact can only 

determine the dynamic crushing stress at the impact end. Due to this restriction, the 

aforementioned shock enhancement was evaluated by comparing the dynamic crushing stress 

with the quasi-static stress. It is not accurate if other mechanisms (see Section 3) are also 

responsible for the dynamic stress enhancement. To exclude the effect of the factors other 

than shock wave, if any exists, some researchers used the stationary or forward impact test to 

measure the stress ahead of shock front, and then compared this stress with the stress behind 

shock front obtained using direct or reverse impact test. For instance, Lee et al. [68] 

investigated the shock enhancement of open-cell aluminium Duocel foams and observed that 

the measured crushing stress at the impact end was significantly larger than that at the support 

end. Elnasri et al. [13] also employed this experimental strategy to investigate the dynamic 
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crushing of honeycombs, foams and hollow sphere agglomerates, and they obtained similar 

results. Such a combination of direct and stationary impact tests is useful, as it enables the 

evaluation of the stresses at both the impact and support ends of the sample when shock 

occurs.  

The “shock enhancement” observed in the aforementioned experimental studies can be 

interpreted as a jump of compressive stress across the shock front, which will be further 

discussed in following paragraphs and Section 4.2.1.  

Although the shock effect on crushing stress has been extensively investigated in a 

quantitative manner, the shock deformation has not been quantified with satisfactory accuracy, 

due to the lack of experimental technique to accurately measure the local deformation or 

strain, which hinders the establishment of the stress-strain states under compaction shock. The 

early experimental observations of shock effect on cell deformation were mainly from 

cross-sectional images [54, 147, 148], which showed a sharp planar shock front separating 

crushed and uncrushed cells in cellular materials when subjected to high speed impact. This 

shock front represents a macroscopic discontinuity as defined in classical shock theory [150, 

155] (see more discussion in Sections 3.2.1 and 4.1.2).  

Digital image correlation (DIC) [13, 68, 109] was later used to quantify and visualise the 

shock deformation. Fig. 9 shows the local strain distributions along the axis of shock 

compression, which were measured by DIC in impact tests [13]. This quantitative 

examination of the shock deformation demonstrates the jump of local strain across the shock 

front even at rather moderate loading speeds (40-60 m/s). Such a big strain jump also justifies 

the treatment of shock front as a discontinuity at the macro-scale. 
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Fig. 9. Distribution of the axial local strain (DIC measurement) in a foam sample impacted at: 

(a) 47 m/s; (b) 56 m/s (solid line: even numbers of images; dashed line: odd numbers of 

images) [13]. 

The experimental DIC technique, however, often suffers difficulty and errors for local 

strain measurement when the deformation is large [18, 31], which is certainly troublesome for 

the shock compression that always causes severe cell crushing (see Fig. 10 and Fig. 11). 

Nevertheless, it has been demonstrated that the shock front and its propagation speed can be 

determined by combing high speed imaging and DIC [13, 69]. Fig. 10 shows the formation 

and propagation of the shock front in an open-cell aluminium foam [69]. This enables the 

measurement of local engineering strain behind the shock front (shock strain for brevity) [25, 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

27 

 

69], as long as the position of the planar shock front is known. When loading speed is 

constant or approximately unchanged, the shock strain can be obtained as (see Fig. 11 for 

illustration) 

b b a a b a b
b

b a a a a

/ (1 )

/ (1 )

H h H h h H h h H h

H H h H h H h




      
   

   
                     (8) 

where Ha and Hb are the initial heights (or lengths) of the uncrushed and crushed zones, which 

are ahead of and behind the shock front, respectively, and correspondingly ha and hb are 

defined in the current configuration; H and h are the initial and current sample heights (or 

lengths), respectively; a  is the local engineering strain in the uncrushed zone. An 

approximation, i.e. a 0  , can be made, see Eq. (8), as the deformation in the uncrushed 

zone is much smaller than the shock deformation. If the impact velocity varies significantly 

during shock propagation, a modified form of Eq. (8) may be used, i.e. 

b_ b_ b_ b_ a_( ) / /k k k k k kH h H h h         where b_k  is the shock strain at moment k, 

b_ b_ b_ 1k k kH H H    , b_ b_ b_ 1k k kh h h    , 1k k kh h h     and a_ a_ a_ 1k k kh h h    . 

It should be noted that the local engineering strain calculation using Eq. (8) is actually 

based on the averaging of cell deformation in the crushed zone which encompasses an 

increasing number of cells during shock propagation. This is different from some other strain 

measures reported in the literature, e.g. DIC local strain [13], Lagrangian method strain [109, 

156], cross-sectional averaging strain [20] and nodal neighbourhood strain [22, 23], which all 

depend on the size of the selected sub-region (typically at a scale of average cell size) and 

may not be able to reflect macroscopic behaviour of collective cells if cell heterogeneity is 

significant. In this sense, the strain measure defined by Eq. (8) is convenient and 

advantageous owing to its consistence with the nominal strain measure (i.e. the engineering 

strain defined over the sample gauge length) widely used in quasi-static and transitional 

dynamic compressions (see Fig. 4 and Fig. 6). 
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Fig. 10. Formation and propagation of shock front in open-cell aluminium foam (adapted 

from Ref. [69]): (a) DIC strain contours superposed on the high speed digital images; (b) 

position vs. time diagram of a series of slices (extracted from the corresponding 2D images) 

of the foam from a direct impact experiment with an initial impact velocity of 90 m/s (note: 

the yellow line indicates the trajectory of shock front). 

 

Fig. 11. Schematic of the shock front propagation [25]: (a) the position of the shock front in 

the original reference configuration (Lagrangian configuration); (b) the position of the shock 

front, and the shocked material states, in the current configuration (Eulerian configuration). 
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Applying the technique described above, Barnes et al. (2014) [69] experimentally 

measured the local physical quantities and established the Hugoniot relations (i.e. loci of all 

shock state variables), as shown in Fig. 12. It reveals that the shock speed, strain, stress and 

strain energy density all increase with impact velocity. In particular, the shock speed increases 

with impact velocity approximately linearly and the linear relation is expressed as 

s r bV V SV                                                             (9) 

where Vb is impact velocity (or material particle velocity behind the shock front), rV  is a 

reference speed (i.e. sV  intercept), and S is a material parameter. This linear relation implies 

an increasing plastic wave speed with strain, which satisfies the general requirement of shock 

formation in solids, as stated in the shock theory [25, 150]. For many metallic foams, S is 

approximately equal to one [25, 69, 157-159], while for some polymer foams S is larger than 

one, i.e. 1.00-1.35 [160, 161]. When S is larger than one, an upper limit of shock strain, i.e. 

1/S, can be estimated [25, 160, 161]. In general, S is almost a constant ( 1 ) for most of 

cellular materials, while rV  can vary in a wide range for different types of cellular materials. 

Numerical simulations of 3D Voronoi foams indicate that rV  is dependent on relative 

density, entrapped gas and strain/strain-rate hardening of base material [157]. It is also 

interesting to note that, according to some experimental and numerical results, rV  seems 

close to the critical impact velocity for shock initiation [25, 69, 158, 159] (see Section 2.3.2 

for more discussion of shock initiation). 

Similar linear relation has been also observed in other engineering materials [155, 160, 

162]. For cellular materials the constant Vr in Eq. (9) is much smaller than the sound speed C0, 

while for many traditional engineering materials r 0V C  [25, 69, 162]. As the coefficient S 

is close to one for most of cellular materials [25, 69, 157], the shock speed is only slightly 

larger than the impact velocity, and the difference is approximately equal to Vr.  
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Fig. 12. Hugoniot relations for open-cell aluminium Duocel foam [69]: (a) shock speed vs. 

impact velocity; (b) shock strain vs. impact velocity; (c) shock stress vs. impact velocity; (d) 

shock strain energy density vs. impact velocity. The equations corresponding to the dashed 

lines are derived from the linear Hugoniot relation, see Ref. [69]. 

Barnes et al. [69] further correlated the stress and strain behind the shock front, and they 

found that the stress-strain Hugoniot relation of the shocked foam is distinct from both the 

quasi-static and transitional dynamic stress-strain relations, as shown in Fig. 13a. Therefore, 

they pointed out that “a constitutive model based on the quasi-static crushing response is not 

appropriate in determining this Hugoniot or the variables not determined directly from impact 

experiments”. A significant difference in the stress-strain relation between shock compression 

and quasi-static compression was observed also in an experiment of polyurethane foam [161]. 

These findings are important for evaluating the errors of prevalent shock analysis models 

using the quasi-static stress-strain relation as a constitutive model (see more discussion in 

Section 4.2.1). 

In parallel, numerical simulations also provided valuable results to clarify this issue. A 

systematic research has been conducted at USTC, mainly based on numerical modelling of 

Voronoi foams. In 2013, Liao et al. [22] employed a nodal neighbourhood strain method to 

calculate the local strain and established the shock stress-strain states for a 2D Voronoi foam. 

In 2014, Zheng et al. [149] extended the local strain calculation to a 3D Voronoi foam and 

showed that a dynamic stress-strain equation (dynamic, rigid, non-linear hardening plastic: 
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D-R-NLHP) can be used to fit the locus of shock stress-strain states for a cellular material, 

which is distinct from the quasi-static stress-strain relation, as shown in Fig. 13b. Each shock 

stress-strain state corresponds to an impact velocity, and the locus of all shock stress-strain 

states at different impact velocities can be described by a unique dynamic shock stress-strain 

relation. By contrast, in the transitional dynamic regime, different strain-rates (or loading 

speeds) actually leads to different stress-strain relations (Fig. 6), as discussed by Zheng et al. 

[149]. Zheng et al. [149] further proposed the below equation to describe the dynamic shock 

stress-strain relation 

d
0 2(1 )

D
 


 


                                                    (10) 

where d
0  and D are material constants. The form of Eq. (10) is similar to that of the 

stress-strain Hugoniot relation derived from linear Vs-Vb relation (see derivation in Refs. [25, 

69]), i.e.  

2

rsh
0 0 1

V

S
   


     

                                               (11) 

where sh
0  is a stress constant (approximated as quasi-static collapse initiation stress c0  in 

Refs. [25, 69]) and 0  is the initial density before loading. It can be seen that Eq. (10) is 

actually a special form of Eq. (11) when S=1. It was noticed in Ref. [25] that Zheng et al. [149] 

chose a function consistent with the linear Vs-Vb relation to establish the description of shock 

stress-strain states in a 3D Voronoi foam, but in general the choice of empirical nonlinear 

functions may not be unique (see Section 4.2.1) to achieve good fitting of numerical or 

experimental data. Therefore, it is recommended that the unique linear Vs-Vb relation is 

preferably used for the description of shock states in cellular materials [25]. 
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Fig. 13. Shock stress-strain states for: (a) open-cell aluminium Duocel foam [69] (QS3: 

quasi-static test; DY13: dynamic test at an impact velocity of 35.1 m/s); (b) 3D closed-cell 

Voronoi foam [149] (R-PP-R: rigid, perfectly plastic, rigid; R-NLHP: rigid, nonlinear 

hardening plastic). 

The above discussion considers mainly the material’s stress-strain states in the crushed 

zone behind the shock front. Less accuracy of experimental measurement of the state 

variables can be achieved for the uncrushed zone ahead of the shock front, due to the 

relatively small strain and stress therein. In experimental tests, it is unlikely to directly 

measure the stresses within a sample, so the stresses measured at two ends of the tested 

sample are usually used to characterise the shock stresses. Barnes et al. [69] neglected the 

deformation in the uncrushed zone and found that the stress ahead of the shock front is 

bounded by the quasi-static collapse initiation stress (Fig. 12c). This leads to the 

simplification of a constant stress and zero strain state ahead of the shock front, which is also 

supported by some numerical simulations [22, 26, 59, 158, 163]. However, Zheng et al. [149] 

found that the stress ahead of the shock front, so-called dynamic initiation stress, is larger 

than the quasi-static collapse initiation stress for a 3D Voronoi foam. They further 

demonstrated that the “dynamic initiation stress”, even when the base material is strain-rate 

insensitive, is dependent on local strain-rate [156], rather than a constant as adopted early by 

the same research group [149, 157]. However, it should be noted that in Zheng and his 

co-workers’ numerical studies [149, 156, 157] the local stress “immediately ahead of shock 

front” was used, whereas, in the experiment by Barnes et al. [69] and the simulations by other 

researchers [22, 26, 59, 158, 163], the stress at the support end was used. It has been 

numerically shown that the collapse stress determined at the support end of a foam sample is 

sensitive to the properties of the cells adjacent to the end, and thus the dynamic collapse stress 

can be either slightly smaller or larger than the quasi-static collapse stress, depending on the 
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locations of measurement (Fig. 17) [26]. The reflection of precursor elastic wave at the 

support end may further complicate the stress measurement there. On the other hand, the 

location “immediately ahead of shock front” has not been defined strictly [25] and the 

measurement immediately ahead of the shock front is difficult due to the finite thickness of 

the shock front at the meso-scale. The aforementioned difference in stress measurement may 

partially explain the different conclusions drawn by different researchers. 

Recalling Eq. (10) and Eq. (11), which have been shown to be capable of describing the 

stress-strain states of the material behind the shock front [25, 69, 149, 158], it is still a 

question whether same relation can be applied to the material ahead of the shock front. For 

uncrushed zone, Eq. (10) and Eq. (11) imply that precursor elastic wave exists. However, 

dynamic elastic wave dispersion was experimentally observed in polymer foams [164], and 

the actual elastic wave speed of a Voronoi foam was shown larger than that calculated using 

effective Young’s modulus [70]. The elastic (and plastic) wave formed in the base material 

and propagating in the mesoscopic structural components (e.g. struts and walls) can be much 

more complex than the structural shock wave propagating at the macro-scale [20, 165, 166]. It 

is still unclear whether the bulk elastoplastic properties defined in classical continuum 

mechanics are sufficient to describe the propagation of different types of stress waves in 

cellular materials, while classical continuum mechanics has achieved a remarkable success to 

analyse the macroscopic shock wave (see Section 4.2.1). The transmission and reflection of 

the precursor wave arriving at the support end further complicates the problem. Indeed, the 

stress measured at the support end exhibits complex variation during the shock propagation in 

forward (or stationary) impact test [13, 68, 126]. If precursor stress waves produce a 

macroscopic plastic strain that is relatively large, Eq. (10) or Eq. (11) could be used to 

estimate the stress ahead of the shock front, given that the elastic deformation is negligible. 

Alternatively, material parameters, e.g. d
0  in Eq. (10) and sh

0  in Eq. (11), can be regarded 

dependent on local strain-rate when shock propagates, as suggested in Ref. [156], which, 

however, may be more difficult to determine in practice. The relatively small stress and strain 

in the uncrushed zone may not be worth too much extra effort into marginal improvement of 

the accuracy of measurement or prediction. To resolve the remaining issues in the 

fundamental aspect, more experimental and numerical studies of stress waves propagating at 

the meso-scale are needed. 

For the material within the narrow shock front examined at the meso-scale, the 

stress-strain states follow a linear Rayleigh chord, as predicted by shock theory [150, 167] and 

observed in numerical simulations [156]. 
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2.3.2. Critical condition for shock initiation 

It is of both fundamental importance and practical interest to determine and predict the 

critical condition for the initiation of compaction shock. Experimental observations (see 

Section 2.3.1) and numerical simulations (see Section 4.1.2) have clearly demonstrated the 

features of the compaction shock in cellular materials [20, 22, 54, 148, 153]. These features 

are consistent with those of shock observed in fully dense solids [71, 109, 150], i.e. the 

existence of a macroscopic strong discontinuity or a mathematical singular interface for the 

first-order derivatives of displacement (e.g. velocity and strain), and the propagation of 

macroscopic planar wave front. Wang et al. [71, 109] proposed two critical velocities for 

plastic shock wave in cellular materials, i.e. the lower critical velocity is the impact velocity 

corresponding to yielding, while the upper critical velocity is the impact velocity 

corresponding to densification. It appears that this is an approach to obtain the critical impact 

velocity for shock initiation from lower side in the axis of loading rate (Fig. 3) (i.e. from non- 

shock to shock), wherein stress wave propagation is considered in both elastic (or pre-collapse) 

regime and plateau regime. However, this theoretical classification of critical condition does 

not agree with experimental and numerical results consistently (see Sections 2.3.1 and 3.2.1), 

partially because of the stress oscillation in the plateau regime (see Fig. 4 and Ref. [96, 168]). 

The significant stress oscillation in the plateau stage exists mainly due to cell collapse and 

thus it is sensitive to mesoscopic structural heterogeneity or defects. As strain softening or 

decreasing strain hardening can lead to wave divergence [150], steady shock in cellular 

materials requires that the loading intensity is sufficiently high, usually reaching the 

densification stage which is featured by cell compaction and smooth stress-strain curve with 

increasing slope. This requirement is normally unnecessary for fully dense solids which have 

relatively smooth stress-strain curve throughout the elastic-plastic regime and less mesoscopic 

structural heterogeneity than cellular materials (e.g. foams). The supposed plastic shock wave 

controlled by the lower critical impact velocity will be referred to as non-compaction shock 

and will be distinguished from the most widely observed compaction shock in cellular 

materials, as discussed later. 

The difference between non-compaction shock and compaction shock has been actually 

involved in some theoretical and numerical studies, despite different terminology adopted. 

For instance, Zheng et al. [169] used the term “shock” specifically for localised and 

progressive densification, i.e. the local strain behind shock front reaches or exceeds the 

densification initiation strain. They proposed a “transitional-mode” for the plastic stress wave 

with smaller local strain behind the discontinuity wave front. Nevertheless, they employed the 
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same continuum-based shock model to analyse both “shock-mode” and “transitional-mode”. 

Recently, Li et al. [170] argued that the mesoscopic Lagrangian width of “shock” front should 

not exceed the average cell size based on a 3D Voronoi model; otherwise the deformation 

should be termed as “band front mode”. This may shed some light into the mesoscopic 

difference between the “shock mode” and “transitional-mode” proposed by Zheng et al. [169]; 

but the method using the average cell size to distinguish two different wave modes did not 

consider the variation of cell sizes in a Voronoi model. On the other hand, the macroscopic 

shock is distinct from the mesoscopic wave propagation via cell walls/struts under shock 

loading. Kader et al. [165] demonstrated that the precursor elastic and plastic waves actually 

propagate in convoluted paths in foams subjected to shock and their propagation depends on 

cell topology in foams.  

For a general description, the shock, defined as the formation of a strong discontinuity 

wave front propagating from loading end, can be subcategorised into non-compaction shock 

and compaction shock in a cellular material. For the former, the cells behind the shock front 

are not densified, while for the latter the cells are densified to a certain extent. The latter is 

thus called compaction or densification wave by some researchers [e.g. 171, 172]. It should be 

noted that the concept of non-compaction shock may be related to the numerically observed 

“transitional-mode” [67, 169] and “band front mode” [170], and it produces a shock strain 

between collapse initiation strain and densification initiation strain [71, 109]. However, the 

moderate cell deformation is sensitive to the unstable collapse mechanism and the mesoscopic 

structural heterogeneity/defects [31, 173], which can introduce local stress softening (see the 

stress oscillation in Figs. 4, 6, 25, 26 and 27) and potentially lead to wave divergence [150], 

as mentioned earlier. To produce steady non-compaction shock, the cellular material should 

exhibit smooth stress-strain relation and continuous increasing (or linear) strain-hardening in 

the plateau stage. However, a relatively flat stress plateau (usually with stress oscillation) is 

most commonly observed for cellular materials. Since it is difficult to produce the 

non-compaction shock in common cellular materials, we refer shock to compaction shock in 

the subsequent part of this review, unless otherwise stated. 

The critical condition for shock initiation has been predicted mainly based on two criteria: 

stress enhancement and strain increase [25, 59]. In other words, the jumps of stress and strain 

are selected as two indexes to evaluate the magnitude of the discontinuity across the 

presumably formed shock front. In general, a stress enhancement with respect to the 

quasit-static plateau stress by 0.1-2.0 times is used [3, 54, 55]; and the critical strain is usually 

adopted to be the collapse initiation strain [71] or densification initiation strain [25, 106, 169], 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

36 

 

as predefined using quasi-static stress-strain relations. In experiments and simulations, the 

shock initiation can be evaluated according to the deformation mode, i.e. the formation of 

shock front [13, 20, 69, 158]. In Table 2 [25], the critical impact velocity ( s-cV ) for shock 

initiation is predicted using different analytical methods and compared between each other, 

which shows that the Hugoniot relation can be used to predict the critical impact velocity with 

better accuracy. The Hugoniot-based method proposed in Ref. [25] is essentially approaching 

the critical impact velocity from the upper side in the axis of loading rate, as shown in Fig. 3, 

i.e. from compaction shock to transitional dynamic compression or supposed non-compaction 

shock. This method relies on the high speed impact tests where compaction shock already 

occurs. Despite the prediction accuracy, more experimental and numerical test data are still 

needed to unify the different approaches to obtain the critical condition for the initiation of 

compaction shock.  

It should be noted that current evaluation of shock in cellular materials is mainly based on 

macroscopic quantities (e.g. velocity, strain and stress). The critical condition for shock 

initiation is thus identified by the observation of the macroscopic discontinuity in tested 

samples, and the prediction of the critical impact velocity relies on the macroscopic 

constitutive relation (e.g. stress-strain relation or Hugoniot relation). The governing 

mechanism of shock in cellular materials is generally attributed to the inertia of cell 

walls/struts and the compaction of cells, see discussion in Section 3.2.1. However, their 

mesoscopic mechanisms have not been completely established.  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

37 

 

Table 2 Predictions of the critical impact velocity, s-cV , for shock initiation in cellular 

materials using different methods (unit: m/s) [25] 

 Test/FE 

result 
r

sh
d01

V

S 
 (n+1)/2

d0
0

K


 pl d0

0

0.1
 


  pl d0

0

2
 


 
c0

0

E


  p
d0

0

E



  

Duocel foam 
[69] 

40-60 56 43 21 92 13 38 

2D image-based 
foam [25] 

24 22 19 9 38 4 19 

3D Voronoi 
foam [149] 

57 69 70 40 177 20 78 

Note: (1) Vr and S are parameters in the linear relation between shock speed and impact velocity; sh
d0  

is the shock densification initiation strain; 

(2) c0  and d0  are quasi-static collapse initiation strain and densification initiation strain, 

respectively; 
(3) E, Ep, K and n are elastic modulus, linear plastic hardening modulus, power-law plastic 

hardening coefficient, and power-law plastic hardening exponent, respectively; they are all 
quasi-static compressive parameters; 

(4) 0  and pl  are density and quasi-static plateau stress, respectively; 

(5) When tangent modulus is used in the pre-collapse stage (Fig. 5), c0 0E   can be 

replaced by  c0

00
d / d d


     [174, 175]. 

3. Mechanisms 

3.1. Micro-scale: base material 

3.1.1. Microscopic strain-rate sensitivity 

Many dense solids (e.g. metals and polymers) can be used as raw materials or matrix 

materials for the fabrication of cellular materials. These raw materials can be strain-rate 

sensitive themselves due to microscopic mechanisms (e.g. thermal activation, photon drag and 

relativistic effect) [162, 176]. One example is steel, which is generally strengthened by 

increasing strain-rates [162, 177], and typically, the yield stress of a mild steel is doubled 

when strain-rate increases from 10-4 to 40 s-1 [177]. Another example is polymer, which in 

general exhibits significant strain-rate hardening, e.g. PP has a peak stress increasing from 34 

MPa at 10-2 s-1 to 67 MPa at 20 s-1 [178]. However, the strain-rate sensitivities of aluminium 

and some other metals are more complex [179, 180]. For instance, the strain-rate 
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corresponding to a 100% increase of yield stress, compared to static case, can vary in the 

range between 6500 s-1 and 1288000 s-1 for aluminium alloy, depending on the exact material 

specification [177]. 

Base material is the solid constituent of a cellular material, and the mechanical properties 

of base material may be changed due to the manufacturing process, and consequently they 

may be different from those of the raw material. The dominant microscopic mechanisms for 

the strain-rate sensitivity of a cellular material are closely related to the microstructure of the 

base material. It has been demonstrated in experiments that the strain-rate hardening of 

aluminium alloy foams can be significantly enhanced by modifying the constituent elements 

and microstructures of the aluminium alloys [181]. On one hand, the discrete obstacles to 

dislocation motion in the raw material have significant implications in the strain-rate 

sensitivity of the base material. On the other hand, for a specific cellular material, the base 

material can be substantially changed from the raw material during manufacturing. For 

instance, the closed-cell Alporas foam, which is produced by adding a thickening agent of 1.5 

wt.% Ca into molten aluminium and stirring the mixture with a blowing agent of 1.6 wt.% 

TiH2 at o680 C  [182], has pure aluminium as its raw material, but its base material is 

actually an aluminium alloy with additional elements and modified microstructure after 

fabrication. In Fig. 14, it is clearly seen that considerable precipitates, micropores and coarse 

particles exist in the cell walls. Such microscopic heterogeneity has been widely observed in 

aluminium foams, which can lead to distinctive mechanical properties of the base material 

[166, 183-185]. It has been also demonstrated that a heterogeneous material made of different 

rate-independent phases can exhibit strain-rate sensitivity due to the heterogeneity [186]. The 

complication of the microstructure after fabrication causes particular difficulty to evaluate the 

strain-rate sensitivity of the base material, as dynamic tests need to be directly performed on 

the cell walls/struts, which, however, are too small for conventional test methods (e.g. SHPB). 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

39 

 

 

Fig. 14. Base material of closed-cell aluminium Alporas foam. Scanning electron micrographs 

(adapted from Ref. [12]): (a) cross-sectional structure of a collection of cells; (b) material at a 

junction node; (c) material at a cell face. Three-dimensional rendering of a cell wall (~1 mm 

long) from X-ray tomographic images (adapted from [187]): (d) micropores (highlighted in 

yellow); (e) coarse particles (highlighted in green). 

Another issue is that the microscopic strain-rate experienced by the base material can be 

significantly different from the macroscopic strain-rate, because of localised cell deformation. 

An analysis of simple energy-absorbing structures is helpful to gain first-order understanding. 

Calladine and English [58] categorised energy-absorbing structures into two groups and 

investigated their collapse behaviour experimentally and theoretically. According to their 

definition, a Type I structure has a “flat-topped” compressive load-deflection curve while a 

Type II structure has a steeply falling one, as shown in Fig. 15. They found that the dynamic 

response of the Type II structure is more sensitive to impact velocity (accordingly, 

macroscopic strain-rate). According to their theoretical analysis, on one hand, the strain-rate 

at the locations of the plastic hinges of Type II structures is much larger than the macroscopic 

strain-rate (i.e. impact velocity divided by axial length); On the other hand, the transverse 

inertia (micro-inertia, see more discussion in Section 3.1.2) can retain the initial stage of 

dynamic deformation wherein axial compression dominates, which has a significant effect on 

the Type II structure. For the type I structure, the microscopic strain-rate can be smaller than 

the macroscopic strain-rate, and the micro-inertia has insignificant effect. 
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Fig. 15. Two types of energy-absorbing structures exhibiting distinctive compressive 

behaviours [58]: (a) examples of Type I and Type II structures; (b) the corresponding 

compressive load-deflection curves. 

The above described distinctive behaviours of the Type I and Type II structures indicate 

that the macroscopically observed strain-rate effect is dependent on not only the 

microstructure of the base material (accordingly the rate dependence of base material 

properties), but also the meso-scale structural characteristics of the walls or struts of cells, 

which determine the base material deformation. Fig. 16 shows the microscopic strain 

distribution in the base material of a closed-cell polymer foam during dynamic compression, 

as well as the comparison between the microscopic strain-rate and macroscopic strain-rate 

[188]. It is clearly seen that microscopic strain-rate can be significantly larger than the 

macroscopic strain-rate. By contrast, according to the analytical estimate by Deshpande and 

Fleck [64], the maximum microscopic strain-rate in the base material of a cubic unit cell is 

approximately an order of magnitude lower than the macroscopic strain-rate, which seems 

only valid for certain types of cell geometries (e.g. the simplified cubic cell model in Ref. 

[64]). The discrepancy between the experimental observation and the analytical prediction by 

simplified model motivates the use of realistic meso-scale cell structures in numerical 

simulation, which can capture the heterogeneity of cell structure and deformation. The finite 

element modelling based on computed tomography, so-called image-based modelling [189] 

(see Section 4.1.2 for more details), is thus particularly useful to capture the dynamic 

compressive behaviour of a stochastic cellular material which may not be well described by 

regular cell model.   
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Fig. 16. Evolution of microscopic strain (von Mises effective strain) in the base material of a 
closed-cell PU-based polymeric foam at various time instants during the loading: (a) 0 µs 
(macroscopic strain = 0%); (b) 10 μs (macroscopic strain = 0.2%); (c) 20 µs (macroscopic 
strain = 0.6%); (d) 30 μs (macroscopic strain = 1.8%). The comparison between the 
microscopic strain-rate and macroscopic strain-rate is shown in (e). (Adapted from Ref. [188]) 

Recently, a 3D image-based FE simulation reveals that the rate dependence of the yield 

stress of base material is the main cause of the strain-rate hardening of the compressive 

strength of Alporas foam [26], as shown in Fig. 17. The compressive strength is independent 

of strain-rate in the transitional dynamic regime, if the base material is insensitive to 

strain-rate, which also indicates a negligible micro-inertia effect. For rate-dependent base 

material, the strain-rate sensitivity of the foam is slightly higher than that of the base material, 

which can be attributed to the microscopic strain-rate amplification [26, 188]. The 

experimentally observed rate dependence of Alporas foam has been captured by the 3D 

image-based modelling, see Fig. 17. However, the predicted magnitude of the rate 

dependence is overall lower than that observed in experiments, which may be attributed to the 

simplified Cowper-Symonds model used for the base material in modelling. The 

microstructure of base material in Alporas foam is complicated, see Fig. 14, and the exact rate 

dependence of the base material is still unclear. 
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Fig. 17. Three-dimensional image-based modelling results [26] of the strain-rate sensitivity of 
the compressive strength (i.e. collapse initiation stress obtained at the supporting end) of 
closed-cell aluminium Alporas foam, alongside available test data [130-132]. 

The above conclusion is specific to Alporas foam. Another image-based simulation on 

open-cell aluminium m.poreTM foam reveals that both the rate dependence of base material 

and the micro-inertia contribute to the strain-rate hardening of the collapse stress in 

transitional dynamic regime [190], as shown in Fig. 18. However, the effect of the former 

outweighs the latter by a factor of 9.2 at a strain-rate of 100 s-1. The micro-inertia hardly 

affects the compressive stress after a strain of 0.01, but the effect of the rate dependence of the 

yield stress of base material operates throughout the compression.  

Mesoscopic simulations based on either idealised cells or actual cells [59, 70, 105] show 

that the effects of the rate dependence of base material properties and micro-inertia (discussed 

in Section 3.1.2) are sensitive to the characteristics of cell structure. For instance, the metallic 

Voronoi foams, both in 2D [59, 70] and 3D [105] tessellations, exhibit a lower strain-rate 

hardening than their base materials. According to Tagarielli et al.’s experimental observations 

[127], the R300, H130, HD130 and H250 PVC foams exhibit similar strain-rate sensitivity to 

the solid PVC, whereas the R75 and H100 PVC foams exhibit lower strain-rate sensitivity 

than the solid PVC. Therefore, it should be reiterated that the rate dependence of the base 

material can lead to increased, same or decreased strain-rate sensitivity of the cellular material, 

depending on the specific cell structure, and the associated microscopic deformation and 

strain-rates in the base material. Unfortunately, the characteristics of cell structures of foams 

may substantially differ among different manufacturing routes [4, 191], causing difficulty in 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

43 

 

making a general conclusion. 

 

 

Fig. 18. Quasi-static and dynamic stress-strain curves obtained by image-based finite element 

modelling of the compression of an open-cell aluminium m.poreTM foam [190]. 

In shock compression, the deformation process becomes progressive cell crushing 

initiated from loading end (see Sections 2.3.1 and 3.2.1). It gives rise to an increased 

microscopic strain-rate within the shock front, which is much larger than the macroscopic 

strain-rate (note: nominal strain-rate under shock cannot be used in constitutive description), 

and the difference depends on the cell size and sample length. For base materials within the 

shock front, Radford et al. [147] argued that photon drags govern the plastic flow due to the 

high strain-rate and thus the stress is believed to be proportional to strain-rate due to the base 

material viscosity. However, it is still unclear about the quantitative relationship between the 

viscosity of the base material and that of the cellular material subjected to shock. In addition, 

a recent numerical study [157] indicates that the rate dependence of the yield stress of base 

material has significant effects on the shock properties, i.e. it enhances dynamic initiation 

stress, reduces shock strain and increases shock speed. However, the effect of the rate 

dependence of base material on the difference in the stress-strain relations of shock 

compression and quasi-static compression (Fig. 13) still require more experiments and 

simulations to clarify. 

The foregoing discussion does not consider the effect of temperature on base material 

strain-rate sensitivity. On one hand, when environment temperature changes, the rate 

dependence of base material properties also changes [162, 176]. Indeed, Wang et al. [192] 

observed that the strain-rate sensitivity of aluminium foam increases as the temperature 

increases. On the other hand, the temperature of base material may rise when plastic work 
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converts into heat. At high strain-rates it is expected that the heat transfer will be constrained 

and an adiabatic condition can be assumed [162]. The changing rate of base material 

temperature can be estimated by s/ ( )T c    [26], where  ,  , s   and c  are 

base-material stress, strain-rate, density and specific heat capacity, respectively, and   is the 

Taylor-Quinney coefficient representing the fraction of plastic work converted into 

thermoplastic heating. For aluminium (and its alloy) base material, the typical parameter 

values are 0.9  , 35.5 172 MPa   , -3
s 2.6 2.9 Mg m     and -1 -1920 1080 J kg Kc      

[1, 103, 162, 193]. Then at a strain of 0.2, the rise in temperature will be 2.0-12.9K for a 

strain-rate of 1×103 s-1 and 2-129K for a strain-rate of 1×104 s-1, which causes a thermal 

softening much less than that caused by the strain-rate hardening [26, 162, 176]. 

3.1.2. Micro-inertia 

Micro-inertia has been briefly discussed in Section 1.1. The two types of 

energy-absorbing structures proposed by Calladine and English [58], as shown in Fig. 15, 

have been extensively studied to elucidate the detailed mechanisms associated with 

micro-inertia (e.g. transverse inertia of material under macroscopic uniaxial deformation) 

[194-199]. These studies demonstrate a significant stress enhancement by micro-inertia for 

Type II structures. In modelling, the strain hardening and strain-rate sensitivity of the base 

material are usually disregarded, so as to simplify the problem and facilitate the analysis of 

micro-inertia effect. The impact simulations of the Type II structure composed of an elastic, 

perfectly plastic and rate-independent material [198] reveal that the larger the impact velocity 

is, the larger the load resistance will be, particularly for the initial response, as shown in Fig. 

19, and the effect is more significant when the crookedness (Fig. 15) is smaller. However, it 

should be noted that the load enhancement effect of the micro-inertia almost vanishes when 

the displacement reaches a critical value corresponding to the occurrence of buckling. Indeed, 

the increase in the compressive load at early stage is because of the delay of the buckling by 

micro-inertia which prolongs the uniaxial compression but cannot avoid buckling. With the 

aid of strain hardening, micro-inertia can also increase the load resistance after the buckling, 

which will be discussed below.  
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Fig. 19. Numerical results of axial force vs. vertical displacement when a Type II structure is 

subjected to impact with different initial velocity V0 [198]. 

Many structures (e.g. tubes subjected to axial compression) can be categorised as Type II 

structures (Fig. 15). Karagiozova and Jones [50, 51] developed analytical and numerical 

models to study the effect of stress wave propagation and lateral inertia (i.e. micro-inertia) on 

the dynamic buckling of square tubes, and they found that the stress wave propagation in tube 

walls is strongly affected by material hardening properties, and the initiation of buckling is 

influenced significantly by elastic and plastic stress waves which propagate along the tube. 

They confirmed that the axial peak load can be enhanced by increasing impact velocity. Zhao 

and Abdennadher [63] experimentally investigated the axial impact response of a square tube 

made of strain-rate insensitive brass, with a primary aim to gain insights into the dynamic 

compressive behaviour of some cellular structures deformed by successive folding. They 

observed that both the initial peak force and subsequent crushing force were significantly 

increased in dynamic compression. Furthermore, they proposed a mechanism to explain the 

observed dynamic strength enhancement [63]: first, micro-inertia delays the buckling under 

impact loading and meanwhile leads to an increase in the strain of key load bearing elements; 

second, the stresses in these key elements are increased due to strain hardening, and thus, the 

crushing force increases as well, with loading continuing. This mechanism was confirmed by 

numerical simulation and corroborated by the postmortem micro-hardness measurements of 

the tested tubes.  

Similarly, Hou et al. [48] compared the out-of-plane crushing behaviour of honeycombs 

made of two types of aluminium alloys with different strain hardening moduli, i.e. Al3003 

(large hardening modulus) and Al5052 (small hardening modulus), and observed that the 
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dynamic crushing stress enhancement is much more significant for the honeycomb made of 

the aluminium alloy with a larger hardening modulus. For instance, for a relative density of 

~0.26, the dynamic stress increase is 58% and 17% for the Al3003 honeycomb and Al5052 

honeycomb, respectively. This can be explained by modelling results, as shown in Fig. 20, 

since the micro-inertia can delay structural buckling and produce larger stress in cell walls, 

due to strain hardening associated with axial compression of base material. 

 

Fig. 20. Out-of-plane compression results of aluminium foams [48]: (1) comparison between 
experiment and simulation for Al3003 cell walls (large hardening modulus); (2) calculated 
equivalent plastic strain in Al3003 cell walls; (3) calculated Mises stress in Al3003 cell walls; 
(4) calculated Mises stress in Al5052 cell walls (small hardening modulus). 

So far, strong micro-inertia effect has been experimentally observed for cellular materials 

with cell walls/struts having small crookedness with respect to compression axis (e.g. 

honeycombs [48] and wood [154]). The underpinning mechanism is that the micro-inertia can 

restrain the lateral deformation of the cell wall, and thus, leads to a deformation mode which 

can resist a higher load. The micro-inertia alone can increase the peak stress or collapse stress 

in dynamic compression. This enhancement can be extended to the plateau stage by 

combining the micro-inertia effect and the strain hardening of the base material, as shown in 

Fig. 20. However, for foams, which have much more complicated orientation of cell 
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walls/struts, many studies suggested that the micro-inertia effect is negligible or secondary, 

see Fig. 17 and Fig. 18. 

To quantitatively evaluate the extent of micro-inertia in a complicated cell structure, Liu 

et al. [59] proposed a transverse-to-longitudinal acceleration ratio for FE simulations, viz. 

X X ZA A                                                            (12) 

Y Y ZA A                                                           (13) 

where 
1/2

2

1

/
n

i
i

A a n


 
  
 
 is the mean square root of the acceleration with ia  being the 

acceleration of the i-th node in longitudinal loading direction (Z axis) or transverse direction 

(X or Y axis) and n being the total number of nodes on one side [59] or whole body [26] of a 

cellular structure. According to an analytical model by Zhang and Yu [197], this ratio is 

proportional to the square of the crookedness angle, and it is on the order of 102 for a type II 

structure. However, this ratio is close to one for both Alporas foam (simulated by 

image-based model [26]) and 2D Voronoi foam [59]. Interestingly, this ratio decreases when 

strain-rate increases, implying that the contribution of micro-inertia effect is relatively weak 

for these foams even in the shock regime. In summary, the micro-inertia effect can be 

significant for out-of-plane compression of honeycombs and wood, but it is generally much 

less significant in foams. 

3.2. Meso-scale: cell structure 

3.2.1. Distinctive cell deformations: energy minimisation vs inertial resistance 

In a cellular material subjected to uniaxial compression, the walls or struts of cells can be 

compressed (or stretched), bended or buckled. The actual deformation mode depends on the 

mesoscopic geometry and loading rate. It has been shown that topological criterion controls 

whether the mesoscopic deformation of a cellular material is bending-dominated or 

stretch-dominated in quasi-static loading regime [36, 37, 200]. In the transitional dynamic and 

shock regimes, micro-inertia restrains lateral motion of material points and hence it can delay 

buckling and promote uniaxial compression; macro-inertia can lead to the formation and 

propagation of a planar wave front, and thus, it produces more localised deformation 

associated with axial inertial force. Nevertheless, after global densification, the porosity is 

largely reduced, leading to the domination of the compression of the base material itself. 

Two principles, i.e. energy minimisation under equilibrium and Newton’s second law of 

motion, are important for the understanding of the deformation mechanisms at different 
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temporal scales. First, in quasi-static and transitional dynamic regimes, the walls or struts of 

cells tend to deform in a way to minimise the internal energy of the whole cellular material 

system under force balance; when unstable deformation mode like buckling is involved, the 

micro-inertia could play an important role in the transitional dynamic regime, depending on 

whether the structure belongs to Type I or Type II. Second, in the shock regime, the base 

material responds to the macroscopic compressive load in a way controlled by the resistance 

of material points to the motion in the loading direction due to strong macro-inertia and some 

extent of micro-inertia; short-distance bending and buckling, as well as compression of cell 

walls/struts themselves, are localised at the loading end during shock propagation, and the 

principle of minimum energy for material under equilibrium does not work anymore. 

For the cellular materials examined in this review, bending and buckling are the main 

deformation modes of cell struts/walls. Under quasi-static compression, in general, discrete or 

contiguous crush bands form and extend, and their locations and orientations are controlled by 

minimising the internal energy of the whole cellular material sample. For honeycombs, the 

deformation modes are substantially different between in-plane and out-of-plane 

compressions. The in-plane compression produces shear bands in the plateau stage, i.e. the 

cell walls bend elastically initially and then collapse by plastic bending [1, 66, 99, 201]. 

Outside the shear bands, most of cells remain their original shape. Under out-of-plane 

compression, the axial compression of the cell walls is dominant initially, followed by the 

cell-wall buckling when the critical load is attained [202, 203]. The post-buckling response is 

localised, which is developed into first fold and subsequent progressive folding until the 

whole structure is completely folded and crushed. Wood exhibits similar out-of-plane 

compressive behaviour to honeycombs with respect to cell-wall buckling [204]. However, 

unlike honeycombs for which one cell extends throughout the out-of-plane axis, the cells (or 

grains) of wood are stacked in the axial direction, with a longitudinal-to-transvers length ratio 

being approximately 16:1 for balsa wood [92]. The two major deformation modes of wood 

under out-of-plane compression are buckling and kinking, accompanied by some shearing and 

lateral interaction between cell walls [92, 204].  

Foams exhibit a deformation mode similar to the in-plane compression of honeycombs, 

despite the additional complexity due to their 3D cell structures with heterogeneous and 

stochastic characteristics. For closed-cell aluminium Alporas foam, Bastawros et al. [18] 

employed surface strain mapping method and X-ray computed tomography to characterise the 

local deformation in quasi-static compression. Their observations indicate that the Alporas 

foam deforms by the development of localised deformation bands whose width is 
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approximately one-cell diameter, and the discrete deformation bands are developed 

one-by-one and are distributed at spacing of about 3-4 cell diameters. The plastic bending and 

buckling of cell walls are dominant during the collapse and crushing of cells. On cell level, 

the combination of distortion, rotation and shear occurs. For an open-cell aluminium foam, 

Zhou et al. [205] presented microscopic observation of dislocation slip bands in the struts of 

cells and the mesoscopic observation of the change of cell morphology, confirming the plastic 

bending and buckling. 

Fig. 21 compares the compressive deformations of an open-cell aluminium foam in 

quasi-static, transitional dynamic and shock regimes [69, 206]. It is evident that, in the 

quasi-static and transitional dynamic regimes, the first crush band forms in the presumably 

weakest sites and then more crush bands form in other sites which are separate from or 

adjacent to the first band. The weakest sites can be identified by examining the mesoscopic 

structural heterogeneity or imperfection [21, 207]. The localised deformation is randomly 

distributed in the sample. By contrast, in the shock regime, the crushed region appears at the 

loading end and then extends towards the other end of the sample by the propagation of the 

shock front. Experimental observations of shock deformation are also presented in Fig. 9 and 

Fig. 10 (see Section 2.3.1). This distinctive shock deformation arises from the material inertia 

in the loading direction (or macro-inertia), as the loading speed is too high to transmit the 

crushing load to the cells ahead of the shock front. 
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Fig. 21. Sequence of compressive deformation of open-cell aluminium Duocel foam: (a) 

quasi-static compression (adapted from Ref. [206]); (b) transitional dynamic compression 

(adapted from Ref. [69] and note that discrete crush bands are indicated by letters A-C); (c) 

shock (adapted form Ref. [69]), also see DIC results in Fig. 10a. Note that the dynamic test 

employed the direct impact setup, as shown in Table 1.  

The shock deformation has significant implications in energy absorption. An archived 

discussion between Tan et al. [208] and Fleck and Deshpande [209] showed their different 

understandings on this issue. Tan et al. [208] emphasised the mesoscopic structural causes of 

the shock enhancement of energy absorption and they demonstrated that the energy 

absorption significantly increases with impact velocity due to different deformation modes 

developed, according to their compression simulation results for a honeycomb with a 

rate-independent base material. By contrast, Fleck and Deshpande [209] approximated the 

dynamic energy absorption to be the same as the quasi-static energy absorption in a structural 

analysis, and they argued that a switch of mesoscopic deformation mode from bending to 

stretching cannot explain the increased energy demonstrated by Tan et al. [208]. In another 

paper co-authored by Fleck and Deshpande [147], they discussed the contribution of the 

intrinsic viscosity (e.g. photon drag) of cell walls to the additional energy dissipation in the 

shock of an aluminium foam. Zou et al. [20] argued that the shock enhancement of energy 

dissipation is mainly due to the increased local plastic bending and axial compression strains 
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in the inclined cell walls, which agrees with Tan et al.’s opinion [208], and they emphasised 

the roles of inertial resistance in the development of such localised deformation modes. 

Recently, Sun et al. [25] presented the microscopic deformation in the base material of a 2D 

image-based foam and demonstrated that the mesoscopic structural cause of the additional 

energy dissipation can be the increase of plastic hinges in the cell walls under shock, as 

shown in Fig. 22, rather than switching the main deformation mode of cell walls from 

bending to stretch/contraction. However, the viscosity of base material is excluded in the 

model in Ref. [25], which may also contribute to the additional energy dissipation in shock 

compression of some actual foams in experiments. 

 

Fig. 22. Compressive deformation of a 2D image-based foam at a nominal strain of 0.3 [25]: 

(a) quasi-static compression; (b) shock. The arrayed 1D “particle” represents the average 

motion of each cross-section. Note that the Mises stress distributions in the deformed cell 

walls are shown by the colour scale (left); whereas the cell-wall strain contours (right) are 

plotted in the original reference configurations, and the enlarged views show the details of the 

strain distribution in one cell wall. 

It has been mentioned in Section 2.3.1 that “shock enhancement” is commonly interpreted 

as an increase in crushing stress or energy absorption in early studies. Recently, this concept 

has been extended to strain, thanks to the development of local strain characterisation and 
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measurement methods [13, 20, 22, 23, 25, 69, 149, 158, 210]. In fact, the “shock enhancement” 

arises from the jump of these physical quantities across shock front. The higher the impact 

velocity is, the larger the jump is. Recalling the stress-strain relations shown in Fig. 13, it is 

interesting to see that the shock stress is actually smaller than the quasi-static stress at the 

same strain in the densification stage, i.e. the locus of shock stress-strain states is below the 

quasi-static stress-strain curve. However, it should be noted that the base materials 

(aluminium alloys) of the foams tested in Fig. 13 were reported to be strain-rate insensitive 

[69, 149]. If the base material is strain-rate sensitive, the locus of shock stress-strain states 

may appear above the quasi-static stress-strain curve, in contrast to those shown in Fig. 13. 

Indeed, for a polymer foam, it has been experimentally observed that the shock stress is larger 

than the quasi-static stress at the same strain in the densification stage [161]. It is generally 

agreed that the difference between the locus of shock stress-strain states and the quasi-static 

stress-strain relation is caused by the distinctive cell deformations under these two different 

loading conditions.  

3.2.2. Gas pressurisation 

In 1966, Shaw and Sata [61] observed that the compressive stress of a polystyrene foam 

increased with strain-rate and they surmised that the strain-rate hardening could result from 

the increased resistance to gas flow within the cell structure at high strain-rates. Subsequently, 

many researchers believed that the pressurisation of the internal gas enclosed by the cells of a 

cellular material can give rise to a strain-rate hardening [29, 141, 143, 211]. Despite being 

invoked to explain dynamic experimental observations, gas effect in closed-cell foams was 

not distinguished between quasi-static and dynamic compressions in most of previous 

theoretical and numerical models [1, 212-216], since it was assumed that the internal gas 

cannot escape from the closed cells and thus the gas pressurisation is strain-rate independent. 

Moreover, an arbitrary value of the initial pressure of enclosed gas is often assumed in 

theoretical and numerical studies on gas effect [212-215], while in reality, the enclosed gas in 

man-made cellular materials usually has a pressure close to ambient pressure before loading 

[1].  

The assumption that gas effect is rate independent is actually questionable. For many 

closed-cell foams, the cell walls are not perfectly “closed” in the compression process due to 

either fabrication defects or cell-wall rupture caused by crushing. Thin membranes are 

prevalent in a closed-cell foam, resulting in significant reduction of the bulk density, but 

increasing the chance of cell cracking during compression, unlike a porous material in which 
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the pores are typically isolated in the matrix material. Compared to open-cell foams, 

closed-cell foams can only provide limited, relatively small “channels” for gas flow and hence 

the gas pressurisation is more sensitive to the time allowed for the gas flow which is 

controlled by loading rate. With extensive channels for gas flow, open-cell foams are usually 

not strengthened by internal gas, unless the cell size is extremely small (e.g. below 20 μm) 

[1]. 

Bouix et al. [29] provided direct experimental evidence to support above argument. They 

observed that the gas flow (indicated by bubbles in a water chamber) in a closed-cell 

polypropylene foam can be significantly reduced when the compressive strain-rate increases, 

as shown in Fig. 23. It demonstrated that a full gas flow occurred throughout the quasi-static 

compression, but in dynamic compression only little gas escaped and the internal gas was 

effectively trapped in the crushed regions. Since large gas pressure can be produced due to the 

trapping of gas in a dynamic compression process, it may be expected that the dynamic 

compressive stress will be larger than the quasi-static stress due to the contribution of gas 

pressure. 

 

Fig. 23. Gas flow during quasi-static and dynamic compressions of closed-cell EPP foam in 

water at nominal strain-rates of (a) 0.01 s-1, (b) 200 s-1 and (c) 1500 s-1 (adapted from Ref. 

[29]). The gas flow is visualised by bubbles generated by the gas escaped from the foam. 

Other indirect experimental evidences have been also reported. For instance, Zhang and 
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Yu [217] elucidated two mechanisms to account for the enhancement of load resistance of 

pressurised thin-walled circular tubes, i.e. a direct effect of the internal air pressure and an 

indirect effect associated with the gas-solid interaction. More relevantly, Xu et al. [138] tested 

the dynamic out-of-plane compression of aluminium foams with different hole percentages on 

the sealed sample ends, as shown in Fig. 24. They found that the entrapped air hardly affects 

the stress at the early phase of the plateau stage but leads to a significant strain hardening near 

the onset of densification. These specially designed tests on regularly shaped/arrayed cell 

structures provide valuable insights into the underpinning mechanism of gas effect when cell 

deformation is uniform (hence uniform gas pressure), but they have limitation to explain the 

gas effect in foams which have more complicated cell structures and deformations (see 

Section 3.2.1).  

 

Fig. 24. Compressive stress-strain curves of an aluminium honeycomb at different 

out-of-plane loading velocities ranging from 5×10-5 to 5 m/s with a hole percentage of: (a) 0%; 

(b) 100%. (adapted from Ref. [138]) 
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The direct measurement of the gas pressure in each cell of a closed-cell foam during 

compression is obviously difficult if not impossible. Sadot et al. [218] employed a novel 

experimental setup using a folded paper enclosing trapped air and a shock tube to mimic the 

gas response in the cells of a closed-cell aluminium foam, as shown in Fig. 25. They obtained 

the variation of gas pressure with strain and found that the gas pressure is the main cause of 

the enhanced stress at high strain-rates for the light-weight foam with a low relative density 

(i.e. 4%). 

 

Fig. 25. Compressive stress-strain results for the closed-cell aluminium Cymat foam at 

different strain-rates and the entrapped gas in a folded paper under high speed impact 

(adapted from Ref. [218]). 

These experimental studies demonstrated the entrapped gas effect, and support the 

consideration of gas enhancement of dynamic compressive stress, particularly for closed-cell 

foams having relatively low strength. To investigate the mesoscopic mechanism, numerical 

models capable of capturing nonuniform cell deformation and higher loading rates (e.g. shock 

regime) are needed. Banerjee and Bhawalkar [219] first presented modelling results of the 

gas-solid interaction within a random cell structure of a metallic foam compressed at different 

loading speeds (20-200 m/s). They found a clear gas effect on the stress-strain curves but did 

not provide further analysis. Sun and Li [34] carried out a more thorough qualitative analysis 

of the mesoscopic mechanism of gas effect on dynamic compressive stress and deformation 

of cellular solids with different cell morphologies and loading rates, based on 2D mesoscopic 

finite element models. The main findings are briefly summarised below. 
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The modelling results showed that the entrapped gas affects the cell deformation during 

the compression, leading to less compaction in the crush band due to the gas pressurisation in 

the cells. The locally high gas pressure in the crush band, however, hardly affects the nominal 

stress in the plateau stage. This is because the plateau stress is determined by the sequential 

formation of different crush bands, outside which the cells remain their original volumes and 

thus the gas pressure is actually collectively too small to enhance the global load resistance 

until the global densification begins. This mechanism is consistent with the numerical results 

obtained from another 3D cell-based model [220]. Equally importantly, the entrapped gas can 

reduce the densification initiation strain (see Fig. 26a) determined from the stress-strain curve, 

and similar reduction in densification initiation strain has been also observed in dynamic 

compression test of closed-cell Cymat foam (see Fig. 26b). When shock is initiated (e.g. 

-11000 s   or i 42 m/sV  ), the strain-rate experienced by the crushed cells is significantly 

larger than the nominal strain-rate, and the gas pressure, as well as the nominal stress, can rise 

extremely fast. This will produce a pulse-like stress feature when the densification stage is 

approached (Fig. 27a), and similar pulse-like increase in stress has been observed in 

experiments by Merrett et al. [126], see Fig. 27b. Interestingly, the amplitude of the 

experimentally observed short pulse of crushing stress increased with the increase in impact 

velocity, as shown in Fig. 27b, which may imply that the higher-speed impact can more 

effectively trap gas and thus produce larger gas pressure to enhance the crushing stress. 
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Fig. 26. (a) Simulation of the dynamic crushing of a hexagonal-cell structure at a nominal 

strain-rate of 100 s-1 [34]; (b) experimental comparison of the quasi-static stress-strain curve 

and the dynamic stress-strain curve of Cymat foam at a strain-rate of 100 s-1 [115]. 
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Fig. 27. (a) Simulation of the dynamic crushing of a hexagonal-cell structure at a nominal 

strain-rate of 1000 s-1 (impact velocity: 42 m/s) [34] (note: the stress scale in Ref. [34] is 

adjusted here); (b) experimental comparison of the dynamic compressive stress-strain curves 

of Alporas foam under different impact velocities [126]. The nominal stresses are obtained on 

the supporting end. 

Gibson and Ashby [1] proposed an formula to estimate the gas-induced stress 

enhancement, which was recently modified in Ref. [34] to incorporate higher-order strain 

terms. Two thermodynamic processes for an ideal gas, i.e. isothermal and adiabatic processes, 

are assumed in the theoretical approach. The adiabatic assumption has been experimentally 

proved valid at high strain-rates [218]. However, it may not be straightforward to define the 

critical strain-rates for different thermodynamic processes. A cubic cell model was used in 

Ref. [34] to determine the critical strain-rate a-c  for an adiabatic process and then the 

critical strain-rate i-c  for an isothermal process can be conservatively assumed smaller than 
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a-c  by two orders of magnitude. First, the below ratio of heat transfer rate to power is 

established  
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where Q  is the heat transfer rate, W  is the power, ε is the engineering compressive strain, 

  and l0 are the Poisson’s ratio and the internal edge length of the cubic cell, respectively,   

is the ratio of the specific heat capacities, 0p  and T0 are the initial gas pressure and 

temperature, respectively, and H is the heat transfer coefficient. If this /Q W   ratio is 

sufficiently small, the heat transfer can be neglected and then the process can be regarded as 

adiabatic. For typical parameters, 2 1
a-c 10 s   and 0 1

i-c 10  s   [34]. 

When the higher-order strain terms are considered, the stress enhancement due to 

entrapped gas can be expressed as 
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for an isothermal process ( i-c   ), and 
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for an adiabatic process ( a-c   ), where 
s

/   is relative density. The 2D version of Eqs. 

(15) and (16) has been shown in Ref. [34]. For the strain-rates between these two extreme 

cases ( i-c a-c      ), the temperature effect can be accounted by a linear interpolation, 

leading to following stress enhancement equation 
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(17)                                                                  

Above equations assume that the gas pressure is uniform and the stress enhancement is 

equal to gas pressure. Eqs.(15) and (16) are equivalent to Gibson-Ashby equations when the 

Poisson’s ratio is equal to zero, but in other cases their predictions are considerably different 

from those predicted by Gibson-Ashby equations [1, 34]. Indeed, the analytical estimate using 

Gibson-Ashby equations [1] leads to conclusions that the gas effect in metal foams is 

negligible even at densification initiation strain [59, 64, 65], whereas the above equations can 

predict much higher stress enhancement at large strains depending on Poisson’s ratio [34]. In 

general, these equations show that stress enhancement is larger when the relative density and 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

60 

 

Poisson’s ratio are decreased, and an adiabatic process in a dynamic compression leads to 

higher stress enhancement than an isothermal process. 

One limitation of these equations is that they are essentially rate-independent unless heat 

transfer effect is approximately taken into account, see Eq. (17). In fact, a free gas flow and a 

complete gas trap are two extreme cases corresponding to sufficiently slow and fast 

compressions, respectively. In intermediate loading cases, the gas leaking rate may need 

consideration. Xu et al. [138] proposed the below equation to define the gas leak for an 

isothermal process 

0 0

1
pV

p V
                                                             (18) 

where V0 and V are the initial and current volumes of the gas, respectively. They further 

derived the stress enhancement by neglecting lateral deformation and using a first-order 

approximation, and the derived equation is expressed as  

0

1
1 1
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                                               (19) 

It is seen that both gas leaking rate and strain-rate are incorporated in above equation which 

has been applied to analyse the gas effects in aluminium honeycombs [138] and foams [108]. 

In practice, however, the gas leaking rate is difficult to measure and thus this parameter may 

need calibration from case to case. Xu et al. [138] fit their experimental data of aluminium 

honeycombs and found that the gas leaking rate   is dependent on the strain-rate and the 

percentage of holes on sample ends, but independent of the cell size and the ratio of cell wall 

thickness to edge length. Furthermore, in some cases, gas leak is also associated with the 

cracking of cell walls and thus dependent on the compressive strain. For instance, the base 

material of composite metal foam exhibits one cracking mode under quasi-static compression 

but two cracking modes under dynamic compression [221]; this difference is believed to 

enable the dynamic compression to effectively trap the internal gas at strains below 20-30%, 

but the gas leaks rapidly afterward. 

The analytical predictions from Eqs. (15)-(19) have reasonable accuracy in the transitional 

dynamic regime when the compression is approaching to and entering the densification stage 

wherein the cell deformation is relatively uniform [34, 138]. But they are not accurate when 

localised cell crushing occurs in shock, and in such a case numerical simulations considering 

nonuniform gas pressure and gas-solid interaction for different cell structures may be needed 

to capture the gas-induced stress enhancement [34]. Recent numerical studies [34, 157, 220] 

have provided important insights into the mesoscopic mechanism of the gas effect. However, 
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some issues are still open to research, e.g. quantification of the gas leak or gas flow in 

different compression stages, and the implication of gas dynamics in the dynamic 

compression of cellular materials. 

Above discussion has shown that the gas effect is associated with thermal process, 

deformation mode and gas leaking. If the gas can be completely trapped in cells with 

significant compaction, the contribution of gas pressurisation to crushing stress will be 

comparable to the solid structure. Otherwise, gas effect will be less considerable except for 

cellular materials having very low strength (or density), since limited gas pressure can be 

produced due to either less compaction of cells or higher gas leaking rate during compression. 

In general, cell morphology can affect gas pressurisation via its effect on cell compaction 

[34]. Other structural parameters such as relative density and cell size may also play a role, 

requiring more experimental and numerical evidences. Besides the gas effect on stress, it was 

also found that the densification initiation strain (defined using energy absorption method, see 

Section 2.1.2) can be reduced by gas pressurisation and this reduction is dependent on 

strain-rate and cell morphology [34]. Entrapped gas can also increase the shock speed and 

affect the shock stress-strain state [157]. Furthermore, the gas pressurisation may have 

significant implication in energy absorption, which may be worth exploring in future research.  

4. Modelling 

4.1. Meso-scale models 

4.1.1. Mass-spring models 

Meso-scale models can take into account the effects of cell structures either implicitly or 

explicitly. Their values are threefold: first, they can be used to examine and quantify the 

mechanisms discussed in Section 3; second, they are alternative to experiments for identifying 

the sensitivity of compressive properties to different factors via parametric sensitivity study; 

third, exactly the same samples can be used for compression simulations in quasi-static, 

transitional dynamic and shock regimes, thereby avoiding the widely observed experimental 

data scatters due to meso-scale structural difference between nominal “same” samples used in 

quasi-static and dynamic tests.  

In early studies, mass-spring models were prevalent [222-224], which use lump masses 

and nonlinear springs to represent a cellular material. One-dimensional cellular chain (Fig. 

28a) can be created with convenient formulation of governing equations. The lump mass and 

the spring rigidity normally correlate with the apparent density and the nominal quasi-static 
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stress-strain relation of the cellular material, respectively. Shim et al. [224] gave the following 

normalised compressive force-deformation equations for the structural stiffness of the 

energy-dissipating “springs” 

 
0

; 0  (elastic)
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where z is a variable to indicate the deformation, a, b, c and n are spring parameters. The 

governing equations for a cellular chain (Fig. 28a) are as follows 
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1 12

d
( ) ( ) 0

d
i

i i i i i
u

F z F z
t

        when i=2, 3, …, N                          (22) 

where ( 1)i iu x i    and 1i i iz u u   ; i  is the ratio of each mass in the chain to the 

colliding mass (M=m1) and i  is a scaling coefficient for the crushing force of the ith cell. 

Two-dimensional cellular array extends 1D mass-spring system by adding cross-bridges 

to simulate the transverse interaction between cells [225, 226] (Fig. 28b). The rigidness of 

cross-bridges depends on the shear rigidity of the corresponding regions and can vary from 

zero to infinite. Different types of dynamic loading can be applied and the structural response 

can be predicted. 

 

Fig. 28. Mass-spring models to predict dynamic load transmission in cellular materials: (a) 1D 
cellular chain [224]; (b) 2D array of lump masses, spring elements and cross bridges, to 
represent the cross-section along loading direction [226]. 

Based on mass-spring models, Shim et al. [224] studied the effects of inhomogeneity, cell 

damage and strain-rate on the dynamic deformation of a cellular material with consideration 
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of strain softening of rigidity. Li and Meng [73] studied the shock load transmission in a 

cellular material subjected to a rectangular pressure pulse. Daxner et al. [226] investigated the 

effect of inhomogeneous apparent density on the maximum stress and energy absorption 

during impact.  

Although mass-spring models can incorporate some meso-scale factors such as the 

inhomogeneity of density and rigidity, as well as strain-softening behaviour, the prediction 

accuracy of these models is uncertain as few of them have been validated by experimental 

results. Harrigan et al. [171] compared the predictions of the continuum-based shock model 

and mass-spring model for a cellular material subjected to a rectangular pulse. They found 

significant discrepancy between the predictions when the pressure is larger than twice the 

plateau stress. They argued that mass-spring models cannot account for the extra energy 

dissipation during shock wave propagation, because mass-spring models assume that each cell 

(or each pair of mass and spring) follows the same loading path as the predefined 

“stress-strain relation” of the spring, while in continuum-based shock model (Section 4.2.1) 

the macroscopic stress-strain state jumps after shock front passes (i.e. Rayleigh chord). As 

continuum-based shock model has been validated by experimental results (Section 4.2.1), 

they suggested that mass-spring models should be used with caution to analyse shock 

problems. 

4.1.2. Cell-based models 

For each cell in a cellular material, the base material and the internal gas can be treated as 

two distinctive “materials” of which the latter is usually assumed to have zero rigidity and 

strength, except when the gas is trapped [34, 212-214, 220]. An analytical model based on a 

cubic unit cell was developed by Gibson and Ashby [1] to derive a series of scaling laws, 

which have been widely used to correlate the macroscopic properties (e.g. quasi-static elastic 

modulus and yield strength) with the relative density and base material properties of cellular 

materials. However, this kind of analytical model is normally limited to small and uniform 

deformation, which is inadequate for dynamic compression of cellular materials for which 

more localised large deformation and more complicated structural factors are involved. The 

classical unit cell model oversimplifies the cell geometry which may play important roles in 

the macroscopic material properties [28-33, 36, 37, 40, 41, 227, 228]. For honeycombs with 

regularly-shaped, periodically-arrayed cells, the theory of structural dynamics can be applied 

in analytical models to predict the dynamic compressive response. For instance, Hu et al. [163, 

229-231] employed a representative block of cells exhibiting a known deformation mode to 
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deduce the crushing stress of different types of honeycombs subjected to impact with different 

loading speeds, and their analytical predictions agreed well with numerical simulations. 

Theoretical analyses using cell-based models normally require that, (1) the deformation 

mode is known beforehand; (2) the deformation is uniform or repeatable; (3) the cells are 

regular and periodic. However, such requirements cannot be fully satisfied in stochastic 

cellular materials such as foams, and consequently these requirements limit the application of 

the cell-based analytical models. Many cell-based numerical models have been thus 

developed to overcome the difficulty faced by analytical models, and the finite element 

modelling of quasi-static behaviour of cellular materials has been reviewed in Ref. [232]. This 

section focuses on the cell-based models to investigate the dynamic compressive behaviour of 

cellular materials. In the models considered here, the dynamic loading is usually imposed by 

the constant loading rate on the sample ends or the contact between the sample and the 

loading platens subjected to certain boundary conditions (e.g. blast pressure and mass impact). 

Typical loading scenarios are illustrated in Table 1 and Table 3. 

With the advances of powerful computers and software, meso-scale cell-based models 

have incorporated more realistic cell structures. Two types of cell-based models have been 

widely used. One is based on idealised cell structures, such as Kelvin, Voronoi and regularly 

shaped/patterned cells, as shown in Fig. 29(a)-(e) and Fig. 30(a) and (b), which are mainly 

used to gain general insights or represent some cellular materials by average parameters (e.g. 

relative density and cell size). The effects of cell structure can be examined via varying some 

parameters that control the formation of the morphology and topology (e.g. Fig. 29e) of the 

idealised cells. The other type, so-called image-based modelling [189], incorporates actual 

cell geometry obtained from CT images (or other imaging techniques), see Fig. 29(f) and Fig. 

30(c)-(e), thereby capturing the actual meso-scale structural effect for a specific cellular 

material imaged. The recent advances of the hardware for imaging (e.g. industrial CT and 

high performance computer) and numerical codes (e.g. image processing and FE meshing) 

have led to the increasing applications of image-based modelling to cellular materials [189, 

233, 234]. It is also possible to generate idealised cell structures using structural information 

extracted from CT images. For instance, the actual distributions of cell size and cell-wall 

thickness, and the number of edges or faces per cell can be used as input parameters when 

generating an idealised cell-based FE model [158, 234, 235]. In this way, the FE model can 

use structural elements (e.g. beam and shell) to mesh the virtual sample with similar structural 

statistics to a real cellular material, which avoids the use of continuum elements (necessary to 

represent complex geometry) which are susceptible to distortion and are less computationally 
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efficient. It should be also mentioned that some mesh-free methods (e.g. material point 

method [236, 237]) have been proposed in image-based modelling to circumvent meshing 

difficulty and to handle extreme deformation and severe contact problems. 

The image-based FE modelling has been employed to investigate the compressive 

properties of a variety of cellular materials such as open-cell aluminium sponge/foam [190, 

238], closed-cell aluminium foam [24-26, 165, 238-242], steel hollow sphere structure [235] 

and metallic fibre structure [243]. These modelling results are valuable to explain the 

compressive behaviour of the imaged cellular materials. For instance, the strain-rate effect of 

Alporas foam and m.poreTM foam have been investigated by 3D image-based modelling, see 

Fig. 17 and Fig. 18. The main benefit of these models is that the effect of base material 

properties can be reliably identified, as the actual mesoscopic cell structure has been 

incorporated in modelling. However, the high fidelity of cell geometry also causes the 

limitation of image-based modelling, i.e. the cell structure is specific to the imaged sample 

and the structural parameters cannot be intentionally changed to examine their effect. 

Moreover, image-based modelling requires sophisticated (usually expensive) imaging and 

computing facilities to construct the model and implement the computation. This usually 

restricts the sample size and loading cases that can be considered [25, 26]. Therefore, most of 

the current cell-based models use idealised cell structures. In particular, extensive dynamic 

simulations of 2D cellular materials have been performed (Fig. 29). 

 

Fig. 29. Typical 2D cell structures used in numerical simulations, which consist of: (a) regular 
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hexagonal cells [67]; (b) disordered hexagonal cells [67]; (c) Voronoi cells [67]; (d) circular 
cells [244]; (e) triangular and rectangular cells with regular and staggered arrangements [38]; 
(f) CT-image-based cells [25].  

Regular hexagonal-cell structures were used early to analyse the deformation mechanisms, 

as well as their effect on compressive stress. For instance, Honig and Stronge [174, 175] 

demonstrated the elastic wave propagation and the trapping of plastic deformation in the 

in-plane compression of honeycomb using FE model. Ruan et al. [66] simulated the in-plane 

dynamic crushing of honeycombs at various impact velocities and observed so-called “X”, “V” 

and “I” deformation modes with increasing impact velocity for the X1-direction crushing, 

while only “V” and “I” deformation modes for the X2-direction crushing. These simulations 

for regular cell structures were also compared with experimental results of aluminium 

honeycombs. Subsequently, randomly distributed cells were introduced. For instance, Zheng 

et al. [67] generated hexagonal, disordered and Voronoi cell structures, respectively, and 

performed crushing simulations for different cell irregularities and impact velocities. They 

identified three deformation modes for 2D cellular materials, i.e. quasi-static one with 

localised collapse bands, transitional one with both shear and transverse bands, and dynamic 

one with layerwise collapse bands, and these deformation modes appear sequentially with 

increasing the impact velocity. 

Three-dimensional simulations appeared later, but they have been increasingly used 

recently (Fig. 30). For instance, Song et al. [245] constructed 3D Kelvin and Voronoi cell 

structures, and performed dynamic crushing simulations at various loading speeds. They 

found that the plateau stress and energy absorption can be enhanced by increasing geometric 

irregularity, impact velocity and strain hardening. Zheng et al. [149] used a 3D Voronoi foam 

to establish the dynamic constitutive relation for shock stress-strain states and furthermore to 

inform experimental measurement of this relation. 
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Fig. 30. Typical 3D cell structures used in numerical simulations, which consist of: (a) 
tetrakaidecahedron (or Kelvin) closed cells [245]; (b) Voronoi closed cells [245]; (c) 
CT-image-based open cells [190]; (d) CT-image-based closed cells (a small sample with 
cross-section shown) [26]; (e) CT-image-based closed cells (a large sample) [26].  

In general, the 2D models predict compressive behaviour of cellular materials in 

agreement, at least qualitatively, with most of the 3D modelling results and experimental 

observations. Due to their reduced computational cost, large samples and extensive loading 

cases can be considered, which have contributed significantly to our understanding of the 

dynamic compressive behaviour of cellular materials. Taking shock compression as an 

example, Fig. 31 shows an FE model for a sufficiently long hexagonal-cell honeycomb 

sample, as well as the predicted distributions of local velocity and stress using a 

cross-sectional nodal variable averaging approach [20]. It is clearly seen that both material 

velocity and stress jump across a distance of the order of one cell size, demonstrating the 

features of shock front, which is much more difficult to quantify in experiments. Another 

local strain measure was proposed and applied to 2D Voronoi cell structures [22, 23], as 

shown in Fig. 32. This approach tracks the motion of each FE node and calculates the local 

strain at a macroscopic material point using the nodal distances and their change within a 

circular neighbourhood. Fig. 32b and Fig. 32c show the calculated local strain field, which is 

consistent with experimental DIC local strain measurements for foams, see Fig. 9. 
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Furthermore, the location of the maximum local strain gradient across the shock front, which 

has a mesoscopic finite thickness, can be used to define the location of the shock front of zero 

thickness at the macro-scale.  

 

Fig. 31. Numerical simulations to demonstrate shock front features in honeycomb [20]: (a) 

honeycomb specimen and its cross-sections for definitions of local quantities; (b) distribution 

of the sectional velocity at an impact velocity of 100 m/s; (c) distribution of compressive 

stress in the honeycomb at different loading speeds.  
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Fig. 32. Numerical simulations to determine shock strain in 2D Voronoi foam (adapted from 

Ref. [22]): (a) finite element model and schematic of nodal motion in the neighbourhood of a 

corner node i with position vectors xi
0 and xi in the reference and current configurations, 

respectively; (b) colour map of local strain field for macroscopic material points and (c) the 

corresponding distributions of local strain and local strain gradient. 

The cell-based models are particularly useful to quantitatively examine the effects of 

mesoscopic structural parameters and homogenised base material properties on the dynamic 

compressive behaviour of cellular materials. Extensive numerical studies [34, 42-44, 59, 67, 

70, 105, 157, 159, 228, 245] have been devoted to revealing the roles of cell shape, cell-wall 

thickness, cell size, structural defects, relative density and base material properties (e.g. 

Young’s modulus, Poisson’s ratio, strain hardening and strain-rate hardening) in controlling 

dynamic compressive properties. The structural imperfections (e.g. heterogeneities in cell 

shape and cell-wall thickness) cause deformation modes with more randomness in quasi-static 

and transitional dynamic regimes, but they do not change the deformation mode in shock 

regime (i.e. propagation of planar wave front) [43, 67, 245]. For Voronoi foams, some 

numerical studies showed that the plateau stress [67, 245] and the energy absorption [42, 245] 
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increased with increasing the irregularity of cell shape, but Li et al. [43] found that both the 

irregularity of cell shape and the nonuniform thickness of cell walls led to decreases in 

plateau stress and strain energy. These conflicting conclusions about the effect of cell shape 

irregularity may be explained by another numerical study [105] which indicates that plateau 

stress decreases with increasing the degree of cell shape irregularity varying from 0.2 to larger 

values, but when the irregularity value is smaller than 0.2 the shape irregularity enhances the 

plateau stress instead. The structural defects generally reduce the plateau stress and energy 

dissipation capacity [42, 44]. The strain hardening can significantly increase the dynamic 

crushing stress [245]. When relative density increases, the dynamic plateau stress, energy 

absorption and shock speed all increase, but the role of the relative density in dynamic 

compression is quite different from that in quasi-static compression [1, 43, 157, 159, 245]. 

The strain-rate hardening increases the dynamic crushing stress [59, 70] and it has significant 

effect on the shock speed and shock stress [157]. Interestingly, the cell size has a considerable 

effect on dynamic crushing stress only when it is combined with base material strain-rate 

hardening [228]. Consistent findings have been reported with regard to the effects of relative 

density, strain hardening and strain-rate hardening, but the mechanisms for other influential 

factors need further verification from modelling results for different types of cell structures. 

4.2. Continuum mechanics models 

4.2.1. One-dimensional models 

The dynamic response of a cellular material to an impact or blast load can be modelled in 

the framework of continuum mechanics, as long as the deformation, motion and force 

experienced by the cells can be treated in a continuum sense, i.e. each cell (or each basic 

constituent unit) of the cellular material can be represented by a “material point” from a 

macroscopic point of view. In general, continuum mechanics models are more efficient and 

versatile, compared to the cell-based models (Section 4.1). They comply with the fundamental 

principles (e.g. conservation laws) and are generally consistent with the micro- and 

meso-scale mechanisms discussed in Section 3. The first task for a continuum-based model is 

the establishment of a constitutive relation, which is usually a stress-strain relation but also 

can be other ones [25, 69]. A number of simplified stress-strain relations have been proposed 

to model the 1D compressive constitutive behaviour of cellular materials, and the most widely 

used ones are shown in Fig. 33. The initial compressive response before the plateau stage is 

usually assumed linearly elastic, which is acceptable if large deformation is of major interest. 
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Accordingly, the yield stress 
y  (normally adopted as collapse initiation stress c0 , see Fig. 

5) and the yield strain y  (normally adopted as collapse initiation strain c0 , see Fig. 5) 

indicate the beginning of the plastic response. The plasticity in the plateau stage can be 

assumed perfect, linear hardening or non-linear hardening. In the early shock studies [e.g. 

153], the plateau stage and the densification stage were usually separated; and a densification 

initiation strain, namely d0 , thus needs to be defined to indicate the onset of densification 

[100], see Fig. 5.  

The widely used simplifications of the stress-strain relations include “elastic, perfectly 

plastic, rigid” (E-PP-R), “elastic, linear hardening plastic, rigid” (E-LHP-R), “elastic, 

perfectly plastic, non-linear hardening” (E-PP-NLH), “elastic, non-linear hardening plastic” 

(E-NLHP) and “elastic, softening, hardening” (E-S-H) simplifications, as shown in Fig. 33. A 

rigid assumption in the densification stage is also called lock-up or locking by some 

researchers (e.g. [73, 153]); in other words, the material is locked or frozen to the 

densification initiation strain [54, 55, 153] (or the maximum strain in the densification stage 

[148]). Hence the ‘R’ in E-PP-R and E-LHP-R is often replaced by ‘L’. When the initial 

elastic part is neglected, a rigid plasticity is assumed, and then the ‘E’ in E-PP-R, E-LHP-R, 

E-PP-NLH, E-NLHP and E-S-H should be replaced by ‘R’. All of these abbreviations refer to 

the simplification of the quasi-static stress-strain relation, unless otherwise stated. 

The linear hardening plasticity can be simply described by a hardening modulus, namely 

pE , whereas for nonlinear hardening plasticity, different functions have been proposed to fit 

experimental data. For instance, Hanssen et al. [246] proposed a complicated nonlinear 

function as follows 

1

y
s s

ln 1
1 / 1 /


    
   


  
         

                               (23) 

where  ,   and   are material constants. Pattofatto et al. [210] suggested the below 

power function  

y
nK                                                             (24) 

where K  and n  are hardening constants. Despite the simplicity, Eq. (24) gives a maximum 

stress value, namely y K  , when approaching compression limit ( 1  ). By contrast, the 

stress predicted from Eq. (23) will be infinite when the strain is equal to 1 / s   which 

may be regarded as the full densification of the cellular material if lateral deformation is 

negligible, and thus Eq. (23) is usually more capable of fitting test data at very large 
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deformation (accordingly, very high stress) [246]. To meet both the simplicity and accuracy 

requirements, the below function can be used 

y (1 ) nA B                                                          (25) 

which is a generalised form of Eqs. (10) and (11). When 2n  , this equation can be reduced 

to the stress-strain Hugoniot relation for shock, as derived from a linear Hugoniot relation 

between shock speed and impact velocity [25, 69]. Zheng et al. [149] adopted that 2n   and 

1B  , and they obtained good fit to their numerical simulation results for both quasi-static 

and dynamic compressions of a 3D Voronoi foam.  

 

Fig. 33. Simplified quasi-static compressive stress-strain relations of cellular materials.  

If the stress plateau is flat but a rigid assumption is not acceptable in the densification 

stage, an E-PP-NLH or R-PP-NLH simplification may be more appropriate. For instance, Li 

and Meng [73] used below function to describe the strain hardening in the densification stage 

 d0
y y

d0

tan (1 ) tan 1
2 1 2

       


                      
                   (26) 

where   and   are material parameters. However, as demonstrated by Harrigan et al. 

[171], this complicated function is not convenient for analytical solution. 

When softening in the plateau stage is considered, a non-monotonic function can be used. 

For instance, Harrigan et al. [154] proposed the following stress-strain equation for American 

oak compressed along grain 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

73 

 

1
y

2

1 A
   
 

 
   

                                                 (27) 

where A is a material parameter, and 1  and 2  are two reference strains controlling the 

softening and hardening, with 1 2  . A combination of softening and hardening was also 

considered by Shim et al. [224] using a different simplification, see Eq. (20). 

Several models have been proposed to take account of the strain-rate hardening. For 

instance, Gibson and Ashby [1] suggested the below equation for the dynamic plastic collapse 

stress of metallic cellular materials 

d
y

y0 m

*
1 ln

T
A

T

 
 

 



                                                    (28) 

where y0  is the plastic collapse stress at 0 K; T and Tm are current temperature and melting 

temperature of the base material, respectively; A and *  are material constants. 

Zhang et al. [122] were motivated by Nagy et al. [121] and proposed a power law with an 

exponent being a function of strain to predict the dynamic yield stress, viz. 

*
0

( )

( )

a b  
  


   
 




                                                      (29) 

where 0 ( )   represents the quasi-static stress-strain relation of a cellular material at a 

reference strain-rate * , and a and b are material constants. This model distinguishes the 

strain-rate hardening at different strains. 

Ruan et al. [247] developed another empirical formula to fit the experimentally measured 

plateau stress, viz. 

pl

ys

(1 )
n

m

s

A B
 
 

 
   

 
                                                  (30) 

where / s   is relative density, 
ys  is yield strength of the base material, and A, B, m and n 

are material constants. For Alporas foam, it is reported that 0.59A  , 0.14B  , 0.17m   

and 1.7n   [107]. 

Other empirical rate-dependence equations for traditional engineering materials may be 

also used in the modelling of cellular materials. For instance, the Cowper-Symonds equation 

describes the rate dependence of yield stress, which is expressed as  

1
d
y

s *
y

1
m 

 
    
 




                                                        (31) 

where d
y  and s

y  are the dynamic and static yield stresses, respectively; m is an empirical 
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exponent; and *  is a reference strain-rate at which the dynamic yield stress is twice the 

static one. In commercial FE software Abaqus, the strain-rate effect in the crushable foam 

model can be incorporated by using Cowper-Symonds equation [248]. 

The above rate-dependence equations for dynamic loading can be used for the strain-rate 

effect on plastic properties in transitional dynamic regime. However, they imply that the 

stress-strain relation varies with strain-rate and the rate-dependence is taken into account by 

modifying the quasi-static stress-strain relation. Such a treatment may be inappropriate for 

shock compression of cellular materials, which has been shown to conform to a unique 

dynamic stress-strain relation for different loading speeds [25, 69, 149, 158]. A different 

treatment is thus needed for shock regime. For instance, Zheng et al. [149] adopted a special 

form of Eq. (25), i.e. B=1 and n=2, to describe the constitutive stress-strain relation of a 3D 

Voronoi foam in both quasi-static and shock compressions. However, different material 

parameters were used, i.e. y 5.9 MPa   and 0.6 MPaA   for quasi-static compression, 

while y 7.7 MPa   and 0.22 MPaA   for shock compression. Note that neither 

strain-rate nor loading speed was included in Eq. (25), as a treatment distinct from Eqs. 

(28)-(31). 

The fundamental conservation laws are another essential aspect of continuum mechanics 

model. The equations for conservations of mass, momentum and energy can be used to 

establish governing equations for a dynamic problem. Herein the engineering strain ε and 

stress σ are defined as positive in compression. When shock is absent, the below wave 

equation (neglecting body force) can be used to obtain the particle motion during uniaxial 

compression 

2 2
2

2 2
0

u u
C

t X

 
 

 
                                                     (32) 

where u is displacement, t is time, X is Lagrangian location, and 
0( / ) /C d d    obtained 

from constitutive stress-strain relation. 

For a shock wave, differential equations are not applicable due to the discontinuity, and 

thus jump equations are needed. According to 1D shock wave theory [55, 150], the physical 

quantities across the shock front must satisfy the conditions associated with the singular 

surface, i.e. the Rankine-Hugoniot relations. Here we use symbols “s”, “a” and “b” to denote 

“shock front”, “ahead of” and “behind” the shock front, respectively, and the equations are 

given with respect to the Lagrangian reference configuration, see Fig. 34. The kinematic 

compatibility reflecting the mass conservation leads to the below relationship between 

velocity jump and strain jump across the shock front  
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b a s b a( )V V V                                                        (33) 

where sV  is the Lagrangian velocity of the shock front (i.e. the velocity of the shock front 

irrespective to material motion). The absolute velocity of shock front can be expressed as 

b a b a
s a a b b

b a b a

(1 ) (1 )
V V V V

v V V 
   
 

     
 

                                (34) 

which is equal to sV  when a 0 m/sV   and a 0  . 

dX

s

d
=

d

X
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b
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bU

a
a
aV

aU

 

Fig. 34. Propagation of shock front during time dt in Lagrangian reference configuration. 

The dynamic compatibility reflecting the momentum conservation leads to the following 

relationship between the stress jump and velocity jump 

b a 0 s b a( )V V V                                                      (35) 

where 0  is the initial material density. Substituting Eq. (33) into Eq. (35), we can obtain the 

shock speed as follows 

b a
s

0 b a( )
V

 
  





                                                    (36) 

In the stress-strain plane, Rayleigh line with a slope equal to 2
0 sV  connects the initial state 

(yielding state if elastic precursor exists) and the final state when a shock wave passes. Indeed, 

Ding et al. [156] has numerically demonstrated that the stress-strain states of the mesoscopic 

material points of a 3D Voronoi foam follow the trajectory defined by the Rayleigh line when 

a shock wave passes these mesoscopic material points. 

Eliminating sV  in Eqs. (33) and (35), we can further obtain 

2
b a

b a 0
b a

( )V V  
 


 


                                                 (37) 

which gives the stress jump across the shock front. And then the energy conservation in an 

adiabatic process leads to 
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  b a b a
b a 2

U U
    

                                             (38) 

where U is the internal energy density. Note that the derivations of Eqs. (33)-(38) do not 

involve any constitutive constants and they are valid in any continuum solid. A more general 

form of Eq. (38) can be written as follows to account for heat flow [55] 

   b a b a b a
b a

s2

q q
U U

V

     
                                      (39) 

where q is heat flux density. According to the second law of thermodynamics, we have 

b a
b a

s

( / ) ( / )q T q T

V
  

                                                (40) 

where   is the entropy density and T is the absolute temperature. Assuming an adiabatic 

condition, Darvizeh and Davey [249] estimated the temperature rise during shock propagation 

and they found that the maximum temperature rise is below 50 K for typical parameters 

adopted for an aluminium cellular bar.  

It is interesting to note that the internal energy dissipated after a shock wave passes is 

determined by the area under Rayleigh line, which is larger than the strain energy calculated 

by integrating quasi-static or dynamic stress-strain curve. This is a common feature for a 

shock in a solid [150, 155]. The micro- and meso-scale mechanisms of the additional energy 

dissipation in shock compression of cellular materials have been discussed in Sections 3.1.1 

and 3.2.1. To account for the energy absorption in the macroscopic theoretical framework, 

Tan et al. [55] used the thermal-mechanical approach to analyse 1D shock problem and 

showed that the establishment of global energy balance based on the quasi-static stress-strain 

curve by some researchers [e.g. 250, 251] is incorrect. Harrigan et al. [171] further discussed 

this issue and they concluded that the application of conservation equations for mass and 

momentum is sufficient to obtain correct solution to a shock problem, while the “energy 

balance” approach fails, due to its ignorance of the extra energy dissipated during shock 

propagation. 

Table 3 lists the typical loading scenarios considered for analytical shock models reported 

in the literature. Apart from the various loading scenarios considered, the analytical models 

adopted different constitutive stress-strain relations. As the same conservation laws of mass, 

momentum and energy have to be applied, a proper material model will be a decisive factor 

affecting the prediction accuracy.  

Reid and Peng [153] first analysed the shock problem in cellular materials. They 

considered the direct impact response (Scenario 1, see Table 3) of wood and obtained 
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analytical solution using quasi-static R-PP-L material model, and the prediction is in 

reasonable agreement with experimental results, as shown in Fig. 35a. However, they noticed 

that the prediction for impact response along the wood grain (0o) is less accurate using 

R-PP-L material model, mainly because in such a case the wood exhibits strain-rate hardening 

due to micro-inertia effect (Section 3.1.2). Subsequently, Harrigan et al. [154] improved the 

analytical prediction using a dynamic stress-strain relation (i.e. E-S-H and R-S-H) that takes 

into account the micro-inertia effect, as shown in Fig. 35a. The analytical prediction of impact 

response of Hydro/Cymat aluminium foam can be also improved by considering the 

strain-hardening in the plateau stage (R-LHP-L), as shown in Fig. 35b. Furthermore, Tan et al. 

(2012) showed that the consideration of an increase in locking strain with impact velocity 

improves the analytical prediction based on R-PP-L material model for aluminium Duocel 

foam. The experimental work by Elnasri et al. [210] and its companion theoretical analysis by 

Pattofatto et al [13] showed that the shock strain is essentially dependent on impact velocity. 

These studies are valuable for the evaluation of the errors introduced by assuming a locking 

strain in the densification stage. It should be mentioned that Scenario 2 is usually considered 

in conjunction with Scenario 1, while the validation of analytical model is mainly based on 

the results for Scenario 1 for which the crushing stress behind shock front can be measured 

relatively easily in experiments.  

For Scenario 3, Radford et al. [147] demonstrated the prediction accuracy of shock model 

using R-PP-L simplification (Fig. 35c) and they considered the motion of a rigid plate 

impinged by an aluminium Alporas foam in their model. Lopatnikov et al. [148] considered 

aluminium foam projectile impacting a fixed rigid wall and solved the dynamic problem 

based on an E-PP-L assumption. They further considered that the foam impacting on a 

Hopkinson pressure bar (Table 1) may introduce more complicated stress wave interaction in 

comparison with the foam impacting on a fixed rigid wall. Therefore, they performed 

numerical simulations to further understand the stress wave propagation and address the 

limitation of the analytical model. 

For Scenario 4, Ousji et al. [252] compared the analytical prediction of shock model based 

on R-PP-L material idealisation with the blast experimental results, as shown in Fig. 35d. 

Their study highlights the effect of blast load description (triangle pulse vs. 

fluid-solid-interaction pulse) on the accuracy of the shock model. Ding et al. [253] derived the 

analytical solution to shock problem with consideration of a triangle blast pulse and their 

analytical prediction agrees well with the cell-based numerical simulation. They also 

demonstrated that the analytical prediction based on R-NLHP is more accurate than that based 
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on R-PP-L. Harrigan et al. [171] considered a cellular material subjected to a rectangular 

pulse and adopted both R-PP-L and E-PP-NLH material models for theoretical analysis. They 

also compared the predictions from the continuum shock theory with those by mass-spring 

model [73] and found significant discrepancy in certain loading cases, as discussed in Section 

4.1.1.  

Table 3 Analytical models for typical scenarios of dynamic response of cellular materials 

     Loading scenario Constitutive model Typical analytical solution 

0V

 

R-PP-L, R-LHP-L, 
R-NLHP, D-R-S-H, 
D-E-S-H 

Refs. [55, 106, 153, 154, 
169, 172] 

0V

 

E-PP-L, R-PP-L, 
R-LHP-L, R-NLHP, 
D-R-S-H, D-E-S-H 

Refs. [106, 154, 169, 171, 
172, 254, 255]  

0V

 

E-PP-L, R-PP-L, 
R-NLHP, D-R-NLHP 

Refs. [147-149] 

( )P t

( )P t

t  

R-PP-L, E-PP-NLH, 
R-NLHP 

Refs. [72, 171, 252, 253, 
256-259] 

Note: (1) R-PP-L: rigid, perfectly plastic, locking (quasi-static); (2) R-LHP-L: rigid, linear hardening 
plastic, locking (quasi-static); (3) E-PP-L: elastic, perfectly plastic, locking (quasi-static); (4) 
E-PP-NLH: elastic, perfectly plastic, non-linear hardening (quasi-static); (5) R-NLHP: rigid, 
nonlinear hardening plastic (quasi-static); (6) D-R-NLHP: dynamic, rigid, non-linear hardening 
plastic; (7) D-R-S-H: dynamic, rigid, softening, hardening; (8) D-E-S-H: dynamic, elastic, 
softening, hardening; (9) In Scenario 4, the cover plate can be treated as rigid and of zero mass if 
the pressure is directly applied to the cellular material. 

 

The above summary of typical analytical models for shock problems supports the 

following conclusions: (1) the simplest R-PP-L based model can capture shock behaviour in 

some impact and blast loading scenarios; (2) improvement can be made by considering 

strain-hardening in either plateau stage or densification stage, or in both plateau and 

densification stages (i.e. continuous hardening), thereby capturing the potential unloading and 

reloading effect, as well as the velocity dependence of all state variables under shock; (3) 

strain-rate effect must be considered to obtain accurate solution if the cellular material is 
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strain-rate sensitive (e.g. wood loaded along grain); (4) the accurate description of loading or 

boundary condition is also important, particularly for blast response.  

 

Fig. 35. Comparison between the analytical predictions of shock model and the observations 

from experimental tests and mesoscopic cell-based numerical simulations: (a) direct impact of 

wood (Scenario 1; 0o and 90o indicate “along grain” and “across grain”, respectively) [153, 

154]; (b) direct impact of aluminium Hydro/Cymat foam (Scenario 1) [54, 169]; (c) Taylor 

impact of aluminium Alporas foam (Scenario 3; rigid wall is unsupported) [147]; (d) blast 

loading of aluminium and polymer foams (Scenario 4; FSI: fluid-solid interaction) [252, 253].  

In the theoretical framework of continuum mechanics, unified 1D shock models have 

been developed by Karagiozova et al. [172, 255, 260-262] and Zheng et al. [106, 169] mainly 

for the first two loading scenarios shown in Table 3. Karagiozova et al.’s analysis is based on 

a nonlinear strain-hardening material model, i.e. Eq. (23), with consideration of the reflection 

of stress waves at the support end, the deformation of striker and the double layer 

configuration of cellular materials. The analytical prediction is compared with the 

continuum-based numerical simulation and the analytical solution using R-PP-L idealisation. 

Zheng et al.’s analysis is based on an arbitrary plastic hardening constitutive model, and 

specifically, R-LHP-L and power-law hardening, i.e. Eq. (24), are considered. The analytical 
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prediction is validated by experimental tests and cell-based numerical simulations for 

aluminium foams, and also compared with R-PP-L based prediction. These unified shock 

models are applicable to strain-rate insensitive cellular materials and capable of predicting 

dynamic response to impact or blast load with various intensities. The main limitations of 

Karagiozova et al.’s and Zheng et al.’s analyses are that, (1) quasi-static stress-strain relation 

is used, which has been shown different from the Hugoniot relation of shock stress-strain state 

(Section 2.3.1); (2) smooth stress-strain function is assumed, and macroscopic plastic wave is 

allowed to propagate with relatively small magnitude of discontinuity ( b a d0 c0       and 

b a d0 c0      ), without considering the effect of local-softening induced stress 

oscillation in the plateau stage which is also associated with mesoscopic structural 

heterogeneity in foams (Fig. 4, 6, 25, 26 and 27). The first limitation has been overcome by 

Zheng et al. [149] recently, while the second limitation has not been carefully addressed or 

overcome up to date. In addition to its theoretical importance, the model’s complexity and 

input parameters should be minimised in practical applications in order to reduce the time and 

cost of engineering analysis and design. Therefore, further studies on the sensitivity of 

prediction accuracy to material model selection (e.g. quasi-static stress-strain relation, 

rate-dependent plasticity and Hugoniot relation of shock stress-strain state) and alternative 

theoretical framework (e.g. generalised continuum mechanics [263-266]) are still needed for 

different types of cellular materials. 

4.2.2. General macroscopic models 

The yielding condition and plastic flow of cellular materials are complicated under 

multiaxial compression or combined loading. The prediction accuracy of structural response 

to complex loads largely depends on the constitutive model used in analysis. Uniaxial 

compression tests are most commonly used to obtain the yielding and hardening parameters 

required in plasticity models for cellular materials. They are also widely used to evaluate the 

strain-rate effect and shock state equations. 

Since cellular materials are generally hydrostatically compressible, classical plasticity 

theory (e.g. von Mises theory) for incompressible material cannot describe well the plastic 

behaviour of cellular materials. An early attempt to develop yielding criterion for foams was 

made by Gibson et al. [267]. They considered bending and axial deformation of base material 

in an idealised cubic unit cell to predict the yielding of foam in a multiaxial stress state. In 

their model (also known as GAZT model), the deviatoric stress plays dominant roles although 

hydrostatic stress can also cause yielding. Abrate [268] summarised the yielding criteria for 
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cellular materials reported in the literature and categorised them into four groups according to 

their mathematical expressions, which are listed in Table 4. The yield surface in stress space 

of Mises equivalent stress ( e ) versus mean stress ( m ) can be straight line (category 1), 

parabolic curve (categories 2 and 4), or elliptical curve (category 3). As the yield surfaces of 

these categories are symmetric with respect of e , these criteria imply an identical yield 

strength for tension and compression. A more general form of yield function can be expressed 

as 

2 2
1 e 2 e 1 m 2 mA A B B Y                                              (41) 

where 1A , 2A , 1B  and 2B  are material constants. The yielding criterion is 0  . In most 

cases, Eq. (41) without more higher-order terms is adequate to determine the yield surface for 

a hydrostatically compressible material. For instance, the well-known Drucker-Prager 

criterion [269] widely used in soil mechanics is simply the linear form of Eq. (41). 

Table 4 Four categories of yielding criterion for isotropic cellular material [268] 

Category Mathematical form    Boundary shape in -  plane Example 

1 e 0 1 ma a    Straight line Ref. [270] 

2 2
e 0 1 mb b    Parabolic curve Ref. [267] 

3 2 2
e 0 1 mc c    Elliptical curve Ref. [60] 

4 2
e 0 1 md d    Parabolic curve Ref. [271] 

Note:  is mean stress;  is Mises equivalent stress; other coefficients are material constants. 

  

Examples of typical plasticity models for cellular materials are listed in Table 5, in which 

the yield functions all satisfy Eq. (41), although with some difference in the expression of 

constants. As aforementioned, GAZT model is based on mechanics analysis using one unit 

cell, so it can somehow reflect the relationship between mesoscopic deformation mechanism 

and macroscopic plastic behaviour. In contrast, the model of Zhang et al. [272] is merely 

phenomenological, and it is capable of incorporating the asymmetry between compression 

and tension (i.e. x0 determines the elliptical centre). Miller’s model [273] has certain physical 

basis since it can be reduced to GAZT model when 0  , s0.81 /    and c0d  , but 

the physical meaning of the additional term (when 0  ) is not clear. From macroscopic 
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point of view, Deshpande and Fleck’s model [60] can be correlated with strain energy of a 

cellular material. The strain energy density is composed of two parts associated with 

distortional and volumetric deformation, respectively, which can be expressed in terms of e  

and m  as follows [268] 

2 2 2
e m

1 1

2 2ij ijU
E

                                                  (42) 

where 2 4.5(1 2 ) / (1 )      and 1.5 / (1 )E E   , with E and   being Young’s 

modulus and Poisson’s ratio, respectively. Note that in the yield function of Deshpande and 

Fleck’s model [60], we have 2
p p4.5(1 2 ) / (1 )      which is same as 2  if elastic 

Poisson’s ratio   is replaced by plastic Poisson’s ratio p .  

   Many studies have shown that the yield surfaces described by the plasticity models 

summarised in Table 5 are in reasonably good agreement with experimental results for 

multiaxial loading [14, 60, 62, 272, 274, 275] (e.g. Fig. 39b). However, it seems that the 

phenomenological models fit experimental data better than the mechanism-based GAZT 

model which overestimates hydrostatic strength, and this overestimation is believed due to the 

bending deformation induced by mesoscopic structural imperfections, rather than the 

stretch/contraction assumed in the GAZT model [62, 267, 275].  

The strain hardening can be modelled using different approaches. For instance, Zhang et 

al. [272] used plastic volumetric strain to determine the strain hardening of a cellular material. 

Deshpande and Fleck [60] defined an equivalent plastic strain as hardening variable. For large 

plastic deformation, Miller [273] pointed out that the hardening in the plateau stage should be 

determined by deviatoric strain of the cellular material (or more in essence, the shear 

deformation of the base material), but in the densification stage the volumetric strain plays 

more important roles as all cells are crushed and the compaction of the cellular material 

gradually dominates. Therefore, two separable hardening functions represented by different 

hardening variables were proposed by Miller [273]. 

The flow potential also has various forms. The plastic flow is associated with yield 

function in Miller’s model [273] and Deshpande and Fleck’s model [60], whereas a 

nonassociated law is used in the model by Zhang et al. [272]. The advantage of nonassociated 

flow potential is that a properly simplified function can be chosen when yield function is too 

complex, which can simplify the solution. For instance, Zhang et al. [272] chose a potential 

function as 2 2
m eF     to account for both volumetric flow and shear flow, and they 
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further demonstrated that this function implies that a plastic strain is directly proportional to 

the principal stress when 9 / 2  . Some experimental observations also support the choice 

of 9 / 2  , e.g. the compression of some cellular materials in one principal direction causes 

negligible plastic deformation in other transverse directions, i.e. plastic Poisson’s ratio is 

close to zero [60-62]. 

Table 5 Typical plasticity models for cellular materials subjected to complex loading 

Model 
(Ref.)  Yield surface 0   

Hardening 
formulation 

Flow of plastic strain 
p
ij

ij

F 






  

[267] 

2

e m

c0 s c0

0.81 1
 
  

  
     

  
 N/A N/A 

[272] 
 2 2

m 0 e 1
x

a b

 
    

p
0 1 v( )x H   

p
2 v( )a H   

p
3 v( )b H   

2 2
m eF     

[273] 
2
m

e m d
d

       
p

1 i 2 v( ) ( )d H H   F    

[60] 2 2 2
e m2

1
[ ]

1 ( / 3)
Y  


   


 

p
i( )Y H   F    

Note: m is mean stress; e is Mises equivalent stress; v is total volumetric strain; v
p is plastic volumetric 

strain; i
p
 is Mises equivalent plastic strain; c0 is uniaxial plastic collapse initiation stress; /  is 

relative density; Y is yield stress; other coefficients are material parameters. The specific forms of 
hardening function can be found in Refs. [60, 272, 273]. 

Some plasticity models have been incorporated into commercial FE codes such as Abaqus 

and LS-dyna for numerical computation. For instance, Abaqus has two crushable foam 

models with volumetric hardening and isotropic hardening, of which the volumetric hardening 

model is similar to the model by Zhang et al. [272], whereas the isotropic hardening model is 

based on Deshpande and Fleck’s model [60]. LS-dyna also provides extensive constitutive 

models for cellular materials, including NO. 5, 14, 26, 38, 53, 57, 61, 62, 63, 73, 75, 85 and 

126 [276]. Hanssen [246] selected NO. 26, 63, 75 and 126 material models of LS-dyna to 

examine their performance in various loading cases such as compression, indentation, 

diagonal loading, bending of foam-filled beam, and crushing of foam-filled extrusions. The 

No. 26 and No. 126 models are both based on a yield criterion that a material yields when one 
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stress component exceeds its corresponding yield stress. However, for the former the 

hardening is determined by volumetric strain, while for the latter the hardening for each yield 

stress component is associated with the corresponding strain component. The No. 63 model 

defines the yielding using largest principle stress and the hardening depends on volumetric 

strain. The No. 75 model is similar to the model by Zhang et al. [272]. The numerical and 

experimental indentation results are shown in Fig. 36. The No. 63 and No. 75 models perform 

better than the other two, but they still suffer discrepancy with experimental observations, e.g. 

the indented cube exhibits inward bending at the outer edges when No. 63 model is used and 

the elements move sidewards for No. 75 model. The results of different validation tests reveal 

that all of the selected models have their own drawbacks depending on loading cases, and 

only limited accuracy can be achieved [246]. Therefore, these macroscopic material models 

should be used with care. 
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Fig. 36. Validation of different constitutive material models using indentation test [246]. Top: 
deformation configurations; Bottom: force-deformation plots. The label number of material 
model refers to Ls-dyna material library. Descriptions of the models can be found in the texts 
and more details see Ref. [246]. 

Uniaxial compression tests can be used to determine the material parameters in the 

aforementioned plasticity models. For instance, when the uniaxial plastic collapse initiation 

stress is obtained, the yield surface defined by Gibson et al. (1989) can be readily determined. 

However, as cellular materials are generally compressible, hydrostatic compression tests may 

be also necessary to obtain additional material parameters. For instance, the material 

parameter   in the yield function (see Table 5) proposed by Deshpande and Fleck [60] is 

equal to  21 1 / 9x   where x is the yield strength ratio between hydrostatic and uniaxial 
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compressions, and the material parameter Y is equal to compressive strength (e.g. 0.3% offset 

yield point). Alternatively, the   value also can be determined from plastic Poisson’s ratio 

in uniaxial compression [60]. In other words, all material parameters of a plasticity model [60] 

used to describe multiaxial plastic behaviour can be determined from one uniaxial 

compression test.  

In structural response analysis, an appropriate description of constitutive behaviour of 

cellular materials is needed to establish analytical and numerical models for engineering 

structures such as sandwich beams or plates with cellular core materials. For instance, Qin 

and Wang [277-280] proposed a unified yield criterion to obtain the analytical solutions of the 

dynamic response of sandwich structures under a variety of quasi-static and dynamic loading 

conditions. The general plasticity models for cellular materials are used not only in the 

numerical study of uniaxial compression [172, 210], but also in the impact simulation of 

complicated structures such as foam-cored sandwich beams and panels [280-285], as shown 

in Fig. 37. In most cases, these analytical and numerical models are used without 

consideration of strain-rate or shock effect, which are acceptable in some circumstances, but 

such neglect may introduce unacceptable errors for some strain-rate sensitive cellular 

materials [125] (see Sections 2.2 and 2.3 for observed loading rate effect). In particular, high 

accuracy of prediction for dynamic compression is strictly required in some safety critical 

applications, e.g. nuclear components [125, 286].  

 

 

Fig. 37. Continuum-based FE impact simulations: (a) distribution of 2D equivalent plastic 

strain in a foam-cored sandwich beam under low-velocity impact [287]; (b) comparison of 

foam crushing area between impacted specimen (left) and 3D numerical result (right) for a 

foam-cored sandwich panel [288]. 
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Extensive experimental test data are needed to establish the rate-dependence of yield 

surface of a strain-rate sensitive cellular material. German BAM [125] identified significant 

discrepancies between the numerical simulations neglecting strain-rate effect and the actual 

dynamic behaviour of impact limiters made of polyurethane foam for transport and storage of 

highly radioactive waste. They thus launched an ENREA project comprising experimental 

tests of over 1000 specimens for wood, polyurethane foam and polymer concrete under 

compression with loading speed ranging from 0.02 mm/s to 3 m/s. Their compressive 

experimental results for polyurethane foam, as shown in Fig. 38 (a), demonstrate that a proper 

modelling method (e.g. Abaqus crushable foam model with isotropic hardening and tabular 

rate-dependent scaling factors) can describe well the rate-dependence of foam plasticity. 

However, the Cowper-Symonds relation was shown unsatisfactory for the foams tested. 

Zhang et al. [122] incorporated the strain-rate sensitivity (described by Eq. 29) into the 

constitutive model (Zhang et al. [272], see Table 5) for polymer foams and they observed 

good agreement with compressive experimental results (Fig. 38b). 

 

 

Fig. 38. Comparison between experiment and simulation incorporating strain-rate effect in 

plasticity models for polymer foams: (a) load-displacement curves [125]; (b) stress-strain 

curves [122]. 

For multi-axial compression, Chung and Waas [289, 290] investigated the in-plane biaxial 

static and dynamic compressions of polycarbonate honeycombs and observed complex 

expansion of the maximum stress envelop, as shown in Fig. 39 (a). For dynamic combined 

loading cases, Hou et al. [291, 292] found that the crush envelope expands isotropically for 

aluminium honeycombs subjected to combined compression-shear loading (out-of-plane 

loading). Zhou et al. [274] conducted combined compression-shear test for three types of 
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foams and found that the initial yield surface exhibits an almost isotropic expansion with 

increasing loading rate, as shown in Fig. 39 (b), wherein the experimental results are also 

compared with yield criteria reported in Refs. [60, 267, 273] (see Table 5 for expressions of 

yield criteria). However, the dynamic multiaxial loading test results are very limited in the 

literature. Therefore, there is a need to produce high quality benchmark experimental data 

under complex stress state, in both static and dynamic loading conditions, together with 

relatively complete material data for the purpose of calibration and validation of numerical 

models.   

 

 

Fig. 39. (a) Maximum stress envelopes obtained from static and dynamic combined 

compression tests for polycarbonate honeycombs [289]; (b) yield surfaces for combined 

loading tests of aluminium alloy foams under different loading rates [274]. 

For the transitional dynamic regime, the application of Eqs. (28)-(31) can be extended to 

multiaxial loading cases when equivalent stress and strain are used to take account of 

strain-rate effect. However, it should be noted that the difference between the shock 

equation-of-state (e.g. stress-strain Hugoniot) and the quasi-static or transitional dynamic 

stress-strain constitutive relation has not been fully clarified in previous studies. The strategy 

to apply the dynamic constitutive relation and the shock Hugoniot relation to impact or blast 

analysis is still an open topic. 

5. Concluding remarks 

The dynamic compressive behaviour of cellular materials is described and discussed with 

regard to observations, mechanisms and modelling in this review. A general conclusion of the 

strain-rate sensitivity of cellular materials has not been drawn, as the governing mechanisms 

are sensitive to base material properties and cell structure characteristics which are 
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determined by specific manufacturing routines for different types of cellular materials. 

Despite the scatter in experimental data due to either inherent scatter among tested samples or 

the limitation of experimental techniques, the plastic properties of some types of cellular 

materials, such as steel foams, aluminium Alporas foam, Balsa wood (loaded along grain), 

honeycombs (out-of-plane compression) and many polymer foams, have been widely 

recognised as rate dependent. The rate dependence of these cellular materials in the 

transitional dynamic regime at intermediate loading rates mainly arises from the microscopic 

strain-rate sensitivity of base material, micro-inertia or gas pressurisation, or their 

combination. Furthermore, the effects of these micro- and meso-scale factors can be enhanced 

by combining with other factors. For instance, the combination of micro-inertia and strain 

hardening of base material can significantly increase the plateau stress of honeycombs under 

dynamic out-of-plane compression.  

At sufficiently high loading speed, shock initiates in most of cellular materials, which is 

characterised by the distinctive cell deformation, i.e. the formation and propagation of 

macroscopic discontinuity wave front from loading end, in contrast to the randomly 

distributed collapse or crush bands formed in quasi-static and transitional dynamic regimes. 

The jumps of some physical quantities (e.g. stress, strain and energy) across the shock front 

are commonly perceived as shock enhancement. The dominant axial inertial resistance and the 

cell interactions at the meso-scale under high speed impact are linked to the occurrence of the 

compaction shock in cellular materials. Usually, a sufficiently high loading speed or intensity 

is necessary for the initiation of the compaction shock, and a variety of methods can be 

applied to predict the critical impact velocity for the shock initiation, among which the 

method based on Hugoniot relation was shown to provide better prediction. Equally 

importantly, shock speed has a linear relation with loading speed, and shock compression 

leads to distinctive load transmission and stress-strain states. 

Mesoscopic modelling proves useful to identify and quantify the effects of different 

mechanisms. Mass-spring models are attractive due to their simplicity, but they have been 

rarely validated by experiments and have disadvantages to handle shock problem. Cell-based 

analytical models are valuable to gain general insights, but they have suffered difficulty to 

capture the complicated compressive behaviour of stochastic foams/wood and have 

significant limitation in dynamics analysis of honeycombs subjected to large deformation. 

Therefore, extensive cell-based numerical models have been developed and employed to 

analyse the dynamic compressive behaviours of different types of cellular materials. The 

emerging image-based modelling is particularly useful for the investigation of a specific 
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cellular material imaged, as the actual cell structure is incorporated in the modelling. The 

models based on idealised cell structures are more powerful in terms of structural parametric 

sensitivity analysis. The mesoscopic modelling analyses substantially improve our 

understanding of the mechanisms controlling the dynamic compressive behaviour of cellular 

materials. However, a macroscopic continuum-based modelling approach, with satisfactory 

accuracy for both uniaxial and multiaxial loadings, is preferred for analysis of dynamic 

response of engineering structures (e.g. foam-filled sandwich plates) to complex loads, for the 

sake of simplifying problems and reducing computational cost/time. It has been demonstrated 

that the correct application of conservation laws, and the accurate description of constitutive 

relation, shock stress-strain states and dynamic loading, are crucial for the success in 

continuum-based modelling. 

Some outstanding issues have been also identified and addressed, which may need further 

studies. First, the investigation of base material behaviour has not been sufficiently 

endeavoured yet; in particular, the strain-rate sensitivity of base material is believed 

dependent on the manufacturing process, but it still lacks dynamic test results directly for the 

base material. Second, the strain-rate effect in the transitional dynamic regime and the 

Hugoniot relation for shock should be properly incorporated in continuum-based models for 

both uniaxial and multiaxial compressions (or other types of loads). Third, fracture behaviour 

and its effect on dynamic compression have been rarely examined in experiments and 

modelling; for closed-cell foams, cracking of cell walls may affect gas leaking and hence the 

contribution of gas pressure to the compressive resistance. Fourth, the mesoscopic stress wave 

propagation in cellular materials has been much less studied in comparison with the 

macroscopic discontinuity wave (e.g. shock), and the related mesoscopic mechanisms are still 

largely unclear; an improved understanding of the mesoscopic load transmission in the cell 

structure will shed further light on the underpinning mechanism of shock initiation and 

propagation. Fifth, the interaction of different mechanisms has not been adequately 

understood, particularly for shock which may involve all of the aforementioned micro- and 

meso-scale mechanisms. Finally, dynamic compressive behaviour of novel cellular materials, 

e.g. functionally graded [82-84, 293, 294] and hierarchical [85-87] cellular materials, and 

cellular composites [295-297], as well as hypervelocity compressive behaviour [9, 10] and 

multiaxial compression (or combined loading), deserve further research. 
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