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a b s t r a c t

As an optimum energy-absorbing material system, polymeric foams are needed to dissipate the kinetic
energy of an impact, while maintaining the impact force transferred to the protected object at a low level.
Therefore, it is crucial to accurately characterize the load bearing and energy dissipation performance of
foams at high strain rate loading conditions. There are certain challenges faced in the accurate mea-
surement of the deformation response of foams due to their low mechanical impedance. In the present
work, a non-parametric method is successfully implemented to enable the accurate assessment of the
compressive constitutive response of rigid polymeric foams subjected to impact loading conditions. The
method is based on stereovision high speed photography in conjunction with 3D digital image corre-
lation, and allows for accurate evaluation of inertia stresses developed within the specimen during
deformation time. Full-field distributions of stress, strain and strain rate are used to extract the local
constitutive response of the material at any given location along the specimen axis. In addition, the
effective energy absorbed by the material is calculated. Finally, results obtained from the proposed non-
parametric analysis are compared with data obtained from conventional test procedures.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to their superior energy absorption and acoustic char-
acteristics, rigid polymeric foams are widely used in the aerospace
and automotive industries. In addition to energy dissipation per-
formance, advanced polymeric foams are also gaining attention in
structural components, as well as the core material for strength-
ening hollow structures while maintaining the overall structural
weight at low levels [1e3]. The enhanced energy dissipation
properties of polymer foams are mainly due to their low mechan-
ical impedance, whereas such low impedance is itself a direct result
of the porous structure of these materials. Although the low
impedance behavior makes polymeric foam the material of choice
in applications where dynamic loading conditions are dominant, it
makes characterization of the dynamic behavior of foams more
challenging compared with solid non-porous structures. The main
challenge is due to the relatively low elastic wave speed in these
materials which results in a delayed state of stress equilibrium
al Engineering, University of
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during loading [4]. There have been solutions proposed to
compensate for the belated state of equilibrium in dynamic loading
conditions, most of which are only applicable in studies utilizing
split Hopkinson pressure bars (SHPB). Application of hollow and/or
polymeric bars to reduce the impedance mismatch between bars
and specimen [5e7], and pulse shaping techniques [8,9] are the
most common solutions proposed to tackle the challenges in dy-
namic testing of foams in SHPB.

There have been several studies focusing on experimental
characterization of direct impact response of polymeric foams
[10e12]. In direct impact loading, none of the above-mentioned
solutions are applicable since the basis of the experimental
approach is on the direct measurement of the applied impact force.
A more general solution to compensate for the non-equilibrium
stress condition in direct impact experiments is the use of short
specimens [13]. The main benefit in using short specimens in direct
impact studies is due to the significant reduction of the elastic wave
reverberation time in order to achieve the quasi-static equilibrium
in a shorter time. However, in the case of cellular materials, there
exists a lower bound on the dimensions of the specimen subjected
to impact testing due to the representative volume element (RVE)
size required to maintain the continuum response of the material
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Fig. 1. Cellular structure of the examined foam.
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[14e16].
The challenges listed above call for amore general approach that

(a) is independent of the specimen dimensions; (b) facilitates ac-
curate assessment of the dynamic deformation response of the
foam even where non-equilibrium stress conditions are present.
Recent advances in high speed photography and full-field mea-
surements have provided a path for more accurate study of the
dynamic deformation of low impedance materials. In particular,
recent advances in inverse identification of the constitutive
response of materials have been established to be promising ap-
proaches providing accurate assessment of the high strain rate
deformation response. The basic idea in the area of inverse iden-
tification from full-field measurement is the use of kinematics of
the deformation (displacement and strain) to inversely identify the
loads/stresses imposed on the object. The virtual fields method
(VFM) is an example of such inverse analyses gaining extensive
popularity in the experimental mechanics community [17].

For the specific case of impact loading of low impedance ma-
terials, direct identification of the constitutive response based on
full-field measurements was proposed by Othman et al. [18], in
which the contribution of inertia was also included in the analysis
by computing the full-field acceleration developed in the impacted
specimen. The same approach was implemented to study the direct
impact response of various polymer foams at strain rates of up to
2500 s�1 [19,20]. Our objective in the present work is to extend the
previous idea by adopting the same non-parametric analysis to
study the energy absorption characteristics of closed-cell polymeric
foams subjected to intermediate-velocity direct impact. The term
“intermediate-velocity” indicates that the impactor velocity is
sufficiently high so that a static analysis may not be justified. In this
range, the initial inertia forces are of considerable magnitude [21].
On the other hand, the impactor velocity is not high enough to
significantly increase the influence of elastic wave and shock wave
propagations in the material, therefore the term “intermediate-
velocity” is adopted. The novel contribution in the present study is
the consideration of dynamic deformation of the foam during
loading and unloading in the analysis. Accordingly, impact experi-
ments were designed in a way that a relatively large magnitude of
plastic strain (>20%) is imposed on the specimens without causing
total failure. Full-field displacement is used to determine the dis-
tribution of acceleration over the entire length of the specimen.
Inertia stresses are computed from the acceleration, and then
superimposed with the boundary-measured stress to determine
the total axial stress magnitudes. A complete stress-strain hyster-
esis loop is acquired, enabling the study of energy dissipation
characteristics of the utilized material.

2. Experimental

2.1. Material and specimen geometry

High density closed-cell polyurethane foam under the com-
mercial name TufFoam35 was examined in this work [22]. Nominal
bulk density of the as-received foam was measured in-house by
measuring the mass and volume, and found to be 560 kg/m3

(35 pcf). Cellular structure of the material is presented in Fig. 1,
exhibiting circular cells with a 150 mm average diameter and
150 mm cell-wall thickness. Elastic modulus of the foam at quasi-
static conditions was measured in-house as 780 MPa. Cylindrical
specimens of 28.8 mm in length and 25.3 mm in diameter were
extracted from the as-received foam billet by the use of a hole saw.
The application of a hole saw results in a smooth lateral surface
finish with ±0.1 mm dimensional accuracy. For image correlation
purposes, a high contrast speckle pattern comprised of a black
substrate with 80 mm white particles was applied on the lateral
surface of the specimen. Speckling was carried out using normal
flat spray paints.

2.2. Direct impact experiments

Controlled direct impact was applied to the specimen using a
shock tube apparatus. Details on the design aspects of the shock
tube are beyond the scope of this work, but can be found elsewhere
[19,23]. A schematic representation of the utilized shock tube is
depicted in Fig. 2. The speckled specimenwas inserted on a custom
fabricated fixture close to the muzzle of the shock tube. The custom
fixture incorporates a piezoelectric load-cell, facilitating measure-
ment of the reaction force at the rear side of the specimen. The
load-cell used in this work was an 88.8 kN capacity PCB piezo-
tronics® load-cell, designed primarily for impact force measure-
ments. The specimen was placed in its position on the fixture with
the use of lithium grease, which also serves as a lubricant to
diminish the effect of friction.

To increase the momentum transfer to the specimen and ach-
ieve higher strain rates, a 0.07 kg aluminum projectile was placed
inside the tube and shot directly at the foam. Velocity of the pro-
jectile at the tube exit can be manipulated by varying the number
and/or thickness of the plastic diaphragms used to separate the
driver and the driven sections of the shock tube (see Fig. 2). In the
present work, projectile velocity of 40.4 m/s was achieved by using
a plastic diaphragm with 0.1 mm total thickness. The impactor
velocity was measured by tracking the aluminum projectile after
release from the muzzle of the tube, just before contact with the
specimen. The velocity of the projectile is highly repeatable, with
uncertainty level in this work of about ±5%, which corresponds to
±2m/s. More details on the projectile velocity measurement can be
found in Ref. [20]. The projectile velocity regarded here falls well
within the range of intermediate velocity impact for the case of the
foam studied in this work. Impact experiments were designed in
such a way that the material will deform up to a global strain at
which surface cracks are visibly formed on the lateral surface of the
specimen. Reproducibility of the results was confirmed by con-
ducting at least three independent experiments following the same
experimental procedure. Once the repeatability was confirmed,
typical results were extracted and presented in this work.

2.3. High speed imaging and digital image correlation

High speed stereovision imaging in conjunction with digital
image correlation was used in order to analyze and quantify the



Fig. 2. Schematic of the shock tube in its entirety, with a magnified view of the load fixture depicted in (b).

Table 1
Image acquisition and correlation parameters used in the present study.

Camera system Photron SA-X2 ( � 2)
Frame rate 150,000 fps
Interframe time 6.67 ms
Exposure time 293 ns
Image resolution 256 � 216 pixel2

Pixel-to-length ratio 7.75 pixel/mm
Full-field measurement technique 3D DIC (Vic-3D)
Subset 21 � 21 pixel2

Step 1 pixel
Strain filtering (filter size) Gaussian (15)
Temporal smoothing None
Matching criterion Normalized squared differences
Interpolation Optimized 8-tap interpolation
Shape function Affine
Strain resolution 480 mε
Acceleration resolution 2 � 103 ms�2
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deformation of the impacted specimens. The imaging setup was
composed of a pair of high speed Photron SA-X2 cameras each
equipped with a 100 mm macro lens. The cameras were mounted
vertically in a custom made fixture, acquiring images from the
lateral surface of the impacted foam specimen, as seen in Fig. 3.
Cameras were triggered by the use of the signal sent from the
oscilloscope attached to the load-cell. Connection of the cameras to
the oscilloscope in this work facilitates synchronization of the load-
cell data collection with the image acquisition rate. Stereo images
were collected at a rate of 150,000 frames per second at full-field
resolution of 256 � 216 pixel2. Images acquired during deforma-
tion stage were processed and analyzed in the image correlation
software Vic-3D (Correlated Solutions, Inc.). Details of the image
correlation process are listed in Table 1.

The default Cartesian coordinate system of themeasurements in
Vic-3D was switched to the cylindrical coordinate systems using
the built-in coordinate tool in the software Vic-3D. Distribution of
the full-field displacement and strain was computed in this soft-
ware. Temporal derivatives were computed from full-field
Fig. 3. Experimental setup showing the shock
displacement and strains using simple central difference scheme
tube and the stereovision camera system.
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as:

_εijðtÞ ¼
εijðt þ DtÞ � εijðt � DtÞ

2Dt
(1)

viðtÞ ¼
uiðt þ DtÞ � uiðt � DtÞ

2Dt
(2)

aiðtÞ ¼
uiðt þ DtÞ � 2uiðtÞ þ uiðt � DtÞ

Dt2
(3)

where ui and εij denote the components of the displacement and
strain, respectively. Parameters _εij, vi and ai represent strain rate,
velocity and acceleration, respectively. Dt is the inter-frame time (¼
6.67 ms).
Fig. 4. Cylindrical specimen sliced into a finite number of thinner sections, used to
calculate the inertia stress applied at each point along the specimen axis.
3. Data analysis

The objective in this work is to take the effect of inertia loading
during dynamic deformation of the foam specimen into account.
This goal is achieved through the application of the non-parametric
analysis introduced in Refs. [18e20]. In this approach, the inertia
stress is calculated from the full-field data obtained from DIC. The
first step in this approach is to consider the general dynamic stress
equilibrium, expressed as:

sðz; tÞ ¼ sboundary þ sinertia (4)

where:

sboundary ¼ sð0; tÞ and sinertia ¼
Zx¼z

x¼0

rðx; tÞaðx; tÞdx (5)

Eq. (4) is a direct solution of the equation of stress equilibrium in
the absence of body forces and shear stresses, and states that the
value of the axial stress, s, at location z and time t can be evaluated
using the stress measured at specimen end, i.e. z ¼ 0, plus the
inertia stress [18e20]. The inertia stress is expressed by the integral
term in Eq. (5) as a function of the spatial variation of density, r, and
axial acceleration, a. This inertia stress can be evaluated from the
full-field data. Using the full-field distribution of acceleration and
density, the integral term in Eq. (5) can be approximated by a
simple summation as:

Zz¼L

z¼0

rðz; tÞazðz; tÞdzz
Xn
i¼1

rðiÞaðiÞsðiÞ (6)

where, rðiÞ and aðiÞ represent the average values of density and axial
acceleration in section i. The term sðiÞ denotes the thickness of
section i, as illustrated in Fig. 4. Variation of material density in time
and space is included in this approach by using a recently proposed
model [20] that enables the calculation of local instantaneous
density as a function of initial density, r0, local Poisson’s ratio,
yðz; tÞ, and local axial strain value, εðz; tÞ, expressed as:

rðz; tÞ ¼ r0½expðεðz; tÞÞ�2yðz;tÞ�1 (7)

Having obtained the variations of axial acceleration andmaterial
density in time and space, inertia stress at any desired location
along the length and at any given time can be evaluated using Eq.
(6). Superimposing this inertia stress with the boundary measured
stress, local axial stress along the specimen length can be deter-
mined from Eq. (4). The stress values calculated from Eq. (4) are
synchronized with the axial strain values, as the load data collec-
tion and image acquisition are initiated at the same instant and
carried out at the same rate; therefore, local stress-strain curves at
any given position along specimen length can be extracted.

Specific energy (energy per unit volume) can be determined
from the area below the global stress-strain curve. To evaluate the
specific energy consumed by the foam specimen, average stress-
strain curves are considered first. Spatially averaged stress and
strain values are calculated as:

sðtÞ ¼

Z LðtÞ

0
sðz; tÞdz
LðtÞ (8)

εðtÞ ¼

Z LðtÞ

0
εðz; tÞdz
LðtÞ (9)

where sðtÞ and εðtÞ are the spatially-averaged axial stress and axial
strain, respectively. In the case of the application of full-field data,
spatial averaging can be carried out using simple numerical inte-
gration. Having obtained synchronized values for sðtÞ and εðtÞ,
average stress-strain curve of the specimen can be generated by
plotting s versus ε. Finally, the specific energy of the specimen, W ,
can be determined as:

W ¼
Zε

0

sdε (10)

4. Results and discussion

4.1. Nominal stress-strain curve

Fig. 5 shows 20 gray level images recorded during loading and
unloading of the specimen. Physical dimensions of each individual
gray-scale image in Fig. 5 are approximately 33� 28 mm2, covering
the entire length of the specimen. The reference time t ¼ 0 ms in-
dicates the instant at which the contact between specimen and the
projectile is established. It is shown that the specimen is loaded in



Fig. 5. Gray level images. t ¼ 0 ms indicates the moment of impact.
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compression during the first 400 ms after the impact. Unloading of
the specimen occurs after t z 400 ms, as clearly indicated in Fig. 5
Fig. 6. Variation of boundary-measured force and specimen length in time.
by the gradual movement of the projectile to the right side.
Variation of specimen length with time was calculated from the

displacement of the impacted side. Fig. 6 depicts the variation of
specimen length, along with the boundary-measured reaction
force. Note that the reaction force is compressive, but is plotted in
Fig. 6 as a positive quantity for convenience. Also for convenience,
the term “reaction force” is replaced by the “boundary-measured
force” hereafter. Variation of the specimen length shows a pro-
gressive decrease in the first 65 images recorded after the impact,
reaching a minimum at about t z 430 ± 3 ms On unloading, the
specimen length starts to increase again to reach a final value of
26.6 mm after complete unloading. The boundary-measured force
also indicates a sharp rise in the first 30 ms after the impact, and
remains relatively constant for a duration of ~420 ms, followed by a
gradual decrease during the unloading stage. Using the boundary
measured force and displacement, engineering (nominal) stress-
strain curve was extracted and is plotted in Fig. 7. The engineer-
ing stress here is simply determined by dividing the boundary-
measured force by the original cross sectional area. Engineering
strain was calculated as the ratio of the change in specimen length
(DL) and the original length (L0). Note that the engineering stress-
strain curve here is regarded as the conventional approach, since
the calculation of true stress requires the determination of
instantaneous cross sectional area, a concept that may not be
accurately achieved for compressible closed-cell foams with



Fig. 7. Engineering (nominal) stress-strain curve during loading and unloading,
calculated from boundary-measured force and specimen length.

Fig. 8. Photograph showing the vertical section of the specimen after deformation.
Arrows mark visible cracks.
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considerable radial expansion. In this regard, in the case of
compressible cellular solids such the one studied in this work,
volume constancy is not a valid assumption and, therefore, the true
stress values cannot be directly calculated using the correlation
between the instantaneous length and cross sectional area.

The nominal stress-strain curve in Fig. 7 indicates a noticeable
plateau at the beginning of the curve. The small plateau seen here is
attributed to the delayed state of stress equilibrium at the early
stages of deformation [19]. In this transient duration, there has not
been sufficient time for the stress wave to traverse the entire length
of the specimen and reach the load-cell side; however, the defor-
mation has already initiated from the impacted side. Consequently,
deformation occurs in the specimen before the force can be
recorded by the load-cell. Except the small plateau observed at
early deformation time, engineering stress-strain curve plotted for
the impacted specimen is typical of the constitutive response
documented for closed-cell foams under compression [11]. The
curve exhibits three distinct regions. At small nominal strains (<3%)
the material exhibits linear elastic response. Gradual collapse of the
cell structure at larger nominal strains progresses at relatively
constant nominal stress, indicating a stress plateau over an engi-
neering strain range of 6%e15%. During the unloading phase, the
stress decreases non-linearly with the strain, resulting in a pro-
gressively decreased slope. Finally, a residual permanent nominal
strain of ~9% is retained in the specimen after complete unloading.
The lower apparent slope during unloading is attributed to cellular
scale damage and the formation of cracks in the specimen. Fig. 8
illustrates the photograph of the vertically-sectioned deformed
specimen, evidencing the formation of small visible cracks inside
the impacted specimen. Note that the material examined in this
work does not exhibit any significant densification stage in its
nominal stress-strain curve.

4.2. Deformation analysis based on full-field measurements

Full-field distribution of axial displacement during the loading is
shown in Fig. 9. The area over which full-field results are shown
covers more than 85% of the entire domain of interest (speckle
pattern). Contour maps in Fig. 9 show relatively uniform axial
displacement distribution in the hoop direction, indicating insig-
nificant shear deformation during the impact tests in this work.
Accordingly, the analysis proceeded based on the formulations
proposed for the uniaxial stress state.

Distribution of axial strain over the entire area of interest is
shown in Fig. 10. Strain maps in Fig. 10 exhibit the formation of
relatively uniform axial strain value in the hoop direction. On the
other hand, the axial strain varies along the specimen length,
clearly showing high strain region formed over the middle sections
of the specimen. The presence of high strain domains in the middle
length of the specimen is due to boundary effects. Friction at
specimen ends can partially restrain the lateral expansion of the
specimen in the vicinity of the two ends, resulting in larger defor-
mation concentration at middle sections. This statement is sup-
ported by observing radial strain maps in Fig. 11, where larger radial
strains are shown to have developed in the middle length of the
specimen.

Axial strain rate applied on the specimen was determined by
differentiating the spatially-averaged axial strain values with
respect to time. Fig. 12 shows the variation of axial strain rate with
time. A maximum average compressive strain rate of 1000 s�1 was
applied to the specimen at the time of peak load. The strain rate
curve then shows a gradual decrease and changes sign at t¼ 400 ms
This sign change is due to the reversion of acceleration and is dis-
cussed in detail later in this section. The strain rate remains zero
after t ¼ 1100 ms, i.e. the instant of complete unloading. Note that
the error bars in Fig. 12 indicate the standard deviation of the entire
population of strain rate data within the area of interest. The
standard deviation here may be used as measure for the spatial
variability of axial strain rate, confirming a maximum 150 s�1

spatial variation in the axial strain rate values along the specimen
axis during the loading stage, i.e. 0 < t < 400 ms.

Using the local evolutions of axial and radial strains, the
apparent Poisson’s ratios at various locations along specimen axis
was estimated following the procedure detailed in Ref. [19]. Fig. 13
shows the variation of local radial strain with axial strain extracted
from five representative sections along the specimen axis. It is
clearly seen that the Poisson’s effect varies considerably along
specimen length, indicating different apparent Poisson’s ratios.
Poisson’s ratios extracted from different sections are detailed in
Table 2. As expected, higher Poisson’s ratios are obtained at sections
located mostly on the middle length of the specimen. Poisson’s



Fig. 9. Contour maps showing the full-field distribution of axial displacement at selected times after the impact. t ¼ 0 ms indicates the instant of impact.

Fig. 10. Contour maps showing the full-field distribution of axial strain at selected times after the impact.
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ratio values shown in Table 2 are all less than 0.5. This confirms that
the material undergoes partial bulk compression resulting in an
increase in density. The compressible response observed here
makes the conventional calculation of true stress-strain response of
the material challenging. The challenge here will be due to the
impractical use of the concept of volume constancy in establish-
ment of a correlation between the specimen length and its cross
sectional area. This was discussed in more details earlier in Sec. 4.1.

Variation of density with time was determined using Eq. (7).
Fig. 14 depicts the variation of local density at various locations
along the specimen axis. All curves indicate an initial increase
associatedwith the loading stage, followed by a drop as the result of
unloading and deformation recovery. The density curves reach a
plateau after t z 1100 ms Maximum local change of density occurs
on A1 and A5, i.e. the representative sections located near to spec-
imen ends. This is due to the relatively smaller lateral expansions
that occurred within areas more closely associated with the spec-
imen boundary, onwhich lower Poisson’s ratios were also observed
(see Table 2). On the other hand, a relatively smaller change of
density is indicated on sections A3 and A4, where higher radial
expansions were determined (see Fig. 11). The average density as a
function of time was determined for the material, showing a
maximum of ~5% increase in density at the peak load. This average
density change was later used along with Eq. (6) to facilitate the
calculation of inertia effects based on boundary measured data.

Curves showing local evolution of axial acceleration are plotted
in Fig. 15. All local curves show a sudden drop during the first 30 ms
after the impact. This is followed by a sharp deceleration and a sign
change occurred at t ¼ 50 ms The oscillations observed in the axial
acceleration curves is attributed to the elastic wave reverberation
along specimen axis. Based on the elastic modulus of the material
measured at quasi-static conditions (E ¼ 780 MPa), the time
required for the stress equilibration was determined as 73.2 ms This
characteristic time is equivalent to the time required for three
consecutive reverberations of the elastic wave in the material [24],
which is also found to be equal to the time of sharp variations in the



Fig. 11. Contour maps showing the full-field distribution of radial strain at selected times after the impact.

Fig. 12. Variation of strain rate in time. Error bars indicate the spatial variability of
strain rate.
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acceleration curves during the first ~75 ms after the impact. Accel-
eration curves indicate slight change in value after the transient
duration (i.e. after t z 75 ms). Further oscillations seen in the ac-
celeration curves are basically due to numerical noise sourced from
the temporal noise in the displacement data.

The significant variations observed in the local acceleration
response of the material result in the development of substantial
inertia stresses in the specimen. This inertia stress was calculated
from the spatial length-wise variation of acceleration and density,
as discussed earlier in Eq. (5). Fig. 16 shows the variation of inertia
stress along the specimen length calculated at different times after
the impact. The magnitude of the inertia stress is shown to be
highest at the impacted side of the specimen at all times. This
observation is consistent with the acceleration curves shown
earlier in Fig. 15, in which the highest accelerations were found to
develop over the regionsmore closely associatedwith the impacted
side of the specimen. Another point worth noting is that the inertia
stresses developed in the specimen remain compressive (negative)
during the first 50 ms after the impact. During this time, the
compressive inertia stresses add up to the compressive boundary-
measured stress and increase the overall axial stress magnitude
applied on the specimen at any given location along its axis. Af-
terwards, on reversion of the axial acceleration, inertia stresses will
become tensile (positive) and tend to decrease the overall stresses
in the specimen by cancelling out some portion of the compressive
stress measured at the specimen end.

Superimposing the obtained inertia stress with the true stress
measured at the specimen boundary, local evolution of total axial
stress can be evaluated. Fig. 17 shows the variation of total axial
stress with time. Note that, for convenience, the compressive
stresses are plotted in positive values hereafter. Substantial length-
wise variability in total stress is observed during the initial 100 ms
time after the impact. The degree of such spatial variability tends to
reduce at longer durations, as the damping of the acceleration oc-
curs and the state of quasi-static stress equilibrium is achieved.
Similarly, local length-wise variation of strain can be readily
extracted as a direct output of the image correlation analysis, finally
facilitating the extraction of local stress-strain curves at different
locations along the specimen length. The local stress-strain curves
can be averaged using Eqs. (8) and (9) to give an effective average
constitutive response for the material. Fig. 18 illustrates the



Fig. 13. (a) Variation of local radial strain with axial strain extracted from five representative sections shown in (b).

Table 2
Poisson’s ratios extracted from different sections shown in Fig. 13b.

Section A1 A2 A3 A4 A5 Average

Poisson’s ratio 0.358 0.382 0.426 0.407 0.329 0.386

Fig. 14. Variation of local density in time for the representative sections shown in
Fig. 13b.

Fig. 15. Variation of local axial acceleration with time, extracted from the represen-
tative locations shown in Fig. 13b.
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effective stress-strain curve obtained by averaging all the local
curves extracted along the specimen axis. Comparing Fig. 18 with
the nominal engineering stress-strain curve shown earlier in Fig. 7,
there is noticeable difference between the two curves at the early
stages of deformation. In particular, the delayed stress rise time is
no longer present in the curve obtained from the full-field
approach. This is indeed expected since the influence of inertia
and the non-equilibrium state of stress are already accounted for in
the non-parametric approach. Finally, the stress-strain curve
shown in Fig. 18 gives a more realistic measure for the actual
constitutive response of the examined material. This can be further
confirmed by extracting the slope of the curve at the elastic
deformation regime. The elastic modulus determined from the
curve presented in Fig. 18 is 810 MPa, the value of which is slightly
higher than the elastic modulus of the material measured at quasi-
static loading conditions, i.e. 780 MPa. The increased elastic
modulus measured from data presented in Fig. 18 can be justified
through the visco-elastic nature of the material employed here.



Fig. 16. Variation of inertia stress with respect to the normalized length of the spec-
imen at different instants after impact, determined using full-field data.

Fig. 17. Variation of total (inertia plus boundary measured) stress with time at
different locations in specimen length.

Fig. 18. True stress-strain curve during loading and unloading, calculated from full-
field data.
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Note that, conventionally, due to transient state of deformation at
the early stages of the dynamic loading, measuring elastic modulus
at high strain rate is impossible. For example, applying the same
procedure to the nominal stress-strain curve shown in Fig. 7 results
in an elastic modulus of <200 MPa, which is significantly lower
than the quasi-static modulus of the material, and thus may not be
regarded as a reliable value. However, in the current work, the
dynamic equilibrium was considered from the beginning of the
loading by accounting for the inertia stress, which makes the
analysis significantly more reliable. Another significant difference
in the stress-strain curves obtained using conventional and full-
field approaches is that the conventional methodology assumes
uniform strain distribution along gauge area and, therefore, does
not take the influence of any local deformation into account. On the
other hand, the stress-strain analysis based on the full-field mea-
surement does include the effects due to local deformation. The
experimental observation depicted in Fig. 10 clearly confirms that
the strain is not uniform across the length of the specimen.

Finally, the specific energy absorbed by the material calculated
based on the twomethods, i.e. conventional and the full-field stress
analysis, are compared in Fig. 19. For this purpose, the area below
stress-strain curve was evaluated as the specific energy magnitude
Fig. 19. Comparing specific energy values determined from two different methods.
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absorbed during a full loading-unloading cycle. As shown in Fig. 19,
the value of specific energy calculated using the full-field data is
significantly higher compared with the value calculated following
conventional method which is 20% lower. This is again due to the
fact that, by accounting the local deformation, compressibility and
inertia, the full field method helps to determine more realistic
constitutive response of the material.

5. Conclusions

Constitutive and energy performance response of closed-cell
polymeric foams subjected to intermediate-velocity impact were
studied. Controlled direct impact was applied to foam specimens
and the stress-strain response was investigated by two different
methods. Nominal stress-strain response was first evaluated using
simple definitions of engineering stress and engineering strain. It
was shown that the nominal stress-strain response is incapable of
predicting the accurate constitutive response of the foam, due to
limitations associated with transient stress state, material
compressibility and local length-wise variation of axial and radial
strains. The deformation analysis of the impacted foam was also
conducted using full-field measurements facilitated by the use of
high speed photography and 3D digital image correlation. The
analysis performed based on the full-field deformation measure-
ments was shown to be able to accurately predict the deformation
response of the material accounting for inertia loading, material
compressibility and the spatial variation of strain. Specific energy
absorbed during a complete loading-unloading cycle was deter-
mined using the two methods. It was shown that the application of
conventional methodology, i.e. considering nominal stress-strain
response, can underestimate the energy absorption characteris-
tics of the polymeric foam specimen by 20%.
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