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1. Introduction

Phenolic foam has received a great deal of attention in recent 
years thank to its excellent fire properties, including low flamma-
bility, low generation of toxic gas and no dripping during combus-
tion [1–4]. Moreover, it is characterized by a low heat conduction 
coefficient, it is thermally stable over a broad temperature range 
[5,6] and is one of the less expensive foams compared to other 
polymeric foams available on the market. Because of its excellent 
fire properties, phenolic foam is gradually replacing other mar-ket-
leading polymeric foams as polyvinyl chloride (PVC), polystyr-ene 
(PS), and polyurethane (PU) foams in fields where the requirements 
for flame, smoke and toxicity are stringent, such as building 
materials for civil construction, chemical industry, aero-space 
application and naval vessels [7,8]. However, the main draw-back 
of phenolic foam is its intrinsic brittleness that causes low strength 
and high friability and this has heavily limited its use in structural 
applications [2,9,10]. These drawbacks also lead to skin debonding 
in sandwich structures and dust pollution in the work-space. In 
recent decades, many attempts were undertaken to improve the 
toughness properties of phenolic foam, and these mainly fall into 
three categories [7]: chemical modification [11],
inert fillers [9] and fibre reinforcement [12]. These last references 
are certainly not comprehensive but are only given as an example. 
This work refers to a particular type of foam that is defined as 
mineral–phenolic foam since it is characterized by a phenolic resin 
and a significant content of inert minerals.

If on the one hand this foam is used in a wide range of applica-
tions where high fire properties are required, on the other hand the 
advent of several blast attacks on civil, naval and defence struc-
tures requires a proper understanding of the blast response and 
resistance of the material. Dynamic properties of materials similar 
to that considered in this paper have never been, to the authors’ 
knowledge, investigated so far. Nevertheless, the foam dynamic 
response as well as its energy absorption capacity is essential in 
order to develop new materials with enhanced blast resistance 
performance. For this reason, the aim of this study is to conduct a 
preliminary investigation, based on experimental tests and finite 
element (FE) numerical simulations, into the dynamic behaviour of 
mineral–phenolic foam. A simplified approach based on elasto-
plastic single degree of freedom (SDOF) system is also proposed for 
the evaluation of the energy absorption capacity. The frame-work 
of this research is the application of mineral–phenolic foam prisms 
as energy absorbing elements when introduced in the external 
envelope of prefabricated modular shelters; these ele-ments 
are designed to resist a target explosion of 100 kg of equivalent 
TNT at a distance of 10 m. Future studies will be devoted to
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investigating the blast response of composite panels with mineral–
phenolic foam core.
2. Material

The mineral–phenolic foam discussed in this paper is produced 
by Acell [13] and is a composite made with phenolic resin and vari-
able quantities of inert minerals (gypsum, graphite, carbon, etc.). 
Compared to traditional phenolic foams it avoids their typical fri-
ability and has enhanced mechanical properties.

The production process does not use any blowing agents, as for 
instance CFC (chlorofluorocarbon), HCFC (hydrochlorofluorocar-
bons) or VOC (Volatile Organic Compound) and the result is a foam 
that can be recycled as powdered charges.

The foam considered has open cells with a controlled cell size. 
Nevertheless, a random cell size distribution characterizes the 
material differently from a honeycomb structure. The Acell produc-
tion process allows the use of the same formulation to manufac-
ture foams with different densities (from 80 to 800 kg/m3), 
different cell sizes (from 0.2 mm to 5 mm) and therefore with dif-
ferent physical and mechanical properties. Table 1 reports the 
main physical properties of the foam considered in this study.

A view of the cell microstructure obtained with optical micro-
scopy with an enlargement of 10, 30 and 100 times is shown in 
Fig. 1a–c, respectively. The material is characterized by an open-
cell structure with an average cell size ranging between 0.5 and 
1.5 mm, while the cell wall thickness ranges between 40 and 
60 lm. The open-cell structure allows intercommunication 
between adjacent cavities and the air evacuation during the com-
pression process.

This foam is generally used as the internal core of composite 
products with external SMC (Sheet Moulding Compound) layers. 
The Acell production process allows composite structures to be 
obtained with high performance (combining thermal insulation, 
fire resistance and structural properties) and an almost infinite 
range of finishes, without the fabrication steps normally required in 
the more conventional composite structures.
3. Uniaxial compressive behaviour

The mechanical behaviour of the mineral–phenolic foam in uni-
axial compression is investigated at four strain rate (1 � 10�4, 
1 � 10�3, 1 � 10�2 and 0.1 s�1) from a quasi-static regime 
(1 � 10�4 s�1) to low/intermediate strain rates (0.1 s�1). The struc-
tural behaviour of the specimen under medium strain rate (up to 
102 s�1) is investigated through a shock tube apparatus as 
described in the following sections.

The material uniaxial behaviour is identified by means of tests 
on cubic specimens having a side length of 65 mm. The tests are 
carried out by means of an electromechanical press (Instron 
5867) with a bearing capacity of 30 kN and a precision equal to 
0.4%; the stroke is considered as feedback parameter. The speci-
mens are placed between two steel press plates (Fig. 2a); in order
Table 1
Properties of the Acell mineral–phenolic foam.

Property Standard Value

Density§ (kg/m3) – 120
Thermal conductivity (kcal/m h �C) UNI 7745 0.037
Linear coefficient of thermal

expansion
(m/m �C � 10�6) BS 4371 p.3 20/40

Moisture properties (–) DIN 52615 70
Smoke generation and toxic

gas emission
(Aeronautical railway) ATS 1000.001 NF

F 16-101
Passed
M1 F1

Punking (–) BS 5946 Passed

§ ±10%.
to reduce friction, on the specimen faces in contact with the plates, 
stearic acid is applied [14].

For each strain rate considered, three nominally identical tests 
are carried out giving a total of 4 � 3 tests. The average nominal 
stress–strain behaviour computed on three identical specimens is 
shown in Fig. 2b for the four strain rates considered. The material 
shows a strain rate insensitivity in the strain rate range considered.

From the average experimental stress–strain curves, an elasto-
perfectly plastic constitutive law is derived; it is described by the 
following equation:

rN ¼
ð27� 106ÞeN

0:40� 106

(
if

eN < 1:481� 10�2

eN > 1:481� 10�2

(
½Pa� ð1Þ

The elastic region is characterized by a Young’s modulus of 27 
MPa, while the compressive yield strength is about 0.40 MPa. In Fig. 
3a it is interesting to observe how the yield strength (ry) and the 
Young’s modulus (E) values remain almost constant vary-ing the 
strain rate in the low/intermediate values range. Similar 
considerations can be extended to the plastic energy dissipation, EP, 
that is not affected by the strain rate (Fig. 3b). The specific plas-tic 
energy dissipation, also referred as specific energy absorption 
(SEA), of the material at strain values of 0.1 and 0.2 is equal to about 
35 kJ/m3 and 75 kJ/m3, respectively.

The post-test inspection of the specimens under the microscope 
revealed that during the compression phase the progressive col-
lapse of internal cell wall gradually provides intercommunication 
between adjacent pores, leading ultimately to a nearly full void 
interconnection. This experimental evidence is confirmed by the 
fact that, if the specimen is unloaded from any stage of the com-
pression test, the material does not show any appreciable elastic 
return which would be caused by the relaxation of the air pressure. 
This phenomenon was also pointed out by [15].

4. Shock tube tests

4.1. Shock tube equipment

The shock wave tests are carried out in the Shock Tube 
Laboratory of Politecnico di Milano. The present double diaphragm 
shock tube facility is used as blast simulator; the use of shock tubes 
to simulate blast loading on structures is not new and this tech-
nique was developed to reproduce blast waves nearly identical to 
those obtained in live explosive tests [16,17]. The shock tube facil-
ity was recently adopted to investigate the behaviour of under-
ground tunnel linings under blast conditions [18,19]. The shock 
tube adopted in this study is able to produce a high-pressure load-
ing range, with a maximum reflected target pressure of about 3 
MPa. It can be distinguished from other shock tubes by a suitable 
end chamber designed to investigate soil-structure interaction and 
by an appropriate burner equipment to heat specimen intrados 
according to a defined fire curve. Both these peculiarities are not 
used in present work. A detailed description of all the shock tube 
components can be found in [20]; only the main points of interest 
are summarized below.

A schematic layout of the shock tube device in the assembled 
configuration is shown in Fig. 4a. It consists of three chambers that 
can move on a linear guide system: the driver chamber, the buffer 
or diaphragm chamber and the driven chamber. The test area is 
placed at the end of the driven chamber. The total shock tube 
length excluding the test area is 13.11 m. The tests are carried out 
using pressurized helium inside the driver and buffer cham-bers, 
and air at ambient condition in the driven chamber.

Driver, buffer and driven chambers have a length of 2.35, 0.26 
and 10.5 m, respectively, with an internal diameter of 481 mm. 
The driver and driven chambers have a 13.5 mm thick wall, while



Fig. 1. Cell microstructure of the mineral–phenolic foam: (a) 10�, (b) 30� and (c) 100�.

Fig. 2. Uniaxial compressive tests on mineral–phenolic foam specimens: (a) test set-up and (b) nominal stress–strain curves (rN = P/A; eN = d/L; rN = nominal stress;
eN = nominal strain; P = applied load; A = cross-section area; d = axial displacement; L = initial height).

Fig. 3. (a) Yield strength and Young’s modulus values at different strain rate and (b) specific plastic energy dissipated at different strain rate for strains lower than 0.1 and 0.2.
the buffer chamber has an external diameter of 857 mm that cor-
responds to the maximum diameter of the flange welded on the 
driver and driven ends.

When the two scored steel diaphragms that separate the buffer 
chamber from the driver and driven chambers fail and form four 
petals, the rapid propagation of the pressurized gas into the driven 
chamber occurs and leads to the creation of a shock wave. It is 
worth noting that no breaking devices are used to force the open-
ing of the diaphragms, but the diaphragms’ failure is obtained by a 
differential pressure created between the driver/buffer and buffer/-
driven chambers. Further details on the firing mechanism can be 
found in [20].
4.2. Test set-up

This section describes the test set-up designed to conduct the 
experimental tests. The test equipment consists of a circular steel 
plate load diffuser, a steel reaction flange, 20 steel cylindrical spac-
ers and two prismatic mineral–phenolic foam specimens (see Fig. 
4b). The choice of two nominally identical specimens instead of one 
is aimed to reproduce the structural application in the pre-
fabricated shelters that involves the use of pairs of mineral–pheno-
lic prisms as supports of composite panels where the supports 
represent the main source of dissipation in the case of blast loads. 
The testing method reliability is proved in Appendix A.



Fig. 4. (a) Lateral view of the shock tube facility, (b) horizontal section of the test set-up area and (c) picture of the test set-up.
The reaction end flange is connected to the driven end flange 
through ten M52 bolts. The foam specimens are glued onto the 
internal side of the reaction end flange. The cylindrical spacers are 
inserted to allow the positioning of the foam specimens between 
the reaction flange and the driven end. The circular load diffuser 
can move along the tube axial direction driven by a sleeve system 
made by four M10 screws connected to the reaction flange passing 
through four corresponding holes placed in the diffuser. Once the 
shock wave reaches the driven end, it strikes the plate dif-fuser that 
uniformly compresses the two prismatic foam specimens.

The cylindrical spacers have an external diameter of 101 mm 
and an internal hole diameter of 54 mm that allows the insertion of 
the M52 screws. The spacers have different lengths depending on 
foam size. The plate diffuser has a diameter of 485 mm and a 
thickness of 12.5 mm. On the plate diffuser several instruments are 
mounted as discussed in the next section. The reaction flange has 
the same diameter of the driven end flange (857.2 mm) and a 
thickness of 30 mm. It has been machined in order to have holes of 
the same dimension (54 mm) and half the number (ten) of the bolt 
holes of the driven flange: this permits the reaction flange to be 
bolted together with the driven chamber. A picture of the test set-
up area is shown in Fig. 4c.

4.3. Specimen sizes, instrumentations and test programme

The mineral–phenolic foam specimens have a prismatic shape, 
the sizes of which are detailed in Fig. 5a. Previous studies (see 
for example [21]) on other open-cell foams, show that no size 
effect is observed if the minimum specimen dimension is larger
than 12 times the cell size. Assuming this result also valid for the 
material investigated, no size effect is expected because the afore-
mentioned condition is satisfied. In each test, two identical speci-
mens are used in parallel as indicated in Fig. 5b and c. The 
specimens are glued onto the reaction flange and are in contact 
with the plate diffuser. The position of the foam specimens on the 
plate load diffuser is also given in Fig. 5b and c.

The behaviour of the mineral–phenolic foam specimens is 
investigated through an appropriate set of instruments, in part 
positioned on the driven chamber and in part positioned on the 
plate diffuser.

Three ICP (Integrate Circuit Piezoelectric) dynamic pressure 
transducers indicated as pa, pb and pc are placed along the driven 
chamber axis at 300 mm (pa), 1250 mm (pb) and 2250 mm (pc) 
from its flange end (Fig. 4a). Other two dynamic pressure transduc-
ers (indicated as p1 and p2 in the following) are mounted directly 
onto the circular plate diffuser: p1 is placed at the plate centre 
while p2 is placed at 200 mm from the plate centre along the ver-
tical direction (Fig. 5c–d). The transducers p1 and p2 allow the load 
applied on the specimens to be obtained directly. The transducers 
have a quartz sensing element with a full-scale pressure of 6.9 MPa, 
a sensitivity of 0.7 mV/kPa, a rise time lower than 1 ls and a 
resonant frequency higher than 500 kHz.

The plate diffuser acceleration is measured by means of one ICP 
accelerometer (A1) placed at the plate centre and measuring the 
acceleration along the tube axis. The accelerometer characteristics 
are a quartz sensing element with a measuring range of ±500 g pk 
(peak acceleration), a band width larger than 10 kHz, a broadband 
resolution of 0.005 g rms (root mean square) and a resonant fre-
quency higher than 70 kHz. The accelerometer A1 indirectly allows



Fig. 5. Specimen dimensions and location of the instruments: (a) specimen sizes, (b) top view, (c) front view and (d) plate diffuser vertical section (units: mm).
the diffuser plate velocity and displacement to be obtained by sin-
gle and double integration, respectively, as will be described in 
Section 7.

In order to validate the indirect displacement measure obtained 
by double integration, a direct measure of the plate diffuser dis-
placement is recorded by using a high-speed camera placed 
orthogonally to the shock tube axis. The high-speed camera has a 
resolution of 256 � 256 pixels, a sample rate of 13,029 samples/s 
(13 kS/s) and an exposure time of 20 ms. The high-speed camera 
equipment is only used for the Test4.

The signal conditioning for both accelerometer and pressure 
transducers is performed with an ICP signal conditioner with gain 
equal to one, a bandwidth equal to 10 kHz and a broadband electri-
cal noise equal to 3.5 lV rms.

All channels are acquired by means of the same data acquisition 
system with 56 parallel channels with the maximum sampling rate 
of 3 MS/s per channel and a 14-bit resolution. The data acquisition 
for all the channels is triggered by the signal of the pressure trans-
ducer (pc) placed at a distance of 2250 mm from the driven end 
flange: when the shock wave goes through its position, the system 
starts acquiring data with a sampling rate of 1 MS/s.

A total of four tests are carried out with the same nominal load 
history. The tests differ for the different sizes of the foam speci-
mens as indicated in Fig. 5a. The tests are characterized by an 
average peak pressure of 0.46 MPa and an average specific impulse 
of 2.57 MPa ms. A progressive numerical number is used to indi-
cate different tests that correspond to different specimens (Test1, 
Test2, Test3, and Test4).
Fig. 6. (a) Boundary conditions, load and interaction surfaces of the FE model, (b) 
top view mesh for a single mineral–phenolic foam specimen (Test4) and (c) detail of 
the rounded corners.
5. Finite element model

The FE model, developed using the commercial code Abaqus/
Explicit 6.12 [22], is used to simulate the dynamic response of 
mineral–phenolic foam specimens. The model includes the reac-
tion end flange, the plate diffuser and the two prismatic foam 
specimens.

Eight-node reduced integration and hourglass control brick ele-
ments (C3D8R) with three degrees of freedom per node are 
employed to discretise the foam specimens. Three-node triangular 
shell elements with reduced integration, hourglass control and a 
large strain formulation (S3R) are adopted to discretize the reac-
tion end flange and the plate diffuser. The shell element has one 
integration point over the reference plane and six degrees of free-
dom per node; five integration points are used along the thickness. 
The reaction end flange is idealized as fully fixed along its external
circumference; the foam specimens are connected, along the z-di-
rection to the reaction end flange through tie elements (Fig. 6a). The 
contact interaction between the plate diffuser and the foam 
specimens is modelled by the contact pair algorithm provided by the 
ABAQUS package [22]. A ‘‘hard contact’’ is used in normal direc-tion 
while the classical friction model based on Coulomb approx-imation 
(friction coefficient l = 0.1) is used to simulate the tangential 
interaction between the plate diffuser and the foam specimens’ 
surfaces (Fig. 4a). The two dynamic pressure transducers p1 and p2 
applied on the plate diffuser allow the load applied on it



to be obtained directly. The load applied in the numerical analyses 
is the average between the experimental signals p1 and p2.

The boundary conditions, the load applied and the interaction 
surfaces (tie elements and contact surfaces) are detailed in 
Fig. 6a. The FE mesh used to model the prismatic mineral–phenolic 
foam specimen for Test4 is shown in Fig. 6b (Test4: total node 
number equal to 450,824, total element number equal to 
431,421, total linear brick element number 424,800, total triangu-
lar shell element number 6621).

The 90 degrees angles between edges a and b are slightly 
rounded (radius r = 22.5 mm) to limit the distortion of the ele-
ments that may occur at the singularity points of the foam speci-
mens during the contact process with the plate diffuser (Fig. 6c).

A linear elastic material is assumed for the reaction end flange 
and the plate diffuser, both made of steel (Young’s modulus E = 210 
GPa, Poisson’s ratio m = 0.3 and density q = 7850 kg/m3).

The mineral–phenolic foam is modelled by a crushable foam 
plasticity model with volumetric hardening [23]. The elastic part of 
the foam response is characterized by a Young’s modulus E = 27 
MPa and Poisson’s ratio m = 0.1. For the plastic part, the crushable 
foam model assumes an elliptical yield surface in devia-toric stress 
and hydrostatic stress plane. The model requires two parameters (k 
and kt): k is the compression yield stress ratio defined as the ratio of 
initial yield stress in uniaxial compression to initial yield stress in 
hydrostatic compression, while kt is the hydrostatic yield stress 
ratio defined as the ratio of strength in hydrostatic tension to initial 
yield stress in hydrostatic compression.

Nominal stresses and strains obtained from the experimental 
uniaxial compression tests described in Section 3 are then con-
verted into true stresses and logarithmic plastic strains which are 
used as input data in the numerical FE simulations. The hardening 
behaviour is defined in terms of uniaxial compressive yield stress

rc and uniaxial compressive plastic strain epl
axial. Uniaxial logarith-

mic plastic strain is obtained from nominal engineering strain as:

epl
axial ¼ lnð1þ enomÞ � eel ð2Þ

where enom is the nominal engineering strain and eel is the elastic 
strain.

In modelling the dynamic foam behaviour, the hypothesis of 
strain rate independent properties is assumed. The comparison 
between experimental and numerical results discussed in 
Section 7 will prove the validity of this hypothesis up to a maxi-
mum strain rate _e of about 100 s�1 (value reached during the 
experimental tests). The mechanical properties of the mineral–
phenolic foam used in the FE model are given in Table 2.

6. Single degree of freedom model

A simplified discrete mass-spring model is created to study 
qualitatively the mineral–phenolic specimen response (displace-
ment history) and its energy absorbing capacity. This model con-
sists of an equivalent elasto-perfectly plastic single degree of 
freedom (SDOF) system. For the particular experimental set-up 
adopted (see Fig. 4), it is not necessary to resort to the use of prin-
ciple of virtual displacement in the determination of coefficients
Table 2
Mechanical properties of mineral–phenolic foam.

Density (kg/m3) q = 120
Young’s modulus (MPa) E = 27
Poisson’s ratio (–) m = 0.1
Initial uniaxial compressive yield stress (MPa) rc0 = 0.40
Compression yield stress ratio (–) k = 1.0
Hydrostatic yield stress ratio (–) kt = 0.1
that relate the equivalent mass, stiffness and load in the SDOF sys-
tem to their respective quantities in the actual system. In particu-
lar, the mass m of the SDOF system is given by the mass of the steel 
plate diffuser that is much larger than the mass of the foam speci-
mens. On the other hand, the total stiffness K of the SDOF system is 
obtained as K ¼ 2 � kf , where kf is the axial stiffness of the single 
mineral–phenolic foam specimen; the two foam specimens are in 
fact working as a parallel springs system. The stiffness kf is directly 
extrapolated by the constitutive law indicated in Eq. (1). The load 
applied on the SDOF system is derived from the average experi-
mental pressures measured by transducers p1 and p2 multiplied 
by the area of the plate diffuser.

The following numerical values are assumed in the analysis and 
completely describe the elasto-plastic SDOF system: m = 17.75 kg,

K = 11.02 � 106 N/m and dy ¼ 2:221 � 10�3 m, where dy is the yield 
displacement.
7. Results and discussion

The present section describes the results obtained in the experi-
mental investigation and compares them with the numerical and 
analytical predictions given by FE and SDOF models.

The pressure histories recorded during each test are presented 
in Fig. 7 where the measurements of the pressure transducers flush 
mounted on the plate diffuser surface (p1 and p2) are compared 
with that of transducer placed on the shock tube wall at 300 mm 
from the specimen position (pa). Unfortunately, electric problems 
arose during the tests, causing the loss of both pressure signals p1 
and p2 for Test1 and of pressure transducer pa during Test4.

The comparison between signals p1 and p2 indicates that the 
pressure distribution along the diffuser plate is almost constant 
thus confirming the planarity of the shock waves impinging the 
specimens.

Looking at the pressure signals directly recorded on the plate 
diffuser (Fig. 7), it is possible to observe the sudden pressure rise 
due to the reflection of the shock wave over the plate when the 
incident shock wave reaches the specimen. In order to better com-
pare all the tests, the time in which this sudden pressure increment 
occurs is considered as the initial reference time (t = 0) for all the 
measurements of the same test. This means that negative time val-
ues in the following figures refer to instants in which the specimen 
is not yet loaded by the shock wave.

Pressure measurements recorded on the tube wall surface 
clearly show the two different contributions of the incident wave 
travelling in the tube (first rise at about t = �1 ms) and of the sub-
sequent reflected wave travelling back from the specimen (second 
rise at about t = 1 ms). The attenuation of the reflected wave pres-
sure travelling back in the driven chamber can be also observed 
comparing the pressure peak reduction between pressures mea-
sured on the plate diffuser and in the driven chamber.

In Fig. 8 the average curves between pressure signals p1 and p2 
for each test are compared thus showing the good repeatability of 
the applied pressure histories in all the tests.

The central accelerations of the plate diffuser are compared in 
Fig. 9a for all the experimental tests. Because of the different 
geometry of the specimens considered in each test it is not possible 
to define a unique trend even if the maximum acceleration 
recorded is of the same order of magnitude for all the situations 
investigated. The maximum peak accelerations range between 
0.636 � 104 m/s2 (Test2) and 1.015 � 104 m/s2 (Test1).

A double time integration procedure is applied to the accelera-
tion signal in order to compute respectively the plate velocity (first 
integration) and the plate displacement (second integration). The 
reliability of this procedure is assessed in Fig. 9b where, for the case 
of Test4, the displacement computed according to this



Fig. 7. Pressure histories recorded at the end of the shock tube driven chamber (pa) and on the plate diffuser (p1 and p2) for (a–d) Test1–Test4.

Fig. 8. Average pressure time histories (mean of pressure transducers p1 and p2) 
recorded on the plate diffuser during the experimental tests.
procedure (‘‘accel. integration’’) is compared with the plate dis-
placement measured by means of digital image processing of the 
high-speed video recorded during the test (‘‘measured’’).

It is worth noting that after reaching the maximum displace-
ment, the plate diffuser starts moving backwards detaching from 
the mineral–phenolic foam specimens, thus causing the descend-
ing branch visible in Fig. 9b. Taking advantage of this considera-
tion, it is important to emphasize that the displacement of the 
plate is representative of the compression behaviour of the foam 
only until the peak of the displacement response, that corresponds 
to the instant when the separation between the plate and the 
specimen takes place.

Once the reliability of the time integration procedure is 
assessed, plate diffuser velocity and displacement are computed 
for each test and a comparison is presented in Fig. 10, where both 
velocity and displacement are normalized with respect to the
initial specimen length (L). The different dimensions of the speci-
mens (not only in length but also in cross-section) is the main rea-
son for the different structural responses when exposed to a very 
similar load history. The maximum strain rate ((od/ot)/L) ranges 
between 50 and 100 s�1 (Fig. 10a), while the maximum axial strain 
(d/L) ranges between 70% and 85% (Fig. 10b).

The prediction capability of FE and SDOF models is presented 
here by considering Test4 as a reference case. As already discussed, 
both numerical and analytical models consider an applied pressure 
history equal to the experimental average between pressure sig-
nals p1 and p2. The results of the models are shown in Fig. 11 in 
terms of plate displacement (d) time history; in the same figure, a 
comparison with the experimental results shows the good relia-
bility of the models.

Both FE and SDOF models reproduce the material non-linear 
behaviour for very large deformation values in a satisfactory way, 
even if the FE approach provides a more precise prediction espe-
cially in the final part of the specimen response (t > 10 ms). The 
more complete kinematic, the 3D constitutive model as well as the 
geometrical nonlinearities justify the better prediction of FE model.

It is worth noting that both approaches do not consider any 
strain rate dependency in the constitutive relationship. This con-
sideration, backed up by the experimental results, may lead to con-
clude that the mineral–phenolic foam examined is almost strain 
rate independent in the range of strain rate considered.

The FE model results are also compared with the experimental 
ones in Fig. 12, where the deformed shapes representing the mini-
mum principal plastic strain contour are compared with the 
images of the experimental test at different time steps.

When considering crushable material for blast load mitigation, 
energy absorption capacity is a very important issue. In order to 
compute the absorption capacity of this material some considera-
tions can be made once again focusing on the FE model results 
(Test4).
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Fig. 10. Normalized experimental responses: (a) velocity and (b) displacement for the four experimental tests.
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The following energy balance is assumed for the model:

EI þ EKE � EW ¼ Etot ¼ const ð3Þ

where EI is the internal energy, EKE is the kinetic energy and EW is
the work done by the externally applied loads. The sum of these
energy components is Etot, which should be constant.

It is assumed that the internal energy EI is the sum of the reco-
verable elastic strain energy EE and the energy dissipated through
plasticity EP:
EI ¼ EE þ EP ð4Þ

In Eq. (4) the strain energy EE is small in comparison with EP

(less than 1.5% of EP) and is neglected. Eq. (4) can be written as:

ð5ÞEI ffi EP

Substituting Eq. (5) in Eq. (3), this last can be rewritten as:

EP þ EKE � EW ¼ Etot ¼ 0 ð6Þ

From Eq. (6) it is possible to calculate an estimation of the plas-
tic energy:

E�P ¼ EW � EKE ð7Þ

where E�P is the estimated plastic energy.
Fig. 13a shows the time histories of different energies involved 

in the deformation process (EW, EKE, EP and EE) directly recorded by 
the FE model. Looking at the results, it is clear that the material dis-
sipates a huge amount of the external work by means of plastic 
dissipation and confirms that EE is negligible.

Plastic dissipation can also be evaluated for the SDOF model at 
each time t as the integral of the load vs plastic displacement 
(generalized constitutive relationship) in the interval between zero 
and the maximum plastic displacement achieved by the system 
between zero and t. The evolution of the SDOF plastic dissipation 
(‘‘SDOF EP’’) is represented in Fig. 13b; in the same figure, the plas-
tic dissipation energy obtained by the numerical FE analysis (‘‘FEM 
EP’’) is also reported.

In Fig. 13b two other curves (‘‘FEM E�P ’’ and ‘‘EXP E�P ’’) are 
reported: they represent an estimation of plastic dissipation



Fig. 12. High-speed images for Test4 and corresponding FE minimum principal plastic strains at several time steps: (a) t = 5.103 ms, (b) t = 7.789 ms and (c) t = 10.553 ms.
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Fig. 13. (a) Numerical FE energies computed for Test4 and (b) plastic dissipation energy comparison between experimental data and numerical (FE and SDOF) results
(EW = external work; EKE = kinetic energy; EE = strain energy; EP = plastic energy).



Fig. 14. Specific energy absorption (SEA) computed during the experimental tests.

Table 3
Comparison of specific energy absorption of mineral–phenolic foam with those of other types of polymeric foams.

Material Density (kg/m3) Strain rate (s�1) Specific energy absorption (kJ/m3) Reference

Mineral–phenolic foam 120 70 299 This paper
EPS foam 13.5 0.001–65–185 224–301–319 [24]
EPS foam 28.0 0.001–65–185 404–497–497 [24]
EPS foam 12.8 0.00833–0.04167–0.08333 105–119–135 [25]
EPS foam 55 Quasi-static 250 [26]
EPS foam 70 Quasi-static 380 [26]
PVC foam 40–80–130–200 Quasi-static 360–1123–1975–3300 [27]
PVC foam 75 0.001–0.01–0.1–700–1000–1600 102–102–102–154–154–102 [28]
PVC foam 130 0.001–0.01–0.1–700–1200–1600 307–307–358–307–307–410 [28]
PVC foam 300 0.001–0.01–0.1–700–1200–1600 922–1024–1075–1894–1843–1946 [28]
PU foam 320 0.001–0.01–0.1–700–1200–1600 870–870–1024–922–1024–819 [28]
PU foam 246 0.01–700–1200–1600 256–358–409–460 [28]
EWðtÞ ¼
Z t

0
pðtÞ � dðtÞ � dt ð8Þ

The kinetic energy EKE of the system at a certain time t, neglect-
ing the mass of the foam and just considering the mass of the steel
plate diffuser m, is given by:

EKEðtÞ ¼
1
2

m � vðtÞ2 ð9Þ

In Fig. 13b, the curve ‘‘FEM E�P ’’ is calculated by applying Eqs.(7)–
(9) and using pressure, displacement and velocity obtained from 
the FE model while ‘‘EXP E�P ’’ applies the same equations by using 
pressure, displacement and velocity obtained from the 
experimental Test4, the evolutions of which are already shown 
respectively in Figs. 8, 10a and b. In the same figure, the curve ‘‘FEM 
EP’’ is the plastic energy directly recorded by the FE model.

The direct comparison in Fig. 13b between the curves ‘‘FEM EP’’ 
and ‘‘FEM E�P ’’ proves how Eq. (7) represents a reliable estimation of 
the dissipated energy highlighting that all other possible sources of 
dissipation play a negligible role. Eq. (7) can be applied to all the 
experimental test results to estimate the specific (per unit volume) 
plastic energy dissipation. In the case of Test1, where the pressure 
signals on the plate diffuser were lost, the external work is com-
puted by using the pressure history of Test2; this assumption is 
allowed by the good repeatability of the pressure signals measured

energy computed applying Eq. (7). The measurements of the 
applied pressure history (p(t)), of the plate displacement (d(t)) 
and velocity (v(t)) at each time t allow to calculate EW and EKE.

The external work EW made by the pressure p(t) at a certain 
time t can be computed as:
in all the tests performed (see Fig. 8). The specific energy dissipa-
tion evolution for all the tests is reported in Fig. 14, where a good 
repeatability of the energy dissipation response can be observed for 
all the specimens tested. This repeatability also confirms the 
assumption that no size effect affects the specimen geometries 
considered. The figure points out the good energy absorption 
capacity of the material investigated, characterized by a specific 
plastic dissipation energy of about 300 kJ/m3.

Table 3 reports the average specific energy absorption of the 
four dynamic tests compared with the published data [24–28] on 
various polymeric foams (EPS, PVC and PU). An examination of 
Table 3 shows that the specific energy absorption value of the 
mineral–phenolic foam is similar than those measured on EPS, PVC 
and PU foam with similar densities. High density PVC and PU foams 
(200–320 kg/m3) show specific energy absorption values higher 
than that measured on the material at study.
8. Conclusions

This paper reports the main findings of an experimental and
numerical study focusing on the dynamic response at low-medium
strain rate of mineral–phenolic foam. Moreover, the work explores
the capability of mineral–phenolic foam to dissipate energy when
subjected to shock loading.

Two experimental campaigns are carried out: the first one stud-
ies the uniaxial compressive behaviour at low strain rate
(1 � 10�4–1 � 10�1 s�1); in the second campaign the experimental
tests are conducted with an existing shock tube equipment
through an ad-hoc modification of the test set-up area allowing
to reach medium strain rate (50–100 s�1).

The design of the shock tube set-up allows well-controlled pres-
sure load histories to be applied to the specimens (high test
repeatability). The load histories are characterized by a maximum
pressure value of about 0.46 MPa and a positive phase duration of
about 20 ms. Starting from direct measurements of acceleration, it
has been possible to quantify, by single and double integration, the
maximum strain rate and the maximum axial global strain.

The experimental investigation has shown the strain rate
insensitivity of the material in the range considered. In addition,
the tests have pointed out the good energy absorption capacity
of the material investigated, if compared with other polymeric
foams, characterized by a specific plastic dissipation energy of
about 300 kJ/m3.

Explicit finite element analyses have shown the adequacy of the
crushable foam material model of ABAQUS in reproducing the
compressive mineral–phenolic foam dynamic response. A simpli-
fied approach based on elasto-plastic single degree of freedom sys-
tem provides a satisfactory estimation of the material energy



Fig. A1. Responses for the four FE models during Test4: (a) displacement and (b) plastic energy evolutions.
absorption capacity and of the global compressive dynamic 
response.
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Appendix A

The use of two different specimens working in parallel, as 
already discussed, is strictly related to the structural application 
of the material. Nevertheless, the reliability of the test set-up has 
been assessed by means of a FE numerical investigation aimed at 
studying the main source of non-symmetry that may arise in the 
case of a double specimen set-up.

First of all, the variability of the mechanical properties of the 
materials of the two prisms has been investigated considering 
the two blocks made of two different materials (Model A) with 
Young’s modulus and yield strength respectively +5% and �5% of 
the average values presented in Sections 3 and 6.

The possible different length of the two specimens has been 
taken into account by means of Model B in which one of the prism 
is kept to its original length (150 mm), while the other one is 2 mm 
shorter (148 mm), thus causing a non-contemporary contact of the 
diffuser plate with the two samples.

Finally, the influence of the double specimen set-up is also 
investigated by modelling, for comparison, a single specimen 
(Model C) characterized by the same global cross-section area of 
the two specimens.

The results of the models are reported in Fig. A1. In this figure 
the results are compared with the Basic model, discussed in 
Sections 5 and 7, in terms of displacement (Fig. A1a) and plastic 
dissipation (Fig. A1b) time histories. No significant differences are 
observable in the dissipated energy for all the situations inves-
tigated. Looking at the displacements, very similar responses are 
observable up to 15 ms, while the differences visible in the last part 
of the time histories are smaller than 7%.
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