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Abstract

An extensive series of compression tests with birch plywood specimens
are conducted in the out-of-plane direction. Various experimental condi-
tions are tested with different temperatures and strain rates. To this end,
a specially designed Split Hopkinson Pressure Bar protocol is defined and
the specimen dimensions are validated from quasi-static EN789 standards
experiments. Temperatures are ranging from ambient down to −170◦C,
while strain rates are increased from 0.004/s up to 700/s. The analysis of
the experimental results focuses on the hardening behaviour and the fol-
lowing densification regime at large strains. Evolution with temperature
and strain rate of the four coefficients of the stress versus strain curve in-
terpolation is discussed, and models are proposed.

1 INTRODUCTION

Applications for plywood range from the packaging of precious artworks to
shipbuilding and pioneering aircraft engineering. When plywood board is part

1



Caetano L, Grolleau V, Galpin B, Penin A, Capdeville J-D. High strain rate out-of-plane
compression of birch plywood from ambient to cryogenic temperatures. Strain. 2018.

https://doi.org/10.1111/str.12264

of a structure, usually only its in-plane mechanical properties need to be known
to determine the structural response. But when plywood is used for packaging,
the contact behaviour between the plywood and transported goods or external
projectiles is of primary interest. For example, Toson and Adalian [4, 29] stud-
ied the behaviour of balsa wood used to transport nuclear material, focusing on
the strain rate sensitivity and cushioning properties of the balsa wood at ambi-
ent temperature. In Liquefied Natural Gas shipping transport, the temperature
of the LNG is about −163◦C. Most of the insulation systems belong to the so-
called membrane type [3], in which the insulation complex is composed of a
metal membrane as a barrier (1.2 mm thick, 304 grade stainless steel), a ply-
wood panel (12mm thick, cross-ply plywood made from 9 birch veneers birch
wood), insulation foam (Reinforced PolyUrethane Foam), and a plywood panel
glued to the inner hull. In this case, the plywood may be accidentally sub-
jected to out-of-plane compression at cryogenic temperatures and high strain
rates [2, 11]. This example illustrates the industrial relevance to study the out-
of-plane behaviour of plywood under various experimental conditions of strain
rates and temperatures.

A few studies have dealt with the cryogenic behaviour of wood materials,
but most of them only deal with the in-plane properties of wood based ma-
terials or the properties along the clear wood fiber direction. One of the first
studies was presented by Kollmann in 1941 [24]. His study was completed
later by Boller in 1954 [8] for three species tested in compression perpendicu-
lar to the fiber with a 9% moisture content at room temperature, and at −185◦C.
Boller showed that the stress limiting the elastic domain at −185◦C was 2.25 to
3.5 times higher than that of room temperature. This reference is the only one
cited in the review presented by Gerhards [18] in 1982 for cryogenic conditions.
Recently, Arswendy et al. [5] studied the bending strength of Finnish birch ply-
wood. The flexural properties of birch wood have been studied from ambient
down to cryogenic temperature by Zhao [35]. Drake [13] studied glulam beams
made of douglas wood, Ayrilmis [7] studied three wood-based panels. They
proved that both the modulus of rupture and the modulus of elasticity along
the fiber direction increased with decreasing temperature [5, 7, 13, 35].

The high strain rate of wood was discussed by Reid and Gibson [19,25] who
derived a so-called Rigid Perfectly-Plastic Locking model (RPPL). Bragov [9]
used a 20mm steel Split Hopkinson Pressure Bar (SHPB) apparatus for the axial
and transverse compression of pine, birch and lime clear woods, derived shock
adiabats for the wood samples, and produced compression test results for strain
rates of 500/s and 1000/s. More recently, Widehammar [30] studied the influ-
ence of strain rate, moisture content and loading direction on the compression
behaviour of clear spruce wood for various strain rates from quasi-static con-
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dition up to 1000/s using the SHPB apparatus and 12mm side length cubic
specimens. In order to adjust the specimen-bar impedance mismatch, Wide-
hammar used 12mm side-length squared cross-section bars, made of steel for
axially loaded specimens and magnesium alloy for the other directions. This
study clearly showed the huge influence of the strain rate on the radial com-
pression behaviour of spruce wood, which was less visible in the transverse
direction due to the early failure of the specimen when loaded in this direction.
In the same way, Eisennacher [14] presented experimental results on crushing
tests of spruce wood. They varied in orientation, loading rate and lateral con-
straint of the specimen. This study confirmed the strain rate sensitivity of the
wood when compressed in the transversal or radial directions, and provided
important results on the effect of lateral confinement.

To the best of our knowledge, no study has dealt with the combined effect of
increasing the strain rate and decreasing the temperature on the compression
behaviour of wood in a non-axial direction or plywood in the out-of-plane di-
rection. In the present work, a 12mm thick plywood made of 9 Finnish birch ve-
neers is studied. Compression tests are performed under quasi-static and high
strain rates at up to 700/s, and for temperature ranging from ambient down to
cryogenic temperatures of −170◦C.
In the following section, the material of the study is presented and the experi-
mental apparatus are described. Quasi-static and high strain rate experiments
are presented in detail along with the analysis methodology of the tests and the
validation of the specimen dimensions. Special attention is paid to the wave
propagation during experiments in cryogenic conditions with a Split Hopkin-
son Pressure Bar system.
In the third section, experimental results are presented focusing on the hard-
ening behaviour and the following densification regime at large strains. The
stress versus strain curve is fitted via a linear and an exponential equation of
the strain requiring the identification of four coefficients. The strain rate and
temperature evolution of these coefficients is studied and a uniform model is
proposed and identified.

2 Material and experimental devices

2.1 Material

The tested plywood is commercialised by the UPM company. UPM is the lead-
ing supplier of birch plywood for LNG carriers, with more than 200 references
over the global fleet made up of 400 LNG carriers [3, 15, 23]. Plywood is a
crucial structural material for the GTT NO-96 and MARKIII insulation sys-
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tems which are the most common systems employed. This marine plywood is a
cross-ply laminate, made of arctic birch wood from Finland. The two external
veneers are 1 mm thick, while the others are 1.4 mm thick. The standard thick-
ness is 12mm, in this case it is composed of 9 veneers of birch wood glued with
phenolic resin ref.PF1072 produced by Momentive company. The specimens
are machined using a CNC milling machine. In order to guarantee a homoge-
neous moisture content of the specimens, at 7.5± 0.5 %Moisture Content, they
are stored at least three days in a climatic chamber, at 23◦C and 48% relative
humidity before testing. Under these conditions, the measured density of the
plywood is 670 kg/m3.

2.2 Quasi-static compression device

Quasi-static apparatus design An Instron tensile machine equipped with a
50 kN or a 500 kN load cell is used depending on the maximum load to be
reached during the test. The compression platens are made of EN 1.4057 (AISI
431) stainless steel. The upper platen is fixed while the lower one is spheri-
cally seated which allows for adjustments in alignment prior to each batch of
experiments.

The EN 789 standard recommends a square cross-section side-length 45mm,
and 70mm length, for quasi-static tests at room temperature. But these dimen-
sions are not compatible with high strain rate test recommendations presented
in section 2.3. The optimisation of the high strain rate test led us to choose a
single 28mm diameter circular L0=12mm thick specimen. Since various quasi-
static and high strain rate tests at room and cryogenic temperatures are in-
volved, we chose to use the same specimen geometry regardless of the strain
rate.

Tests are required at various sub-freezing temperatures that cause frosting
and fogging of windows and lenses. As a consequence, the elongation and strain
were obtained from the machine stroke. Digital image correlation is only used
at room temperature for validation purposes.

Since the measurement of the machine stroke ∆Lstroke is used to calculate the
specimen axial elongation ∆L, it is necessary to perform a correction ∆Lstif f ness
of the stroke for the machine stiffness during the test. Thus, for each test
series, a platen to platen test is performed, i.e. without any specimen [12].
The displacement versus load response of the testing system during the platen
to platen test is recorded, and fitted using a third order polynomial up to a
load value of 12.5kN, and a linear function above 12.5kN. The fitted function
∆Lstif f ness(F) is used to correct the stroke at each load value F using:

∆L(F) = ∆Lstroke(F)−∆Lstif f ness(F) (1)
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The stiffness correction procedure was validated at room temperature using
3D DIC measurements on the specimens for a 12mm thick specimen and a stack
of 3 to 5 glued specimens, for both circular and square geometries, following
the EN789 recommendations. The discrepancy between the results was found
to be lower than the standard uncertainty of the reference results using the
EN789 geometry.

Once the corrected elongation ∆L is obtained, the engineering εn and true ε
axial strains and engineering σn and true σ axial stresses are calculated:

ε(t) = ln(1 + εn) with εn =
∆L
L0

(2)

σ (t) =
F
S

and σn(t) =
F
S0

(3)

Where L0 is the initial thickness of the specimen and S0 (S) is the initial
(actual) cross-section of the specimen respectively.

For quasi-static tests, a constant crosshead velocity v is used. For each quasi-
static test, the reference strain rate is the rate of change of the engineering strain
and reads as ε̇ = v

L0
. For example, in the case of the L0 = 12mm thick specimens

at a strain rate of ε̇ = 4.10−3/s, the crosshead velocity is v = 0.048mm/s.

Size specimen effect Furthermore, it is necessary to ensure that the specimen
is of a size that reveals the global behaviour of the plywood. Thus, a Represen-
tative Volume Element (RVE) study is performed. The result (Fig.1) shows that
specimen from 10 to 50 mm in diameter and from 12 to 36 mm in thickness
have the same behaviour under a quasi-static strain rate.

Cryogenic conditions An environmental chamber was used for quasi-static
tests at all temperatures (Fig.2).

The temperature is controlled using 2 thermocouples located on the lower
platen and the chamber. A third 0.16 mm diameter type K thermocouple is in-
serted in the centre of the specimen, using a 10 mm long and 0.65 mm diameter
radial hole drilled at mid-axial length. A control loop regulates the tempera-
ture using a remote valve and a liquid nitrogen sprinkler located on the top
of the chamber. A fan is used in order to homogenize the temperature within
the chamber, and special attention is paid to avoid any contact between the ply-
wood and the liquid nitrogen [23]. The measured specimen temperature remain
within ±10◦ C of the prescribed temperatures during testing.
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Figure 1: Engineering stress-strain curves for various specimen geometries at
ambient temp., 8% moisture content, 4 ·10−3 /s strain rate. Error bars represent
two standard deviation obtained from the repeatability study of the compres-
sion of 12mm thick and 28mm diameter specimens.

PROTECTIVE CAP

FAN

SPRINKLER

SPHERICALLY SEATED PLATEN

THERMOCOUPLES

12 x 28 SAMPLE

Figure 2: View of the climatic chamber used for quasi-static testing and design
of the 12mm thick and 28mm diameter specimen equipped with a thermocouple
located at mid axial length.

2.3 Split Hopkinson pressure bar device

SHPB device design A classical Split Hopkinson Pressure Bar (SHPB) or Kol-
sky compression bar apparatus comprising a striker, an input and an output bar
is illustrated in Fig.3, [27]. The specimen is sandwiched between the input and
the output bars. The bars have the same circular cross-section and are made of
the same material. In the following, we denote Ls as the length of the striker, Eb
the Young’s modulus of the bars, Sb the cross-sectional area, and C the celerity
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Figure 3: Space versus time representation of the wave propagation in the clas-
sical Split Hopkinson Pressure Bar experiment.

In the SHPB test, the striker is launched at an initial velocity Vs, while
the other bars and the specimen are at rest. The impact generates an elastic
compressive strain wave of theoretical duration 2Ls/C and constant value of
−Vs/(2C) that propagates along the striker and the input bar. When the later
strain wave, referred to as the incident wave εi , propagates to the interface be-
tween the input bar and the specimen, part of it is reflected backwards into
the input bar due to impedance mismatch at the bar/specimen interface, and
is referred to as the reflected wave εr . The remaining part of the incident wave
is transmitted into the specimen and gets reflected between the bar/specimen
interfaces. These reflections gradually compress the specimen, and generate
the so-called transmitted wave εt at the specimen/output bar interface that
propagates into the output bar, and lead to the equilibrium of the specimen
[10, 20, 27]. Both εi and εr are measured by the strain gage Gi located at the
middle of the input bar. The εt signal is measured by the strain gage Go located
on the output bar. Fig.3 shows typical time-resolved strains measurements.
The striker and bar lengths are chosen to avoid any superimposition of the εi ,
εr and εt signals. As the three waves are recorded along the bars, they must
be shifted to specimen/bar interfaces using a procedure that accounts for ge-
ometric dispersion in order to allow for the exact calculation of loads F and
particle velocity V at the specimen/bar interfaces. The wave shifting is per-
formed numerically in the frequency domain after FFT of the signals [16]. For
each frequency, the wave number is calculated numerically from the so-called
frequency equation, the complete solution of the Pochhammer-Chree’s longitu-
dinal wave analysis, and presented by Zhao [33]. The recorded strain signals
are post-processed with the software package DAVID proposed by Gary, [17].

In the case of elastic bars, input and output loads Fi and Fo, input and output
velocities Vi and Vo at the ends of the input and output bars are calculated from
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the shifted signals as follows:

Fi = −Eb · Sb · (εi + εr) (4)

Fo = −Eb · Sb · (εt) (5)

Vi = −C · (εi − εr) (6)

Vo = −C · (εt) (7)

For a cylindrical specimen of initial length L0, the nominal strain rate of com-
pression ε̇n, with a positive value in compression for the sake of simplicity, is
given by:

ε̇n(t) =
Vi −Vo
L0

=
C
L0
· (−εi + εr + εt) (8)

and the true strain ε can be calculated from:

ε(t) = ln(1 +
∫ t

0
ε̇(τ)dτ) (9)

Note that the true stress σ within the specimen may be calculated either from
the input force or from the output force:

σi(t) =
Fi
S

or σo(t) =
Fo
S

=
Eb · Sb · εt

S
(10)

The input load Fi and the velocity Vi are calculated from the sum Eq.4 and
the difference Eq.6 between the incident εi and the reflected signals εr respec-
tively. These two strains are recorded using the same gages, thus the uncer-
tainty of the evaluation of Fi and Vi depends on the balance between εi and εr ,
and the best compromise is obtained for a strain ratio of εr

εi
= −1

2 . The output
load Fo and the velocity Vo are proportional to the transmitted strain εt, thus
the optimization of the signal to noise ratio leads to the maximization of the
transmitted strain εt up to the elastic limit of the bar.

In order to limit the wave dispersion effect, it is recommended to use slen-
der bars [10, 21]. Additionally, wood is a non-homogeneous material, and it is
recommended to use large specimens [1, 26]. We thus selected 30 mm diameter
and 3 m long 7075 aluminium bars with a 1.20 m long projectile ; and a diam-
eter of 28 mm for the specimens. If we assume a load equilibrium between the
two interfaces of the specimen, and an optimal strain ratio, then Eq.8 leads to
an initial velocity of the striker of about 12m/s.
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Cryogenic conditions For cryogenic tests, we decided to keep the bars at
room temperature, and in order to avoid any warm-up of the specimen when in
contact with the bars, the specimen is cooled-down along with two 40 mm long
30 mm diameter aluminium extension rods placed on each face of the specimen,
as shown in Fig.4. Prior to the test, the specimen and the two extension rods
are placed in a climatic chamber, see Fig.4. This specially designed chamber is
made of a polyurethane foam V-holder, and a foam cap. The axis of the cham-
ber is coaxial to the bars axis and can move freely along this axis. A sprinkler
cools-down the specimen and the extension rods with a temperature regulated
nitrogen gas. During the tests, the temperatures of the injected nitrogen, the
specimen and the extension rods are recorded. The specimen temperature vari-
ations are found to remain within ±5◦C.

Figure 4: Top view of the V-holder polyurethane foam, the bars, the extensions
and the specimen (a) before the test and (b) when the bars are in contact with
the extensions. Side view of the climatic chamber and the bars (c).

SHPB apparatus validation Preliminary sets of SHPB compression tests are
performed in order to validate the SHPB apparatus in the case of cryogenic tests
of plywood. A first compression test of a birch plywood, 12mm thick, 28mm
in diameter, at room temperature, is performed with an initial striker velocity
Vs = 11 m/s. The strain ratio was found to be in the range [-0.7;-0.4], close to
the ideal ratio: εrεi = −1

2 .
As presented above in Eq.4 and 5, the load can be measured independently

on each of the bar/specimen interfaces. Fig.5 shows the evolution of each load
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versus time for a room temperature test, without extensions. The equilibrium
is not obtained immediately, but as long as the difference between the two loads
is lower than 3%, the specimen here is considered being in static equilibrium,
and the corresponding time interval is referred to as the SHPB equilibrium time
interval.
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Figure 5: Input and output loads versus time during the SHPB test at room tem-
perature of a 12mm thick 28mm diameter, 8% moisture content birch plywood
specimen.

The equilibrium of the specimen may be affected by the insertion of the two
cold extensions. It is thus necessary to evaluate their influence on the mea-
sured signals by a set of so-called Bar-Bar tests, without any specimen, and at
various temperatures. In the absence of specimen, if the input and the output
bars have the same characteristics, the theoretical reflected wave is null. If the
extensions affect the propagation of the waves, then the reflected wave will be
modified. Fig.6 shows the results obtained for SHPB Bar-Bar experiments with-
out and with extensions at room temperature, and with extensions at cryogenic
temperature −180◦C. For all the experimental conditions, during the SHPB
equilibrium time interval, the reflected signal remains lower than a few per-
cent of the incident signal, and it can be concluded that the extensions have no
significant influence on the measurements, except the modification of the gage
to interface distance to be taken into account for the wave shifting.

Finally, the strain rate, the nominal strain and the nominal stress can be
calculated from Eq.8, Eq.9 and Eq.10. The result is plotted in Fig.7. During
the SHPB equilibrium time interval, the strain rate is almost constant at about
700/s. As a consequence the strain versus time evolution is quasi linear with a
final value of about 27%. The stress shows only very small oscillations.
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Figure 7: Time evolution of the strain rate, the nominal strain and the nom-
inal stress during the SHPB test of a 12mm thick plywood specimen at room
temperature.

2.4 Design experiments

A summary of the experimental conditions is given in Table 1. At least five
repetitions are performed for each condition. Tests are performed without lu-
brication at sample interfaces.
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Table 1: List of the tested experimental conditions for out-of-plane compression
of 12mm thick and 8% moisture content birch plywood.

Strain rate [/s] 4.10−4 4.10−3 4.10−2 4.10−1 700.
Temp. [◦C] +23. +23. +23. +23. +23.

- - - - -10.
- -55. - - -50.
- -90. - - -90.

-170 -170. -170 -170. -170.

Four extreme cases are highlighted as shown in Table 1 in a bold font. They
refer to a strain rate of 0.004 or 700/s and to a temperature of +23◦C (so-called
Amb. Temp.) or −170◦C (so-called Cryo. Temp.).

3 Results

The stress-strain curves in compression from all the four extreme conditions are
shown in Fig.8. When loaded in compression, the response can be characterized
by an initial elastic regime, followed by a linear hardening regime and finally
a regime of rapidly increasing stress due to the densification of the material
[19, 25]. No brittle behaviour has been observed. The scatter in the results
for each experimental condition can be seen. For each extreme experimental
condition, one of the curves is taken as representative and shown in black and
highlighted with x marks in Fig.8 and plotted separately Fig.9 with error bars
which represent the minimum and maximum stress of all of the data, every
10% in strain, large error bars are used for quasi-static strain rate of 0.004/s.

3.1 Strain rate sensitivity at ambient temperature

Figs.(8, 9) show that at ambient temperature, the strain rate sensitivity of the
out-of-plane compression stress of the birch plywood is huge. At a strain value
of 3%, the interpolated stress value is 11.8MPa at 0.004/s and as high as 20.8MPa
at 700/s, which corresponds to a stress increase by a factor of 20.8/11.8 ≈ 1.76
for a strain rate multiplied by 1.75 · 103. This stress ratio Sr is higher than the
one we can calculate from the study published by Widehammar [30] in the case
of the compression of an oven dried clear spruce wood in the radial direction,
i.e. SWidehammar

r ≈ 1.5 for a strain rate multiplied by 1.25 · 103. However, our
stress ratio is close to the one obtained by Eisenacher [14] in the case of the
laterally confined compression of a 12% moisture content clear spruce wood in
the direction perpendicular to the fibers SEisenacherr ≈ 1.7 for a strain rate multi-
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plied by 1.50·103. Eisenacher attributes this high stress ratio value to the lateral
confinement he applied on the direction perpendicular to the fibers, leading to
zero lateral strain in the radial or transverse directions, depending on the ini-
tial orientation. In our case, the out-of-plane compression of the plywood leads
to a uniaxial straining of the specimen, with no lateral strain up to a compres-
sive strain of 0.5. This lateral confinement is obtained by the fact that (i.) two
adjacent glued veneers have perpendicular fiber directions and (ii.) the veneer
thickness to lateral dimensions ratio is about 0.05, and (iii.) that the Young’s
modulus in the fiber direction is about 20 times the one in the lateral direction
[22].
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Figure 8: True stress versus true strain response during out-of-plane compres-
sion of a 8% moisture content 12mm thick birch plywood specimen for the
two different strain rates (0.004/s, 700/s) and the two temperatures (+23◦C,
−170◦C). The most representative curves are highlighted in black.

3.2 Effect of temperature at the quasi-static strain rate

Fig.8 shows that for the quasi-static strain rate, the effect of cryogenic temper-
ature is as high as predicted by Boller [8]. At a strain value of 3%, the interpo-
lated stress value is 11.8MPa at ambient temperature and 26MPa at −170◦C,
which corresponds to a stress increase by a factor 26/11.8 ≈ 2.2.
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Figure 9: True stress versus true strain response during out-of-plane compres-
sion of a 8% moisture content 12mm thick birch plywood specimen for the
two different strain rates (0.004/s, 700/s) and the two temperatures (+23◦C,
−170◦C). The most representative curves are plotted along with a linear inter-
polation of the plateau behaviour. The errorbars represent the minimum and
maximum stress of all of the data obtained on each condition.

3.3 Strain rate sensitivity at cryogenic temperature

If one focuses on the results presented in Fig.8 at a cryogenic temperature of
−170◦C, it is clear that the stress strain curves obtained at the strain rate of
0.004/s and 700/s are not significantly different, and it can be concluded that
the strain rate effect no longer exists at this cryogenic temperature. This result
is confirmed by the cryogenic tests performed at 4.10−2/s and 4.10−1/s.

3.4 Stress strain curve model

In order to quantify the evolution of the behaviour as a function of tempera-
ture and strain rate, an interpolation of the stress-strain curves has been con-
ducted. Due to the significant increase in stress at sub-freezing temperatures,
it has not been possible to lead all the experiments to the densification regime
at the lowest temperatures or at highest strain rates. Thus, the interpolation
has been conducted in two steps. (i.) A linear interpolation of the behaviour
is performed for all the tests, and (ii.) an exponential interpolation of the den-
sification regime is identified for each test performed up to densification, see
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Fig.10. The linear model reads:

σ = σhint. + σ
h
mod. · ε (11)

with σhint. the stress hardening intercept and σhmod. the hardening modulus of the
linear interpolation.
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Figure 10: Stress versus strain experimental response and interpolation during
out-of-plane compression of a 8% moisture content 12mm thick birch plywood
specimen.

In order to confine the linear interpolation to the pre-densification part of
the hardening regime, a limited strain interval ([0.04;0.2]) was considered for
each test. The lower limit corresponds to the minimum value at which equi-
librium was obtained during SHPB experiments. Different values of the upper
limit have been tested from 10% up to 25%, and no significant evolution of
the identified parameters was found up to a value of 22%. We used an upper
limit value of 20% in strain excepted for one test at high strain rate (700/s) and
cryogenic temperature (−170◦C) condition for which the interpolation was per-
formed using an upper limit of 19.5%, its final strain. The minimum value of
the square of the sample correlation coefficient among all the tested conditions
is 0.95. Four interpolated behaviours are shown Fig.9 along with each repre-
sentative curve and error bars.

The tests performed at a strain rate of 0.004/s and all the tests performed
at ambient temperature represent eight experimental conditions Table 1. For
each of these tests, if the final strain is greater than 0.3 ; an exponential inter-
polation Eq.12 of the densification regime has been performed between 4% and
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final strain at maximum stress ; and the densification strain has been identi-
fied. The proposed exponential interpolation of the experimental stress versus
engineering strain curve reads:

σ = σhint. + (σhmod. − σ
d
mod.n

d
exp.) · ε+ σdmod. · (e

ndexp.ε − 1.) (12)

where σdmod. is the densification modulus and ndexp. the densification exponent.
With this definition, σhmod. is the initial hardening modulus value at zero strain.

From a practical point of view, among all our identifications, the
σhmod.

σdmod.n
d
exp.

ratio

was found to be greater than 100, and the influence of the σdmod.n
d
exp. term could

be neglected in equation Eq.12. In the following, the hardening modulus refers
to the σhmod. value. The densification strain εdens. [6, 28] was initially defined
for foams and recently used in the case of wood impact by Wouts et al. [32].
The densification strain is defined as the strain at which the maximum value of
the energy absorbing efficiency η(εa) is reached, Eq.13, where ε0 is the starting
point of the linear hardening behaviour ; we used a constant value ε0 = 0.04.
This value is the third coefficient that can be gathered from these eight experi-
mental conditions.

η(εa) =

∫ εa
ε0
σ (ε)dε

σ (εa)
and

dη(εa)
dεa

∣∣∣
εa=εdens.

= 0 (13)

3.5 Effect of temperature and strain rate on the linear harden-
ing parameters

Fig.(11, 12) show the evolution with temperature and strain rate (strain rate
are in logscale) of the two linear interpolation parameters σhint. and σhmod. of the
stress versus strain hardening regime. Fig.11 shows the evolution of the stress
hardening intercept, the tick space represents a jump of 2MPa in stress. For the
sake of simplicity, the vertical scale of the Fig.12 plot is formatted in order to
be able to compare the respective influence of the coefficients on the evolution
of the stress: tick space of vertical axis corresponds to a jump of 2MPa of the
stress plateau for a 0.1 strain increase.

Let recall that at cryogenic temperature of −170◦C, there is no significant
evolution of the two parameters with strain rate.

At ambient temperature, dashed lines Fig.(11, 12), the evolution of the hard-
ening modulus is significant, but small compared to the evolution of the stress
hardening intercept coefficient with strain rate.

At the quasi-static strain rate of 0.004/s, green curves Fig.(11, 12), the stress
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Figure 11: Hardening intercept coefficient σhint. evolution as a function of tem-
perature (solid lines) and strain rate (dashed), the model prediction is shown in
blue. Errorbars correspond to one standard deviation.
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Figure 12: Hardening modulus coefficient σhmod. evolution as a function of tem-
perature (solid lines) and strain rate (dashed), the model prediction is shown in
blue. Errorbars correspond to one standard deviation.

hardening intercept coefficient and the hardening modulus coefficient are very
sensitive to the temperature decrease, with a same order of influence on the
stress value for a 0.1 strain. But, the evolution of the stress hardening intercept
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coefficient seems negligible for a temperature below −90◦C. On the contrary,
there is no saturation value for the slope coefficient in the considered tempera-
ture range.

At the high strain rate of 700/s, the evolution of the intercept coefficient
seems negligible for a temperature below −10◦C. Similarly, the evolution of the
slope coefficient seems negligible for a temperature below −100◦C.

The hardening intercept and hardening modulus evolutions with tempera-
ture and logarithmic strain rate can be also represented using a 3D plot given
in Fig.13(left) and 14(left) respectively. In these 3D plots, the saturation at
highest strain rates and lowest temperatures is revealed, as well as the bi-linear
evolution of each coefficient as a function of logarithmic strain rate [s−1] and
temperature [K]. The evolution of each coefficient C can be modelled using the
following bilinear equation:

C =min[CCSR · log10(ε̇) +CCT · T +CCc , CCmax] (14)
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Figure 13: Left, 3D view of the hardening intercept σhint. evolution as a func-
tion of temperature and strain rate. Iso-values lines at specific σhint. value of 9.5,
13.5, 17.5 and 21.5MPa are plotted on base and surface. Right, evolution of the
hardening intercept coefficient as a function of strain-rate-and-temperature-
equivalent-value T T E = CSR · log10(ε̇) + CT · T . Errorbars correspond to one
standard deviation of the coefficient.

where CCSR, CCT , CCc are three constants involved in the bilinear evolution,
and CCmax the saturated value of the considered coefficient, ε̇ the strain rate [s−1]
and T the temperature [K]. The constants are identified using least square
method and given Tab.2 along with the number of experimental conditions
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Figure 14: Left, 3D view of hardening modulus coefficient σhmod. evolution as a
function of temperature and strain rate. Iso-values lines at specific σhmod. value
of 50., 80., 110., 140. and 170.MP a are plotted on base and surface. Right,
evolution of the hardening modulus coefficient as a function of strain-rate-and-
temperature-equivalent-value T T E = CSR·log10(ε̇)+CT ·T . Errorbars correspond
to one standard deviation of the coefficient.

Ncond involved in the identification. In the 3D plots, Fig.13(left) and 14(left),
each isovalue corresponds to a specific value of the strain-rate-and-temperature-
equivalent-value, or time and temperature equivalent value T T E = CSR·log10(ε̇)+
CT ·T . Thus, to superimpose the stress strain curve at a temperature T onto the
curve at a reference temperature Tref and strain rate ε̇ref , the strain rate has to
be scaled by a factor a(T ,Tref ) and reads log10(a(T ,Tref )) = −CT (T −Tref )/CSR using
the standard WLF formulation [31, 34].
Fig.13(right) and 14(right), the evolution of the hardening intercept and hard-
ening modulus as function of their respective strain-rate-and-temperature-equivalent
T T E values are given. For each experimental condition defined by its tempera-
ture and strain rate, the mean values of the identified coefficient σhint. and σhmod.
are plotted in red along with their corresponding one standard deviation error-
bar calculated among a minimum of five repetitions. The identified bilinear
model is plotted in blue solid line and a good agreement between the bilinear
interpolation and experimental data is obtained. In the case of the harden-
ing intercept coefficient, the difference between model and experimental data
is lower than one standard deviation in the bilinear regime. In the case of the
hardening modulus, the agreement of the bilinear model is lower. The maxi-
mum error reaches a value between one and two times the standard deviation
for four experimental conditions, these are for the highest strain rate of 700/s
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and temperature of −10◦C, −50◦C and −90◦C, and at the lowest strain rate of
0.0004/s and temperature of −170◦C. The orientation of the steepest descent di-
rection of the bilinear model is normal to isovalues, which orientation is given
by the slope of the isovalues in the strain rate and temperature plane, and reads
−CCT /C

C
SR. This ratio value is 0.050 in the case of the hardening intercept but

0.11 in the case of the hardening modulus coefficient. As long as the identi-
fied bilinear model can be considered valid, this difference seems to show that
the hardening intercept, which can be considered as an elastic limit, and the
hardening modulus cannot be modelled using a unique time and temperature
equivalent function.

Table 2: Identified constants of the bilinear models Eq.14 for each behaviour
coefficients Eq. 12.

Coefficient CSR CT Cc Cmax Ncond
σhint. [MPa] 1.6 -0.080 38.7 21.5 15
σhmod. [MPa] 5.7 -0.64 242. 170. 15
σdmod. [MPa] 0.0035 -0.00032 0.11 - 8
ndexp. [−] -0.39 0.012 14.43 - 8

3.6 Effect of temperature and strain rate on the densification
parameters

Following the procedure used in the previous section, the experimental values
of the densification modulus σdmod. are plotted Fig.15 as a function of strain
rate and temperature ; Fig.16 as a function of strain-rate-and-temperature-
equivalent value. For this coefficient, the bilinear interpolation leads to an
error between one and two standard deviations for three of the eight experi-
mental conditions Fig(15 and 16) , but the linear tendency is confirmed by the
linear regression coefficient value r2 = 0.94 of the densification modulus versus
strain-rate-and-temperature-equivalent-value interpolation. In the case of den-
sification modulus, the slope of the isovalues in the strain rate and temperature
plane −CCT /C

C
SR is 0.091, a value close to the one obtained for the hardening

modulus. This suggests that these two parameters could be modelled using a
unique time and temperature equivalent function.

The evolution of the densification exponent coefficient value ndexp. is plotted
as a function of temperature and strain rate Fig.17 ; and as a function of strain-
rate-and-temperature-equivalent value Fig.18. The bilinear interpolation leads
to an error value lower than one standard deviation Fig(17 and 18), but the lin-
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Figure 15: Temperature (solid lines) and strain rate (dashed) evolution of the
densification modulus σdmod.. Errorbars correspond to one standard deviation.
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Figure 16: Evolution of densification modulus σdmod. as a function of strain-
rate-and-temperature-equivalent-value T T E = CSR · log10(ε̇) +CT · T . Errorbars
correspond to one standard deviation of the coefficient.

ear tendency of the densification exponent versus strain-rate-and-temperature-
equivalent-value is poor with a regression coefficient value of only r2 = 0.65.

The densification strain Eq.13 has been identified for eight experimental
conditions. The identification requires to choose a starting strain, commonly
defined as the beginning of the so-called plateau behaviour of foam materials,
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Figure 17: Temperature (solid lines) and strain rate (dashed) evolution of the
densification exponent ndexp.. Errorbars correspond to one standard deviation.
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Figure 18: Evolution of densification exponent ndexp. as a function of strain-
rate-and-temperature-equivalent-value T T E = CSR · log10(ε̇) +CT · T . Errorbars
correspond to one standard deviation of the coefficient.

and in the range [2%,4%] in the case of plywood. But this point is not known
at high strain rates, as equilibrium is only obtained for strains greater than
4% within the SHPB experiments performed. Moreover, using a starting point
value of 2% or 6% leads to a difference in densification strain of only 0.005 for
the four extreme conditions referenced in Table 1. We thus chose a constant
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starting strain value ε0 = 0.04.
The evolution of the densification strain εdens. is plotted as a function of temper-
ature and strain rate Fig.19. Whatever the experimental conditions, the densi-
fication strain value remains in the range [0.365, 0.381]. The evolution of the
densification strain with temperature seems negligible, and only significant for
a jump in strain rate by 105 with jump in densification strain value about two
time the standard deviation. The mean value of the densification strain over all
the tested conditions is ε̄dens. = 0.37[−].
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Figure 19: Temperature (solid lines) and strain rate (dashed) evolution of the
densification strain εd . Errorbars represent one standard deviation of the value
at the considered testing condition.

3.7 Summary of the identified behaviour

The behaviour equation Eq.12, and the coefficient equation Eq.14 led us to iden-
tify 14 constants given Table2. This behaviour can be used to estimate the stress
versus strain curve and the densification strain at any temperature in the range
[25,−170◦C] and strain rate in the range [0.0004,700/s]. Representative stress
strain curves from the experiments (black solid lines) are shown together with
the corresponding results of the interpolation (thin black lines) for six experi-
mental conditions in Fig.20. The ambient temperature tests are plotted in red
for three different strain rates, and sub-zero tests are plotted in blue. The rel-
ative error in stress between interpolated behaviour and mean experimental
values are lower than 7% for strains up to 30%. This relative error can be as
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high as 15% after densification for a strain of 40%. At a stress level of 100MPa,
the error in strain is lower than 7%.
The experimental densification strains are plotted in red circles, and the one
calculated from the interpolated behaviour are plotted with black circles Fig.20
and blue solid lines (Fig.19). The maximum relative error is 8%.
From an application point-of-view, at ambient temperature, the behaviour is
strain rate sensitive, the stress jumps by a factor of 2. at 4% strain to 2.2 at 30%
strain for a strain rate jump by a factor of 105. In this case the absorbed energy
at 30% strain is twice the quasi static one.
The behaviour is also highly temperature sensitive, and a drop of −80◦C from
ambient temperature leads to a stress increase by 1.6 to 2.1 for strains of 4%
and 30% respectively. At −170◦C, the stress increase is saturated, whatever the
strain rate, with jumps of 2. and 3.3. At cryogenic temperature, the absorbed
energy at 30% strain is about 2.6 time the one at ambient temperature and
quasi-static strain rate.
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Figure 20: Experimental and interpolated (thin black lines) stress strain curves
at various strain rates and temperatures. Experimental densification strains are
plotted with red circles, the calculated ones are plotted with black circles.

4 Conclusions

The out-of-plane compression behaviour of 8% moisture content birch plywood
under various experimental conditions has been studied. A large range of tem-
peratures, from room temperature down to a cryogenic temperature of −170◦C
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have been explored. Quasi-static tests have been performed using a universal
machine. We developed and validated a Split Hopkinson Pressure Bar proce-
dure for high strain rate experiments at ambient and cryogenic temperatures.
In this latter case, the specimen is cooled down together with two 40 mm long
extensions made of the same material as the bars. Practical consideration of
the SHPB test led us to a 28mm diameter and 12mm thick specimen. These
dimensions were validated from a comparison to the one obtained using the
EN789 standard. The analysis of the compression tests focused on the hard-
ening behaviour of the stress versus strain curve during linear hardening and
the following densification regime. The behaviour was fitted using a linear and
a an exponential function of the strain, thanks to four coefficients, namely the
stress hardening intercept, the hardening modulus, the densification modulus
and the densification exponent. The evolution with temperature and strain rate
of each coefficient has been studied and modelled using a bilinear function of
the logarithmic strain rate and the temperature. A total of 14 constants have
been identified. The following conclusions may be drawn from the experimen-
tal results:

- The compression stress increases significantly with decreasing tempera-
ture and increasing strain rate, but at the cryogenic temperature of −170◦C,
the strain rate sensitivity is negligible.

- At room temperature (resp. at a quasi-static strain rate of 0.004/s) , the
strain rate (resp. temperature) dependency of the hardening intercept,
the hardening modulus and the densification modulus of the stress strain
curve are significant. A saturation of the hardening intercept coefficient
is observed for a temperatures below −90◦C and −10◦C for strain rates of
0.004/s and 700/s respectively. The same phenomenon is observed for the
hardening modulus coefficient below −100◦C at a strain rate of 700/s.

- The densification strain is found to be slightly strain rate sensitive, its
value is 0.365 at a strain rate of 0.0004/s and 0.38 at a strain rate of 700/s.
The evolution with temperature seems to be not significant. The mean
value is found to be 0.37.

- Using the proposed interpolated model, the compression stress of the ply-
wood can be interpolated at any temperature in the range [25,−170◦C]
and strain rate in the range [0.0004,700/s]. When compared to experi-
mental data, the maximal error is about 7% up to a strain of 30%. The
densification strain can be also predicted with a maximum error of 8%.
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