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A B S T R A C T

This paper presents an experimental and numerical study of composite plates, analyzing the interaction
between mechanical and thermal loads related to buckling and the occurrence of mode jumping. A novel
experimental setup for thermomechanical testing was developed. The setup is conceived around a frame with
a low coefficient of thermal expansion, so that the plate can experience buckling and mode jumping when
heated; and when compressed, interactions between the two loading states can be studied. Experimental results
of plates loaded under diverse load cases are delivered in the form of load vs out-of-plane deflection graphs,
deflection plots and buckling charts, where all buckling and mode jumping bifurcation points are registered.
The influence of combined loading over mode jumping phenomena was successfully captured. Numerical
predictions are able to estimate general tendencies in the occurrences of both buckling and mode jumping
and in the mutual influence of thermal and mechanical loads.
. Introduction

Aerospace structures are often required to work under conditions
hat involve combinations of mechanical and thermal loads, while
ccomplishing conflicting requirements such as robustness and being
ightweight. Such requisites often yield thin-walled structural designs
hich are highly mass efficient but also vulnerable to buckling. Buck-

ing has been traditionally considered as a liability or as a ‘‘no-go’’ area,
ven though, under specific circumstances, buckling can be used to
nhance the aircraft structural performance [1]. In these cases, post-
uckling regime states are considered as an extension of the original
perative range of a given structure. While mechanically buckled struc-
ures have been successfully exploited in the past to improve structural
erformance, thermal buckling has traditionally been avoided [2].
owever, thermally post-buckled states have been also successfully
pplied through the use of beaded panels or corrugated structures [3,4],
eeking aims such as increasing buckling stiffness or relaxation for
hermal stresses. Structural elements as plates have potential for such
pplications, because of their stable behavior in post-buckling regime.
arbon fiber reinforced plastics (CFRP) materials can greatly contribute
o this aim due to the high structural performance they offer and their
aterial behavior that allows for large elastic deformations. They also

ffer high design flexibility thanks to the possibility to optimize their
tacking orientation. Good knowledge of thermomechanically buckled
tates can help structural designers to identify potential advantage
pportunities, make better choices and eventually contribute to better
uture designs.

∗ Corresponding author.
E-mail address: c.bisagni@tudelft.nl (C. Bisagni).

On the other hand, new research trends are putting traditional
conceptions about buckling under revision, as they are willing to ob-
serve buckling as a structural state with potentially advantageous fea-
tures [5–7]. Gutiérrez Álvarez and Bisagni [8] performed experiments
in heated, rectangular, symmetric and balanced angle-ply composite
plates. The plates were able to display shape changes in the form of
mode jumps when assembled in a stiff constraining fitting with low co-
efficient of thermal expansion (CTE). Cases in which plate size remains
constant are, however, an idealization: a plate attached to an airframe
is subjected to stretching and compression due to service loads. Plate
size variation has a direct impact over the buckling temperature [9],
while the impact over the mode jumping temperature is unknown.

Taking a look over previous work, the interest in thermal buckling
emerged with the beginning of supersonic flight [10,11]. Throughout
the decades, the focus evolved, ranging from innovative structural
configurations and geometries to the introduction of new generation
aerospace materials. Thermal buckling experiments can be roughly di-
vided in two types. The first type refers to tests in which the specimens
buckle by stresses arisen due to constrained size variations. During
the test, the specimen, typically a flat plate, is installed within a re-
straining fixture, sometimes water-cooled, and subjected to a typically
uniform temperature increase. Examples are the tests on metallic plates
performed by Murphy and Ferreira [12] or the tests on metal foam
core sandwich panels done by Rakow and Waas [13]. In composite
materials, Amabili et al. [14] tested the buckling of cooled composite
plates; Wu and Gurdal tested heated steered fiber panels, and more re-
cently Xu et al. [15] tested the buckling C/SiC woven composite plates.
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A subtype of test is the case where free, unrestrained plates buckle
merely due to thermal gradients [16]. Ehrhardt and Virgin [17] found
the presence of alternative equilibrium states in rectangular, metallic,
thermally buckled plates, Bhagat and Yeyaraj [18] studied the effect
of non-uniform temperature distributions on the thermal buckling of
shallow curved metallic panels, and Gutiérrez Álvarez and Bisagni [8]
achieved buckling and mode jumping in carbon composite plates. The
second type of thermal buckling tests available in literature consists
on specimens being placed in a compression device and subsequently
being subjected to combinations of compression and heat. Substantial
experimental efforts were made during the early test campaigns of
Ross et al. [19], Anderson and Card [20], Mayers and Jaworski [21],
Bushnell [22], Frum and Baruch [23] and Ari-Gur and Baruch [24].
All these experiments were performed considering metallic cylinders,
heated either uniformly or along two opposite cylinder generators.
Percy and Fields [25], and Thompson and Richards [26] tested identical
hat stiffened panels made in titanium and titanium matrix composite
under the simultaneous effect of compression and heat. Still, the most
sophisticated experimental setups available are based in multi-actuator
concepts, such as the one developed by Fields [27] who developed a
test setup for combined thermomechanical loading using an 8-engine
system capable of exerting compression, tension and/or shear with
heating loads over a flat stiffened panel, or the Nasa Langley Combined
Loads Testing System [28]. The amount of available literature on exper-
iments on thermomechanical buckling is, however, not extensive, being
this scarcity even more pronounced for CFRP structures. On shallow
shells, Breivik and Hyer [29] tested shallow shells made in composite
material, with different layup under either heating or compression.
Even if considerable efforts have been made in the field of buck-
ling and post-buckling of composite structures [30–33], understanding
instabilities triggered by thermomechanical loads [34], and also in
understanding the mode changes in thin-walled structures [35,36], no
experimental attempts can be easily found on understanding mode
changes in thermally and mechanically loaded composite plates.

The goal of this research is to perform an exploratory investigation
to evaluate the effects of combined thermal and mechanical loads
over buckling and mode jumping in CFRP plates, with the purpose of
understanding the mutual interaction of these loads in post-buckling
regime, as well as possible implications for real applications. During
this investigation both numerical and experimental techniques were
used, even if the principal focus is the development and implementation
of a novel experimental methodology and the presentation of a set
of preliminary results. The proposed setup is based on the previously
used concept of utilizing a low CTE invar frame to restrain thermal
expansion [8], which is upgraded by incorporating the novel concept
of applying compression to the frame using a compression machine.
The proposed setup is therefore capable to simultaneously apply com-
pression and heat. Tested plates have a laminate stacking that can
both buckle and show mode jumps when heated, compressed, or under
combination of these two loading conditions.

In Section 2, the main concepts related to the analyzed phenomena
are introduced; in Section 3, numerical predictions performed using the
Finite Element software Abaqus are presented and discussed. Section 4
contains a description of the experimental setup. In Section 5, a set of
preliminary experimental results are presented: in particular, results for
each type of performed test are reported in the form of load vs. displace-
ment graphs and out-of-plane deflection shapes. A final experimental
buckling chart for combined loading is also reported with the results
of all performed tests. A discussion about the obtained results and the
deviations from the numerical predictions is presented, and potential
sources of error are discussed.

2. Buckling and mode jumping on heated and mechanically loaded
composite plates

A mode jump can be described as a change in the buckling shape of
a panel as a consequence of variations in the load. This phenomenon
2

often occurs in an abrupt manner and can be thus considered a dynamic
event. In order to better explain this phenomenon, it is convenient to
use an idealized plate such as the one represented in Fig. 1.

A rectangular flat plate of width 𝑎, height 𝑏 and thickness 𝑡, made in
composite laminate material, with a symmetric and balanced stacking
orientation is considered. A 𝑋𝑌𝑍 coordinate system is placed in the
lower left corner of the plate, coinciding the 𝑋𝑌 plane with the mid
plane of the plate. Displacements along the axis are characterized as
𝑈 , 𝑉 , 𝑊 . Rotations around the four plate edges are constrained, and
also the out-of-plane displacements of the edges are constrained. The
plate is not allowed to experience change in size along 𝑋 direction
.e. 𝛥𝑥 = 0, while external mechanical load along 𝑌 can be introduced

in the form of a prescribed vertical displacement 𝛥𝑦. The plate can
also be loaded by introducing uniform temperature increments 𝛥𝑇 .
Positive values of 𝛥𝑇 correspond to temperatures over the in-plane
stress free temperature, while negative values of 𝛥𝑦 correspond to a
shortening of the plate, i.e. compression. Plate edges remain straight
during the whole loading process. The plate can therefore be subjected
to combinations of loading conditions 𝛥𝑇 and 𝛥𝑦, from now on referred
as load cases.

Different load cases are analyzed. A ‘‘pure heating ’’ load case as-
sumes that a 𝛥𝑇 is applied while 𝛥𝑦 remains fixed at 0 mm; in a ‘‘pure
compression’’ load case 𝛥𝑦 is applied while 𝛥𝑇 is zero. A combined
‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ load case consists of two load phases: during
he first one a compressive 𝛥𝑦 is introduced, and in the second loading
hase a 𝛥𝑇 is applied on top of the initial 𝛥𝑦. The order of load appli-
ation is relevant. During this investigation, two combined load cases
re considered, ‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ and ‘‘ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’.

When the plate is subjected to an homogeneous, monotonically
ncreasing 𝛥𝑇 in a ‘‘𝑝𝑢𝑟𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ load case, stresses arise as a con-

sequence of restrained thermal expansion. The typical path of the
deflection at the plate center can be followed in Fig. 2. With tempera-
ture increasing, the plate remains flat till a bifurcation point, known as
buckling temperature 𝛥𝑇𝑏1, is reached. Once buckling temperature is
urpassed, the plate starts to deform out of plane following the path
eported as a bold black line, usually in a shape with a sinusoidal
alf-wave in the X direction and a sinusoidal half wave in the Y

direction, denoted as a (1, 1) shape. If the value of 𝛥𝑇 keeps growing,
plates with certain layups may encounter bifurcations and change into
different stable buckling shapes, typically into a (1, 2) or (2, 1) shape.
This occurrence is commonly known as a mode jump or mode change
and it is reported in the figure as temperature 𝛥𝑇𝑏2. This is a well-known
occurrence, which has been extensively documented for mechanically
loaded metallic and composite panels [37–41]. The magnitude of 𝛥𝑇𝑏2
and also the mode shape obtained after the jump are heavily dependent
on the dimensions, stacking orientation and boundary conditions of the
plate.

If the plate is instead subjected to a ‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡’’ load case,
a compressive 𝛥𝑦 is first applied, and then a 𝛥𝑇 is gradually introduced.
Buckling temperature 𝛥𝑇𝑏1 is expected to decrease with the magnitude
of initial compression 𝛥𝑦 [9]; this mechanical pre-load is expected to
have also an impact over the mode jumping temperature 𝛥𝑇𝑏2, typically
a decrease, as shown in Fig. 2. However, the relation between the
applied 𝛥𝑦 and the obtained reduction of 𝛥𝑇𝑏2 is a priori unknown, and
such phenomenon happens in the nonlinear regime where linear load
superposition is not expected to hold.

When the plate is loaded under a ‘‘pure compression’’ load case,
he plate deflections may describe a trajectory analogue to the ‘‘pure
heating ’’ case: buckling is reached at displacement 𝛥𝑦,𝑏1, and a mode
jump may occur at 𝛥𝑦,𝑏2. Contrary to the ‘‘pure heating ’’ load case,
the orientation of the mode jump is strongly preconditioned by the
direction of the compressive load: an initial (1,1) buckling shape can
be followed by a (1,2) buckling shape, as the main compressive load
comes from that direction. Preloads in the form of initial 𝛥𝑇 , in the
‘‘ℎ𝑒𝑎𝑡 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’ load case, are expected to reduce 𝛥𝑦,𝑏1 and 𝛥𝑦,𝑏2.

These deflection paths correspond to the behavior of a perfectly

flat plate. In reality, plate imperfections are unavoidable and have a
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Fig. 1. Plate under thermal and mechanical loads: (a) Plate boundary conditions; (b) FE model.
Fig. 2. Mode jumping under thermal and mechanical loads.

substantial effect over the overall plate behavior [8]. Real boundary
conditions are also to be taken into consideration: in particular, the
material of the boundary conditions may be sensitive to tempera-
ture changes, and thus experience size variations when subjected to
a 𝛥𝑇 . This can have an impact on both buckling and mode jumping
temperatures of the plate.

3. Preliminary analysis: mode jumping in plates subjected to ther-
mal and mechanical loads

Two different types of numerical procedures were conducted as
preliminary analysis of the considered structure: a linear eigenvalue
analysis and a dynamic explicit analysis.

Both types of simulation were performed using the same finite
element (FE) model performed in Abaqus, shown in Fig. 1(b). The
model is a simplification of the proposed experimental configuration:
the compression machine in the real test setup was not represented in
the model; instead, only the plate and the frame were modeled. The FE
model represents a plate of size 440 mm × 340 mm, made in composite
material 𝐴𝑆4∕8552, fixed on a surrounding structural frame made in
Invar 36. The frame and the plate have the same width and height of
440 mm × 340 mm; when they are assembled together, a smaller area
of the plate with dimensions 300 mm × 200 mm remains accessible;
this area corresponds to the region with width 𝑎 and height 𝑏 reported
3

in Fig. 1. The material properties are reported in Table 1. The plate has
a stacking orientation [35∕ − 35∕10∕ − 10]𝑠. This stacking was success-
fully used in previous experimental campaigns to reproduce thermal
buckling and mode jumping in composite plates [8]. The FE model
consists of standard quadrilateral shell elements 𝑆4𝑅 with a size of
5 mm. The elements of the plate and the frame have nodes at identical
positions, and thus were tied together, therefore seamlessly connected,
which means no slipping due to gripping loss nor effect of friction
between frame and specimen were considered. Vertical displacements
𝑉 in the lower contact surface of the frame were constrained; out-
of-plane deflections 𝑊 were constrained at both lateral edges. Load
introduction was performed by enforcing 𝛥𝑦 as vertical displacement 𝑉
over the upper contact surface of the frame, and/or by enforcing 𝛥𝑇 in
all nodes in the model.

For a given FE simulation, the corresponding load case is imple-
mented by introducing the different loading phases as steps in the anal-
ysis. In a linear eigenvalue analysis, the first load phase is introduced
as a general static analysis, and the second load phase is introduced
in the form of an eigenvalue analysis over the preloaded structure. In
a dynamic explicit analysis, loading phases are implemented as load
steps where the load is introduced as loading ramps, with loading
speeds of −0.05 mm∕s and 3◦ C/s for compression and heating phases,
respectively. These loading rates are significantly higher than the exper-
imental counterparts, and were verified to decrease the analysis time
without affecting the final result. An imperfection with the shape of
the first eigenvalue analysis, with amplitude of 0.5% of plate thickness,
was assumed. Such imperfection amplitude is comparatively small, and
thus grants a behavior close to the perfectly flat plate.

The results of the eigenvalue analysis and the dynamic explicit
analysis are reported in Fig. 3, where 𝛥𝑇 is plotted versus 𝛥𝑦. White
and magenta colored markers indicate buckling and mode change
bifurcations, respectively. Marker shape provides information about
the loading condition operating at the moment of bifurcation: circular
and triangular marker shapes denote compression and heat loading,
respectively.

Considering a ‘‘pure compression’’ load case, the loading path starts
at the origin and follows the horizontal axis till a bifurcation point
is found at 𝛥𝑦,𝑏1 = −0.120 mm; this is reported in the graph with
a white, circular marker at position (−0.120 mm, 0◦C). Under ‘‘pure
heating’’ conditions, the loading path overlaps with the vertical axis and
buckling is reached at 𝛥𝑇𝑏1 = 43.81◦C; reported over the vertical axis
as a white triangular marker. The other white markers reported in the
graph represent buckling results for combined load cases: for instance,
when an initial load of 𝛥𝑦 = −0.02 mm is applied and temperature is in-
creased, buckling is found for 𝛥𝑇 = 36.68◦C; the analysis is registered
𝑏1
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Table 1
Material properties.

E11
[GPa]

E22
[GPa]

G12
[MPa]

𝜈12 𝛼1
[μm/m◦C]

𝛼2
[μm/m◦C]

tply
[mm]

𝜌
[kg/m3]

𝐴𝑆4∕8552 135 9.68 5.6 0.30 0.28 28 0.181 1.58
𝐼𝑛𝑣𝑎𝑟 36 140 0.33 1.5 8.05
c
i
t
−

Fig. 3. FE predictions: Buckling chart for combined loading.

at position (−0.02 mm, 36.68◦C) using a white marker with triangular
hape, as buckling was reached under heating. In an analogous manner,
f an initial 𝛥𝑇 = 10◦C is applied, buckling can be reached by applying
𝑦,𝑏1 = −0.093 mm. The reported buckling analysis results indicate
well-defined linear decrease of buckling temperature for increasing

alues of loading condition 𝛥𝑦, and the same tendency manifests when
he order of load application is inverted. This is in accordance with
he principle of load superposition, which holds in plate linear regime,
aking the order of load application not relevant until the buckling

oad. All presented eigenvalues correspond to a (1, 1) buckling shape. It
an also be noted that the regression curve divides the loading diagram
n two areas, corresponding to buckled and unbuckled states.

Numerical predictions for the plate post-buckling behavior obtained
y dynamic explicit analysis are presented in Fig. 4(a) and (b), where
wo graphs for "𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ and ‘‘ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’
oad cases are reported. These graphs capture only the last loading
hase. Curves for varying amounts of initial preload are reported. For
nstance, in Fig. 4(a) the curve labeled as 𝛥𝑦 = −0.08 mm indicates a
isplacement of −0.08 mm previous to heating phase, while in Fig. 4(b)
he curve labeled as 𝛥𝑇 = 22.5◦C represents an initial heating phase of
2.5◦C. Looking now at Fig. 4(a), the ‘‘pure heating ’’ case, labeled as
𝑦 = 0.000 mm, is the curve reaching the highest temperature. During
eating phase, plate deflections are zero till a critical value of 𝛥𝑇 is
eached and the plate starts deflecting out of plane. For a plate with
o imperfections, the buckling temperature is close to the previously
alculated linear eigenvalue, 𝛥𝑇𝑏1 = 43.81◦C, plotted in Fig. 3 on the
ertical axis. If temperature continues rising beyond 𝛥𝑇𝑏1, deflection 𝑊
tarts growing under a (1, 1) buckling shape. When temperature reaches
value 𝛥𝑇 = 85.5◦C, the plate experiences an abrupt mode jump into a
1, 2) buckling shape. The point of maximal deflection previous to the
ump marks a change in slope in the curve, and is considered as the
ndicator of mode jump. The mode jump is registered in Fig. 4(a) as a
lue triangular marker over the 𝛥𝑇 vertical axis, and is also reported

◦
n Fig. 3 as a magenta circular marker at (0.00 mm, 85.5 C).

4

For increasing values of compressive preload 𝛥𝑦, the deflection
urves shift downwards and mode jumping temperatures decrease: an
nitial amount of preload 𝛥𝑦 = −0.04 mm reduces the mode change
emperature to 𝛥𝑇𝑏2 = 73.95◦C. Looking now at the curve for 𝛥𝑦 =
0.120 mm, it can be noted that deflection 𝑊 is already present at

𝛥𝑇 = 0.0◦C: the 𝛥𝑦 pre-load introduced during the compression phase
is larger than the pure compression buckling load 𝛥𝑦,𝑏1 = −0.120 mm,
and thus buckling occurred during the first loading phase.

In an analogous manner, in Fig. 4(b) the ‘‘pure compression’’ load
case is labeled as 𝛥T = 0.0◦C and is the curve reaching the highest
compressive values. At the beginning of the compression load phase,
plate deflections are zero till a critical value of 𝛥𝑦 is reached and out-
of-plane deflections start increasing. 𝛥𝑦,𝑏1 is close to the ideal value for
the perfect plate, given by previously calculated eigenvalue analysis
𝛥𝑦,𝑏1 = −0.120 mm, plotted in Fig. 3. If compression increases beyond
𝛥𝑦,𝑏1, deflections keep growing under a (1, 1) buckling shape, and, as
previously seen for pure heating cases, when the compression reaches
𝛥𝑦,𝑏2, the plate experiences an abrupt mode jump, changing into a (1, 2)
buckling shape. Mode jumps can be obtained under both ε𝑝𝑢𝑟𝑒 ℎ𝑒𝑎𝑡𝑖𝑛𝑔ε
and ε𝑝𝑢𝑟𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛ε load cases. The point of maximal deflection
𝑊 demarcates the mode transition. The mode jump is reported in
Fig. 4(b) as a magenta circular marker and is also reported in Fig. 3
at (0.309 mm, 0.00◦C). For increasing values of pre-heating 𝛥𝑇 , mode
jumps appear at lower temperature. For example, an initial amount
of preload 𝛥𝑇 = 22.5◦C reduces the mode change compression to
𝛥𝑦,𝑏2 = −0.198mm. Observing now the curve for preload 𝛥𝑇 = 45.0◦C, it
can be noted that deflections 𝑊 are already present at 𝛥𝑦 = 0.000 mm;
this is because the 𝛥𝑦 pre-load introduced during the compression
phase is larger than the pure heating buckling temperature 𝛥𝑇𝑏1 =
43.81◦C, and therefore buckling occurs during the first loading phase.
Reporting this, Fig. 3 is populated of magenta, circular and triangular
markers which seem to be distributed approximately along a line.
Performing a least square linear regression over these values reveals a
well-defined linear correlation between compressive preload and mode
jumps. In particular, decreasing values of initial load 𝛥𝑦 decrease 𝛥𝑇𝑏2
in ‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ cases, while increasing values of initial load
𝛥𝑇 seems to reduce 𝛥𝑦 in ‘‘ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’ cases.

It is possible to note in Fig. 4(a) and (b) that the first and second
bifurcations may happen during different load phases, so representing
only one load phase in the diagram may leave out valuable information.

4. Test setup

The main goal of the tests is studying the buckling and mode
jumping of a plate that is subjected to combinations of compressive
load and heat. The test setup is shown in Fig. 5. The composite plate
is bolted to a frame. The frame is made in Invar 36 material [42]
which has a low CTE, see properties in Table 1. Low CTE fittings are
useful for two purposes: restraining thermal expansion of the plate
and reducing the chances of non-uniform compression due to irregular
thermal expansion.

Prior to the testing, the composite plate is placed between the two
symmetric parts of the frame. When assembled, the exterior edge of
the plate remains gripped by the frame. The holes in both plate and
frame are large enough to avoid contact of the bolts with the plate.
The assembly is completed by following a cross-sequence to bolt the
assembly in three levels up to the maximal level of 60 Nm. This torque
guarantees uniform constraining of the plate in-plane displacements.
The alignment of both frame parts was ensured by the use of alignment
pins.
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Fig. 4. FE load vs deflection curves: (a) Heating + Compression; (b) Compression + Heating.
Fig. 5. Test setup: (a) Front view; (b) Side view.
The test setup is built in a compression machine, with a maximal
ompressive force of 3500𝑘𝑁 . The machine consists of a canopy struc-
ure in which four columns support a high-stiffness crosshead with
djustable height. The crosshead has an integrated load actuator and
ydraulic manifold, which support the loading cylinder and a load
ransducer for force monitoring. The machine is equipped with an LVDT
ensor that monitors the vertical displacements of the cylinder.

Six strain gauges were placed at six different positions, as shown
n Fig. 6, to monitor longitudinal strain during compression tests. At
ositions 1 and 4, two strain gauges were placed at the front and
ack of the frame, labeled as ‘‘F’’ and ‘‘B’’, respectively. The gauges
ere connected in a half-bridge, for self-compensation of temperature.
nce installed in the frame, the tested plate acquired an inherent

nitial imperfection, caused by the gripping surfaces and the torquing
peration.

The load transfer between compression machine and frame was
one through two T-shaped stainless steel fittings: they were attached
o the loading cylinder and to the base of the test machine, and the
nvar frame was placed in-between. The load introduction process
s regulated by a fully automated computer system that allows for
5

displacement-controlled loading. Additionally, two external laser LDS
sensors were used to monitor the vertical displacement of the com-
pression fitting to account for machine compliance during testing. The
FE analysis had also the function to provide estimations of maximum
expected loading 𝛥𝑦. It should be clarified that the low CTE of the
frame makes it less sensitive to temperature changes. Ultimately, and
because the plate is attached to the frame, almost the totality of the
size variation in height 𝑏 experimented by the plate is originated by
the compression applied to the frame and not by thermal expansion
caused by heating loads.

The source used to heat the plate was an IR lamp array, shown in
Fig. 6(b). It consists of eight lamps with a maximum power of 1000𝑊
at 200𝑉 . The lamps were used with a power source able to deliver
120𝑉 and 50𝐴. The heat provided by the IR array was regulated by
manually increasing the input power. The heat lamps were placed
vertically, distributed in a 4 + 4 configuration in an attempt to achieve
uniform heat distribution. Temperatures were monitored with ε𝐾ε -
type thermocouples in diverse positions of the setup: one measuring
point for room temperature, nine measuring points on the plate, two on

the T-shaped compression fittings, as reported in Fig. 6. Readings for



J.G. Álvarez and C. Bisagni International Journal of Non-Linear Mechanics 138 (2022) 103837

t
o
w
S
3
u
w
t
s

f

T
f
v
m
T
F
b
d
d
a
t
t
p
w
a
h
I
s
f
𝛥
I
p

w
p
i
f
t
i
a
p

l
t
l
f
w
C
t
i
n

‘
‘
t
a
t
l
‘
z
c

5

r

c
s
c
o
a
p
a
𝑃
r

5

r
s
F
i
i
a
n

n
f
t
s
t
g
p

r
(
i
a
d
n
l
b
h
n
d

Fig. 6. Test setup: sensor distribution.

hermocouples, strain gauges, LDS lasers and load cell where simultane-
usly acquired by a ‘‘Keythley’’ multimeter. Out of plane displacements
ere monitored using a DIC equipment from the brand Correlated
olutions, model Vic3D; two different sets of cameras were used, with
0 mm and 50 mm objective lenses. In Fig. 5(a) it can be observed the
niform speckle distribution of white dots over black background that
as applied on the plate. In order to protect the LSD laser sensors from

he heat radiated by the lamps, a layer of aluminum wool was used, as
hown in Fig. 5(b).

For the implementation of the four described load cases, four dif-
erent testing protocols were followed. During the ‘‘pure compression’’

tests, the vertical position of the T-shaped adaptor was set to enter in
contact with the frame, and the 𝑌 position of the machine was set to
zero. Then, a displacement of 𝛥𝑦 = −0.4 mm was enforced to the frame.

his was done along a period of 3 min, during which the strains in the
rame were monitored, as shown in Fig. 7(a) where strains are plotted
ersus reaction force in the compression machine. Once reached, the
aximal load is maintained for 30 s and after that gradually released.
hese data are used to ensure compression uniformity in the frame.
inite element simulations have also been included in the plot. It can
e observed that compression is not fully uniform, as gauges 1𝐹 and 1𝐵
eliver slightly larger strains than gauges 4𝐹 and 4𝐵. An approximate
ifference of 60𝜇𝜀 between left and right sides is captured in the gauges
t almost all loading states. Even though attempts were made to solve
his issue, it could not be improved due to the limited adaptability of
he compression head of the loading machine. This alignment error is
ercentage-wise larger at low compression levels, while it is smaller
hen the load increases. It needs to be noted that the test setup is
n approximation of an ideal condition: during the experiments, plate
eight experiences a shortening while plate length remains constant.
n reality, the compressed elements of the frame experiments a small
ideways deflection: the columns experience a small lateral arching de-
lection, which was never larger than 0.04 mm at maximal compressive
𝑦,𝑚𝑎𝑥 = 0.4 mm, that means, 10% of the maximal compressive 𝛥𝑦,𝑚𝑎𝑥.
t can therefore be assumed that the effect of lateral distortion, even if
resent, is not dominant in the experiment.

Prior to a ‘‘pure heating ’’ test, the T-shaped adaptor is set in contact
ith the frame as in the ‘‘pure compression’’ case, and is kept at a fixed
osition for the duration of the test. Once this is done, the IR lamp array
s turned on, and the heating of the plate starts. This operation is per-
ormed manually, at a speed of approximately 3◦C/min . Once the goal
emperature is reached, the lamps are turned off and the whole setup
s let to cool down. In Fig. 7(b), measurements of the thermocouples
re reported. From the data collected for sensors 𝑇𝐶2 to 𝑇𝐶10, on the
late, a large dispersion can be observed, reaching these up to 30◦C at
 s

6

arge temperatures. Attempts were made to improve the uniformity of
he temperature distributions by changing the distribution of the heat
amps, however, no improvement was achieved. It can be appreciated
rom the sensors 𝑇𝐶11 and 𝑇𝐶12 that there is a temperature gradient
ithin the invar frame itself of approximately 23◦C; but due to its low
TE the effects of this variation are non-significant. Temperatures for
hermocouples 𝑇𝐶13 and 𝑇𝐶14, placed at the T-shaped fittings, are
ndistinguishable from the 𝑇𝐶1, measuring room temperature, and are
ot reported in the graph.

The procedures followed for ‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’ and
‘ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’ tests keep the essence of the procedures. In the
‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’, the compression head is first adjusted to
he frame, and the vertical position is set to zero. Once preload 𝛥𝑦 is
pplied, the heat lamp array is turned on and heat is gradually applied
o the specimen. When the pre-fixed goal temperature is reached, the
amps are turned off and the specimen is unloaded. Conversely, during
‘ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’, the position of the compression is set to
ero, then heat is applied, and after a goal 𝛥𝑇 is reached, a fixed 𝛥𝑦
ompression phase, similar to the one in the ‘‘pure compression’’ test.

. Experimental results

A total of 22 tests were conducted and a few examples of typical
esults for each type of performed tests are reported.

Due to asymmetries in the obtained buckling shapes, it was found
onvenient to monitor out-of-plane displacements 𝑊 at three plate po-
itions, referred as 𝑃 0, 𝑃 1 and 𝑃 2: position 𝑃 0 corresponds to the plate
enter, with coordinates (a∕2, b∕2), and positions 𝑃 1 and 𝑃 2 are placed
ver the vertical symmetry axis of the plate, at positions (a∕2, 3b∕4)
nd (a∕2, b∕4), respectively. The graphical notation for depicting each
osition is the same for all experiments: deflections at 𝑃 0 or plate center
re represented by a bold continuous gray curve, while curves for points
1 and 𝑃 2 are reported as dashed and dash-dotted gray bold lines,

espectively.

.1. Pure heating and pure compression load cases

Results of ‘‘pure heating ’’ and ‘‘pure compression’’ loading tests are
epresented in Fig. 8(a) and (b). These are reported as graphs repre-
enting applied 𝛥𝑇 versus 𝑊 and applied 𝛥𝑦 versus 𝑊 , respectively.
inite element simulations for both loading cases are also represented
n the graphs. Regression curves and cross-shaped markers present
n both figures are used for the extraction of buckling loads, and
re discussed later in this section. Plots for both experimental and
umerical deflection shapes are reported in Fig. 9.

For the ‘‘pure heating ’’ tests, the observed behavior is in line with the
umerical simulations: when 𝛥𝑇 is gradually applied, the plate remains
lat up to the point where the buckling temperature is reached; beyond
hat point, the plate starts deflecting out of plane, in a (1, 1) buckling
hape. Out of plane deflections 𝑊 have negative values, which means
hat the plate moves towards the heat source. Deflections 𝑊 continue
rowing, occurring the largest plate deflections approximately at the
late center.

The obtained buckling shape is not fully symmetric, as position 𝑃 1
eaches much larger deflections than its counterpart 𝑃 2; however, a
1, 1) mode is clearly predominant, as seen in Fig. 9(a). If 𝛥𝑇 keeps
ncreasing, the current buckling shape abruptly changes its shape into
(1, 2) buckling mode at around 𝛥𝑇𝑏2 = 80.0◦C. At that moment,

eflections at 𝑃 0 shift towards zero, as this point changes from having
early maximal plate deflections to be in the proximity of a nodal
ine of the new buckling shape with almost zero deflections. Plate
ehavior is comparable to numerical predictions, even though buckling
appened much earlier than the predicted 𝛥𝑇𝑏1 = 43.81◦C, and the
umerical mode jump happened at 𝛥𝑇𝑏2 = 85.81◦C. FE predicted
eflection shapes deliver reasonably well with experimental results, as

hown in Fig. 9(a).
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For the ‘‘pure compression’’ test, differences can be noted with
respect to the heating case. When compression loads were applied,
plate displacements slowly increased up to a point where they started
growing faster and the plate could be considered as buckled. Maximal
deflections were not reached at the plate center, but at both 𝑃 1 and 𝑃2
ositions, as shown in Fig. 9(b). The asymmetry of the initial buckling
hape was much more pronounced than in pure heating tests. Out-of-
lane displacements started happening much earlier at 𝑃 2, than at 𝑃1
r at the plate center 𝑃 0. The obtained buckling shape resembles a (1, 2)
ode where one of the half-waves is much larger than the other. This is

onsistent with previously shown results for pure heating tests, where
2 deflections were consistently much larger than at its symmetric
ounterpart 𝑃 1. When load kept increasing, deflections at 𝑃 0 and 𝑃2
ept growing up to a point where 𝑃 0 finds a maximum value; after
hat point, deflection in the plate center started decreasing till it went
o zero, and deflections at 𝑃1 started to grow, gradually shifting into a
ully developed (1, 2) mode. Also, clear differences can be observed with
he numerical simulation: even if the simulation appears to capture well
 o

7

he buckling onset, the test showed a progressive transition into (1, 2)
ode rather than an abrupt change.

Even though pure heating and pure compression tests showed clear
ifferences in their buckling shapes, there are similarities between
hem. For both experiments, the half-wave showing maximal deflec-
ions at buckling is not in the center of the plate, but rather displaced
owards plate position P2.

Choosing criteria for the identification of bifurcation points is a
hallenging task. For comparability, these criteria need to be applicable
o all four types of performed tests.

First, defining buckling in a plate is not a evident occurrence, as
lates do not show a clear behavior at buckling onset. A classical way
o perform this operation is using so-called ‘‘direct’’ methods [43],
here the critical buckling load is extracted from a test output curve

uch as ‘‘load versus out-of-plane deflection’’ or ‘‘load versus strain’’.
he buckling load can be then determined in two ways: automatically
ssigning buckling to a recognizable point in the curve, such as a slope
r a curvature change, or performing a fitting curve/regression curve
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Fig. 9. Experimental and numerical deflection shapes: (a) Pure heating; (b) Pure compression.
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ver points in the stable post-buckling region. The buckling load is
hen assigned to the intersection of this regression curve with the load
ertical axis.

Regarding the identification of a mode jump, it can be easier when
t happens suddenly, such as in a typical pure heating test, while it can
e more unclear when it happens gradually, as in a pure compression
est. Methods available in literature involve monitoring plate strains at
ertain plate positions, using back-to-back strain gauges, but due to the
hosen sensor layout this methodology cannot be applied.

Thus, two methodologies for the identification of bifurcations are
ere presented. For the extraction of buckling bifurcation points, a
ethod referred as ‘‘𝑙𝑜𝑎𝑑 𝑣𝑠. 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡’’ is used: from the three
eflection curves at 𝑃 0-𝑃 1-𝑃 2 positions, the one showing highest de-
lections is selected; points from the deep post-buckling are chosen and
hen a least-square linear fitting is performed over them. The plate
s considered buckled at the load value at which the regression line
ntersects the vertical axis. An example can be seen in Fig. 8(a) and
b), where selected points are reported as black markers with a ‘‘+’’
hape. These points should be located at the stable post-buckling range
nd at a loading state inferior to the second bifurcation load, as curve
tiffness varies after mode change. For instance, in Fig. 8(a) the method
s applied on the curve 𝑃 0 yielding 𝛥T 𝑏1 = 27◦C, while in Fig. 8(b) the
ethod is applied at 𝑃 1 and yields a 𝛥𝑦,𝑏1 = −0.093 mm. The obtained

ifurcation points are registered in Fig. 8(a) and (b) as white markers,
ith triangular shape for the ‘‘pure heating ’’ test, and circular shape for

he ‘‘pure compression’’ test.
For the extraction of mode jump bifurcations, a method referred

s ‘‘𝑠𝑙𝑜𝑝𝑒 𝑣𝑠. 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡’’ is proposed. This method relies on the fact
hat during the test, deflections 𝑊 at plate center increase till the
 a

8

moment when a mode change happens, and then they go back to zero,
as position 𝑃 0 is close to a nodal position in the new (1, 2) buckling
onfiguration. The point of maximal 𝑊 , that marks a change in slope
ign, is used here to mark the transition into the (1, 2) mode. This

transition may either be sudden, such as in Fig. 8(a), or a gradual
change, as in Fig. 8(b). The result of applying this methods yields
𝛥𝑇𝑏2 = 82◦C for the ‘‘pure heating ’’ case, and 𝛥𝑦,𝑏2 = −0.22 mm for the
‘‘pure compression’’ case. These new bifurcation points are reported in
Fig. 8(a) and (b) as magenta colored markers, with either circular or
triangular shape depending on loading condition acting at the moment
of bifurcation.

For any performed test, either pure or combined, the obtained
bifurcation points can be documented in an overview chart such as
Fig. 10, where load condition 𝛥𝑇 is plotted versus applied 𝛥𝑦. Fig. 10
ontains an overview of all experiments performed in this campaign:
wo clouds of colored markers are reported, corresponding to buckling
nd mode jumping bifurcations. For the tests presented in this sec-
ion, only one load type was applied, and therefore their bifurcation
oints lay approximately along the axis lines, i.e. 𝑋 axis for pure
ompression and 𝑌 axis for pure heating tests, respectively. Thus, for
he pure compression test, two bifurcation points, labeled as 𝑃𝐶01
re reported at (−0.091 mm, 0.0◦C) and (−0.220 mm, 0.0◦C), and are
eported as white and magenta circular markers. In the same way,
or the pure heating test two triangular, white and magenta colored
arkers labeled as 𝑃𝐻01 are registered at locations (0.000 mm, 27.0◦C)

◦
nd (0.000 mm, 82.0 C).
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.2. Combined load cases

Fig. 11(a) and (b) represent two examples of ‘‘𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ℎ𝑒𝑎𝑡𝑖𝑛𝑔’’
ombined test. Each graph is divided in two halves where the lower and
pper parts represent the first and second loading phases, respectively.
he plate deflections at the end of the first load phase are the initial
eflections for the second load phase. It can be observed how the test in
ig. 11(a) begins with an initial compression load of 𝛥𝑦 = −0.028 mm,
hile the preload in Fig. 11(b) is equal to 𝛥𝑦 = −0.0821 mm. Once the

ntire compression load is applied, the lamps are turned on and the
late is heated up to 𝛥𝑇 = 80.00◦C in both cases.

It can be seen that for both tests, the plate remained flat during
he compression phase and started deflecting during the heating phase.
hus, buckling and mode change bifurcations take place during the
eating phase and the corresponding markers are located in the upper
alf of the diagram. For the first test, which results are reported in
ig. 11(a), 𝛥𝑇𝑏1 = 17.69◦C is found, while lower 𝛥𝑇𝑏1 = 13.1◦C is found

for the second test, recorded in Fig. 11(b). Values of 𝛥𝑇𝑏2 = 65.8◦C and
𝛥𝑇𝑏2 = 53.9◦C are found, respectively. Plate deflections show a clear
resemblance with pure heating tests. The effect of preload is evident
as 𝛥𝑇𝑏1 and 𝛥𝑇𝑏2 have decreased with respect to the pure heating test.
This tendency becomes more evident for increasing values of preload
𝛥𝑦. The maximal deflections 𝑊 decrease with 𝛥𝑦, and the trajectories
followed by the three control points 𝑃 0, 𝑃1 and 𝑃 2 come to resemble

ore those observed in ‘‘pure compression’’ cases.
In Fig. 12(a)–(d), four examples of ‘‘𝐻𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛’’

experiments are reported. These four experiments were performed
sequentially. In all of them the same procedure was followed: First,
the plate is heated up to a given temperature, reaching a loading
state (0, 𝛥𝑇 ); this process is from now on referred as ‘‘heating phase’’.
Second, a compression load 𝛥𝑦 is applied on top, reaching a loading
state (𝛥𝑦, 𝛥𝑇 ); after that, the load 𝛥𝑦 is retired, returning to loading
tate (0, 𝛥𝑇 ); the operation of applying and removing 𝛥 is referred
𝑦

9

s ‘‘compression phase’’. Subsequently, the plate is heated to a higher
alue of 𝛥𝑇 and the compression procedure is repeated. It was found
hat independent of the amount of preload 𝛥𝑇 , in every case, the plate
eturned to the buckling configuration before the compression 𝛥𝑦 was

applied. This occurrence was found to be consistent and repeatable.
The starting 𝛥𝑇 of these compression phases can be identified at the
lower part of graphs while the evolution of the plate deflections can be
followed in the upper part. It can also be seen that the initial deflections
for each one of these compression phases increases with the applied
𝛥𝑇 . DIC deflection shapes are reported in Fig. 13 for each one of these
compression phases.

The first compression phase is documented in Fig. 12(a) and in the
upper row of images in Fig. 13. First, temperature is increased and
stabilized at 𝛥𝑇 = 14.3◦C, and then a compression phase is applied.

he starting point of the compression phase is registered in the bottom
art of the graph as a blue square dot. The compression phase can be
ollowed in the upper part of the graph, where deflections continue to
row for increasing values of loading condition 𝛥𝑦. During this loading
hase the plate finds both buckling and mode change bifurcations,
egistered in the graph as white and magenta circular markers at 𝛥𝑦,𝑏1 =
0.057 mm and 𝛥𝑦,𝑏2 = −0.172 mm. In Fig. 13, obtained deflections
hapes show how at 𝛥𝑦 = −0.100 mm a mild (1,2) mode is present,
hile at 𝛥𝑦 = −0.175 mm, a (1,2) shape can be appreciated and at
𝑦 = −0.300 mm a fully developed (1, 2) mode is clearly identifiable.
he two obtained bifurcation points are then registered in Fig. 10 at
ositions (−0.057 mm, 14.3◦C) and (−0.172 mm, 14.3◦C) respectively,
oth of them labeled as 𝐻𝐶06. As both bifurcations happen during the
ame loading phase, both points are located over the same isothermal
ine. Once the load 𝛥𝑦 is retired, the plate returns to its initial (1,1)
hape.

For the second compression test, the heating phase is documented
n Fig. 12(b) and in the second row of images in Fig. 13. Prior to
ompression, the temperature is first risen from 𝛥𝑇 = 14.3◦C up to 𝛥𝑇 =
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Fig. 11. Test results for ‘‘Compression + Heating’’ case: (a) 𝛥𝒚 = −0.028 mm; (b) 𝛥𝒚 = −0.081 mm.
23.23◦C, and then a new compression phase is applied. The first bifurca-
tion is reached during the new heating phase, at 𝛥𝑇𝑏1 = 12.15◦C, and it
is reported in the lower part of the figure as a triangular white marker.
However, there are still not enough points in the post-buckling region
and this prediction is still unreliable The second bifurcation is reached
during the compression phase at 𝛥𝑦,𝑏2 = −0.144 mm, and it is registered
as a magenta circular marker in the upper part of the diagram. DIC
plots at Fig. 13 show how for temperature values of 𝛥𝑇 = 23.23◦C, mild
deflections are already present for 𝛥𝑦 = −0.010 mm, and how the switch
into a (1,2) shape starts happening already at 𝛥𝑦 = −0.100 mm. The
effect of the initial 𝛥𝑇 manifests in the earlier occurrence of bifurcation
points. Second bifurcation point is also registered in the buckling chart
in Fig. 10, at position (−0.144 mm, 23.23◦C) labeled as 𝐻𝐶07 with a
magenta circular marker. After the load decreases, the plate returns
back to (1,1) mode.

Results for the third compression phase are reported in Fig. 12(c)
and in the third row of Fig. 13. The compression cycle is performed
after temperature is increased from 𝛥𝑇 = 23.23◦C to 𝛥𝑇 = 38.54◦C. A
linear regression can now yield much more reliable results for buckling.
Indeed, the regression yields a 𝛥𝑇𝑏1 equal to 19.85◦C. Mode change is
reached under compression at 𝛥𝑦,𝑏2 = −0.082 mm, and is then registered
in Fig. 10 at position (−0.082 mm, 38.71◦C), labeled as 𝐻𝐶08. In the
DIC plots it can be seen that the mode change happens at even smaller
values than at previous compression phases.

For the fourth and last compression phase results are reported in
Fig. 12(d) and in the fourth row of DIC images in Fig. 13. It can be
observed that the buckling shape for 𝛥𝑦 = −0.01 mm is a fully developed
(1, 1) mode with the crest peak slightly off the plate center. As soon
as compression phase starts, deflections at point 𝑃0 start decreasing
ery fast, instead of decreasing gradually like in previous compression
hases. Then, the plate remains at a (1,2) mode shape indefinitely as
ong as 𝛥𝑇 is maintained. The second bifurcation is then assigned to
−0.028 mm, 57.12◦C), reported in Fig. 10 as 𝐻𝐶09.

An overview of all performed experiments can be observed in
ig. 10, where two clouds of colored markers are reported, correspond-
ng to buckling and mode jumping bifurcations. Linear regressions for
oth point clouds, performed using the ‘‘least squares’’ procedure, are
eported as dot-dashed lines in the graph. A Pearson correlation for
oth point clouds yields 𝑅 factors of 0.793 for the buckling bifurcation

loud points and 0.967 for the cloud of mode jumping points. It can be

10
concluded that linear relation between 𝛥𝑦 and 𝛥𝑇 is well defined for
buckling bifurcation and very good for the mode change bifurcations.
These lines confirm the tendencies predicted by the numerical analysis,
also for the mode change bifurcations. For pure heating and pure
compression cases, the dispersion among bifurcation points is larger
for buckling than for the mode jumping temperatures. The bifurcation
points reached under compression are mostly below their correspond-
ing regression lines, while bifurcation points reached under heating
are mostly placed above them. Besides, buckling values show large
dispersions for all tested load combinations, while for mode jumping
large dispersion happens at large temperatures and decreases almost
totally for pure compression cases. It is believed this occurrence is
caused by the gradients in the plate at high temperatures, documented
in Fig. 7(b).

In Fig. 14, experimental regression lines are plotted against numer-
ical predictions: two lines representing the regression curves from FE
simulations are reported as thin continuous lines, while experimen-
tal regressions are represented as dot-dashed lines. Large differences
on the magnitude of the buckling loads can be observed: all exper-
imental values are significantly lower than their numerical counter-
parts. In the pure compression, predictions appear to underestimate
compression buckling loads, while in pure heating predictions appear
to overestimate them. For mode jumping values, FE simulations are
consistently higher than their experimental counterparts, being the
differences larger for values with a higher compressive component.

One of the principal sources of discrepancy respect to the behavior
of an ideal plate in any buckling test are the initial imperfections. In
Fig. 15, the typical imperfection shape measured during the test cam-
paign is reported. The measured imperfections, consistent throughout
all tests, had one fully developed half-wave in the upper half of the
plate, while in the lower half, a second half-wave and a partially de-
veloped third half-wave along the 𝑌 axis can be appreciated. It can also
be noticed an area in the upper left and right corners of the plate with a
negative value, while in the upper horizontal edge between the two cor-
ners it is positive. This means that the upper horizontal edge of the plate
was slightly bent outwards. The imperfection had a maximal amplitude
of 20% of plate thickness, however the shape was highly distorted. Such
initial shape would explain the consistent tendency in compression
dominated tests to almost skip the (1, 1) buckling shape and go directly
into a (1, 2) shape. This imperfection was probably originated during
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Fig. 12. Test results for ‘‘Heating + Compression’’ cases: (a) 𝛥𝑇 = 14.3◦C; (b) 𝛥𝑇 = 23.1◦C; (c) 𝛥𝑇 = 38.5◦C; (d) 𝛥𝑇 = 56.9◦C.
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n

he assembly operation of the frame: torquing the frame could yield
n initial out-of-plane deformation due to the squeezing of the plate
nd related Poisson’s transverse effects, or due to irregular application
f torque. Initial imperfections, however, are only one of the multiple
easons for divergence. Differences between experimental results and
umerical predictions could have also been originated by other sources:
ariability of material properties, change of material properties due to
eating, through-thickness temperature gradients and non-uniform in-
lane temperature distributions, differences in temperatures between
rame and specimen. The quality of the predictions could be improved
y separately tacking any of these potential discrepancy sources.

Even though the setup can certainly benefit from refinement in some
spects of its design, such as compression uniformity or improvement in
emperature distributions, insight about the interaction of mechanical
nd thermal loads was gained. Several phenomena were successfully
aptured experimentally: decreases in both buckling and mode jumping
oads were successfully captured for different amounts of pre-load;
 c

11
nd it was also found that in ‘‘heat + compression’’ load cases, the
ode jump was reversible once the mechanical load decreased. This

xperimental work contributes to expand previous gained experimental
nowledge about mode jumps in heated composite plates [8]. Bet-
er understanding on the appearance of mode jumps plates under
eat and compression could be valuable knowledge for future designs
hen considering aerospace components operating in thermomechan-

cal post-buckling regime, as well as for future research fields such as
orphing, as mode jumps in composite plates could potentially be used

s a source for shape change.

. Conclusions

During this research, the buckling and mode jumping behavior of
hermally and mechanically loaded composite plates was studied. A
ovel experimental setup for combined tests was proposed. The setup is
onceived around a frame with a low coefficient of thermal expansion,



J.G. Álvarez and C. Bisagni International Journal of Non-Linear Mechanics 138 (2022) 103837
Fig. 13. Experimental deflection shape under combined loading.
Fig. 14. Comparison between experimental results and numerical predictions.

so that the plate can experience buckling and mode jumping when
heated, and also when subjected to mechanical load by compressing
the frame. Experimental results were delivered as load vs out-of-plane
deflection graphs, deflection plots and an overview buckling chart in
the form of temperature variation 𝛥𝑇 vs. displacement 𝛥𝑦. Even if there
are differences between experimental results and numerical predic-
tions, the finite element analysis managed to anticipate the most critical
trends. Reported data appear to confirm a linear relation between the
two loading conditions 𝛥𝑇 and 𝛥𝑦 for the mode jumping bifurcations.
However, for the occurrence of buckling the same linear tendency could
not be confirmed, even if the results are encouraging of the existence
of such trend. Potential sources of difference between numerical and
experimental data are the variability of plate geometrical imperfec-
tions, irregularity in temperature distributions and potential changes
in material properties. These experimental results are still, however,
12
Fig. 15. Measurement of initial imperfections in the plate.

preliminary, and should be seen as a proof of concept. It is expected
this research to contribute to the extension of the operative range of
composite panels into the thermomechanical post-buckling regime, as
well as open the door for potential passive, heat/compression-triggered
shape change of aircraft composite thin structures.
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