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Thermo-mechanical response
of layered perlite beams under
transient thermal loading

Anna Szymczak-Graczyk?, Jacek Korentz?, Taras Markiv? & Tomasz Garbowski{**

This paper presents a combined numerical and experimental study on the transient thermo-mechanical
response of layered perlite concrete beams subjected to unilateral heating. The motivation arises from
the growing application of lightweight, thermally efficient materials in structural elements exposed to
temperature gradients, where time-dependent thermal effects may significantly influence deformation
behavior. An in-house computational framework is developed that explicitly couples transient heat
transfer through the beam thickness with a shear-deformable Timoshenko beam model extended

by an axial degree of freedom. The temperature field is reduced to section-level thermomechanical
quantities, namely effective axial thermal strain and thermal curvature, which are introduced into

the mechanical problem in a transparent and physically interpretable manner. Spatially nonuniform
thermal loading along the beam length is accounted for through position-dependent boundary
conditions. The numerical model is validated against laboratory experiments conducted on a layered
concrete—perlite—concrete beam subjected to controlled top-surface heating up to 35 °C. Measured
time-dependent midspan deflections show good agreement with numerical predictions, indicating
that the model is able to capture delayed thermal response and thermally induced bending governed
by transient heat conduction and material heterogeneity. In addition, a small illustrative nonlinear
extension is presented in a purely numerical setting by introducing temperature-dependent stiffness
degradation within the same framework. This additional example is not experimentally validated

and is included solely to demonstrate the extensibility of the proposed formulation beyond the linear
thermoelastic regime. The study should therefore be interpreted as a benchmark linear validation case,
complemented by a concise numerical proof-of-concept for extensibility toward nonlinear thermo-
mechanical analysis.

Keywords Perlite concrete, Thermo-mechanical behavior, Lightweight concrete beams, Transient heat
transfer, Timoshenko beam model

The mechanical performance of layered building elements subjected to thermal gradients is an important
issue in both structural safety and energy-efficient construction. Such gradients may arise not only in elevated-
temperature scenarios, including fire-related exposure, but also under moderate service conditions such as solar
heating, localized environmental exposure, or asymmetric thermal loading!~. Among lightweight cementitious
materials, perlite-based composites have attracted increasing attention because of their low density, favorable
thermal insulation properties, and environmental benefits”~!2. These features make perlite concrete attractive for
building components in which thermal efficiency and reduced self-weight are desirable!>-2°. At the same time,
the heterogeneous and porous nature of perlite-based materials strongly affects heat transfer and may lead to
delayed and spatially nonuniform thermo-mechanical response. A reliable prediction of this transient behavior
is therefore important from both engineering and modeling perspectives®!~!.

The beneficial thermal behavior of perlite concrete is directly related to its highly porous microstructure,
in which expanded perlite particles introduce a large volume of closed or partially closed air voids. This
microstructural feature reduces density and thermal conductivity, making the material attractive for lightweight
insulating components, roof panels, fagade elements, and layered structural members exposed to nonuniform
thermal actions.
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Conventional approaches to modeling thermal effects in concrete beams typically rely either on empirical
reduction factors for stiffness and strength or on fully coupled three-dimensional finite element simulations
incorporating nonlinear constitutive laws and transient heat transfer’>->%. While empirical methods are
computationally efficient, they are unable to capture spatial variations of temperature and material response
within heterogeneous cross-sections. On the other hand, detailed three-dimensional models offer high fidelity
but are computationally demanding and often impractical for parametric studies or engineering-oriented
analyses. Consequently, there is a clear need for intermediate modeling strategies that balance physical realism
with numerical efficiency.

Recent studies have further emphasized the importance of thermal gradients and transient effects in concrete
and composite structural members®*~3° Ruano et al. analyzed the influence of thermal strains in slender
prestressed concrete beams, while Nayeem and Billah investigated the effect of temperature distribution and
thermal gradients on steel-concrete composite girders. Transient thermal fields in concrete box girders under
climatic exposure were studied by Nassar and Amleh, and elevated-temperature or fire-related response of
concrete beams has been addressed using advanced numerical models, including the work of Banerji and Kodur.
In addition, nonlinear finite element analysis of layered concrete beams has recently been considered by Fares
and Bakir. These contributions demonstrate the growing interest in thermally induced structural response, but
they also confirm the need for reduced, physically interpretable models suitable for layered lightweight systems.

In this context, beam-based finite element formulations enhanced by the generalized nonlinear constitutive
law (GNCL) have been proposed as an attractive alternative’®**. Originally developed for the nonlinear
analysis of composite and reinforced concrete beams, the GNCL approach allows complex material behavior
to be incorporated without embedding a full constitutive model directly into the finite element solver. Instead,
the effective stiffness of the structural element is iteratively updated based on the current deformation state,
enabling the use of arbitrary stress-strain relationships derived from experimental data. This concept facilitates
the representation of nonlinear phenomena such as stiffness degradation, plasticity, and temperature-dependent
material response while retaining the computational simplicity of beam models**~%.

Thermo-mechanical problems introduce an additional level of complexity, as non-uniform temperature
fields generate both axial and bending effects through thermal expansion®*->!. In porous materials such as
perlite concrete, these effects are further amplified by temperature-dependent stiffness, microcracking, and
internal stress redistribution®>->*. Classical beam models with constant elastic properties are generally unable
to reproduce this coupled response. GNCL-based formulations provide a conceptual framework for addressing
these limitations by linking the evolving temperature field with deformation-dependent stiffness updates, thus
enabling a consistent treatment of thermal and mechanical effects at the structural level>’-*°. Importantly, such
coupling can be achieved without resorting to fully user-defined constitutive models, preserving numerical
robustness and implementation flexibility.

Against this background, the present study combines experimental observations with a computationally
efficient numerical framework to analyze the thermo-mechanical response of layered perlite concrete beams.
Laboratory tests were conducted to monitor transient deflections and surface temperatures under controlled
unilateral heating, providing reference data for model validation. In parallel, a beam-level finite element model
based on shear-deformable Timoshenko theory was developed to explicitly couple transient heat transfer through
the beam thickness with thermally induced axial strain and bending curvature. While the present work focuses
on a linear thermoelastic formulation, the adopted structure of the model is fully compatible with GNCL-based
extensions aimed at capturing temperature-driven stiffness degradation and nonlinear material behavior®>=>’.

The primary objective of this work is to demonstrate that a beam-based numerical model, informed by
transient thermal analysis and validated against experimental observations, can accurately reproduce the time-
dependent thermo-mechanical response of layered perlite concrete beams at a fraction of the computational cost
required by three-dimensional simulations. Such an approach provides a practical and physically transparent
tool for analyzing lightweight structural elements exposed to thermal gradients, particularly in applications
involving transient thermal gradients under service or moderately elevated thermal conditions. Moreover, the
open and modular character of the proposed framework establishes a solid foundation for future developments,
including the incorporation of GNCL techniques to account for nonlinear degradation phenomena in perlite
concrete and other porous building materials.

The contribution of this work is not the introduction of new governing equations, but the development of
a transparent and modular thermo-mechanical framework that: (i) explicitly links transient temperature fields
with section-level thermal resultants, (ii) enables direct physical interpretation of thermally induced axial strain
and curvature, and (iii) provides a computationally efficient alternative to fully three-dimensional simulations.

The presented study should be understood as a controlled benchmark problem, designed to validate the
coupling strategy under well-defined conditions and to establish a consistent basis for future extensions toward
nonlinear thermo-mechanical behavior, including GNCL-based formulations.

To further support this claim of extensibility, the paper also includes a concise purely numerical example
in which the linear constitutive description is replaced by a temperature-dependent stiffness update. This
additional example is not intended as a validated nonlinear material model, but rather as a proof-of-concept
showing how the proposed framework can be extended in a controlled and transparent manner beyond the
linear thermoelastic benchmark.

The remainder of the paper is organized as follows. Section 2 presents the experimental background and
the numerical methodology, including the transient heat transfer model and the beam formulation. Section
3 discusses the benchmark numerical and experimental results, followed by a concise illustrative nonlinear
extension of the framework. Finally, the main conclusions are summarized.

Scientific Reports |

(2026) 16:27694 | https://doi.org/10.1038/s41598-026-58000-4 nature portfolio



www.nature.com/scientificreports/

3 X 40

Materials and methods

Geometry and layered beam configuration

Perlite concrete is a lightweight composite material obtained by replacing traditional aggregates with expanded
perlite granules’~>111314, Tts microstructure is characterized by a high volume of closed air pores, resulting
in low density and excellent thermal insulation, while maintaining moderate mechanical strength!®45354,
Depending on the perlite-cement ratio and curing conditions, the compressive strength typically ranges between
4 and 12 MPa, with an apparent density of 600-1100 kg/m?>>>>4,

The thermal conductivity of perlite concrete remains within 0.12-0.20 W/mK, which is significantly lower
than that of normal-weight concrete!>-17-242850-54 Qwing to this combination of low density and favorable
thermal performance, perlite concrete is particularly suitable for structural elements exposed to variable thermal
conditions, such as external panels, roof decks, and lightweight beams in hybrid construction systems!*?,

However, the porous nature of perlite aggregates combined with a cementitious matrix leads to pronounced
temperature-dependent degradation of mechanical properties. This degradation, manifested primarily as a
reduction in stiffness and load-bearing capacity under thermal exposure, must be explicitly accounted for in
predictive numerical models intended to capture the thermo-mechanical response of perlite-based structural
elements.

The investigated structure is a prismatic, layered beam of length L and width b, composed of n; perfectly
bonded layers forming a total height H = Z :1 1tis where ¢; denotes the thickness of the i-th layer. Each
layer is characterized by its own set of thermal and mechanical properties, namely thermal conductivity k;
, mass density p ,, specific heat capacity cp,:, Youngs modulus E;, shear modulus G, coeflicient of thermal
expansion « ;, and shear correction factor & s ;. Material behavior is assumed to be linear elastic at the present
stage of the study, with temperature-independent parameters unless stated otherwise.

The beam is discretized independently in two orthogonal directions. Along the beam axis, a one-dimensional
finite element mesh consisting of two-node beam elements is employed. Through thickness, a one-dimensional
grid is introduced to resolve temperature gradients and layerwise thermal response. Layer properties are mapped
onto the thickness grid as piecewise-constant functions, ensuring an accurate representation of the multilayered
cross-section.

Experimental investigation of transient thermal deflection of a layered beam

To support numerical investigations and to provide a reference case for validation of the proposed thermo-
mechanical framework, a laboratory experiment was conducted on a layered beam subjected to unilateral
heating from the top surface. The experiment was designed to reproduce, in a controlled manner, the key physical
mechanisms considered in the numerical model, namely transient heat transfer through a layered cross-section
and the resulting time-dependent beam deflection.

As shown in Fig. 1, the tested beam had a total length of approximately 1024 mm, with a clear span of
1000 mm between the support axes. The beam was simply supported in a pin-roller configuration. Vertical
displacement was restrained at both supports, while axial displacement was restrained at one support only and
released at the other support. Rotations were not restrained. This support arrangement was adopted to avoid
artificial axial thermal forces and to ensure that the observed response was governed primarily by thermally
induced bending.

The cross-section of the beam was rectangular, with a width of 120 mm and a total height of 120 mm.
The section consisted of three perfectly bonded layers, each 40 mm thick. The bottom and top layers were
made of ordinary concrete, while the middle layer consisted of lightweight perlite concrete. This symmetric
concrete—perlite-concrete configuration was selected to ensure mechanical symmetry while introducing strong
heterogeneity in thermal properties, particularly thermal conductivity and heat capacity, which promotes the
development of nonuniform temperature gradients through the thickness during heating.
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Fig. 1. Geometry and layered configuration of the tested beam subjected to unilateral heating from the top
surface.
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Fig. 2. Experimental setup.

Parameter Ordinary concrete | Perlite concrete
Layer thickness [mm)] 40 (top and bottom) | 40 (middle)
Young’s modulus E[GPa] 30-35 3-6

Density p [kg/m?] 2300-2400 600-900
Thermal conductivity k [W/(m-K)] 1.6-1.9 0.15-0.25
Specific heat ¢, [J/(kg-K)] 850-950 900-1100
Coefficient of thermal expansion « [1/K] | (8-12)x10™° (6-10)x107¢
Shear modulus G[GPa] 12-14 1-2

Table 1. Geometric and material parameters of the layered beam used in the numerical example.

Thermal loading was applied unilaterally from the top surface using an electrically controlled heating mat
placed in direct contact with the beam. The heating mat was operated to gradually raise the surface temperature
to approximately 35 °C and then maintain this level for the duration of the test. The bottom surface of the beam
was exposed to ambient laboratory air, resulting in a combined condition of top-surface heating and bottom-
surface natural cooling, consistent with the unilateral heating assumption adopted in the numerical model. The
ambient laboratory temperature remained approximately constant during the experiment.

The experiment focused on the transient phase of heating. The vertical deflection of the beam was monitored
continuously as a function of time, with particular attention paid to the midspan displacement, which is most
sensitive to thermally induced curvature. Deflection measurements were carried out using a displacement sensor
positioned at the beam midspan, while temperature was monitored at selected locations on the top surface
and within the laboratory environment to ensure repeatability of thermal conditions (see Fig. 2). No external
mechanical loads were applied during the test; therefore, the observed deflections resulted solely from thermally
induced bending.

The experimental setup allowed direct observation of the time-dependent evolution of beam deflection
under a controlled thermal excitation. This provided a qualitative and quantitative benchmark for assessing the
ability of the numerical model to capture both the magnitude and temporal characteristics of thermally induced
deformation in layered structural elements. In particular, the experiment highlights the delayed mechanical
response resulting from transient heat conduction through the thickness and the strong influence of material
heterogeneity on thermal curvature development.

For numerical simulations, representative nominal values were selected from the ranges listed in Table 1 and
used consistently throughout the benchmark analyses. The adopted values were: E. = 30 GPa, E, =5 GPa,
ke = 1.8 W/(mK), kp = 0.2 W/(m-K), p, = 2350 kg/m’, p , = 750 kg/m?®, cp,c = 900 J/(kg- K), cpp =
1000 J/(kg'K), o c =10x107°1/K, v p =8x107%1/K, G = 12.5 GPa, and G, = 1.5 GPa.

The essential material, geometric, and thermal parameters used in the experiment and numerical benchmark
are summarized in Tables 1 and 2. The listed material properties correspond to nominal values representative of
the employed concretes and were used as reference inputs in numerical simulations.
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Global beam parameter Value

Total length [mm] 1024

Support span [mm] 1000

Beam width [mm)] 120

Total height [mm] 120

Maximum top surface temperature [°C] | =35

Support conditions Simply supported

Table 2. Global geometric and thermal parameters of the benchmark beam experiment.

Parameter Symbol Value

Total simulation time tmax 3000 s
Time step At 5s
Number of time steps Ny 600

Beam length used in analysis L 1.0m
Number of beam elements N, 80

Beam element length Az 12.5 mm
Number of through-thickness nodes N, 121
Through-thickness grid spacing A 2 1.0 mm
Reference / initial temperature Trer = To 20°C

Top convection coeficient htop 25 W/(m*K)
Bottom convection coefficient Abottom 8 W/(m*K)
Bottom ambient temperature Too ,bottom |20°C

Top ambient temperature rise time constant | 7 ;, 450 s

Shear correction factor K s 5/6

Table 3. Numerical parameters used in the benchmark simulations.

It should be emphasized that the experiment represents a single, controlled realization intended for qualitative
and semi-quantitative validation of the proposed framework. No statistical repeatability analysis was performed.
The primary objective is to verify the consistency of the coupled thermo-mechanical formulation under well-
defined boundary conditions rather than to provide a comprehensive experimental characterization.

The main sources of experimental uncertainty were associated with the displacement measurement accuracy,
temperature measurement accuracy, local variations in the heating mat-beam contact, and small fluctuations
of laboratory ambient conditions. The uncertainty of the displacement measurement was small compared with
the total measured midspan deflection amplitude. However, the effective thermal boundary condition at the
heated surface may have had a more pronounced influence on the response, because small changes in contact
quality directly affect the rate of heat transfer into the upper concrete layer. For this reason, the experimental
comparison should be interpreted as a controlled benchmark validation of the dominant response trend and
magnitude, rather than as a statistically complete validation campaign.

Transient heat transfer model with spatially nonuniform heating
Thermal analysis is performed by solving a transient heat conduction problem in the thickness direction,
independently for each axial location of the beam. This modeling assumption reflects the physical situation in
which dominant temperature gradients develop across the height, while heat conduction along the beam axis
is of secondary importance compared to surface heat exchange. Such an approach provides an efficient and
physically meaningful approximation for slender beams subjected to surface heating or cooling Tables 3, 4.

The benchmark thermal loading at the top surface was prescribed in the form

Too op(, 1) = 20 + {14+ (1— (2{—1)2)} (1-5@‘0), (1)

which yields a final top-surface ambient temperature of approximately 34 °C near the supports and 35 °C at
midspan. The top boundary condition was treated as an effective convection-type condition, with the contact
effect of the heating mat absorbed into the adopted value of htop. The value hiop = 25 W/ (m2K) was not
obtained from an independent calibration procedure or from a formal optimization against the complete

deflection history. It was adopted as a physically plausible effective heat-transfer coefficient for the considered
laboratory configuration and selected to reproduce the observed time scale of the surface heating. Therefore,
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Parameter Concrete layers | Perlite layer
Reference Young’s modulus Eg [GPa] 30 5

Reference shear modulus G [GPa] 12.5 1.5
Degradation onset temperature T3 [°C] | 60 50

Upper temperature T2 [°C] 120 100

Minimum modulus ratio gmin [-] 0.65 0.35
Degradation slope 3 [1/°C] 5.83x 107% | 1.30 x 1072

Table 4. Parameters used in the illustrative nonlinear constitutive extension.

it should be interpreted as an effective boundary parameter of the benchmark model rather than as a directly
measured material or contact property.

The above parameters were used in all benchmark linear simulations unless stated otherwise. At each axial
coordinate x, the temperature field T'(z, ¢; x) is governed by the one-dimensional transient diffusion equation
with spatially varying coefficients

Q

p(2)ep(2) 55 = 2 (k(2) 55), )

subject to unilateral or bilateral thermal boundary conditions. In the present formulation, unilateral heating is
considered, where the upper surface ( z = H) is subjected to convection

k%z z=H :htop(mvt) (T(Hvt)_TOO ,top(xvt))v (3)
while the lower surface ( z = 0) is assumed insulated or convectively cooled, depending on the analyzed scenario.

Spatial nonuniformity of heating along the beam length is introduced by allowing the ambient temperature
T top (z,t) and, optionally, the heat transfer coefficient hiop(x,t) to vary with the axial coordinate. This
enables the modeling of configurations such as intensified heating in the midspan region and reduced thermal
exposure near the supports.

The governing Eq. (2) is discretized using a finite difference scheme in the thickness direction, with harmonic
averaging of thermal conductivity at inter-nodal interfaces to ensure continuity of heat flux across material
layers. Time integration is carried out using the Crank-Nicolson method, leading to the discrete system

(C—BLA) T = (C+ &A) T™ + Atb(x, 1), (4)

where C is the heat-capacity matrix, A is the diffusion operator, and b represents contributions from convective
boundary conditions.

The assumption of one-dimensional heat conduction through the thickness is justified by the characteristic
geometric proportions of the beam (L > H ) and the imposed boundary conditions. A simple time-scale
estimate shows that thermal diffusion across the thickness dominates over axial conduction during the considered
time interval. Therefore, axial heat conduction is neglected as a higher-order effect in the present formulation.
Under the present geometric proportions, the characteristic diffusion time across the thickness is substantially
shorter than the corresponding axial diffusion time, which supports the adopted dimensional reduction.

Thermomechanical section resultants

To couple the thermal solution with the mechanical beam model, the computed temperature field is reduced
to thermomechanical quantities defined at the cross-section level. For each axial position and time instant, the
elastic neutral axis of the layered cross-section is first determined using stiffness-weighted averaging

EA=[ E(z) dA,zya = L2208 (%)
with gA = pdz. The bending stiffness then follows as

EI= [ E(2) (2 — 2ya)° dA. (6)
Two thermal resultants are subsequently evaluated. The effective axial thermal strain is defined as

eor(x,t) = 1517 [ E()a (2)(T(z,z,t) — Trey) dA, (7)

while the thermal bending moment about the neutral axis is given by

Mr(z,t)= [ E(2)a (2) (T(z,2,t) — Tres)(2 — z2nva) dA. (8)

The corresponding thermal curvature is obtained from
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kr(z,t) = % 9)

These quantities provide a compact and physically transparent description of the thermal loading state of the
beam, separating axial and bending effects induced by nonuniform temperature distributions through the cross-
section.

Mechanical model: Timoshenko beam with axial degree of freedom
The mechanical response of the beam is described using a shear-deformable Timoshenko beam theory extended
by an explicit axial displacement degree of freedom. Each node of the finite element mesh is associated with
three degrees of freedom
d=[u,w ], (10)
where u denotes the axial displacement, w the transverse deflection, and ¢ the rotation of the cross-section.
The kinematic measures are defined as

__ du _ dw __ dy
o= V=G ¢, K= (11)

Effective sectional rigidities are obtained by thickness integration

EA= [ EdA, EI=[ E(2)(2—2nva)°dA, GA= [ k(2)G(2)dA. (12)

The element stiffness matrix consists of an axial (bar) contribution and a bending-shear contribution
corresponding to the Timoshenko formulation. Global stiffness assembly follows standard finite element
procedures.

Thermal effects are incorporated into the mechanical problem through imposed eigenstrains. The effective
axial thermal strain € or(z,t) and thermal curvature k r(x,t), defined by Egs. (7) and (9), modify the
constitutive relations as

N=FA(ex—¢€or), M=EI(k — k7). (13)

In the finite element formulation, these relations are introduced via consistent equivalent nodal loads. For each
beam element, axial forces of magnitude £+ E'A € or and nodal bending moments of magnitude + ET k 7 are
applied at the element ends with opposite signs. In the present implementation, € gr and ~ 7 are interpolated
along the element using nodal averaging.

The equilibrium problem at each time step takes the form

Kq(t)=fr(t), (14)

subject to prescribed mechanical boundary conditions. In the benchmark simulations, the mechanical boundary
conditions reproduced the experimental pin-roller support configuration. The transverse displacement was
constrained at both beam ends, the axial displacement was constrained at one end only, and rotations were left
free at both supports. Thus, no intentional axial restraint was introduced in the model.

Explicit implementation and relation to standard FEM workflows
The procedure described is implemented in an in-house MATLAB environment that provides full transparency
and modular control over all stages of the thermo-mechanical analysis, including heat transfer, cross-sectional
homogenization, and structural response. This explicit formulation allows direct access to intermediate
quantities such as the neutral axis position, thermal bending moment, effective axial thermal strain, and local
thermal curvature, which play a key role in understanding and extending the model.

For comparison, standard commercial finite element environments treat thermo-mechanical coupling
through built-in thermal strain definitions of the form

et =a (T — Tref)1, (15)

which are internally subtracted from the total strain field at the integration-point level. For shear-deformable
beam elements, the solver implicitly integrates the temperature field over the cross-section and decomposes its
effect into axial and bending contributions. Consequently, the mechanical equilibrium is solved in the implicit
form

K (T) q = Iext, (16)

where thermal effects are embedded in the internal force vector and, when applicable, in temperature-dependent
stiffness matrices. While this approach is robust and efficient for standard thermoelastic analyses, it does not
expose section-level thermomechanical quantities such as € o7 and & 7to the user.

In contrast, the present framework introduces thermal effects explicitly through Egs. (7)-(9) and their
mechanical counterparts in Eq. (13). This explicit separation between thermal driving mechanisms and structural
response provides enhanced interpretability and facilitates systematic verification and modification of individual
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model components. This explicit structure is particularly convenient when the constitutive description is later
generalized beyond the linear thermoelastic regime.

lllustrative nonlinear constitutive extension

To demonstrate the extensibility of the proposed framework, a simple nonlinear constitutive extension is
considered in a purely numerical setting. The extension is not intended as a calibrated material model and is
not validated against experimental data. Its sole purpose is to illustrate how temperature-dependent stiffness
degradation can be incorporated without changing the overall solution structure.

The onset and upper temperatures used in the piecewise-linear degradation functions were assumed solely
for the purpose of this numerical demonstration. They were not calibrated against dedicated high-temperature
tests on the investigated perlite concrete and should not be interpreted as normative or generally applicable
material parameters.

In the present proof-of-concept, the elastic and shear moduli are updated as temperature-dependent
quantities,

E (z,t) = Eo (2) g (T (2,t)), (17a)
G(z,t) = Go(2) 9a (T (2,1)) (17b)
where Ey and Go denote the reference moduli used in the benchmark linear model, and gz (T), ga (T') are

degradation functions satisfying gg (Tver) = gc (Trer) = 1.
For simplicity, piecewise-linear degradation laws are adopted:

1, T
ge (T) =9 1-85(TT), T1;

JE, min,

IV gIA

Ty,
< Ty, (18)
T

and analogously for g¢ (7'). In the illustrative examples presented later, the same degradation pattern is applied
toboth F and G, with material-specific coefficients assigned separately to the concrete and perlite layers.

At each time step, the transient temperature field is first computed from the heat-transfer problem. The
temperature-dependent moduli are then updated through the above relations, after which the effective sectional
quantities FA, EI,and G A are re-evaluated and the mechanical equilibrium problem is solved. No additional
internal variables, damage evolution laws, or path-dependent effects are introduced in this study.

Consequently, phenomena such as transient thermal creep, temperature-dependent thermal expansion,
moisture migration, pore-pressure effects, and thermally induced microcracking are not explicitly represented
in the present illustrative extension.

This nonlinear extension should therefore be interpreted as GNCL-inspired rather than as a full GNCL
implementation. It serves as a compact proof-of-concept showing that the framework can accommodate
constitutive updates driven directly by the transient thermal field.

For the illustrative nonlinear case, the same geometry, discretization, and boundary conditions as in the
benchmark model were retained, while the maximum imposed top-surface ambient temperature was increased.
The adopted thermal loading was

TNE(2,t) = 20 + [90 +10 (1 — (= 1)2)} (1?e—ﬁ) (19)

which yields a final top-surface ambient temperature of approximately 110 °C near the supports and 120 °C at
midspan. These values were selected solely for illustrative numerical purposes and do not constitute a calibrated
constitutive description.

Results and discussion

Transient temperature evolution through the layered cross-section

The first group of results concerns the transient development of temperature within the layered beam subjected
to unilateral heating from the top surface. Figure 3 presents representative temperature profiles through the
beam thickness at selected time instants during the heating phase. The profiles clearly demonstrate the strongly
nonuniform temperature distribution induced by the heterogeneous thermal properties of the layered cross-
section.

At early stages of heating, the temperature rise is confined almost exclusively to the upper concrete layer,
reflecting its direct exposure to the heating mat. The perlite layer acts as a thermal barrier due to its significantly
lower thermal conductivity, resulting in a pronounced temperature gradient at the concrete—perlite interface.
As time progresses, heat gradually penetrates the perlite core and reaches the lower concrete layer, although the
temperature there remains substantially lower than at the top surface throughout the experiment.

This behavior is consistent with the adopted modeling assumption that the dominant temperature gradients
develop through the beam thickness rather than along the beam axis. It also supports the qualitative interpretation
of the proposed thermo-mechanical framework and highlights the crucial role of material heterogeneity
in governing the transient thermal response. The presence of the perlite layer significantly delays thermal
equilibration across the cross-section, which in turn has a direct impact on the time-dependent mechanical
response discussed in subsequent sections. The transient response can be interpreted in terms of a characteristic
thermal diffusion time scale 7 =~ H?/«, where o = k/ (p c,). For the present configuration, this time scale
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Fig. 3. Transient temperature distributions through the beam thickness at selected time instants during
heating.

is of the same order as the duration of the experiment, which explains the delayed development of thermal
curvature and deflection.

Verification of the transient thermal response

To provide an additional check of the thermal part of the model, the simulated top-surface temperature history
was compared with the temperature recorded during the experiment at the monitored surface location. The
comparison is shown in Fig. 4. The numerical curve reproduces the main heating trend and the characteristic
time scale of the measured temperature increase. Small differences may be attributed to local variations in the
contact between the heating mat and the beam surface, as well as to unavoidable spatial nonuniformity of the
laboratory heating conditions.

This comparison should be regarded as an intermediate verification of the imposed effective thermal
boundary condition. Since the available temperature measurements were limited to selected surface locations,
they were not sufficient to reconstruct the complete temperature field through the beam thickness. Nevertheless,
they confirm that the adopted thermal model provides a reasonable representation of the transient heating
process used as input for the subsequent thermo-mechanical analysis.

Spatial nonuniformity of thermal loading along the beam length
The imposed heating conditions were intentionally nonuniform along the beam length, with increased thermal
exposure in the central region. Figure 5 illustrates the spatial distribution of the prescribed ambient temperature
at the top surface and the resulting surface temperature response of the beam.

The results indicate that the spatial variation of thermal loading is effectively transferred into the temperature
field within the beam, leading to axial variations in both the magnitude and rate of temperature increase. This
axial nonuniformity plays a key role in the development of nonuniform thermal curvature & 7(z,t), which
cannot be captured by models assuming uniform heating along the beam length.
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Fig. 4. Comparison between measured and simulated top-surface temperature history at the monitored
location.

Development of thermal curvature and axial thermal strain

The reduction of the temperature field to section-level thermomechanical quantities allows direct insight into the
mechanisms driving the structural response. Figure 6 presents the evolution of the thermal curvature & 7 (z, t)
along the beam length at selected time instants.

The results reveal a strongly time-dependent curvature field, with maximum values developing in the central
region of the beam, where thermal exposure is highest. At early times, curvature is concentrated near the top
layers, resulting in relatively large bending effects even for modest surface temperature increases. As heat diffuses
through the cross-section, the curvature gradually redistributes and its rate of increase decreases. In parallel, the
effective axial thermal strain € g7 (z, ) evolves as shown in Fig. 7.

Although axial thermal strains are present, their contribution to the observed deflection remains secondary
in the considered configuration due to the absence of axial restraint. Nevertheless, their explicit evaluation is
essential for future analyses involving partially or fully restrained boundary conditions, where axial thermal
forces may significantly influence the global response.

Numerical prediction of transient beam deflection
The combined effect of thermal curvature and boundary conditions leads to a time-dependent deflection of the
beam. Figure 8 shows the numerically predicted deflection shapes at selected times during the heating process.

The deflection profiles exhibit smooth shapes characteristic of thermally induced bending without external
mechanical loading. The maximum deflection occurs at midspan and increases monotonically with time during
the heating phase. Notably, the rate of deflection increase is initially high and gradually decreases, reflecting
the transient nature of heat conduction through the layered cross-section. Figure 8 presents the time history of
midspan deflection obtained from the numerical model Fig. 9.

The curve shows a characteristic nonlinear time dependence, with an initially steep increase followed
by gradual flattening as thermal gradients across the cross-section diminish. This behavior underscores
the importance of transient analysis; steady-state assumptions would significantly overestimate early-time
deflections and underestimate the delay introduced by thermal inertia.

Experimental observations and comparison with numerical results
The numerical model reproduces the qualitative trend and the correct order of magnitude of the measured
deflection. In particular, the delayed onset of significant deformation and the subsequent gradual evolution
are well captured. The experimental response remains within or close to the predicted sensitivity envelope for
most of the heating process. This indicates that the remaining differences between the nominal prediction and
the measured response may reasonably be attributed to material-property variability, imperfect thermal contact
between the heating mat and the beam surface, and unavoidable heat losses to the surrounding air.

It should be emphasized that this envelope represents parametric uncertainty in the numerical model and
does not replace a statistical repeatability analysis based on multiple experimental realizations.

Overall, the agreement indicates that the proposed modeling framework is able to reproduce the dominant
physical mechanisms governing transient thermally induced deformation in layered beams.
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Fig. 5. Spatial distribution of top-surface thermal loading at final step and resulting surface temperature along
the beam length.

Figure 10 compares the experimentally measured midspan deflection with the numerical prediction. In
addition to the nominal simulation, a sensitivity envelope is shown, obtained by varying the key perlite-layer
properties within the representative ranges reported in Table 1. The varied parameters included the Young’s
modulus and thermal conductivity of the perlite concrete, which directly influence the sectional stiffness and the
development of transient thermal gradients.

Sensitivity to material heterogeneity and implications for layered design
The following sensitivity study is purely numerical and should be interpreted as model-based prediction of
trends rather than experimentally validated relationships.

To further assess the influence of material heterogeneity, a parametric study was performed by varying the
thermal conductivity and Young’s modulus of the perlite layer within representative ranges. The results are
summarized in Table 5.

The results indicate that thermal conductivity has a stronger influence on transient deflection than elastic
stiffness, particularly during early stages of heating. This highlights the importance of considering coupled
thermal and mechanical effects when designing layered structural elements exposed to thermal gradients.

To complement the maximum-deflection values summarized in Table 5; Fig. 11 shows the corresponding
time histories of the midspan deflection. The curves demonstrate that the material parameters affect not only
the final deflection amplitude but also the rate at which the thermo-mechanical response develops. Variations in
thermal conductivity are especially visible during the transient phase, because they directly modify the rate of
heat penetration through the perlite layer and, consequently, the evolution of thermal curvature.

lllustrative nonlinear thermo-mechanical extension
To complement the benchmark linear validation case, an additional purely numerical example was carried out
using the temperature-dependent constitutive update introduced in Sect. 2.7. This example is not experimentally
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Fig. 6. Thermal curvature distribution along the beam length at selected times.

validated and should be interpreted only as a proof-of-concept illustrating the extensibility of the proposed
framework.

In this additional analysis, the same beam geometry and boundary conditions were retained, while the
imposed thermal loading was increased beyond the benchmark range in order to activate the adopted stiffness
degradation laws. Two cases were considered: a reference linear case and a nonlinear temperature-dependent
case.

In the illustrative nonlinear example, the maximum imposed top-surface temperature was increased to
120 °C solely to activate the assumed temperature-dependent degradation functions. This temperature level was
not part of the experimental benchmark and was used only to demonstrate how the proposed framework can
accommodate temperature-driven stiffness updates.

Figure 12 compares the time evolution of midspan deflection for both variants. At low and moderate
temperature levels, the two curves remain relatively close, reflecting the dominance of geometry and transient
heat-transfer effects. As the temperature increases and the degradation functions become active, the nonlinear
response departs from the linear prediction, leading to larger deflections and a modified time evolution of the
structural response.

Figure 13 presents the evolution of the normalized effective bending stiffness E1/FE Iy in the nonlinear case.
The results show that the transient thermal field not only generates thermal curvature, but also progressively
modifies the sectional stiffness, thereby amplifying the global deformation response.

Therefore, the nonlinear example should be viewed as a demonstration of the computational architecture
rather than as a validated prediction of heated perlite concrete behavior. These results show that the present
framework can be extended from a benchmark linear thermoelastic model to a temperature-driven nonlinear
thermo-mechanical setting without changing its overall computational architecture. A calibrated nonlinear
model would require dedicated high-temperature mechanical tests and an extended constitutive description
including additional temperature-dependent and time-dependent effects.
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Fig. 7. Effective axial thermal strain € o7 (z, t) along the beam length.

Conclusions

This study presented a combined numerical-experimental investigation of the transient thermo-mechanical
response of a layered concrete—perlite—concrete beam subjected to unilateral heating. The main part of the work
was intentionally formulated as a benchmark linear thermoelastic problem, in which transient heat transfer
through the beam thickness was explicitly coupled with a shear-deformable Timoshenko beam model with an
axial degree of freedom.

The proposed reduction of the temperature field to section-level thermomechanical quantities, namely the
effective axial thermal strain and thermal curvature, proved useful both from the computational and interpretative
point of view. It enabled a transparent representation of the mechanisms driving the delayed deflection response,
in particular the role of transient heat conduction and material heterogeneity across the layered cross-section.

The experimental results obtained for the moderate-temperature benchmark case showed qualitative and
semi-quantitative agreement with the numerical predictions, indicating that the framework is able to reproduce
the dominant features of transient thermally induced bending in the tested configuration.

The validation should be interpreted in light of the fact that only one experimental realization was available;
therefore, the comparison confirms the dominant response mechanisms and order of magnitude, but does not
provide a full statistical assessment of experimental repeatability.

To complement this benchmark validation, a concise purely numerical nonlinear extension was also
presented. By introducing temperature-dependent updates of the elastic and shear moduli, it was shown that
the same computational structure can be extended toward a nonlinear thermo-mechanical setting without
reformulating the overall analysis workflow. This additional example was included only as a proof-of-concept
and was not intended as a validated constitutive model.
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Fig. 8. Numerically predicted deflection shapes w (x) at selected time instants.

Further development of the nonlinear extension will require dedicated temperature-dependent material
characterization, including stiffness degradation, thermal expansion, creep-related effects, and possible
moisture-driven mechanisms.

Overall, the paper provides a transparent benchmark formulation together with a compact demonstration of
extensibility beyond the linear regime, offering both a physically interpretable reference solution and a practical
basis for future GNCL-type developments.
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Fig. 9. Time evolution of midspan deflection obtained from numerical simulations.
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Fig. 10. Comparison of experimental and numerical midspan deflection histories, including the nominal

prediction and the sensitivity envelope obtained by varying selected perlite-layer properties within the ranges
reported in Table 1.

Parameter variation | Change in max deflection
kp + 50% -18%
kp — 50% +27%
E, +50% -12%
E, —50% +19%

Table 5. Sensitivity of maximum midspan deflection to perlite layer properties.
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Fig. 11. Sensitivity of the predicted midspan deflection history to selected perlite-layer properties.
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Fig. 12. Comparison of the predicted midspan deflection history for the linear benchmark model and the
illustrative nonlinear temperature-dependent extension. The nonlinear case is included only as a numerical
proof-of-concept.
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data generated for the illustrative nonlinear example are available from the corresponding author upon

reasonable request.

Received: 10 April 2026; Accepted: 10 June 2026
Published online: 17 June 2026

References

1.

2.

3.

10.

11.
12.

13.

Rashad, A. M. A synopsis about perlite as building material: a best practice guide for Civil Engineer. Constr. Build. Mater. 121,
338-353. https://doi.org/10.1016/j.conbuildmat.2016.06.001 (2016).

Abed, M. & de Brito, J. Evaluation of high-performance self-compacting concrete using alternative materials and exposed to
elevated temperatures by non-destructive testing. J. Building Eng. 32, 101720. https://doi.org/10.1016/j.jobe.2020.101720 (2020).
Thanaraj, D. P, Arulraj, P. & Al-Jabri, K. Investigation on structural and thermal performance of reinforced concrete beams
exposed to standard fire. J. Building Eng. 32, 101764. https://doi.org/10.1016/j.jobe.2020.101764 (2020).

. Fletcher, I., Welch, S., Torero, J., Carvel, R. & Usmani, A. Behaviour of concrete structures in fire. Therm. Sci. 11, 37-52. https://do

i.0rg/10.2298/TSCI0702037F (2007).

. Hager, I. Behaviour of cement concrete at high temperature. Bull. Pol. Acad. Sci. Tech. Sci. 61, 145-154. https://doi.org/10.2478/bp

asts-2013-0013 (2013).

. Li, Z., Zhou, X. & Shen, B. Fiber-cement extrudates with perlite subjected to high temperatures. Journal of Materials in Civil

Engineering. ;16:221-9. (2004). https://doi.org/10.1061/(ASCE)0899-1561(2004)16:3(221).

. Dzigciol, ]., Szlachetka, O. & Rodrigues Tavares, J. M. From volcanic popcorn to the material of the future: a critical review of

expanded perlite applications and environmental impacts. Sustainability 17, 1454. https://doi.org/10.3390/sul7041454 (2025).

. Abed, A. T. & Eva, L. A comprehensive study of perlite in building materials: balancing sustainability and performance. J. Therm.

Anal. Calorim. 150, 10627-10643. https://doi.org/10.1007/s10973-025-14410-6 (2025).

. Dzieciol, J. & Szlachetka, O. Waste or raw material? Perlite concrete as part of a sustainable materials management process in the

construction sector. Sustainability 16, 6818. https://doi.org/10.3390/sul6166818 (2024).

Ciminli, A. T. & Bulut, H. A. A new approach for lightweight polymer concrete production: determination of the influence of resin
and perlite types on the mechanical performance of polymer concrete. Constr. Build. Mater. 490, 142608. https://doi.org/10.1016/
j.conbuildmat.2025.142608 (2025).

Singh, M. & Garg, M. Perlite-based building materials: a review of current applications. Constr. Build. Mater. 5, 75-81 (1991).
Ariyaratne, I. E., Ariyanayagam, A. & Mahendran, M. Bushfire-resistant lightweight masonry blocks with expanded perlite
aggregate. Fire 5,132 (2022).

Koukouzas, N. K., Dunham, A. C. & Scott, P. W. Suitability of Greek perlite for industrial applications. Trans. Institutions Min.
Metall. Sect. B: Appl. Earth Sci. 109, 105-111 (2000).

Scientific Reports |

(2026) 16:27694 | https://doi.org/10.1038/s41598-026-58000-4 nature portfolio


https://doi.org/10.1016/j.conbuildmat.2016.06.001
https://doi.org/10.1016/j.jobe.2020.101720
https://doi.org/10.1016/j.jobe.2020.101764
https://doi.org/10.2298/TSCI0702037F
https://doi.org/10.2298/TSCI0702037F
https://doi.org/10.2478/bpasts-2013-0013
https://doi.org/10.2478/bpasts-2013-0013
https://doi.org/10.1061/(ASCE)0899-1561
https://doi.org/10.3390/su17041454
https://doi.org/10.1007/s10973-025-14410-6
https://doi.org/10.3390/su16166818
https://doi.org/10.1016/j.conbuildmat.2025.142608
https://doi.org/10.1016/j.conbuildmat.2025.142608

www.nature.com/scientificreports/

14. Burriesci, N., Arcoraci, C., Antonucci, P. L. & Polizzotti, G. Physico-chemical characterization of perlite of various origins. Mater.
Lett. 3,103-110 (1985).

15. Jia, G., Li, Z., Liu, P. & Jing, Q. Preparation and characterization of aerogel/expanded perlite composite as building thermal
insulation material. J. Non-cryst. Solids. 482, 192-202 (2018).

16. Celik, S., Family, R. & Menguc, M. P. Analysis of perlite and pumice based building insulation materials. J. Building Eng. 6, 105-
111. https://doi.org/10.1016/j.jobe.2016.02.015 (2016).

17. Davraz, M. et al. Investigating the use of raw perlite to produce monolithic thermal insulation material. Constr. Build. Mater. 263,
120674. https://doi.org/10.1016/j.conbuildmat.2020.120674 (2020).

18. Erdem, T. K., Meral, C., Tokyay, M. & Erdogan, T. Y. Use of perlite as a pozzolanic addition in producing blended cements. Cem.
Concr. Compos. 29, 13-21 (2007).

19. Sengul, O., Azizi, S., Karaosmanoglu, F. & Tasdemir, M. A. Effect of expanded perlite on the mechanical properties and thermal
conductivity of lightweight concrete. Energy Build. 43, 671-676 (2011).

20. Davraz, M., Koru, M. & Isildar, N. Design of perlite based thermal insulation plate and determination of its physical, mechanical
and thermal properties. Int. J. Thermophys. 46, 31. https://doi.org/10.1007/s10765-025-03503-x (2025).

21. Alexa-Stratulat, S. M. et al. Effect of expanded perlite aggregates and temperature on the strength and dynamic elastic properties
of cement mortar. Constr. Build. Mater. 438, 137229. https://doi.org/10.1016/j.conbuildmat.2024.137229 (2024).

22. Wang, X. et al. Characterization of sustainable ultra-high performance concrete including expanded perlite. Constr. Build. Mater.
303, 124245 (2021).

23. Villasmil, W., Fischer, L. J. & Worlitschek, J. A review and evaluation of thermal insulation materials and methods for thermal
energy storage systems. Renew. Sustain. Energy Rev. 103, 71-84 (2019).

24. Ibrahim, M., Ahmad, A., Barry, M. S., Alhems, L. M. & Mohamed Suhoothi, A. C. Durability of structural lightweight concrete
containing expanded perlite aggregate. Int. J. Concrete Struct. Mater. 14, 50 (2020).

25. Fang, Y. et al. Properties of magnesium potassium phosphate cement-expanded perlite composites applied as fire resistance
coating. Constr. Build. Mater. 293, 123513. https://doi.org/10.1016/j.conbuildmat.2021.123513 (2021).

26. Lanzoén, M., Castellon, E J. & Ayala, M. Effect of the expanded perlite dose on the fire performance of gypsum plasters. Constr.
Build. Mater. 346, 128494. https://doi.org/10.1016/j.conbuildmat.2022.128494 (2022).

27. Ariyaratne, I. E., Ariyanayagam, A. & Mahendran, M. Bushfire-resistant lightweight masonry blocks with expanded perlite
aggregate. Fire 5, 132. https://doi.org/10.3390/fire5050132 (2022).

28. Al-Jadiri, R. S. E, Al-Wahab Ali, M. A. & Frayyeh, Q. J. Study of some mechanical and thermal properties of reinforced perlite
concrete. Key Eng. Mater. 924, 233-242 (2022).

29. Azimi, Z., Mousavi, M., Bengar, H. A. & Javadi, A. A. Post-fire properties of lightweight 3D printed concrete containing expanded
perlite. Magazine Concrete Res. 76, 523-534. https://doi.org/10.1680/jmacr.23.00159 (2024).

30. Ayfari, F. & Hesami, S. Development and evaluation of high-temperature resistant bituminous composites: performance of
expanded perlite and PTFE in asphalt mixtures. Case Stud. Constr. Mater. 21, €03955. https://doi.org/10.1016/j.cscm.2024.e03955
(2024).

31. Farida, E M. et al. The correlation between compressive strength and the size of pore fly ash and perlite concrete geopolymer at
high temperature. J. Phys.: Conf. Series. ;2866:012026. (2024). https://doi.org/10.1088/1742-6596/2866/1/012026

32. Jalali, M. R, Kaushik, D., Verma, S. & Singh, H. A coupled model of finite element method and Mie theory for heat transfer inside
expanded perlite vacuum insulation panels at high temperatures. Int. J. Heat Mass Transf. 219, 124885. https://doi.org/10.1016/j.ij
heatmasstransfer.2023.124885 (2024).

33. Ksit, B., Szymczak-Graczyk, A., Orlik-Kozdon, B. & Garbowski, T. Numerical and surrogate modeling of drying processes in
building envelopes under variable climatic conditions. Energy 139014 https://doi.org/10.1016/j.energy.2025.139014 (2025).

34. Ksit, B., Szymczak-Graczyk, A. & Pilch, R. Numerical simulation of the impact of water vapour and moisture blockers in energy
diagnostics of ventilated partitions. Materials 15, 8257. https://doi.org/10.3390/ma15228257 (2022).

35. Ruano, G., Quintana, V., La Scala, A. & Foti, D. On the effect of thermal strains in slender prestressed concrete beams. Mater.
Struct. 58, 244. https://doi.org/10.1617/s11527-025-02739-1 (2025).

36. Nayeem, M. B. & Billah, A. H. M. M. Effect of temperature distribution and thermal gradient on the thermal response of steel-
concrete composite girders. Can. J. Civ. Eng. 52, 2070-2091. https://doi.org/10.1139/cjce-2024-0251 (2025).

37. Nassar, M. & Amleh, L. Transient thermal analysis of concrete box girders: assessing temperature variations in Canadian climate
zones. Sensors 23, 8206. https://doi.org/10.3390/523198206 (2023).

38. Banerji, S. & Kodur, V. Numerical model for tracing the response of ultra-high performance concrete beams exposed to fire. Fire
Mater. 47, 322-340. https://doi.org/10.1002/fam.3099 (2023).

39. Fares, A. M. & Bakir, B. B. Nonlinear finite element analysis of layered steel fiber reinforced concrete beams. Comput. Struct. 307,
107637. https://doi.org/10.1016/j.compstruc.2024.107637 (2025).

40. Szymczak-Graczyk, A. Rectangular plates of a trapezoidal cross-section subjected to thermal load. IOP Conf. Series: Mater. Sci. Eng.
603 (032095). https://doi.org/10.1088/1757-899X/603/3/032095 (2019).

41. Staszak, N., Szymczak-Graczyk, A. & Garbowski, T. Elastic analysis of three-layer concrete slab based on numerical homogenization
with an analytical shear correction factor. Appl. Sci. 12, 9918. https://doi.org/10.3390/app12199918 (2022).

42. Garbowski, T., Pawlak, T. G. & Szymczak-Graczyk, A. Efficient load-bearing capacity assessment of a degraded concrete manhole
using sectional homogenization. Materials 17, 5883. https://doi.org/10.3390/ma17235883 (2024).

43. Pawlak, T, Szymczak-Graczyk, A. & Garbowski, T. Three-layer repair coating system for manholes, pump stations and tanks in
aggressive sulfate environment. Civil Environ. Eng. Rep. 35, 1-19. https://doi.org/10.59440/ceer/196751 (2025).

44. Szymczak-Graczyk, A., Korentz, J. & Garbowski, T. Digital twin model for predicting hygrothermal performance of building
materials from moisture permeability tests. Materials 18, 4360. https://doi.org/10.3390/ma18184360 (2025).

45. Drzieciol, J. & Sas, W. Perspective on the application of machine learning algorithms for flow parameter estimation in recycled
concrete aggregate. Materials 16, 1500 (2023).

46. Bedrinana, L. A, Sucasaca, J., Tovar, J. & Burton, H. Design-oriented machine-learning models for predicting the shear strength
of prestressed concrete beams. J. Bridge Eng. 28, 04023009 (2023).

47. Naranjo-Pérez, ]., Infantes, M., Jiménez-Alonso, F. & Sdez, A. A collaborative machine learning-optimization algorithm to improve
the finite element model updating of civil engineering structures. Eng. Struct. 225, 111327 (2020).

48. Zhang, W. et al. Application of machine learning, deep learning and optimization algorithms in geoengineering and geoscience:
comprehensive review and future challenge. Gondwana Res. 109, 1-17 (2022).

49. Wolfthaler, A., Harsanyi, P. & Schneider, M. Development and performance of high-strength lightweight concrete with perlites. In:
Springer, Cham; pp. 126-33. (2024).

50. Demirboga, R., Oriing, I. & Giil, R. Effects of expanded perlite aggregate and mineral admixtures on the compressive strength of
low-density concretes. Cem. Concr. Res. https://doi.org/10.1016/S0008-8846(01)00615-9 (2001).

51. Khanna, P, Mukulam, A. M., Teja, K. V. & Meena, T. Study on durability properties of perlite incorporated concrete. Int. J. Civil
Eng. Technol. 9, 1545-1553 (2018).

52. Ragul, P, Naga Theera Hari, M., Arunachelam, N. & Chellapandian, M. An experimental study on the partial replacement of fine
aggregate with perlite in cement concrete. Materials Today: Proceedings. ;68:1219-24. (2022).

Scientific Reports|  (2026) 16:27694 | https://doi.org/10.1038/s41598-026-58000-4 nature portfolio


https://doi.org/10.1016/j.jobe.2016.02.015
https://doi.org/10.1016/j.conbuildmat.2020.120674
https://doi.org/10.1007/s10765-025-03503-x
https://doi.org/10.1016/j.conbuildmat.2024.137229
https://doi.org/10.1016/j.conbuildmat.2021.123513
https://doi.org/10.1016/j.conbuildmat.2022.128494
https://doi.org/10.3390/fire5050132
https://doi.org/10.1680/jmacr.23.00159
https://doi.org/10.1016/j.cscm.2024.e03955
https://doi.org/10.1088/1742-6596/2866/1/012026
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124885
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124885
https://doi.org/10.1016/j.energy.2025.139014
https://doi.org/10.3390/ma15228257
https://doi.org/10.1617/s11527-025-02739-1
https://doi.org/10.1139/cjce-2024-0251
https://doi.org/10.3390/s23198206
https://doi.org/10.1002/fam.3099
https://doi.org/10.1016/j.compstruc.2024.107637
https://doi.org/10.1088/1757-899X/603/3/032095
https://doi.org/10.3390/app12199918
https://doi.org/10.3390/ma17235883
https://doi.org/10.59440/ceer/196751
https://doi.org/10.3390/ma18184360
https://doi.org/10.1016/S0008-8846(01)00615-9

www.nature.com/scientificreports/

53. Szymczak-Graczyk, A., Gajewska, G., Laks, I. & Kostrzewski, W. Influence of variable moisture conditions on the thermal
conductivity of selected insulation materials used in passive buildings. Energies 15, 2626. https://doi.org/10.3390/en15072626
(2022).

54. Szymczak-Graczyk, A. et al. Application of experimental studies of humidity and temperature in the time domain to determine
physical characteristics of a perlite concrete partition. Materials 17, 4938. https://doi.org/10.3390/mal17194938 (2024).

55. Kaczkowski, Z. Plyty: obliczenia statyczne. Warsaw: Arkady; 1980, 2000. (1968).

56. Timoshenko, S. & Woinowsky-Krieger, S. Teoria plyt i powltok (Arkady, 1962).

57. Donnell, L. H. Beams, plates and shells (McGraw-Hill, 1976).

Acknowledgements
Not applicable.

Author contributions

Authors’ contributions: Conceptualization: Anna Szymczak-Graczyk, Tomasz Garbowski; Methodology: Anna
Szymczak-Graczyk, Tomasz Garbowski; Formal analysis and investigation: Jacek Korentz, Tomasz Garbowski,
Taras Markiv; Writing - original draft preparation: Anna Szymczak-Graczyk, Tomasz Garbowski; Writing -
review and editing: Jacek Korentz, Anna Szymczak-Graczyk; Tomasz Garbowski, Taras Markiv; Funding ac-
quisition: Jacek Korentz; Resources: Jacek Korentz, Taras Markiv; Project administration: Jacek Korentz, Anna
Szymczak-Graczyk; Supervision: Tomasz Garbowski.

Funding

This research received no external funding.
Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate
Not applicable. The study does not involve human participants or animals.

Consent for publication
Not applicable.

Additional information
Correspondence and requests for materials should be addressed to T.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:27694 | https://doi.org/10.1038/s41598-026-58000-4 nature portfolio


https://doi.org/10.3390/en15072626
https://doi.org/10.3390/ma17194938
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	﻿Thermo-mechanical response of layered perlite beams under transient thermal loading
	﻿﻿Materials and methods
	﻿Geometry and layered beam configuration
	﻿Experimental investigation of transient thermal deflection of a layered beam
	﻿Transient heat transfer model with spatially nonuniform heating
	﻿Thermomechanical section resultants
	﻿Mechanical model: Timoshenko beam with axial degree of freedom
	﻿Explicit implementation and relation to standard FEM workflows
	﻿﻿Illustrative nonlinear constitutive extension

	﻿﻿Results and discussion
	﻿Transient temperature evolution through the layered cross-section
	﻿Verification of the transient thermal response
	﻿Spatial nonuniformity of thermal loading along the beam length
	﻿Development of thermal curvature and axial thermal strain
	﻿Numerical prediction of transient beam deflection
	﻿Experimental observations and comparison with numerical results
	﻿Sensitivity to material heterogeneity and implications for layered design
	﻿Illustrative nonlinear thermo-mechanical extension

	﻿Conclusions
	﻿References


