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This paper presents a comprehensive study on lightweight cement-bonded composites containing pulp
sludge (PS). The objective of the study was to evaluate how the incorporation of perlite (a lightweight
volcanic glass aggregate) and lime mud (a pulp mill residue) influences composites’ properties including
mechanical strength, insulation and fire resistance. Up to 50% of the cement binder was replaced with
PS (by mass), and small fractions of cement (5-15%) were replaced with perlite or lime mud. A suite of
analytical techniques, material characterization and mechanical tests with digital image correlation
(DIC) for strain analysis were employed. X-ray analysis showed that the aggregates influenced the
composite properties to a considerable extent due to their particle sizes and ability to form hydrated
gels with cement. Adding 5% of perlite or lime mud yields optimal strength without compromising
weight reduction whereas higher aggregate content (15%) led to reduced strength. The DIC system
provided insights into strain distribution during loading, confirming enhanced toughness from the
fibrous PS. The composites were significantly lighter (732-749 kg/m3) and showed about 30% lower
thermal conductivity (0.17 W/mK) than pure cement composites (0.25 W/mK). The normal incidence
sound absorption of the composites was about 0.3 at mid-high frequencies due to their compact
structure. The composites demonstrated potential for use as sustainable, lightweight construction
materials with good acoustic and thermal insulation, as well as acceptable load-bearing capacity for
non-structural applications based on EN 634-1/-2 requirements for cement-bonded particleboards.
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Cement-bonded composites are a diverse group of inorganic bonded materials that have different areas of
application in civil engineering, construction and repairs, etc."2. Although the technology of cement-bonded
composites is as old as civilization, the rationale for its continuous use lies in the ability to incorporate different
materials in the cement matrix, either as reinforcement or fillers to improve the mechanical characteristics
and/or environmental footprint of the resulting product®. These composites are increasingly incorporating
industrial waste materials and lightweight aggregates to improve sustainability and reduce weight. For decades,
there has been wide exploration on the use of lignocellulosic materials as reinforcements in the cement matrix,
with corresponding flexibility in design of structures with superior properties*. Some have been developed as
thermal insulation materials for building envelope’~®. Among the studied lignocellulosic materials with a high
potential for availability and performance is pulp sludge from the pulp and paper mill processing residues. Pulp
sludge (PS) possesses variable physical and chemical properties that can alter the property of the base material'®.
It is composed mainly of lignocellulosic fibres and inorganic fillers like calcium carbonate!!. Compared to
other natural fibre materials, PS requires less preparation and modification to make it suitable as a cement
reinforcement material, and it has also been used as aggregate in cement matrix'>!3,

To modify certain properties of the composite, aggregates are used in cement as admixtures or replacement
materials. Researchers have demonstrated that different materials used as aggregates can improve the formation
of silica hydrates, chloride-ion penetration resistance, drying shrinkage microcracking, insulation properties, and
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enhance mechanical properties of the cement composites'4-1”. This study investigates two types of aggregates viz

lime mud (LM) and perlite (PL). LM is a pulp and paper residue that originates from the causticization process
during chemical recovery. LM is fine and chemically like limestone, making it a candidate for partial replacement
of cement or lime in construction materials. Due to its high alkalinity and mineralogical properties, it is regarded
as a toxic industrial waste that should be treated before discharge'®. PL is a white siliceous volcanic glass that
contains combined water within its structure. Its unique characteristics include low density, chemical inertness,
particle structure, liquid absorbency, high specific surface, and 20 x volume expansion when heated'*?’. Whereas
LM has been studied as a filler for many years, expanded PL is a newer pozzolanic aggregate in concrete research.
Due to its low bulk density, it is commonly used as insulating or lightweight filler in concrete?!. Both materials
yield lightweight, good thermal insulation properties, and reduced strength to building structures when used
as cement aggregates. However, thermal insulation materials must also have good sound absorption, acceptable
strength, and adaptability?2.

The aim of this study therefore was to investigate the influence of PL and LM as cement replacement aggregates
on the mechanical strength, thermal, acoustic and fire resistance properties of pulp sludge cement composites.
The broader aim was to develop a lightweight, insulation cement composite material using waste by-products
without compromising performance. In a previous study, Borinaga-Trevino et al.>* showed that up to 20% of
cement could be replaced by LM without any significant effect on the thermal and mechanical properties of the
composite. Rizqgian et al.>* also observed increased compressive strength in mortars at 28 days with an optimum
lime content of 5% but with an additional 2% superplasticizer, reaching 16.29 MPa compared to ordinary mortar
of 4.74 MPa. However, Patthanavarit et al.>> found decreased flexural strength when PL content increased to 15%
in cement mortar, with values ranging between 7.8 and 12.5 MPa. Jaworska et al.?¢ also reported a reduction
in both tensile and compressive strength properties of composites incorporating waste perlite (4% and 2%,
respectively) after 28 days. These studies separately evaluated LM as cement filler (often at higher replacement
levels) and PL for lightweight mortars. However, a unified, multifunctional assessment combining PS with
LM or PL at low aggregate dosages and mapped by full-field DIC has been lacking. The existing studies rarely
optimize C/PS ratios simultaneously with LM/PL fractions for multi-property performance and quantify strain
localization and crack paths in PS-cement systems via DIC. This study addresses these gaps by: (a) using PS
as a base filler (up to 50 wt.%) with small LM/PL additions (5-15 wt.%); (b) optimizing C/PS at a fixed 5 wt.%
aggregate; (c) performing full-field DIC during compression test; and (d) systematically evaluating flexural,
compressive, acoustic, thermal and fire reaction properties.

Materials

The materials used in the study included pulp sludge (PS), which was collected from Sodra Cell Viro, Varobacka,
Sweden. The PS (55.1% moisture content) was dewatered and dried before use, leaving a fibrous, fine particle
mix that can act as a fibre reinforcement and filler. The aggregates used were lime mud (LM) and perlite (PL).
LM was also obtained from Sodra Cell as residuals, while PL was supplied by Scandinaviska IFAB filtrering AB,
Torslanda, Sweden. The pulp mill residual materials are pictured in Fig. 1. The LM was an off-white, powdery
material and was used in its as-received wet state (35.4% moisture content). The PL used was an expanded and
low-density powdery material obtained from calcination of lava sand at 1100 °C. It consists mainly as diatomite,

Fig. 1. Pulp mills’ residual materials; lime mud (LM) and pulp sludge (PS) (Source: Photos taken at Sodra Cell
Viro, Sweden).
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a near pure sedimentary silica deposit. The cement used was ASTM type II Ordinary Portland Cement (CEM
II/A-LL, 42.5 R). The particle size distribution and chemical composition of the materials are presented in Tables
2 and 3.

Methods

Mix design and composite production

The wet PS was air-dried at ambient conditions to prevent the growth of mold. The moisture content of the
air-dried PS was 6.2% at the time of use. The mix design of the composites is presented in Table 1. The PS was
premixed for 10 min with 100 wt.% water in a mechanical mixer (Hobart HSM 30-F3E, Peterborough, UK)
to attain the saturated surface dry (SSD) condition based on preliminary trials. Thereafter, cement, aggregates
and water were measured and added to the mix. The water to cement (w/c) ratio was kept constant at 0.6. This
w/c ratio provided stable workability under SSD for PS. Higher w/c increased segregation whereas lower w/c
impaired dispersion given PS absorbency. The absorptivity of LM and PL was accounted for via SSD conditioning,
keeping total free water at 0.60 to ensure reproducibility. The mixture was agitated for 5 min, and the composites
were formed in wooden molds measuring 350 x 270 x 50 mm? (for flexural tests) and 160 x 150 x 50 mm? (for
compression tests). The composites were then pressed at room temperature with an applied pressure of 2 MPa
for 10 min. The applied pressure balances de-airing, fibre alignment minimization and thickness control without
excessive water squeeze-out. The target thickness of the composites was 12 mm and 25 mm for flexural and
compression tests, respectively. The formed composites were air-cured at 20 °C and 70% relative humidity (RH)
for 28 days (standard for cement hydration with lignocellulosic materials). Samples were kept on spacers to
promote uniform drying and mitigate thickness-driven moisture gradients. Initially, the effect of aggregate
content (5, 10, 15 wt.%) was investigated on the bending strength properties. Thereafter, the cement to PS ratio
was optimized according to Table 1. Several rationales were considered for the selected ranges in both phases of
the mixture design. Low aggregate fractions (5-15 wt.%) are widely reported to balance mechanical response
and insulation. Our preliminary trials indicated diminishing strength beyond 15%, hence the chosen bounds.
Further, PS at 50% targets high waste utilization while retaining adequate cohesion and workable rheology
per prior PS-cement studies. Finally, the C/PS identifies a practical trade-off between stiffness, strength and
insulation for panel design.

Characterization

The particle size (length, thickness density) distribution of the cement, LM and PL was carried out using
FibreShape PRO (X-shape, IST, Vilters, Switzerland). Samples were oven-dried (105 °C to constant mass), gently
disaggregated and dispersed in a transparent film such that they do not overlap. High resolution images were
captured using a flatbed scanner (Epson Perfection V850 Pro, Epson, Tokyo, Japan) in transmitted light mode.
The scans were loaded to the FibreShape software, and the particle size was assessed by static image analysis.
X-ray fluorescence (XRF) spectrometer (Malvern Panalytical, Malvern, UK) was used to analyze the composition
of the cement and aggregates (LM and PL). X-ray diffraction (XRD) (Malvern Panalytical Empyrean, Almelo,
the Netherlands) diffractometer equipped with a Cu LFF HR X-ray tube, programmable anti-scatter slit, and
a PIXcel3D detector was employed to determine the phase of the samples. The scanning degrees in 26 range
was 5 to 60° with a scanning speed of 1°/min at 45 kV and 40 mA. The samples were milled using a mixer mill
(MM 400, Retsch, Germany) before X-ray analyses. The microstructure of the fractured surface of the samples
was observed using a XL30 environmental scanning electron microscopy (ESEM) (Thermo-Fisher, Eindhoven,
the Netherlands) with secondary electrons in conventional mode. The characterization was performed at an
accelerating voltage of 10—20 kV and a working distance of 10 mm. Specimens were mounted on pin stubs and
sprayed with gold using a high vacuum EMITECH K550X sputter coater prior to imaging.

Binder (cement +aggregate) | PS wi/C
Investigating the effect of LM/PL 06
(Wt.%)

50% cement (control) 50% PS

45% cement+ 5% LM/PL 50% PS

40% cement +10% LM/PL 50% PS

35% cement+ 15% LM/PL 50% PS
Optimizing cement to PS ratio (w/w) 0.65

70% cement (control) 30% PS

65% cement +5% LM/PL 30% PS

55% cement+ 5% LM/PL 40% PS

45% cement+ 5% LM/PL 50% PS

35% cement + 5% LM/PL 60% PS

Table 1. Mix design for the PS composites.
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Drying rate

The drying rate of the samples was measured over a curing period of 28 days at 7 days interval based on their
densities. The density of the composites was measured based on their dry weight and volume at ambient
conditions as outlined in EN 323?7 using samples measuring 50 x 50 x 12 mm”.

Mechanical tests

Mechanical tests were conducted using an MTS Exceed Test System (MTS Systems Norden AB, Askim, Sweden)
fitted with a 10 kN load cell. Three-point flexural tests were carried out according to EN 310%® at a crosshead
speed of 3 mm/min using 290 x 50 x 12 mm? samples. Modulus of rupture (MOR) and apparent modulus of
elasticity (MOE) were derived after the test. Compression tests were conducted according to ASTM D1037%
using 100 x 25% 25 mm? samples at a crosshead speed of 1.5 mm/min. The measurements were performed in
four replicates, and the mean values were plotted with standard deviations. The dimensions reflect standard
fixtures and avoid slenderness artefacts; flexural thickness set to 12 mm to target panel applications; compression
thickness 25 mm allows DIC-compatible speckle resolution.

ARAMIS digital image correlation (DIC)

An ARAMIS DIC system was used to analyze surface strain and crack propagation in the composite samples
during compression tests. Samples measuring 75x25x25 mm?> were prepared following ASTM D1037%
compression test for short columns. One side of the samples was prepared with a black on white speckled pattern.
One test per sample was performed and only one side of the column was monitored. In total, nine samples
were analyzed. The relative displacement on the surface was recorded by a non-contact optical deformation
measurement system (Aramis adjustable, GOM GmbH, Germany). The loading force, crosshead displacement
and time for the compression test were imported into the Aramis system. The device employs two cameras
with 75 mm lenses at 450 mm distance from the object, each with 4096 x 3072 pixels full frame resolution. The
measuring volume was 120x90x 70 mm?® (width, height and depth). The strain reference length was 0.8 mm;
facet size was 25 x 25 pixels and point distance was 15 pixels. These were selected to satisfy the recommended
ratio of speckle size>3-5 pixels and ensure sub-pixel correlation stability while resolving crack-scale strain
bands; the 0.8 mm reference length balances noise and spatial resolution. Frames were collected from the start
until the end of test at a rate of 1 frame per second. As the applied load increases and the sample deforms, the
DIC software (GOM Correlate, GOM) computes full-field displacements and strains by comparing images frame
by frame. Alignment was checked via pre-load frames, platen parallelism was adjusted, eccentricity was flagged
and excluded from strength statistics where relevant.

Acoustic properties

The acoustic properties of the composite samples were performed according to ISO 10534-2%. The normal-
incidence complex acoustic impedance and sound absorption coefficient were measured using the ACUPRO
system (TFAcoustics, LLC, USA). Samples measuring 34 mm in diameter and 25 mm thick were used and the
test was performed in three replicates. Because 25 mm sample thickness may reduce sensitivity in <200-300 Hz
range, interpretations focus on mid-high bands.

Thermal analysis

The thermal conductivity of the composite samples was measured using the transient plane source (TPS)
method according to 1SO 22007-2%!. The test was conducted on the assumption that the samples are isotropic
and homogenous. The samples were selected based on the different PS to cement ratio (as shown in Table 1).
Control samples were also measured to investigate the effect of the aggregates on thermal properties. 28-days
cured samples were cut into dimensions of 50 x 50 x 25 mm?® and were conditioned at 20 °C and 50% RH to
constant weights and 6% moisture before the test. The samples were paired as couples, with each sample having
two surfaces (S, and S,). Measurements were performed for a combination of surfaces in the same sample couple.

Cone calorimetry test

The heat release rate (HRR), total heat release (THR) and time to ignition (TTT) were evaluated using a mass loss
calorimeter (MLC, Fire Testing Technology, East Grinstead, UK) following ISO 5660-1%2. Tetragonal specimens
(100 x 100 x 25 mm?) were exposed to heat flux of 50 kW/m? for 30 min. The measurements were performed in
three replicates, and the mean values were plotted.

Data analysis

The experiment was laid out in a completely randomized design using the Minitab statistical software (Minitab,
LLC, Pennsylvania, USA). A one-way analysis of variance procedure was conducted to analyze the effect of the
PS types and C/PS ratio on the composites’ properties at 5% level of significance. Tukey’s honestly significant
difference test was used for pairwise comparison of means at a=0.05.

Results and discussions

Materials and composite characterization

Particle size distribution and elemental composition

The particle size distribution of cement and aggregates is presented in Table 2, and their chemical composition is
presented in Table 3. The particle size analysis confirmed that LM is an ultrafine material (d,, ~27 um) compared
to PL (d,,~34 pm) and cement (d, ~44 pum). PL has a bimodal size profile with some coarse particles (see
Fig. 3). Fine particle additives improve packing by filling voids but require careful water adjustment®*. In this
study, a well-graded mix was achieved by combining these components, which benefitted the packing density.
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Particle size (um)
4 45 dy ds, dy dys digo

CEMII | 1250 | 14.11 | 19.39 | 21.04 | 44.38 | 108.63 | 140.38 | 848.55
LM 14.11 | 14.87 | 14.87 | 28.61 | 77.86 | 104.44 | 196.99

PL 80 | 10.52 | 14.87 | 14.87 | 33.92 | 87.49 | 122.16 | 494.25

Density (kg/
m?)

Table 2. Particle size distribution of cement and aggregates. Values represent the particle diameter at 0-100

percentiles (dy—d, ).

Chemical composition (wt.%)

CaO | MgO | si0, | ALO, | MnO | Na,0 | K,0 | P,0, |SO, |Fe,0, |Ba0 |l
CEMII | 642 |1.12 18.6 |5.19 0.48 0.05 1.7 0.12 | 529 | 2.87 0.06 | 0.02
LM 542 |14 0.14 | 0.05 0.07 1.07 - 0.94 | 0.08 | 0.03 - 0.03
PL 0.77 1011 |758 |13.8 0.05 |2.84 575 | <0.01 | - 0.6 0.13 | 0.04

Table 3. Chemical composition of cement and aggregates.

a-Alite
a b-Belite
¢ - Calcite
d - Portlandite
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Control

0 10 20 30 40 50 60
20

Fig. 2. XRD spectra of the PS composites.

CaO0 and SiO, are the main components that affect hydration and pozzolanic reactions, which influence strength
development in cement composite materials®*. Table 3 shows that the incorporation of LM increases the overall
CaCO, content in the cement mix (via a high CaO in the ash analysis). The implication of this is an increased
dilution of cements clinker phases and the potential reaction with any free portlandite Ca (OH), from cement
hydration®. Fine LM particles likely fill in the spaces between cement grains, providing a micro-filler effect
and potential nucleation sites for C-S-H during hydration®. This could be responsible for the slightly higher
mechanical properties in samples containing LM compared to those of PL. High packing density could have
also contributed to the significant difference in dry densities between both composite types. PL contains a high
amount of silica, which is an important pozzolanic material for producing hydrates®”. Although both aggregates
have distinctive mineralogical composition, they influence the composite properties to a considerable extent due
to their particle sizes and ability to form hydrated gels with cement.

X-ray diffraction (XRD)

The XRD spectra (Fig. 2) of hydrated samples did not show any new crystalline calcium silicate hydrates
(C-S-H). However, the portlandite content in composite containing PL was slightly reduced compared to the
LM composite and control (based on the relative intensity of Ca (OH), peak). This suggests that there was some
consumption of Ca (OH), most likely by pozzolanic reaction with the high amount of amorphous silica in PL
or the siliceous components of PS*. The absence of crystalline pozzolanic products peaks (i.e., no clear C-S-H)
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implied that the reaction was limited or the products remained mostly amorphous. The presence of calcite
(CaCO,) in the LM sample was higher, probably due to unreacted LM or carbonation. It is also important to
know that there were no deleterious phases (e.g., expansive ettringite) observed. This could be attributed to the
very low content of sulphate in LM and PL introduced no sulphate (Table 3). Thus, chemically, the composites
appear stable. LM shows a higher intensity of alite (C,S) and belite (C,S) due to its calcium content. The high
CaCO, from LM can help to refine pore structure and improve strength by filler packing and nucleation without
chemical reaction®. This also explains the higher strength values obtained in LM composites compared to PL.

Scanning electron microscopy (SEM)

SEM imaging (Fig. 3) revealed a porous and fibrous reinforced microstructure of the composites. At equal degree
of magnification (200 um), the PL composites show more dense packing compared to those containing LM.
The expanded particles of PL appeared largely intact without much sign of disintegration in the cement paste,
confirming their inert role (Fig. 3c). More micropores could be observed at the interface of LM composites, but
it generally appeared good with sufficient hydration products (Fig. 3b). PS fibres could be observed bridging
cracks and pores, with most fibres remaining embedded in the matrix. However, a few pulled-out fibres were also
observed. These fibres are likely to enhance post-crack load capacity in the composites*’. The micrographs of the
aggregate-filled samples (Fig. 3b, c) also showed clusters of fine particles filling smaller voids, which were absent
in the control sample (Fig. 3a). This micro-filler effect could explain the increase in 28-day strength observed
in composites with PL and LM compared to those of the control (Fig. 4a). Fine particles of the aggregates could
densify the microstructure by occupying spaces between cement grains resulting in some marginal increase in
compressive strength?!. A similar increase was also observed in this study. Overall, SEM observations confirmed
the intended roles of PS and the aggregates in the composites, which was to provide crack bridging networks and
fill micropores, respectively.

Mechanical properties

Modulus of rupture (MOR) and apparent modulus of elasticity (MOE)

The initial flexural properties (MOR and MOE) results of 28-days cured samples are presented in Fig. 4a,
b. The first step was to investigate the effect of the aggregates at different contents (wt.%) on the evaluated
properties. The composites were made at equal proportion (w/w) of PS and binder (cement + aggregate), i.e.,
50:50. Subsequently, the results were used to optimize binder to PS ratio (C/PS, w/w) according to Table 1.
Based on the initial results, the final composites were made with 5% aggregate content and the C/PS ratio varied
in the optimization process. The results are presented in Fig. 5a, b. PS samples containing the aggregates had a
higher mean value in MOR compared to the control samples at all levels of the aggregate. LM samples also had
higher MOR than PL samples. A similar pattern was observed for the MOE, although the control sample had a
higher mean value in MOE than those containing aggregates. MOR decreased with increasing aggregate content,
but the difference was not significant. Jaworska et al.*? reported a 65% decrease in flexural strength in cement

Det WD Exp b————f 200um

SE 251 0

AccV SpotMagn Det WD Exp —— 200um & . AccV SpotMagn Det WD Exp j—— 200um
100kV 4.0 80x SE 211 0 - 10.0kV 35 80x SE 230 0

Fig. 3. SEM micrographs of fractured surfaces; (a) Control showing porous matrix and some fibre pull-out,
(b) Composite with LM showing denser matrix with fewer large voids, fibres still evident, (c) Composite with
PL showing an expanded particle and a generally compact matrix with fibre bridging.
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Fig. 4. Flexural strength of 28-days cured samples at different aggregate content; (a) MOR (b) MOE.

composites with a 6 x increase in waste PL. The strength improvement effect of LM can be further enhanced with
additives such as silica fume, and their combined effect in mortar can improve flexural strength by about 60%%3.
In the optimization phase (Fig. 5), the highest MOR and MOE values (3.55 MPa and 5.63 GPa, respectively)
were recorded for a C/PS ratio of 70/30. This range aligns with wood-cement panels for lightweight boards>**.
Notably, higher cement content increases the flexural properties. C/PS ratio showed a significant effect on the
MOE but the effect on the MOR was not significant. On the contrary, the composite type had a significant effect
on the MOR but its effect on the MOE was not significant (a <0.05).

Compressive strength (CS)

A similar pattern of development was observed in the compressive strength (CS) of the PS composites (Fig. 6).
The CS increased at all levels of aggregates compared to the control. The control composite had a mean CS of
0.29 MPa at 28 days. Adding 5% PL or LM increased this to 0.46 and 0.42 MPa (representing about 40 and 48%),
respectively (Fig. 6a). At 15% LM content, the CS decreased by about 25% while that for PL was just 8.7%. The
decrease could largely be due to the proportionately reduced cement content. These values are suitable for non-
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Fig. 5. Flexural strength of 28-days cured samples at different C/PS ratios: (a) MOR (b) MOE.

structural panel applications where low density and insulation dominates. Like the flexural properties, the result
was used to optimize the C/PS ratios. The incorporation of LM yields higher CS than PL at all levels of C/PS
(Fig. 6b). The presence of CaCO, in LM can significantly influence hydration kinetics by providing nucleation
sites, thereby accelerating early-age reaction and increased compressive strength*. Contrarily, the CS of PL
composites decrease for all levels of C/PS. Other authors also reported decreased CS in cement composites
containing PL*>*2, This likely suggests that the increased porosity caused by PL has a detrimental effect on the
load-bearing capacity within the material. The composite type had a significant effect on the CS (although there
was no mean difference between LM and control composites), whereas the effect of the C/PS ratio was not
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Fig. 6. Compressive strength of 28-days cured PS composites: (a) Investigating aggregate content, (b)
Investigating C/PS ratios.

significant (a<0.05). The results of the optimization were used to further develop PS composites for the DIC
evaluation.

Digital image correlation (DIC)

The DIC strain map shows the development of heterogenous strain in the composite samples (Fig. 7). Initially,
the strain was uniform, but as load increased, certain regions exhibited localised higher strain. Local strain
accumulation suggests inhomogeneous deformation and possibly weak zones. This is often attributed to weak
points in the microstructure where microcracks nucleated?. This could be for example at the interface around
a large PL, LM particle or cluster of pores. As the load reaches the peak and the samples began to fail, vertical
splitting cracks propagated. The PS fibres across cracks may have provided some bridging effect. Eventually,
a network of cracks formed, and failure occurred by pieces dislodging. Eccentricity (bending moment) was
observed in three of the samples (Fig. 8), which could indicate that the compressive strength was underestimated
in those cases. Samples showing eccentricity were flagged and the strength data excludes those tests. However,
DIC was still retained for qualitative failure-mode mapping. In other samples, final failure may be due to shear
close to the supports (Fig. 9). This also could mean that the results did not represent compressive strength but
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deformation close to loading plate.

shear strength of the material. Compared to pure mortar, the composite exhibited more distributed strain fields.
The influence of PS in bridging cracks led to a more diffuse damage pattern.

Drying rate
The drying rate of the PS composites shows the development of density as hydration progresses (Fig. 10).
Whereas density increased for both control and composites containing LM, density decreased slightly in
composites containing PL as curing progresses to 28 days. The mean density ranged from 734 to 749 kg/m?
for the control composites, 732-743 kg/m? for the LM composites and 737-733 kg/m? for the PL composites.
As a concrete material dries, the water content decreases, resulting in the formation of a denser, more compact
material?’. The slight decrease observed in PL composites may be attributed to the porosity of the material. As
the composite cures and dries, the internal voids within the PL particles and between the particles may not fully
consolidate, leading to a slightly lower overall density. Additionally, if the drying process leads to significant
water loss without substantial volume reduction, the density of the composite will decrease*®
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Fig. 9. Failure modes during compression tests; (a) Compressive strain <> Shear strain, (b) Compressive strain
(¢,) in PL composite with C/PS of 50/50 (6=0.2 MPa <> 0.3 MPa). Arrows point out failure line (s).
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Fig. 10. Drying rate of the PS composites.

Acoustic properties

The normal incidence sound absorption property of the composites is presented in Fig. 11. The sound absorption
coefficients (a) of LM and PL composites were somewhat similar throughout the absorption spectra with a
maximum avalue of 0.3. Atlower frequencies (150-1000 Hz), there was an observed decrease in sound absorption
in the aggregate-filled composites compared to the control samples. This is likely attributed to the packing of the
aggregates (as seen in Fig. 3), which decreased the porosity of the composites*®. However, at higher frequencies,
their absorption bands were like that of the control sample. This reflects PS-induced porosity in composites
creating voids within the matrix®. PL composites had a significantly higher absorption of 0.7 at 100 Hz. This can
be attributed to the porosity of the PS fibres and PL voids. Sound waves entering a material encounter friction
and viscous losses in the pore network and within the fibre cavities®'. Overall, the composites had average sound
absorption (a<0.3) in the mid-frequency and high-frequency ranges. In a building application, this could be
useful for acoustic panels that can reduce echo and noise. The results further show that adding aggregates to
cement composites did not affect the acoustic performance of the composites. The PS itself already introduced a
porous fibrous network which makes it superior to dense concrete that has a value of 0.05-0.1°2
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Fig. 12. Thermal conductivity of the PS composites.

Thermal properties

The average thermal conductivity (A) of the composite samples is presented in Fig. 12. The thermal conductivity
increased with increasing binder content (C/PS ratio). Since hydrated cement yields high density, higher density
materials typically have higher thermal conductivity. Cement hydration produces crystalline phases that are
more effective at conducting heat than the amorphous materials found in PS®. In half of the composite types,
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Sample type | HRR (kW/m?) | THR (MJ/m?) | MLR (%, g/s)
Control 23.8 20.6 4.4
PL 26.4 233 4.2
LM 26.1 229 4.1

Table 4. Mean HRR, THR and mass loss of composite samples.
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Fig. 13. Mean HRR of the PS composites.

PL composites show higher A values compared to LM. However, PL composites generally show lower thermal
conductivity values because the high porosity in PL creates numerous air pockets, enhancing its insulating
properties and significantly reducing heat transfer®. It is worthy to note that PS fibres can introduce some
hygroscopicity, which may increase thermal conductivity if the material is moist>>. Composites with 7/3 parts
(C/PS) showed the highest A among the composites (0.27 W/mK), whereas those of LM and control were 0.24
and 0.25 W/mK, respectively. These values are within the range reported in other studies for wood cement
composites (0.29 W/mK)>*%. The high A in PL could be explained by the overall packing density in the composite
compared to that of LM (as seen in Fig. 3). The decrease in A in LM composites was about 11%. Addition of LM
to concrete also decreased thermal conductivity of mortar by up to 15% when 40% of the cement was replaced?*.

Fire reaction properties

The cone calorimetry test showed that the PS composites have good reaction to fire at an irradiance level of
50 kW/m?. The mean values of the heat release rate (HRR), total heat release (THR) and mass loss rate (MLR)
are presented in Table 4. PL composites exhibited highest mean HRR (26.4 kW/m?) compared to LM and the
control composites, given at 26.1 and 23.8 kW/m?, respectively. Generally, the PS composites had low HRR due
to the cement matrix, which acts like a barrier, physically limiting the amount of combustible material exposed
at any given time. The total heat released by the composites over 30 min was relatively modest (<23.3 MJ/m?),
indicating that only a fraction of the composite combusted. The low MLR also suggests that the composites are
inherently fire resistant due to the inorganic components. However, Kuqo et al.>® observed that low values of
HRR and MLR are indicative of the amount of organic content in geopolymer composites. The spectra in Fig. 13
show that although there are small differences in HRR among the PS composite types, control composites had
a slightly lower peak compared to LM and PL composites. The aggregates likely acted as microencapsulated
phase change materials that can absorb and release thermal energy over time*’. PL can store thermal energy
over longer periods, which can influence HRR*. The results also showed that LM composite took a longer
time to reach peak HRR. The combination of the heat capacity of CaCO, and its ability to absorb heat through
endothermic decomposition can create a heat-sink effect that reduces the effective thermal energy available for
the ignition of the LM composite, leading to a longer peak time®. While cone calorimetry alone does not assign
Euroclass, the low HRR and THR suggests favourable fire reaction performance compared to wood panels.
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Composite microstructure-property linkages

The packing/porosity, micro-filler effects, and PS fibre bridging collectively explain the observed properties. The
density range (732-749 kg/m?) and SEM-visible pore network are consistent with the low thermal conductivity
(0.17-0.27 W/m-K), as the conductivity in cementitious materials increases with solid fraction and moisture
content®. The CaCO,-rich, ultrafine particles of LM likely contributed nucleation and packing that marginally
increased flexural and compressive response relative to PL at equal dosage. This complements earlier reports on
LM as a beneficial filler**¢!. Conversely, the cellular morphology of PL increases entrained porosity, favouring
insulation but trading some strength at higher contents®>%3. DIC maps showed diffuse strain fields and vertical
splitting with evidence of fibre-bridging, explaining the post-peak toughness. In fire testing, low HRR/THR
reflect the inorganic matrix and low combustible fraction. Lime mud’s delayed peak HRR is compatible with
CaCO, endothermy. Overall, these mechanisms reconcile our results with earlier LM/PL literature, supporting
the addition of small fractions (5 wt.%) of aggregates for balanced performance.

Environmental aspects

Substituting cement with PS (up to 50 wt.%) and adding small fractions of LM or PL reduces clinker demand and
diverts industrial residues from landfill. Given that Portland cement production dominates concrete’s embodied
greenhouse gas emissions®, lowering cement content is a mitigation strategy. PL has a relatively low mass-
based embodied CO, compared to Portland cement®. PS and LM are paper industry by-product and using
them in mortars valorises waste stream. The material choices selected in this study support reduced embodied
impacts alongside end-of-life benefits (e.g., inert mineral content). However, these claims warrant future life
cycle assessment (LCA) studies with product-specific environmental declarations.

Conclusions
This paper evaluated the influence of using lime mud (LM) and expanded perlite (PL) as aggregates for partial
replacement of cement in composite materials. The study demonstrated that pulp sludge (PS), a pulp and paper
residue, can be effectively used to produce lightweight cement composites, and that small additions of these
aggregates can further enhance the composite performance. A 5% replacement of cement by PL or LM gave the
best overall mechanical performance. PS fibres provided significant reinforcement, evidenced by improved post-
crack ductility and strain distribution. The composites showed low thermal conductivity, substantially better
than ordinary cement materials and comparable to other lightweight cement bonded composites. The sound
absorption coefficient was within acceptable range for acoustic applications. These dual insulation properties
make the material attractive for energy-efficient, noise-reducing building applications. The composites also
showed good fire reaction behaviour. The inorganic components likely protected the fibres, resulting in low heat
release and structural integrity maintenance under heat. SEM images confirmed good integration of PS fibres
and dispersion of fillers. XRD confirmed no disruptive expansions. The presence of CaCO, from PS and LM as
well as amorphous silica from PL may even contribute to long-term strength via secondary hydration.
Upcycled PS and cement composites with small PL or LM incorporation presents a promising new class of
building materials that combine lightweight, insulating, and load-bearing capabilities. They offer a solution for
non-structural elements where reduced weight and improved thermal and acoustic performances are desired,
such as prefabricated wall panels, insulating boards, etc. Future work should investigate long-term durability
(e.g., freeze—thaw resistance, biodegradation of fibres over years, etc.). However, the results presented in this
study support the feasibility of producing these composites on an industrial scale, which could help pulp and
paper industries reduce waste and provide the construction sector with more sustainable material options.
Future research should quantify composite durability (e.g., cyclic moisture, freeze-thaw), long-term fibre-
matrix stability, and conduct classification-oriented testing such as full reaction-to-fire (Euroclass fire rating).
Environmental gains should be substantiated via a cradle-to-gate LCA and sensitivity to PS, LM, or PL sourcing.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 21 November 2025; Accepted: 4 February 2026
Published online: 09 February 2026

References

1. Hossain, M. U, Wang, L., Yu, I. K. M., Tsang, D. C. W. & Poon, C. S. Environmental and technical feasibility study of upcycling
wood waste into cement-bonded particleboard. Constr. Build. Mater. https://doi.org/10.1016/j.conbuildmat.2018.04.066 (2018).

2. Wang, L., Chen,S.S., Tsang, D. C. W,, Poon, C. S. & Shih, K. Value-added recycling of construction waste wood into noise and thermal
insulating cement-bonded particleboards. Constr. Build. Mater. 125, 316-325. https://doi.org/10.1016/j.conbuildmat.2016.08.053
(2016).

3. Amiandamhen, S. O. & Osadolor, S. O. Recycled waste paper—cement composite panels reinforced with kenaf fibres: Durability
and mechanical properties. J. Mater. Cycles Waste Manag. https://doi.org/10.1007/s10163-020-01041-2 (2020).

4. Karade, S. R. Cement-bonded composites from lignocellulosic wastes. Constr Build Mater 24(8), 1323-1330. https://doi.org/10.10
16/j.conbuildmat.2010.02.003 (2010).

5. Ashori, A., Tabarsa, T. & Sepahvand, S. Cement-bonded composite boards made from poplar strands. Constr. Build. Mater. 26(1),
131-134. https://doi.org/10.1016/j.conbuildmat.2011.06.001 (2012).

6. Li, M. et al. Modelling the hygrothermal behaviour of cement-bonded wood composite panels as permanent formwork. Ind. Crops
Prod. 142, 111784. https://doi.org/10.1016/j.indcrop.2019.111784 (2019).

7. Freivalde, L., Kukle, S., AndZs, M., Buksans, E. & Gravitis, J. Flammability of raw insulation materials made of hemp. Compos. B
Eng. 67, 510-514. https://doi.org/10.1016/j.compositesb.2014.08.007 (2014).

Scientific Reports |

(2026) 16:7844 | https://doi.org/10.1038/s41598-026-39390-x nature portfolio


https://doi.org/10.1016/j.conbuildmat.2018.04.066
https://doi.org/10.1016/j.conbuildmat.2016.08.053
https://doi.org/10.1007/s10163-020-01041-2
https://doi.org/10.1016/j.conbuildmat.2010.02.003
https://doi.org/10.1016/j.conbuildmat.2010.02.003
https://doi.org/10.1016/j.conbuildmat.2011.06.001
https://doi.org/10.1016/j.indcrop.2019.111784
https://doi.org/10.1016/j.compositesb.2014.08.007
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Cetiner, I. & Shea, A. D. Wood waste as an alternative thermal insulation for buildings. Energy Build. 168, 374-384. https://doi.or

¢/10.1016/j.enbuild.2018.03.019 (2018).

. Kawasaki, T. & Kawai, S. Thermal insulation properties of wood-based sandwich panel for use as structural insulated walls and

floors. J. Wood Sci. 52(1), 75-83. https://doi.org/10.1007/s10086-005-0720-0 (2006).

Migneault, S. et al. Medium-density fiberboard produced using pulp and paper sludge from different pulping processes. Wood
Fiber Sci. 42(3), 292-303 (2010).

Chimphango, A., Amiandamhen, S. O., Gérgens, ]. E & Tyhoda, L. Prospects for paper sludge in magnesium phosphate cement:
Composite board properties and techno-economic analysis. Waste Biomass Valoriz. https://doi.org/10.1007/s12649-021-01356-7
(2021).

Vishwarkarma, V. K. & Patil, P. K. Waste paper sludge as a fine aggregate in concrete. Int. J. Sci. Res. Dev. 4(05) (2016). Accessed 15
Mar 2023. [Online]. Available: https://issuu.com/ijsrd/docs/ijsrdv4i50449.

Chen, H. J., Hsueh, Y. C,, Peng, C. E & Tang, C. W. Paper sludge reuse in lightweight aggregates manufacturing. Materials https://
doi.org/10.3390/MA9110876 (2016).

Szcze$niak, A., Siwinski, J. & Stolarski, A. Effect of aggregate type on properties of ultra-high-strength concrete. Materials https://
doi.org/10.3390/MA15145072 (2022).

Bisschop, J. & van Mier, J. G. Effect of aggregates on drying shrinkage microcracking in cement-based composites. Mater. Struct.
Materiaux et Constr. 35(8), 453-461. https://doi.org/10.1007/BF02483132/METRICS (2002).

Choi, S. ], Bae, S. H., Choi, H. Y. & Ko, H. M. Engineering characteristics of cement composites containing a chitosan-based
polymer and steel slag aggregates. Polymers 14(3), 626. https://doi.org/10.3390/POLYM14030626 (2022).

Zhang, E, Poh, L. H. & Zhang, M. H. Effect of bauxite aggregate in cement composites on mechanical properties and resistance
against high-velocity projectile impact. Cem. Concr. Compos. 118, 103915. https://doi.org/10.1016/].CEMCONCOMP.2020.103915
(2021).

Zhang, J., Zheng, P. & Wang, Q. Lime mud from papermaking process as a potential ameliorant for pollutants at ambient conditions:
areview. J. Clean. Prod. 103, 828-836. https://doi.org/10.1016/].JCLEPRO.2014.06.052 (2015).

Lanzén, M. & Garcia-Ruiz, P. A. Lightweight cement mortars: advantages and inconveniences of expanded perlite and its influence
on fresh and hardened state and durability. Constr. Build. Mater. 22(8), 1798-1806. https://doi.org/10.1016/]. CONBUILDMAT.20
07.05.006 (2008).

Diasen, Expanded perlite in green building: the insulating power of nature, Green building. Accessed 10 Jul 2025. [Online].
Available: https://www.diasen.com/en/expanded-perlite-in-green-building-the-insulating-power-of-nature/.

Lagosz, A., Olszowski, D., Pichér, W. & Kotwica, L. Quantitative determination of processed waste expanded perlite performance
as a supplementary cementitious material in low emission blended cement composites. J. Build. Eng. 40, 102335. https://doi.org/1
0.1016/J.JOBE.2021.102335 (2021).

Liu, L. E. et al. The Development History and Prospects of Biomass-Based Insulation Materials for Buildings (Elsevier, 2017). https://
doi.org/10.1016/j.rser.2016.11.140.

Borinaga-Trevifio, R., Cuadrado, J., Canales, J. & Roji, E. Lime mud waste from the paper industry as a partial replacement of
cement in mortars used on radiant floor heating systems. J. Build. Eng. 41, 102408. https://doi.org/10.1016/].JOBE.2021.102408
(2021).

Rizqian, S. K., Salsabila, D., Nugraha, P. P. & Roesdiana, T. Analysis of the effect of lime powder substitution and superplasticizer
on the compressive strength of mortar. Indones. J. Adv. Res. 4(7), 1357-1366. https://doi.org/10.55927/IJAR.V417.14871 (2025).
Patthanavarit, J., Kitiwan, M., Keawprak, N. & Tunthawiroon, P. Effect of expanded perlite on physical and mechanical properties
of cement mortar. AIP Conf. Proc. 2397(1), 070001. https://doi.org/10.1063/5.0063810 (2021).

Jaworska, B., Staficzak, D. & Lukowski, P. The influence of waste perlite powder on selected mechanical properties of polymer-
cement composites. Buildings https://doi.org/10.3390/BUILDINGS14010181 (2024).

European Committee for Standardization. Wood-based panels—Determination of density, London, EN 323; 1993.

European Committee for Standardization. Wood-based panels—Determination of modulus of elasticity in bending and of bending
strength, London, EN-310; 1993.

ASTM. Standard test methods for evaluating properties of wood-base fiber and particle. ASTM D1037-13; 2013. https://doi.org/1
0.1520/D1037-06A.1.2.

ISO. Acoustics—Determination of sound absorption coefficient and impedance in impedance tubes—Part 2: Transfer-function
method,” Geneve, ISO 10534-2:1998(E), 1998.

ISO. Plastics—Determination of thermal conductivity and thermal diffusivity—Part 2: Transient plane heat source (hot disc)
method, Geneva, 2, 2015.

International Organisation for Standardization. Reaction-to-fire tests-Heat release, smoke production and mass loss rate—Part 1:
Heat release rate (cone calorimeter method), ISO 5660-1:2002(E), 2002.

Zhao, Y. et al. Investigation on roles of packing density and water film thickness in synergistic effects of slag and silica fume.
Materials 15(24), 8978. https://doi.org/10.3390/MA 15248978 (2022).

Nazari, A. & Riahi, S. The effects of SiO, nanoparticles on physical and mechanical properties of high strength compacting
concrete. Compos. B Eng. 42(3), 570-578. https://doi.org/10.1016/j.compositesb.2010.09.025 (2011).

Zucchini, A. et al. Effect of the Nano-Ca(OH), addition on the portland clinker cooking efficiency. Materials 12(11), 1787. https:/
/doi.org/10.3390/MA12111787 (2019).

Berodier, E. & Scrivener, K. Understanding the filler effect on the nucleation and growth of C-S-H. J. Am. Ceram. Soc. 97(12),
3764-3773. https://doi.org/10.1111/JACE.13177 (2014).

Chihaoui, R. et al. Efficiency of natural pozzolan and natural perlite in controlling the alkali-silica reaction of cementitious
materials. Case Stud. Constr. Mater. 17, €01246. https://doi.org/10.1016/].CSCM.2022.E01246 (2022).

Garcia, R., Vigil de la Villa, R., Vegas, 1., Frias, M. & Sdnchez de Rojas, M. I. The pozzolanic properties of paper sludge waste.
Constr. Build. Mater. 22(7), 1484-1490. https://doi.org/10.1016/].CONBUILDMAT.2007.03.033 (2008).

Corinaldesi, V., Donnini, J. & Nardinocchi, A. The influence of calcium oxide addition on properties of fiber reinforced cement-
based composites. J. Build. Eng. 4, 14-20. https://doi.org/10.1016/].JOBE.2015.07.009 (2015).

Sukontasukkul, P., Pomchiengpin, W. & Songpiriyakij, S. Post-crack (or post-peak) flexural response and toughness of fiber
reinforced concrete after exposure to high temperature. Constr. Build. Mater. 24(10), 1967-1974. https://doi.org/10.1016/].CONB
UILDMAT.2010.04.003 (2010).

Schiavon, J. Z., Borges, P. M., da Silva, S. R. & Andrade, J. J. D. O. Analysis of mechanical and microstructural properties of high
performance concretes containing nanosilica and silica fume. Matéria (Rio de Janeiro) 26(4), e13104. https://doi.org/10.1590/S15
17-707620210004.1304 (2021).

Jaworska, B., Staficzak, D. & Lukowski, P. The influence of waste perlite powder on selected mechanical properties of polymer-
cement composites. Buildings 14(1), 181. https://doi.org/10.3390/BUILDINGS14010181 (2024).

Moges, K. A. & Pyo, S. Effect of high replacement ratio of lime mud as a filler on mechanical and hydration properties of high-
strength mortar. Constr. Build. Mater. 392, 131974. https://doi.org/10.1016/]. CONBUILDMAT.2023.131974 (2023).
Amiandambhen, S. O., Adamopoulos, S., Adl-Zarrabi, B., Yin, H. & Norén, J. Recycling sawmilling wood chips, biomass combustion
residues, and tyre fibres into cement-bonded composites: Properties of composites and life cycle analysis. Constr. Build. Mater. 297,
123781. https://doi.org/10.1016/].CONBUILDMAT.2021.123781 (2021).

Scientific Reports |

(2026) 16:7844

| https://doi.org/10.1038/s41598-026-39390-x nature portfolio


https://doi.org/10.1016/j.enbuild.2018.03.019
https://doi.org/10.1016/j.enbuild.2018.03.019
https://doi.org/10.1007/s10086-005-0720-0
https://doi.org/10.1007/s12649-021-01356-7
https://issuu.com/ijsrd/docs/ijsrdv4i50449
https://doi.org/10.3390/MA9110876
https://doi.org/10.3390/MA9110876
https://doi.org/10.3390/MA15145072
https://doi.org/10.3390/MA15145072
https://doi.org/10.1007/BF02483132/METRICS
https://doi.org/10.3390/POLYM14030626
https://doi.org/10.1016/J.CEMCONCOMP.2020.103915
https://doi.org/10.1016/J.JCLEPRO.2014.06.052
https://doi.org/10.1016/J.CONBUILDMAT.2007.05.006
https://doi.org/10.1016/J.CONBUILDMAT.2007.05.006
https://www.diasen.com/en/expanded-perlite-in-green-building-the-insulating-power-of-nature/
https://doi.org/10.1016/J.JOBE.2021.102335
https://doi.org/10.1016/J.JOBE.2021.102335
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/J.JOBE.2021.102408
https://doi.org/10.55927/IJAR.V4I7.14871
https://doi.org/10.1063/5.0063810
https://doi.org/10.3390/BUILDINGS14010181
https://doi.org/10.1520/D1037-06A.1.2
https://doi.org/10.1520/D1037-06A.1.2
https://doi.org/10.3390/MA15248978
https://doi.org/10.1016/j.compositesb.2010.09.025
https://doi.org/10.3390/MA12111787
https://doi.org/10.3390/MA12111787
https://doi.org/10.1111/JACE.13177
https://doi.org/10.1016/J.CSCM.2022.E01246
https://doi.org/10.1016/J.CONBUILDMAT.2007.03.033
https://doi.org/10.1016/J.JOBE.2015.07.009
https://doi.org/10.1016/J.CONBUILDMAT.2010.04.003
https://doi.org/10.1016/J.CONBUILDMAT.2010.04.003
https://doi.org/10.1590/S1517-707620210004.1304
https://doi.org/10.1590/S1517-707620210004.1304
https://doi.org/10.3390/BUILDINGS14010181
https://doi.org/10.1016/J.CONBUILDMAT.2023.131974
https://doi.org/10.1016/J.CONBUILDMAT.2021.123781
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

45.
46.
47.

48.

49.
50.

51.

52.
53.
54.
55.

56.

57.

58.

59.

60.
61.
62.
63.
64.

65.

Ac

Dong, B., Chen, C,, Fang, G., Wu, K. & Wang, Y. Positive roles of lime mud in blended Portland cement. Constr. Build. Mater. 328,
127067. https://doi.org/10.1016/].CONBUILDMAT.2022.127067 (2022).

Yavuzyegit, B. et al. High-resolution DIC analysis of in situ strain and crack propagation in coated AZ31 magnesium alloys under
mechanical loading. J. Mater. Sci. 60(33), 14708-14730. https://doi.org/10.1007/S10853-025-11243-4/FIGURES/13 (2025).

Luo, T. et al. Early-age hydration and strength formation mechanism of composite concrete using molybdenum tailings. Case Stud.
Constr. Mater. 16, €01101. https://doi.org/10.1016/].CSCM.2022.E01101 (2022).

Giineyisi, E., Gesolu, M. & Ozbay, E. Strength and drying shrinkage properties of self-compacting concretes incorporating multi-
system blended mineral admixtures. Constr. Build. Mater. 24(10), 1878-1887. https://doi.org/10.1016/].CONBUILDMAT.2010.04
.015 (2010).

Priyanka, K. & Suganya, O. A review on the influence of particle packing theory and materials on characteristics of ECC. J. Build.
Eng. 98, 111079. https://doi.org/10.1016/].JOBE.2024.111079 (2024).

Jwaida, Z., Dulaimi, A., Alyhya, W., Algretawee, H. & Al-Busaltan, S. Recycling and utilization of paper sludge ash-current status
review and future perspectives. Sustain. Mater. Technol. 40, €00960. https://doi.org/10.1016/].SUSMAT.2024.E00960 (2024).
Mohammadi, M., Ishak, M. R, Sultan, M. T. H. & Zainudin, E. S. A comprehensive review of factors influencing the sound
absorption properties of micro-perforated panel structures. J. Vib. Eng. Technol. 13(5), 1-23. https://doi.org/10.1007/542417-025
-01849-Y/FIGURES/19 (2025).

Shtrepi, L., Astolfi, A., Badino, E., Volpatti, G. & Zampini, D. More than just concrete: Acoustically efficient porous concrete with
different aggregate shape and gradation. Appl. Sci. 11(11), 4835. https://doi.org/10.3390/APP11114835 (2021).

Khushefati, W. H., Demirboga, R. & Farhan, K. Z. Assessment of factors impacting thermal conductivity of cementitious
composites—A review. Clean. Mater. 5, 100127. https://doi.org/10.1016/].CLEMA.2022.100127 (2022).

Mandal, S. et al. Physical, chemical, and thermal properties of porous expanded perlite-based phase change composite and their
effects on the hydration kinetics. Case Stud. Constr. Mater. 22, €04510. https://doi.org/10.1016/].CSCM.2025.E04510 (2025).

Cui, Y, Gao, S., Zhang, R., Cheng, L. & Yu, J. Study on the moisture absorption and thermal properties of hygroscopic exothermic
fibers and related interactions with water molecules. Polymers (Basel) 12(1), 98. https://doi.org/10.3390/POLYM12010098 (2020).
Kuqo, A., Mayer, A. K., Amiandamhen, S. O., Adamopoulos, S. & Mai, C. Enhancement of physico-mechanical properties of
geopolymer particleboards through the use of seagrass fibers. Constr. Build. Mater. 374, 130889. https://doi.org/10.1016/].CONBU
ILDMAT.2023.130889 (2023).

Oren, O. H. et al. Effects of microencapsulated phase change material on physico-mechanical and thermoregulation performance of
lightweight geopolymer concrete with zeolite and perlite. J. Energy Storage 109, 115225. https://doi.org/10.1016/].EST.2024.115225
(2025).

Demir, L., Gizelkiigiik, S., Sevim, O. & $imgek, O. Investigation of thermal and mechanical properties of perlite-based lightweight
geopolymer composites. Arch. Civ. Mech. Eng. 23(4), 1-10. https://doi.org/10.1007/S43452-023-00808-2/FIGURES/8 (2023).

Wu, S., Zhou, C., Tremain, P.,, Doroodchi, E. & Moghtaderi, B. A phase change calcium looping thermochemical energy storage
system based on CaCO,/CaO-CaCl,. Energy Convers. Manag. 227, 113503. https://doi.org/10.1016/J ENCONMAN.2020.113503
(2021).

Khan, M. I. Factors affecting the thermal properties of concrete and applicability of its prediction models. Build. Environ. 37(6),
607-614. https://doi.org/10.1016/S0360-1323(01)00061-0 (2002).

Wang, D. et al. A review on use of limestone powder in cement-based materials: Mechanism, hydration and microstructures.
Constr. Build. Mater. 181, 659-672. https://doi.org/10.1016/j.conbuildmat.2018.06.075 (2018).

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(2-3), 671-676. https://doi.org/10.1016/j.enbuild.2010.11.008 (2011).
Angelopoulos, P. M. Insights in the physicochemical and mechanical properties and characterization methodology of perlites.
Minerals 14(1), 113. https://doi.org/10.3390/min14010113 (2024).

Miller, S. A., Habert, G., Myers, R. ]. & Harvey, J. T. Achieving net zero greenhouse gas emissions in the cement industry via value
chain mitigation strategies. One Earth 4(10), 1398-1411. https://doi.org/10.1016/].ONEEAR.2021.09.011 (2021).

Perlite Institute, Perlite: The Most Sustainable Insulation Solution for Buildings—Perlite Institute, Perlite Institute. Accessed 23 Jan
2026. [Online]. Available: https://www.perlite.org/perlite-the-most-sustainable-insulation-solution-for-buildings/.

knowledgements

Special thanks to Bijan Adl-Zarrabi (Chalmers University of Technology, Sweden) for facilitating the thermal

pro

perty test. The authors also thank S6dra Cell Var6, Varébacka, and Scandinaviska IFAB Filtrering AB, Tors-

landa, both in Sweden for the material supplies.

Author contributions

Conceptualization: SOA, SA; Methodology: SOA, CM, JVB, GD; Formal analysis and investigation: SOA, CM,
JVB, GD; Writing—original draft preparation: SOA; Writing—review and editing: SOA, CM, JVB, GD, SA;
Funding acquisition: SA; Resources: SA; Supervision: SA.

Funding
Open access funding provided by Norwegian Institute of Bioeconomy Research. This work was supported by the
Swedish Research Council Formas (Project 942-2016-2, 2017-21).

Declarations

Co

mpeting interests

The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.0.A.

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.

Scientific Reports |

(2026) 16:7844

| https://doi.org/10.1038/s41598-026-39390-x nature portfolio


https://doi.org/10.1016/J.CONBUILDMAT.2022.127067
https://doi.org/10.1007/S10853-025-11243-4/FIGURES/13
https://doi.org/10.1016/J.CSCM.2022.E01101
https://doi.org/10.1016/J.CONBUILDMAT.2010.04.015
https://doi.org/10.1016/J.CONBUILDMAT.2010.04.015
https://doi.org/10.1016/J.JOBE.2024.111079
https://doi.org/10.1016/J.SUSMAT.2024.E00960
https://doi.org/10.1007/S42417-025-01849-Y/FIGURES/19
https://doi.org/10.1007/S42417-025-01849-Y/FIGURES/19
https://doi.org/10.3390/APP11114835
https://doi.org/10.1016/J.CLEMA.2022.100127
https://doi.org/10.1016/J.CSCM.2025.E04510
https://doi.org/10.3390/POLYM12010098
https://doi.org/10.1016/J.CONBUILDMAT.2023.130889
https://doi.org/10.1016/J.CONBUILDMAT.2023.130889
https://doi.org/10.1016/J.EST.2024.115225
https://doi.org/10.1007/S43452-023-00808-2/FIGURES/8
https://doi.org/10.1016/J.ENCONMAN.2020.113503
https://doi.org/10.1016/S0360-1323(01)00061-0
https://doi.org/10.1016/j.conbuildmat.2018.06.075
https://doi.org/10.1016/j.enbuild.2010.11.008
https://doi.org/10.3390/min14010113
https://doi.org/10.1016/J.ONEEAR.2021.09.011
https://www.perlite.org/perlite-the-most-sustainable-insulation-solution-for-buildings/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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 changes were made. 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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports | (2026) 16:7844 | https://doi.org/10.1038/s41598-026-39390-x nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Investigating the influence of expanded perlite and lime mud on cement-bonded composites containing pulp sludge
	﻿Materials
	﻿Methods
	﻿Mix design and composite production
	﻿Characterization
	﻿Drying rate
	﻿Mechanical tests
	﻿ARAMIS digital image correlation (DIC)
	﻿Acoustic properties
	﻿Thermal analysis
	﻿Cone calorimetry test
	﻿Data analysis

	﻿Results and discussions
	﻿Materials and composite characterization
	﻿Particle size distribution and elemental composition
	﻿X-ray diffraction (XRD)
	﻿Scanning electron microscopy (SEM)


	﻿Mechanical properties
	﻿Modulus of rupture (MOR) and apparent modulus of elasticity (MOE)
	﻿Compressive strength (CS)

	﻿Digital image correlation (DIC)


