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Available online 8 December 2025 properties and making it suitable for heavy-duty applications. The objective of this study
is to assess the effect of compression ratios on the heat release rate (HRR) and total smoke
production (TSP) of the cross-laminated timber (CLT) manufactured from the laminas of
Paraserianthes falcataria, a low-density, fast-growing timber species. The laminas were
compressed at varying compression ratios (0% (control), 40%, 50%, and 60%), processed
into CLT panels, and subjected to cone calorimeter test. The findings indicated that
increasing compression ratios significantly enhanced density, whereas compressing the
laminas at 60% resulted in a density improvement of up to 142.68%. Cone calorimeter
tests revealed that incremental 10% increases in compression ratios improved
flammability properties, with 60% compression ratio significantly reducing HRR and TSP.
Furthermore, this study developed predictive models using random forest approach to

Keywords: estimate the HRR and TSP of CLT manufactured from laminas compression at varying
densification, cone calorimetry, fast- compression ratios. By utilizing advanced regression approaches, these models provide
growing timber, machine learning, valuable insights into the heat spread and smoke generation behaviour of CLT, potentially
random forest improving the accuracy of predictions for essential fire safety parameters.

1. Introduction

Timber is a widely recognized and valuable construction material due to its sustainability,
renewability, and excellent mechanical properties [1,2]. Besides that, this material outperforms
conventional materials (e.g., steel and concrete) in terms of flexibility and cost-effectiveness [2,3].
Engineered wood products, such as cross-laminated timber (CLT), are gaining popularity for their
structural integrity and sustainability [4].
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However, timber faces limitations, particularly in terms of flammability and fire safety [1]. For
instance, multi-storey timber constructions face significant challenges due to the flammability of
timber and its low thermal inertia [5,6]. Therefore, it is essential to thoroughly investigate and
analyze the fire behaviour of loaded cross-laminated timber panels to guarantee the safety of timber
structures, as suggested by various studies [1,2,4,6]. Although timber can be processed into valuable
construction materials such as glued laminated timber and cross-laminated timber, the issue of its
flammability continues to exist [1].

Various technologies and treatments have been used to improve the fire resistance of timber.
For example, a practical approach applied by Xu et al., [5] involved filling the void between timber
boards with mineral wool, which provided insulation and avoided direct fire outbreaks on the
unexposed side. Additionally, intumescent paints have been identified as a method to delay the start
of charring, thereby increasing the fire resistance of timber structures [1,7]. Furthermore, the steel-
timber composite structure, which is a combination of cold-formed steel and cross-laminated timber,
has also been examined and suggested as an approach to enhance fire resistance in construction [8].
Laboratory-scale fire tests, such as the cone calorimeter, can assist researchers in efficiently analyzing
and optimizing fire-resistant composite materials [5,6,8—11]. The cone calorimeter is a standardized
test instrument widely used to measure the flammability properties of materials, such as heat release
rate, total heat release, mass loss, time-to-ignition, smoke density, and gas concentrations
[6,7,10]. Researchers have used cone calorimeter tests to assess the impact of fire retardants on
wood composites such as melamine, zinc borate, and ammonium polyphosphate, to enhance fire
resistance [7,12,13]. Moreover, this test has been vital in studying the fire resistance of wood
coatings containing nitrogen and phosphorus-containing compounds, providing valuable data on
parameters like limiting oxygen index and pyrolysis behaviour, and contributing to developing fire-
safe products [14]. Besides that, another study by Hasburgh and Zelinka [15] stated that this test has
been instrumental in evaluating the flammability of acetylated wood under different burning
conditions, offering insights into char formation, pyrolysis behaviour, and acetic acid emissions
during combustion.

Densification is a treatment that can enhance the physicomechanical properties of timber by
compressing its porous structure, typically under heat and pressure [3,16]. Various studies have
shown that engineered wood products, such as CLT, manufactured from densified timber, exhibited
improved density, dimensional stability, and mechanical strength (e.g., hardness, flexural strength,
and compression) compared to CLT made from untreated timber [3,17]. Besides that, densification
also enhances the flammability properties of timber, i.e., during densification, wood is subjected to
heat and pressure, resulting in increased density and the development of a more compact structure,
which inhibits oxygen diffusion inside the wood capillaries [3,16,18,19]. For instance, a study by Gan
et al., [16] reported that densification created a functionalized surface layer on timber that acts as a
barrier to oxygen infiltration, which delayed pyrolysis reactions and enhanced char formation.
Despite having excellent physicomechanical properties, comprehensive studies on the flammability
properties of cross-laminated timber (CLT), especially when manufactured from densified timber,
remain limited. Random forest (RF) model is an ensemble learning method primarily used for
classification and regression tasks, where the algorithm develops multiple decision trees during
training and merge their outputs to improve predictive accuracy and resist overfitting [20,21]. RF is
capable to handle large datasets, both in categorical and numerical data, and performs well even
with unbalanced datasets to provide high accuracy predictions [21]. Moreover, this data-driven
modeling approach is often applied in bioinformatics, finance, and ecology due to its ability to
capture complex non-linear relationships [20]. Despite that, machine learning algorithm has not been
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applied to predict wood’s characteristics (e.g., flammability), due to reliance on the existing
mechanistic models.

While densification is known to improve density, the specific relationship between incremental
increases in compression ratios in densification and the key flammability parameters has not been
clearly assessed. Therefore, this study investigates the influence of varying compression ratios on the
flammability properties of cross-laminated timber (CLT) manufactured from densified timber. In this
research, laminas of Paraserianthes falcataria, a fast-growing, low-density timber species, were
subjected to short-duration densification at varying compression ratios, ranging from 40-60%. Key
flammability parameters, such as heat release rate and total smoke release, were assessed using the
cone calorimeter test. Moreover, a detailed analysis was carried out to develop predictive models
that provide reliable estimations of these properties. This research aims to fill the existing knowledge
gap with comprehensive empirical data, enabling effective prediction of densified CLT behaviour in
fire scenarios.

2. Materials and Methods
2.1 Material Preparation

The kiln-dried laminas of Paraserianthes falcataria (equilibrium moisture content: 12%) were
visually graded to select laminas with minimal defects, e.g., pinholes, watermarks, and cracks. The
selected laminas were cut into dimensions of 300 mm (length) x 50 mm (width) x 20 mm (thickness)
and conditioned (relative humidity: 65%; room temperature: 25°C) at the Faculty of Tropical Forestry,
Universiti Malaysia Sabah.

2.2 Densification Process

A short-duration densification process, as shown in Figure 1, was carried out, where it involved
the main stages of pressing, venting, and cooling. The densification process began with a 3-minute
pressing stage, followed by a 1-minute and 40-second venting stage to relieve internal stresses, and
facilitate moisture release from the laminas. Subsequently, the laminas underwent a second cycle of
pressing and venting. The final stage involved pressing the laminas with heat for 1 minute, followed
by a cooling phase at temperatures below 80°C for 5 minutes. The densified laminas were then
conditioned (relative humidity: 65%; room temperature: 25°C) for seven days to achieve a stable set-
recovery rate.

Pressing Venting Cooling
i < 80°C

T .

Fig. 1. Schematic visualization of the main stages during the short-duration densification process
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Three compression ratios (CR) were applied to achieve the targeted thickness, as displayed in
Figure 2. In the context of densification, CR refers to the degree to which the lamina is compressed
during the densification process [3]. The CR was measured using Eq. (1), where CR is the compression
ratio (%), ti is the initial thickness (mm), and tf is the targeted thickness (mm).

CR =" » 100 (1)

ti

Fig. 2. The laminas of Paraserianthes falcataria densified at varying compression ratios

2.3 Cross-Laminated Timber Manufacturing

The edges and surfaces of the laminas were planed using a planer machine to achieve uniform
width of 50 mm, because the laminas increase in width after densified. After that, the laminas were
edge- and surface-glued together using polyvinyl acetate (PVAc), with glue spread of 400 g/m?, and
clamped for 24 hours for curing to make three-layers cross-laminated timber panels with dimensions
of 300 mm (length) x 300 mm (width) x 60/46/30/24 mm (thickness).

2.4 Density Measurement

The density of the densified laminas and CLT was measured using gravimetric method, as
specified in ASTM D2395 [22]. Three test pieces with dimensions of 300 mm (length) x 300 mm
(width) were prepared from the laminas and CLT of each compression ratio.

2.5 Flammability Test

Three CLT test pieces from each compression ratio were cut to 100 mm (length) x 100 mm (width)
and subjected to a cone calorimeter test, as illustrated in Figure 3, at the Science and Technology
Research Institute for Defense (STRIDE), Selangor. The test was conducted according to ISO 5660,
whereby heat flux of 50 kW/m? was applied to all test pieces, while pre-test conditions such as
ambient temperature, ambient pressure, and ambient relative humidity were set to 25°C, 100.6 kPa,
and 50%, respectively [23].
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Fig. 3. Schematic diagram of the cone calorimeter setup

2.6 Statistical Analysis and Random Forest Modeling

One-Way ANOVA with a post-hoc LSD test (p < 0.05) was performed using R (Version 4.4.1) to
assess the multiple comparisons between different compression ratios from the data of density
measurement and cone calorimeter test. As for the model development, random forest approach
was performed in R (Version 4.4.1), using the “randomForest” package, to predict the heat release
rate (HRR) and total smoke production (TSP) of the CLTs manufactured from the densified laminas.
Random forest (RF) is a non-parametric, versatile, and robust ensemble learning approach that can
be used to construct models for regression and classification studies [20,21,24]. This approach was
chosen due to its capability to handle complex interactions between variables and effectiveness in
minimizing overfitting [20,21]. The model development is visualized in Figure 4.
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Fig. 4. Visualization of random forest model development and evaluation

The predictors for HRR included compression ratio, mass loss rate (MLR), and density. For TSP,
the predictors were compression ratio, oxygen production (O2P), and carbon dioxide production
(CO2P). The dataset for HRR and TSP, along with the predictor variables, was split into training and
test sets, where 70% of the data was used for training the models and the remaining 30% was
reserved for testing. Multiple bootstrap samples were drawn from the training data, which involved
randomly sampling the data with replacement to create multiple subsets. For each bootstrap sample,
a decision tree was built by repeatedly splitting the data based on the predictor variables, with each
split selected to minimize the mean squared error. Subsequently, the predictions from all the decision
trees were aggregated by averaging the predictions from all the trees. The models were then
evaluated using several metrics, such as R-squared (R?), Root Mean Squared Error (RMSE), Mean
Absolute Error (MAE), and Cross-Validation Error (CV Error). R? values reflect the proportion of
variance in the dependent variable that is explained by the model, where higher R? values indicate a
better fit. The R? is calculated by referring to Eq. (2).
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(2)

where y; is the actual value, y; is the predicted value, y is the mean of actual values, and n is the
number of data points. RMSE, the values indicate the average deviation of the predicted values from
the actual values, where lower RMSE values suggest better model performance. RMSE is computed
using Eq. (3).

RMSE = 251,00 - 90° e

where y; is the actual value, J; is the predicted value, and n is the number of data points. Moreover,
MAE values represent the average absolute error between the predicted and actual dependent
variable values, whereby lower MAE values are indicative of better model performance. MAE is
measured by using Eq. (4).

1 . Ar
MAE = = 7L, |yi — i (4)
where y; is the actual value, y; is the predicted value, and n is the number of data points. CV Error
values show the average RMSE obtained from cross-validation, whereby lower CV error values

indicate better model performance and generalizability. CV error is computed using Eq. (5), where &
is the number of folds, Ei is the error for each fold.

CV Error = % 'k Ei (5)

3. Results and Discussion
3.1 Density

The results indicated that short-duration densification could effectively enhance the density of
laminas, achieving a notable increase of up to 142.68%. Table 1 shows the final density of the laminas
and CLT, where D8 obtained the highest density, followed by D10, D12, and the control. Moreover,
there are significant differences between all the compression ratios, indicating that applying a higher
compression ratio resulted in higher density. These outcomes suggest a notable improvement in
mechanical properties, which are fundamental criteria for structural applications [2,17]. Previous
studies on densification have reported that densified wood exhibits better flexural strength and
hardness than untreated wood, attributable to the compacted structures formed during the
densification process [25-28]. The densification process reduces the void spaces and creates a more
uniform and compact wood structure, which significantly contributes to these improvements in
mechanical strength, making densified wood a viable and competitive material for various structural
and industrial applications [3,16,27].
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Table 1

The targeted and actual compression ratios, and final density of
densified lamina and CLT

Compression ratio (%) Density (kg/m3)

Coding Target Actual Lamina CLT

ND (Control) 0 0 297.36,+£51.24  340.17,+ 14.35
D12 40 39.64 452.74,+ 83.58  441.33,+47.97
D10 50 50.48 571.33.+11.09 536.61.% 16.01
D8 60 59.69 721.833+60.82  631.094+ 9.89

* The mean values of the density are displayed with subscripts a, b, ¢, and d to
denote significant differences among different compression ratios, followed
by the standard deviation values.

The slight differences between the targeted and actual compression ratios displayed in Table 1
might be influenced by factors such as moisture content, initial density, temperature and pressure
during the densification process, and grain direction [18,29,30]. Higher moisture content can enhance
the compressibility of the wood due to the high plasticization of its cellular structure [30].
Nevertheless, acquiring excessive moisture content would result in uneven moisture within the wood,
which also might cause the densified wood to have an irregular shape and moisture pockets [26].
Moreover, the initial density of the wood also influences the final compression ratios, where low-
density woods are easier to compress, often resulting in greater density increases [30]. High-density
woods, on the other hand, might require higher pressure and precise control during the densification
process to achieve the desired compression ratios due to their compacted structures [30].

The temperature and pressure applied during the densification process also influence the degree
of compression, whereby elevated temperatures can soften the lignin, making the wood more
flexible, while optimal pressure ensures uniform densification and avoids damage due to excessive
mechanical pressure [3,25,27,30]. Various studies on the influence of different temperatures on the
densification degree stated that elevated temperatures within 100-180°C aid the densification,
resulting in woods with good dimensional stability and density, while applying 200°C did not
significantly influence the plasticization rate [31-34]. Additionally, different temperatures were
applied based on the wood species due to their distinct anatomical structures [31,33]. Low-density
wood might need lower temperatures to promote plasticization, while high-density wood might
require higher temperatures [34]. However, applying high temperatures can result in higher thermal
degradation rates [30—-32]. Furthermore, grain orientation affects the degree of compression [29].
Wood can be densified in different directions: radial, tangential, and longitudinal [30]. When wood is
compressed radially, the lumens collapse more uniformly, leading to a consistent increase in density
[35]. On the other hand, tangential and longitudinal compressions encounter more resistance due to
the alignment of fibers and vessels, which can result in uneven compression and localized failures
[29,35].

3.2 Flammability

Table 2 shows the statistical outputs from the cone calorimeter test, where D8 obtained the
lowest heat release rate (HRR) value of 53.98 kW/m?, while ND had the highest value (80.58 kW/m?).
As for the total smoke production (TSP), D8 had the lowest value of 0.16 m?, while ND had the highest
value (3.98 m?). For these two properties, D8 was statistically significant from other groups, indicating
that applying 60% compression ratio would result in a notable improvement in fire resistance. On the
other hand, D12 exhibited a higher oxygen production rate (O2P) than other groups. Despite that,
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there is no notable difference between the compression ratios for the mass loss rate (MLR) and
carbon dioxide production (CO2P).

Table 2

Descriptive statistics and multiple comparison for flammability properties of CLT
Coding Heat release Total smoke Mass loss rate Oxygen Carbon dioxide

rate (kW/m?) production (m2?)  (g/s) production (g/s)  production (g/s)

ND (Control) 80.58,+16.77 3.98,+2.00 0.05,%0.02 20.92,+£0.02 0.22,+0.02
D12 68.56,+ 12.58 3.07,+ 1.52 0.06,+0.03 20.93,+0.03 0.19,+0.03
D10 59.99.+ 11.26 1.64.+1.14 0.04,%0.02 20.74.+0.02 0.19,+0.03
D8 53.984+7.91 0.164+ 0.02 0.04,%0.02 20.914+0.02 0.18,+0.03

* The mean values of the density are displayed with subscripts a, b, ¢, and d to denote significant differences among
different compression ratios, followed by the standard deviation values.

Table 3
Model metrics for random forest approach on predicting the flammability properties of CLT
Flammability Properties  Coding R? RMSE MAE CV Error
ND (Control) 0.983 2.601 1.427 0.9123
Heat Release Rate D12 0.967 2.362 1.110 0.9671
D10 0.992 1.152 0.737 0.6801
D8 0.944 2.050 0.920 0.5670
ND (Control)  0.999 0.024 0.007 0.0065
Total Smoke Production D12 0.999 0.013 0.004 0.0043
D10 0.999 0.007 0.003 0.0040
D8 0.982 0.011 0.002 0.0010
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Fig. 5. The experimental and predicted heat release rate dynamics of CLT over time
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The HRR values of the CLT from all compression ratios, as illustrated in Figure 5, initially increased
sharply within the first 250 seconds, peaking between 100 and 140 kW/m?. During this early phase,
ND reached the highest peak at about 140 kW/m?, indicating the lowest ignition time. During the
early decline phase (250-750 seconds), HRR values reduced for all groups, with D8 maintaining the
lowest average HRR at around 51 kW/m?, followed by D10 at 62 kW/m?, D12 at 67 kW/m?, and ND at
89 kW/m?2. In the mid-stage (750-1250 seconds), D8 continued to show the most excellent fire
resistance, with an average HRR of 56 kW/m2. D10 and D12 had average HRR values of 61 kW/m? and
72 kW/m?, respectively, while ND had the highest at 82 kW/m?2. Furthermore, D8 maintained the
lowest HRR at 55 kW/m?, with D10 at 54 kW/m?, D12 at 62 kW/m?, and ND at 69 kW/m?, during the
late stage (1250-1923 seconds). In summary, D8 had the lowest HRR throughout the testing period,
indicating slower fire growth, which can limit fire spread and intensity. The model metrics for HRR in
Table 3 indicate that using compression ratio, density, and mass loss rate as predictors yielded
accurate predictions. D10 achieved the highest R? value of 0.992 and the lowest RMSE of 1.152,
reflecting the most accurate predictions. ND (Control) had a lower R? of 0.983 and the highest RMSE
of 2.601. D8 exhibited the lowest CV error at 0.5670, indicating the most stable model, while D12 had
the highest CV error of 0.9671, suggesting less stability.

Experimental vs RF Predicted TSP

- ND

D12
- D10
- D8

(=2}

w

o Experimental
— Predicted

~

Total Smoke Production (m?)

N

0 250 500 750 1000 1250 1500 1750 2000
Time (seconds)

Fig. 6. The experimental and predicted total smoke production of CLT over time

The experimental result in Figure 6 shows that TSP values of all compression ratios increased
during the initial stage (0-250 seconds), where ND had the highest TSP at about 0.003 m?2/m?, while
D12 and D10 had lower TSP values than ND but higher than D8. D8 began with a TSP of 0.000 m?/m?
and started to increase around the 10-second mark, indicating better initial performance in reducing
smoke. During the growth stage (250-750 seconds), TSP values continued to rise, where D8
maintaining the lowest TSP, starting to show values around 0.02 m?/m?, followed by D12 at
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approximately 0.01 m2/m2, D10 (0.003 m?/m?), and ND (0.026 m?/m?). In the mid-stage (750-1250
seconds), D8 showed slightly higher values but remained the lowest among the compression ratios,
while D12 and D10 showed higher values of around 0.013 m2/m? and 0.003 m?/m?, respectively, with
ND the highest at approximately 0.026 m?/m?. Moreover, D8 continued to have the lowest TSP,
maintaining a value around 0.02 m?/m?, with D10 at approximately 0.003 m?/m?, D12 at around 0.013
m?/m?, and ND at approximately 0.026 m?/m? during the late stage (1250-1923 seconds). Overall, D8
consistently had the lowest TSP values throughout the stages, indicating better smoke reduction,
improving visibility during a fire scenario, and reducing the exposure to harmful gases that can cause
health hazards (e.g., respiratory issues). Furthermore, the implementation of random forest modeling
to estimate the TSP of CLT provides reliable and accurate predictions, as demonstrated in Table 3.
D10 had the lowest RMSE of 0.007 and an R? of 0.999, explaining 99% of the variance. D12 also
performed well with similar metrics, while D8 had a slightly lower R? of 0.982 but still showed precise
predictions with a low MAE of 0.002. ND exhibited the highest RMSE of 0.024 and reasonable cross-
validation performance with a CV error of 0.0065.

Densification notably impacts the flammability properties of wood, i.e., increase in the density
reduces the porosity and limits oxygen penetration, thus enhancing its fire resistance [16]. The
densification process enhanced the char formation during exposure to fire, i.e., the char layer
insulates the underlying material, slowing down the heat transfer and reducing the combustion rate
[9,11]. The insulating char layer acts as a thermal barrier, protecting the core of the wood and
maintaining its structural integrity for an extended duration [1,9]. Moreover, past studies stated that
densified wood has a lower heat release rate (HRR) than untreated ones [11]. The HRR is a key
flammability parameter, as it measures the energy released during the combustion [6,8,10,23]. Lower
HRR indicates that the densified wood releases energy more slowly, which reduces the fire intensity
and makes it easier to control [16]. Besides that, the increased density of densified wood also
improves its thermal stability, where it can withstand higher temperatures before igniting, thus
improving fire resistance [3]. The enhanced thermal stability can be attributed to the compact
structure of densified wood, which reduces the available surface area for fire propagation. A previous
study reported that densified wood emits lower amount toxic smoke during combustion, attributed
to its reduced porosity and compact structure [18]. In fact, lower smoke density and toxicity are
essential for safe evacuation and reducing health risks associated with smoke inhalation, especially
during fire outbreaks [1,5]. The enhanced fire resistance properties of densified wood provide
additional safety and protection in buildings, contributing to the overall fire safety strategy [9,11].

4. Conclusions

This study showed that short-duration densification significantly enhanced the density and

flammability properties of CLT. The densification process enhanced the laminas' density by up to
142.68%, with D8 achieving the highest improvement. The cone calorimeter test results indicated
that increasing the compression ratio led to notable reductions in HRR and TSP, whereby D8 exhibited
the lowest values, suggesting excellent fire resistance and smoke reduction properties.
The application of random forest models provided accurate and reliable predictions for both HRR and
TSP, with the HRR model achieving metrics values that indicate strong predictive performance.
Similarly, the model for TSP, using compression ratio, O2P, and CO2P as predictors, showed high
accuracy and generalizability. In conclusion, this study suggests that densification can improve the
flammability of CLT, and data-driven models such as random forest can be used to predict key
flammability properties, thereby contributing to the development of safer and more durable timber
structures.
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