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ABSTRACT

This study aims to propose a compression parallel to grain stress-strain model equation for
tropical wood species with a specific gravity range of 0.39 to 0.67 g/cm®. The stress-strain
model is compiled from the results of experimental testing of twelve tropical wood species
based on empirical data of stress-strain relationship curves from destructive testing. The test
uses a reference according to ASTM D143-22. The results of this study are empirical equations
for calculating and creating stress-strain relationship curves in the longitudinal direction of
wood (compression parallel to grain).

KEYWORDS: Compression, parallel to grain, stress-strain, tropical wood.
INTRODUCTION

Wooden buildings, especially multi-storey ones, generally use a frame structure system
consisting of beams and columns (Cao et al. 2022; Premrov and Leskovar 2023). The truss-type
bridge or roof truss structures consist of compression elements and tension elements (Kromoser
et al. 2020; Bergenudd et al. 2024). The compressive strength parallel to the grain (longitudinal
direction), is used in the design of columns in wooden frame structures and compression
elements in wooden truss structures. In the analysis of nonlinear wooden building structures.
For example, collapse analysis of wooden buildings (Karina et al. 2018; Cheng et al. 2021; Hua
et al. 2023; Yu and Takeuchi 2024; Cao et al. 2024; Quizanga et al. 2025; Pranata 2026),
a complete stress-strain model of wood is required, from elastic to post-elastic behaviour.

Predicting the compressive strength of wood can be done using several methods, including
resist graph and screw withdrawal tests (Xue et al. 2019) and non-destructive testing based on
wave propagation velocity (Llana et al. 2020; Cobos et al. 2022). These methods have
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limitations, namely, they only obtain parameters such as elastic modulus and compressive
strength. Song et al. (2007) proposed several stress—strain models for wood. In this study,
the compressive stress—strain relationship for compression parallel to grain follows the Glos
model (Glos 1978). The Glos stress—strain model was likewise adopted in the study conducted
by Liu et al. (2022). Pranata and Suryoatmono (2013) presented the results of a study on
the stress-strain model of red meranti (Shorea spp.). Pranata et al. (2025) continues with a study
on the stress-strain model of another yellow meranti (Shorea faguetiana) timber. The stress
model in this study can be used by practitioners and academics who require parameters of
compressive strength, ultimate strength, and a stress-strain model of yellow meranti wood for
the longitudinal direction. Jiang et al. (2014) studied the longitudinal compressive strength and
longitudinal elastic modulus of oak wood at very low and very high temperatures, with
the results being an empirical linear regression equation, which describes the relationship
between temperature and compressive strength. Their study did not specifically address
post-elastic conditions. Han et al. (2018) presented the results on the reliability analysis on
compression strength of lumber. Lahr et al. (2020) presented a study on the compressive
strength of 72 Brazilian wood species. Mankowski and Laskowska (2021) presented the results
of the compressive strength parallel to grain of yellow pine. Al-Musawi et al. (2024) presented
a combination of experimental tests and analytical analysis to develop the compressive
response parallel and perpendicular-to-the grain of wood. Karkoodi et al. (2025) presented
astudy on compressive parallel to grain in timber-filled-steel tubular columns made of
European beech (Fagus sylvatica) and birch (Betula pendula Roth.) timbers. Totsuka et al.
(2021, 2022) and Totsuka (2025) have conducted experimental studies on the compressive
strength parallel to the grain of solid and engineered wood (glulam). They discussed a complete
stress-strain curve model up to failure. Zumbo et al. (2026) have conducted experimental
studies on the compressive strength of six hardwood species of timber.

This study aims to propose a compression parallel to grain stress-strain model for tropical
wood species with a specific gravity (G) range of 0.39 to 0.67 g/cm®. The stress-strain model is
compiled from the results of experimental testing of twelve tropical wood species based on
empirical data of stress-strain relationship curves from destructive testing. The test uses
a compression parallel to the timber grain according to ASTM D143-22.

MATERIAL AND METHODS

Experimental tests

ASTM D143-22 provides methods for a clear specimen for testing the compression parallel
to the timber grain. The specimen 50 x 50 x 200 mm were placed vertically (parallel to
the grain) and loaded axially (compression) at a rate of speed of 0.305 mm/min (Hung Ta
2008), until failure to determine maximum crushing strength. Tests were conducted in air-dry
conditions where the moisture content of the wood reaches 12% - 18%.

Linear regression analysis
Linear regression is a statistical method used to predict a continuous, dependent variable
based on one independent variable (Starbuck 2023):
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y=ax+b (1)

Methods

This research used an experimental laboratory method to obtain data on the relationship
curves of axial load and axial compressive deformation in wood. ASTM D143-22 was used as
a reference for compressive testing parallel to the grain. The empirical data were then processed
into a relationship curve of axial stress and axial compressive strain. Stress is the load divided
by the specimen's area of cross-sectional, while strain is the shortening of the specimen due to
the compressive load divided by its initial length (Hibbeler 2023). The method used to
determine the point of transition from elastic to plastic to calculate the yield limit load in this
study was based on the EC for standardization method (Munoz et al. 2008; Liu et al. 2020).
The empirical equation was constructed using a linear regression equation with input data:
the correlation between wood specific gravity and yield limit load, the correlation between
wood specific gravity and ultimate limit load, and the correlation between wood specific
gravity and load when the material collapses.

RESULTS AND DISCUSSION

This research used data from twelve tropical timber species from Indonesia (Tab. 1,
Fig. 1a). All specimens were made from dry wood raw materials with moisture content ranging
from 12% to 18% (SNI 7973: 2013, NDS 2024). Compression testing uses an instrument with
a load speed adjusted to the ASTM D143-22 (Fig. 1b).

Tab. 1: Specification and species of timber that used in research.
Species Dimensions of specimens  |Number of specimens
Red meranti (Shorea parvifolia.) 5
White meranti (Shorea montigena)
Padi meranti (Shorea venulosa)
Akasia mangium (acacia mangium)
Gunung (Dipterocarpus retusus)
Yellow meranti (Shorea faguetiana)
Meranti bunga (Shorea leprosula Miq)
Kamper sumatra (Dryobalanops aromatica)
Meranti (Shorea macrobalanos)
Keruing (Dipterocarpus)
Kamper (Cinnamomum camphora)
Kamper samarinda (Cinnamomum camphora)

50 mm x 50 mm x 200 mm
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Fig. 1: a) Twelve tropical species of timber used in the research, b) compression test parallel to
the grain according to ASTM D143-22.
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For the test load a cell was installed with a capacity of up to 1000 kN, axial deformation is
recorded through an internal transducer installed. Fig. 2 displays load-deformation relationship
curves for specimens of all wood species. The determination of the yield limit load (Py)
parameter was calculated using the CEN method (Munoz et al. 2008; Liu et al. 2020).
The ultimate limit load (Pu) was determined from the maximum load before the specimen
experienced a decrease in strength after reaching the peak limit. Furthermore, the post-ultimate
load (P,) was determined from the load condition that experienced a significant decrease in
strength just before the specimen lost its ability to withstand axial compressive loads.

(a) (®)
(©) (d
(e) )
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Fig. 2: The load-deformation relationship curves for: (a) Shorea parvifolia, (b) Shorea
montigena, (c) Shorea venulosa, (d) Acacia mangium, (e) Dipterocarpus retusus, (f) Shorea
faguetiana, (g) Shorea leprosula Miq, (h) Dryobalanops aromatica, (i) Shorea macrobalanos,
(j) Dipterocarpus, (k) Cinnamomum camphora, and (I) Cinnamomum camphora.

The results of the yield limit load, ultimate load, and post-plastic load calculations, with
deformation at each condition, are presented in Tab. 2. All parameters in Tab. 2 are average
values for the specimens of each wood species. Tab. 3 shows the results in term of uniaxial
stress and strain. The results generally show a general pattern, with a correlation: higher
specific gravity leads to higher compressive capacity. The ductility ratio calculation (the ratio
of deformation at the ultimate condition divided by deformation at the yield condition)
indicates that all species fall into the limited ductility category.
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Tab. 2: Load and deformation.

No Species G Py Dy Pu Du Po Do u
(g/lem®)| (kN) |(mm)| (KN) | (mm) | (kN) |(mm)
1 |Red meranti (Shorea parvifolia.) 0.51 | 93.63 | 1.09 | 101.69| 1.40 | 86.42 | 1.74 |1.29
2 |White meranti (Shorea montigena) 043 | 66.61 | 1.01 | 77.04 | 1.46 | 66.66 | 2.11 |1.44
3 |Padi meranti (Shorea venulosa) 0.39 | 60.81 | 0.74 | 56.30 | 1.18 | 63.71 | 1.61 |1.59
4 |Akasia mangium (acacia mangium) 0.42 | 38.76 | 0.98 | 45.27 | 1.57 | 38.92 | 2.09 |1.61
5 |Gunung (Dipterocarpus retusus) 0.41 | 40.11 | 0.62 | 4590 | 0.94 | 39.63 | 1.43 |1.51
6 |Yellow meranti (Shorea faguetiana) 044 | 62.61 | 1.03 | 70.84 | 1.34 | 58.84 | 1.71 |1.30
7 |Meranti bunga (Shorea leprosula Miq) 0.54 | 56.31 | 0.72 | 64.15 | 1.14 | 49.87 | 1.93 [1.58
8 |Kamper sumatra (Dryobalanops aromatica) | 0.51 | 78.88 | 1.17 | 90.77 | 1.60 | 75.32 | 2.31 |1.36
9 |Meranti (Shorea macrobalanos) 0.46 | 60.19 | 1.17 | 7095 | 1.58 | 59.14 | 2.05 |1.36
10 |Keruing (Dipterocarpus) 0.67 | 101.77 | 1.25 | 11993 | 1.62 |105.50| 2.20 {1.29
11 [Kamper (Cinnamomum camphora) 0.59 | 67.81 | 1.61 | 80.49 | 2.23 | 72.08 | 2.87 |1.39
12 |[Kamper samarinda (Cinnamomum camphora)| 0.63 |103.45 | 1.57 | 116.69 | 2.07 | 94.32 | 2.51 |1.32

Note: Py is the yield load, Py is the maximum (ultimate) load, P, is the post-ultimate load, Dy is the displacement at
yield point, Dy is the displacement at ultimate point, D, is the displacement at post-ultimate point, p is ratio of
ductility (Dy divided by Dy).

Tab. 3: Stress and strain.

No Species Fey Bey Fey Bey Fey Bey
(MPa) | (mm/mm) | (MPa) | (mm/mm) | (MPa) | (mm/mm)
1 |Red meranti (Shorea parvifolia.) 37.45 | 0.0054 | 40.67 | 0.0070 | 34.57 | 0.0087
2 |White meranti (Shorea montigena) 26.64 | 0.0051 30.81 0.0073 26.66 0.0106
3 |Padi meranti (Shorea venulosa) 2433 | 0.0037 | 22.52 | 0.0059 | 25.48 | 0.0081
4 |Akasia mangium (acacia mangium) 15.50 | 0.0049 18.11 0.0079 15.57 | 0.0104
5 |Gunung (Dipterocarpus retusus) 16.04 | 0.0031 18.36 0.0047 15.85 0.0072
6 |Yellow meranti (Shorea faguetiana) 25.05 | 0.0052 28.33 0.0067 23.54 | 0.0086
7 |Meranti bunga (Shorea leprosula Miq) 22.52 | 0.0036 25.66 0.0057 19.95 0.0096
8 |Kamper sumatra (Dryobalanops aromatica) | 31.55 | 0.0059 36.31 0.0080 30.13 0.0115
9 |Meranti (Shorea macrobalanos) 24.08 | 0.0058 28.38 0.0079 23.65 0.0102
10 |Keruing (Dipterocarpus) 40.71 | 0.0063 | 47.97 | 0.0081 4220 | 0.0110
11 (Kamper (Cinnamomum camphora) 27.12 | 0.0080 32.20 0.0112 28.83 0.0143
12 [Kamper samarinda (Cinnamomum camphora)| 41.38 | 0.0079 46.68 0.0104 37.73 0.0125

Note: F.y is the yield stress, F., is the ultimate stress, Fe, is the post-ultimate stress, & is the yield strain, & is
the ultimate strain, &, is the post-ultimate strain.

A linear regression analysis was performed using Minitab 2023 to obtain the correlation
between the specific gravity (G) with Fey, G with Fey, G with Feo, G with &cy, G with &y, and G
with &co. The results of the regression analysis are shown in Egs. 2 to 7, Figs. 3 to 5, and Fig. 6.

F =-9.593+75.28G (R? = 0.46 and p-value = 0.00) ()
£,=-0.000705 +0.01221 G (R? = 0.24 and p-value = 0.00) (3)
F =-1449+9226G (R? =0.50 and p-value = 0.00) 4)
g,,=-0.000781+0.01352 G (R%=0.23 and p-value = 0.00) %)
F =-8.158+7091G (R? = 0.42 and p-value = 0.00) (6)
£,,=-0.002965 +0.01447 G (R? =0.23 and p-value = 0.00) 7
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Egs. 2 to 7 exhibit relatively low coefficients of determination (R? < 0.60), the consistently
low p-values (< 0.005) indicate that the predictor variables significantly influence compression
mechanical properties of wood across yield, ultimate, and post-ultimate conditions. The limited
explanatory power is likely due to inherent variability in wood specimens under field
conditions, such as differences in moisture content, temperature, and tree age, which are not

fully captured in the models. Nevertheless, the equations remain valuable for identifying

statistically significant trends and relationships.
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Fig. 6: Proposed compression parallel to grain stress-strain model of tropical wood species
with specific gravity (G) range of 0.39 to 0.67 g/cm’.

The stress—strain model for tropical wood derived in this study demonstrates a similar
behavioural trend to the Glos model (Glos 1978; Arriaga et al. 2023), suggesting that
the proposed formulation aligns well with established predictive approaches. Post-elastic and
post-ultimate models are necessary for practitioners and academics when designing wooden
building structures to enable analysis of building behaviour in the post-elastic range under
applied external loads.

CONCLUSIONS

The results of this study are empirical equations for calculating and creating stress-strain
relationship curves in the longitudinal direction of wood. Flexural strength is commonly
represented by Fey = -9.593 + 75.28G (R?=0.46 and p-values 0.00), whereas the modulus of
rupture is represented by Fey = -14.49 + 92.26G (R?=0.50 and p-values 0.00). Very small
p-values (<0.005) indicate that the relationships between the predictors and the response are
statistically significant.

When designing beams or other flexible components for wooden constructions or bridges,
these two equations are utilized. The proposed stress—strain model for longitudinal direction of
wood (compression parallel to grain) developed in this study enables the estimation of the
longitudinal compressive strength of wood at different stages of loading, including the yield
limit, the ultimate limit (post-elastic), and the post-ultimate behaviour.
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