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Abstract: This paper compares the parallel-to-grain compressive strengths of wood sample specimens
with defects with those of the associated timber log samples. The Chinese fir (Cunninghamia lanceolata)
was examined using the static test method. We analyzed the effects of sampling position along the
radial direction of the log sample and the age of timber on the parallel-to-grain compressive strength.
We then developed time-dependent strength models of the heartwood (HW) and sapwood (SW).
These models can be used to evaluate the strength of an aged timber member, using only the service
duration, without taking material samples. The degradation of compressive strength over time was
then analyzed using an existing multivariate time-dependent model that includes the stress level.
The failure strength of the HW was found to be close to that of the SW when at low stress levels. The
estimates of the compressive strength of timber members based on these models were better than
those recommended by the Chinese National Standard.

Keywords: aged timber; specimens with defects; heartwood and sapwood; time dependence; parallel-
to-grain compressive strength

1. Introduction

Traditional buildings have suffered different degrees of damage, mainly due to exter-
nal loads and material strength degradation [1]. Long-term loading can lead to material
damage [2,3]. Due to an environment suitable for fungi growth, the decay of timber mem-
bers in traditional buildings is common [4], which in turn leads to a decrease in the strength
of wood components [5]. Systematic research on the effect of aging on the mechanical
properties of timber has been carried out in Japan during the 1950s and 1960s [6–11]. The
effect of load history was also studied in Europe and the United States in the 1980s and
1990s [12–15]. More reports [16–20] on the static and impact strengths and dynamic proper-
ties of aged timber have also been published. All of these studies significantly contribute
to new knowledge of the material science of timber for the protection of aging traditional
heritage timber structures.

A timber member in an existing building usually cannot be replicated, especially in
aging heritage buildings. A destructive test is usually not applicable to obtain the strength
of timber material. On the other hand, the strength of clear specimen samples (without flaw)
from the timber member can be easily obtained. Some experimental studies have considered
the correlation between the strengths of clear specimens and the corresponding wood logs
with the aim to develop a long-term strength model of timber [21,22]. A relationship
between the strengths of clear specimens and wood logs was later established, based on
reliability theory [23–25]. Other researchers investigated the development of wood grading
methods and the correlation of results from different methods, which included visual
inspection, clear specimen tests, log tests, and nondestructive tests [26–28].

The parallel-to-grain compressive strength of clear specimens obtained between the
1950s and 2020s are summarized in Figure 1, which is drawn based on the data of new and
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old materials in Appendix A. The Y-axis label in Figure 1 is the percentage difference of
parallel-to-grain compressive strength between the aged timber (σO) and new timber (σN),
denoted as (σO − σN)/σN%. They have been obtained from samples ranging from 50 to
1800 years old (Appendix A).
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Figure 1. The parallel-to-grain compressive strengths of aged timber.

There are many cases in Figure 1 where the parallel-to-grain compressive strength of
aged timber is greater than that of new timber. This is not consistent with the common
belief that the strength of aged timber is less than that of new timber [26,29]. This suggests
that the parallel-to-grain compressive strength of clear specimens is not representative of
the strength of on-site structural members with damage and decay, which accumulates
with service life. Although creep increases with the time, the creep rate slows as the amount
of accumulated creep increases [30]. Therefore, it is necessary to evaluate the strength of
timber members based on the strength of the natural specimen with damage and decay.

The important fact that defects are not uniformly distributed across the cross-section
of a timber member has long been ignored. The sapwood (SW) is subject to natural decay
soon after the tree is felled because of its high moisture content (MC) and rich nutrients that
welcome fungi and insects. The heartwood (HW) has a low MC and contains ingredients
such as tannins, aromatic oils, and calcium carbonate, which are toxic to fungi [5]. The
heartwood also decays, but is more resistant to corrosion than the sapwood. There is
a significantly different presence of defects between the SW and the HW, resulting in
their different strengths. Therefore, it is necessary to study the strength differences of the
heartwood and sapwood.

The strengths of specimens from both the HW and SW are experimentally studied
in this report. The Chinese fir (Cunninghamia lanceolata) is examined using the static test
method. The wood species will be referred to as CL for the rest of this paper. Owing to the
difficulty in obtaining samples of different ages for comparison, this study only considered
aged timber, which was approximately 100 years old, and new timber. The mechanical
properties of the same wood species at different ages from the refurbishment of traditional
heritage buildings can be included for further comparison in the future.

2. Materials and Methods

Test specimens in this study were prepared from both aged and new logs with natural
defects, similar to those used in actual traditional heritage timber structures. They were
prepared according to standard [31], and we refer to them as ‘standard specimens’ instead
of ‘clear specimens’. The standard specimens shown in Figure 2a were prepared from both
aged and new logs of the HW and SW.
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A schematic diagram of the compressive strength ratio γσ, sampling position λ, and
service life t is plotted in Figure 2b. This is a schematic description of the methodology
proposed in this report, indicating what could be done if additional statistical data was
available for comparison. γσ denotes the ratio of average parallel-to-grain compressive
strength of the log sample, fm, to that of the standard specimen, fc. The definition of
sampling position, λ, is depicted in Figure 2a. The parallel-to-grain compressive strength,
fm, of a log sample in a specific traditional timber structure can be estimated from Figure 2b
using the compressive strength ratio, γσ, for a given service life, t, and sampling position,
λ, of standard specimens tested in the experiment. Thus, only the service life of the timber
member is needed to obtain its strength, with no need to obtain test samples from the aged
timber structure.

Chinese fir is a popular wood species used for construction in southern China. The
properties from five log samples, three aged and two new, are included in this study. The
aged samples shown in Figure 3b are from columns in a hundred-year-old building in
Yangzhou City, Jiangsu Province, China (t = 100); as shown in Figure 3a, the aged columns
come from the exterior of the house. They were taken down in a refurbishment program,
due to localized decay or cracking. Decay is caused by fungi that invade and multiply in
the wood. Cracks are a detachment of wood fibers caused by external forces or changes in
temperature and humidity. As the climate change over the last hundred years is unknown,
and the effect of temperature and humidity on building components is cumulative, we
have assumed that the rate of decay in wood is uniform and that the extent of decay caused
by these factors will increase linearly with time. The new samples (t = 0) shown in Figure 3c
are from the timber market in Yangzhou City, Jiangsu Province, China.

The dimensions of the log samples are shown in Table 1. Each log sample was cut into
five equal segments labelled as #1 to #5, as noted in Figure 4a. The segments were prepared
before sampling without discrimination based on natural defects in the wood, such as the
rough surface of aged logs, dark coloring from carbonization, and cracks on the surface
spanning the whole length of the log. The state of natural decay of the wood at the log
ends could not be quantified due to the increased width and deep cracks in the aged logs,
as shown in Figure 4b.
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Table 1. Dimensions of the log samples.

Serial Number
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CL-2 150/150 150/155 3470
CL-3 95/130 125/150 2680
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Segments #2 and 4 in Figure 4c were reserved for log tests, and they were 12R in length
(R is the mean radius of the segment). The parallel-to-grain compressive strength was
obtained according to standard [31], with a loading rate of 1.0 mm/min. Segments #1, 3,
and 5 were blank-sampled, arch-shape-cut, and finish-cut, according to standard [31] for
the standard specimen tests. The number of prepared specimens and their dimensions are
listed in Table 2. Specimens could only be obtained from locations S1 and S2, as shown
in Figure 4d, due to constraining damages and cracks in the cross-section extending from
the surfaces of the timber logs. Specimens type S1 are from the HW in the dark area, near
the center of the section. Specimens type S2 are from the SW in the light area, close to the
outer edge of the section. Specimens S1 and S2 have no radial sampling gradient, limited
by the size of the log, and are referred to as being sampled at regions λ = 0.00 and λ = 1.00,
respectively, as shown.

Table 2. Number of samples and their dimensions for each type of test.

Samples Test Index Specimens

Number of
Samples/Test Dimensions (mm)

Aged CL
(t = 100)

New CL
(t = 0) Length Width Height

Standard
specimens

Compressive strength
(f c,0)

S1 (λ = 0.00) 42 24
20 20 30S2 (λ = 1.00) 42 24

Air-dried density (ρ) S1 (λ = 0.00) 23 12
20 20 20S2 (λ = 1.00) 23 12

Logs Compressive strength
(f c,0,log) - 6 4 12R - -

The numbers of S1 and S2 specimens were approximately the same and were taken
from the same locations of both the aged CL and new CL log samples. These specimens are
representative without differentiation of the decaying timber at the end of log sample and
the well-preserved timber in the middle. This study focuses on a heritage wooden building
where the history of the timber and the effect of material defects and decay are equally
important. The standard specimens prepared from the aged timber log were not clear
standard samples. They were samples with natural defects. All the standard specimens
carry some natural defects. Therefore, the differences in their statistical strengths may
mainly be due to age. The standard specimens and log segments were first placed in an
environment-controlled room in Beijing Jiaotong University with a 20 ± 2 ◦C ambient
temperature and relative humidity of 65 ± 5% before testing, until the equilibrium MC
(12%) of timber was reached [32].

3. Results and Discussion
3.1. Test Data Analysis

The sample mean (denoted by an overhead bar) and standard deviation (SD) of
parallel-to-grain compressive strength (f c,0) and material density (ρ) of standard spec-
imens and the parallel-to-grain compressive strength of the logs (f c,0,log) are listed in
Tables 3 and 4, respectively, and f c,0,mean is the average value of f c,0,log. The percentage
difference δD in Table 3 is defined as:

δD = (xH − xS)/xS% (1)

where xH and xS denote the respective sample means from the HW and SW. The differences
in sample means for the HW and SW, respectively denoted δH and δS, between the aged CL
and new CL are:

δH = (xHA − xHN)/xHN% (2)

δS = (xSA − xSN)/xSN% (3)
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where xHA and xSA are the sample means for the HW and SW of the aged CL, respectively,
and xHN and xSN are the sample means for the HW and SW of the new CL, respectively.

Table 3. Parallel-to-grain compressive strength (f c,0) and density (ρ) of standard specimens.

Tests

Aged CL New CL Differences

HW SW δD
(%)

HW SW δD
(%) δH (%) δS (%)

xH SD xS SD xH SD xS SD

f c,0
(MPa) 42.96 8.00 42.16 7.74 1.90 35.96 3.67 42.35 4.03 −15.09 19.47 −0.45

ρ
(g/cm3) 0.407 0.065 0.401 0.057 1.66 0.349 0.022 0.391 0.025 −10.70 16.60 2.43

Note: “—” denotes that the strength of HW is smaller than that of SW in the new timber.

Table 4. Parallel-to-grain compressive strength of the logs f c,0,log.

Aged CL New CL Difference

xA (MPa) SD xN (MPa) SD δL (%)

30.30 9.40 35.21 1.58 −13.94
Note: “—” denotes that the parallel-to-grain compressive strength of aged logs is smaller than that of the new logs.

The percentage difference, δL, in Table 4, is defined as

δL = (xA − xN)/xN% (4)

where xA and xN are the sample means for the aged and new CL log segments, respectively.
The variations in the parallel-to-grain compressive strengths of the aged CL in Figure 4b

was noted as small, not exceeding 2.0%, and was significantly less than that of the new CL.
The strength of the HW of the aged CL was nearly 20.0% larger than that of the new CL.
There was almost no difference (less than 1.0%) in the strengths of SW in the aged versus
new CL.

Aged timber has experienced long durations of permanent axial load with residual
compressive parallel-to-grain deformation [2,3]. The deformation induced by the axial load
was assumed to be uniform across the whole cross-section, and the density of the HW and
SW had a difference less than 2.0%. The variation in density along the radial direction
of the new CL was noted to be opposite to that of the aged CL, with the density of the
HW being 10.70% less than that of SW. The parallel-to-grain compressive strength of the
HW in the new CL was approximately 15.09% smaller than that of the SW. However, the
parallel-to-grain compressive strength of the aged log segments was less than that of the
new log segments, as listed in Table 4, with δL = −13.94% < 0, δH = 19.47% > 0, and
δS = −0.45% < 0 for the standard specimens listed in Table 3. This is due to the higher
density of the SW compared with that of the HW, in new CL [33]. The aged and new logs
in Table 4 are from a limited number of samples with natural defects according to their age,
and the standard deviations of aged and new CL are 9.40 and 1.58, respectively. Significant
differences of dispersion between the aged and new CL can be noted from Figure 5.
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Figure 5. Parallel-to-grain compressive strength of aged and new logs.

3.2. Relationship of Compressive Strength

The mechanical properties of a log are often extrapolated from those of the standard
specimens. The compressive strength ratio, γσ, is calculated for each log sample in Table 1
using:

γσ = fm/ fc (5)

where fm is the parallel-to-grain compressive strength of segments of the log sample. The
calculated γσ is separated into four groups, according to age of samples (t = 0 for the new
CL and t = 100 years for the aged CL) and sampling position (λ = 0 for HW and λ = 1.0
for SW) of the standard specimens. The 3D plot and boxplot of γσ are shown in Figure 6.
In the boxplot, symbols ‘•’ and ‘×’ outside the box represent the maxima and minima,
respectively; the symbol ‘�’ within the box represents the sample mean of the data; the
upper and lower edges of the box represent the upper and lower quartiles of the data,
respectively; the solid line within the box represents the median. Our results show that the
distributions of γσ of the HW and SW in the aged CL are similar. The maxima and range of
data of the HW in the new CL are significantly higher than those of the other three groups,
which is shown in Figure 6b. The distribution of γσ of the SW in the new CL is relatively
centralized.
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The scattered points of γσ in Figure 6a can be fitted to a linear plane distribution using
the least-squares method:

γσ = −0.052λ− 0.002t + 0.939 (6)

where λ denotes the relative distance between the sampling location of the standard
specimen and the centroid of the timber cross-section. The equations defining the four
edges of the plane (dashed lines in Figure 6a) are shown in Figure 7. The solid dots in the
plots represent the sample means of the data groups. Each sample mean is close to one end
of the straight line, indicating a good representation of the fitted plane.
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The fitted distribution can be used to estimate the parallel-to-grain compressive
strength of the log samples in this study. The estimated results using Equations (5) and (6)
are listed in Table 5. The average difference between the estimated and experimental
compressive strengths of the HW and SW were 12.70 and 11.40%, respectively, and this
was considered satisfactory given the large variability in the properties of the aged CL [34].
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Table 5. Estimation of compressive strength of the log samples using Equation (6).

Serial Number
fc,0,mean
(MPa)

HW (λ = 0) SW (λ = 1)

γσ
fc-H

(MPa)
fm-cal
(MPa)

δM
(%) γσ

fc-S
(MPa)

fm-cal
(MPa)

δM
(%)

Aged CL-1
(t = 100) 41.98 0.739 50.56 37.37 12.35 0.687 49.96 34.32 22.32

Aged CL-2
(t = 100) 29.56 0.739 39.75 29.37 0.64 0.687 40.07 27.53 7.38

Aged CL-3
(t = 100) 19.37 0.739 34.79 25.71 24.65 0.687 33.21 22.82 15.11

New CL-4 (t = 0) 36.76 0.939 33.92 31.85 15.40 0.887 45.30 40.18 8.51
New CL-5 (t = 0) 33.66 0.939 40.04 37.60 10.47 0.887 39.39 34.94 3.67

Note: f c−H and f c−S are the mean compressive strengths of standard specimens of HW and SW, respectively;
fm−cal is the calculated compressive strength of the timber log using Equation (5); the difference δM is calculated
from δM = | fm − fm−cal|/ fm%.

The relationship between the parallel-to-grain compressive strengths of the clear
specimens and timber logs, recommended by the standard [35], is

fm−CABP = K f c (7)

where fm−CABP is the estimated compressive strength of the log sample; f c is the sample
mean strength of clear specimens obtained from the same log sample; K is the influence
coefficient defined as

K = KPKAKQ (8)

where KP is the equation accuracy affecting coefficient that is recommended in the design
code. KP = 1.0, as recommended in the design code. KA is the ratio of the actual geometric
quantity to the standard value of the same quantity. KQ is the reduction factor of material
strength, defined as the product of influence coefficient of natural defect, KQ1; drying defect,
KQ2; size, KQ3; and a reduction factor due to long-term load, KQ4:

KQ = KQ1KQ2KQ3KQ4 (9)

The recommended values for the above coefficients are shown in Table 6 [35]. It is
noted that the specimens have defects in this study; therefore, the coefficient of natural
defect, KQ1, has the recommended value of 1.00 instead of 0.66 [35]. As the strengths
obtained have already included the influence of load duration on aged timber members,
the influence of long-term load, KQ4, was not considered for aged CL, with KQ4 = 1.00.

Table 6. Coefficients for calculating the parallel-to-grain compressive strength [35].

Sample Type KP KA
KQ

K
KQ1 KQ2 KQ3 KQ4

Aged CL 1.00 0.96 1.00 0.90 0.75 1.00 0.65
New CL 1.00 0.96 1.00 0.90 0.75 0.72 0.47

The calculated fm−CABP and the test results of the log samples are compared in Table 7.
The mean of the difference δM is 28.50%, which suggests that the test results were signifi-
cantly larger than the estimated values. A larger difference denotes a larger safety margin
and more conservative estimate for the log samples, compared with that from [35].
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Table 7. Estimation of the compressive strength of the log samples, according to [35].

Serial
Number

fc,0,mean
(MPa) K fc

(MPa)
fm-CABP
(MPa)

δM
(%)

Aged CL-1
(t = 100) 41.98 0.65 50.27 32.68 22.15

Aged CL-2
(t = 100) 29.56 0.65 39.91 25.94 12.25

Aged CL-3
(t = 100) 19.37 0.65 34.00 22.10 14.09

New CL-4
(t = 0) 36.76 0.47 39.61 18.62 49.35

New CL-5
(t = 0) 33.66 0.47 39.61 18.62 44.68

Note: The difference δM is calculated by δM = | fm − fm−CABP|/ fm%.

4. Degradation of Compressive Strength with Time

The resistance of timber structures is mainly dependent on the effects of temperature,
relative humidity, loading, and the compressive strength of the material. When these
factors are assumed to be independent, a multivariate time-dependent model on the
bearing capacity of compression timber member can be formulated, considering the load
duration and the degree of timber decay, as [36]

fN(t) = f0 · ϕ f (τ, t) · ϕA(δ(t)) (10)

where fN(t) is the compressive strength at time, t; f0 is the initial compressive strength
of timber; ϕ f (τ, t) is the time-dependent model of the design strength, including the load
duration effect and stress level, τ, defined as the ratio of actual stress to compressive
strength; ϕA(δ) is the time-dependent function of the geometric parameter of component
sections with decay [4]; and δ(t) is the time-dependent function of the thickness of the
decay layer of timber, as shown in Equation (13).

A model of the cumulative damage of timber, considering effects of temperature and
humidity, can also be derived based on a large number of experiments and Gerhards’
cumulative damage model, as [36,37]

ϕ f (τ, t) =
1
B

ln{1 + [1− t · exp(−A + τB)](exp B− 1)} (11)

where parameters A = 13.9526 and B = 25.0498, with the stress level, τ, usually not
exceeding 0.35 in a traditional timber structure [36].

The time-dependent function of the geometric characteristics of a component section
under a long-term load can be obtained from [36] as

ϕA(δ) =

(
1− 2δ

D

)2
(12)

where D is the diameter of the compressed timber member.
The time-dependent function of the thickness of the decay layer of timber may be

taken as [38]

δ(t) =
δ0

2

(
1 +

t
T0

)α

(13)

where δ0 is the existing thickness, T0 is the age of the compression component up to the
present, and α is a parameter of the rate of degeneration of the thickness of the metamorphic
layer [4].

The time-dependent model for a log of the new CL, as of today, is discussed below.
Table 4 shows that f0 = 35.21 MPa for the new CL. D = 149.5 mm is the mean value of the
new CL logs from Table 1. Other parameters and coefficients are assumed to be the same
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as those in [36], with T0 assumed to be one year without any decay layers, δ0 = 0.05 mm,
and power index α = 1.0. Substituting all of the above parameters into Equations (11)–(13),
the time-dependent model for parallel-to-grain compressive strength can be obtained, as
shown in Figure 8a. The curves show that the rate of degradation of parallel-to-grain
compressive strength becomes larger with the stress levels τ with larger residual strength.
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The residual strength ratio, γ, is defined as the ratio of failure strength to initial
strength, fo = 35.21 MPa, and the calculated values of γ are listed in Table 8. It is noted
that γ is sensitive to the stress level, with a positive correlation. Figure 8a shows that
the estimated reduced strength for t = 100 years is larger than the experimental strength
obtained from the log segment of aged CL (30.30 MPa in Table 4). This may be because the
effects of temperature and humidity have not been taken into account in the cumulative
damage model [39].

Table 8. Residual strength ratio of new CL under different stress levels.

Stress level τ (MPa) 0.25 0.30 0.35

Residual strength
ratio γ

0.077 0.556 0.781
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The compressive strengths of the SW and HW of the new CL are considered separately,
i.e., the initial strength of timber is taken as the compressive strength of the HW and SW
in Table 3 ( f0−H = 35.96 MPa and f0−S = 42.35 MPa, respectively), whereas the other
parameters are the same as those used previously. The time-dependent models are plotted
in Figure 8b. The degradation law of compressive strength and stress level is found to be
consistent with Figure 8a. Although the initial stresses of the HW and SW are different,
both degradation curves gradually converge to the same value over time. The smaller the
stress level, the closer the failure strength of the HW to that of the SW. Both the HW and
SW may fail under the same stress level if it is low enough.

5. Conclusions

The parallel-to-grain compressive strengths of the HW and SW of timber was experi-
mentally studied using test specimens sampled from appropriate locations on hundred-
year-old log segments. We estimated the ratio between the compressive strength of standard
specimens and that of the log samples, as a function of time and sampling location. The
time-dependent models of the compressive strength of both the SW and HW were also
studied. Based on our findings, we made the following conclusions:

(1) The variation of compressive strength of the aged CL in the radial direction was small,
not exceeding 2.0%, which was significantly less than that of the new CL.

(2) The compressive strength of the HW of the aged CL was nearly 20.0% larger than that
of the new CL. The compressive strength of the SW of the aged and new CL were
similar, with less than a 1.0% difference.

(3) After the long-term (100 years) action of axial load and environmental effects on the
aged CL, the compressive strength of the aged log segments was nearly 14.0% lower
than that of the new log segments.

(4) The fitted model for the estimation of parallel-to-grain compressive strength of the
log segments gave estimates with less than 13.0% error, which was better than the
estimates calculated based on the Chinese National Standard.

(5) A lower stress level is associated with similar failure strengths of both the HW and
SW. The HW and SW may fail at the same load when the stress level is low enough.
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Appendix A

Table A1. Summary of published test results on the parallel-to-grain compressive strength of
aged timber.

Study Wood Species Service Life (years)
Parallel-to-Grain Compressive Strength (MPa)

Aged New

[7,11,40] Zelkova schneideriana

650 48.0

64.5

530 59.6
350 56.4
320 49.9
310 41.5
240 68.7

[6,9,11,40] Platycladus orientalis

1300 45.4

31.6

1200 48.0
900 47.1
730 44.0
700 42.4
530 41.7
350 46.9

[41,42]
Tectona grandis 1800 81.5 55.5

Pterocarpus indicus 500 79.3 68.2

[43] Picea abies. 300 63.0# 50.0#

[40]

Picea asperata 600 29.9 38.6

Cupressus funebris 200 46.2 54.3

Larix gmelinii 920 46.8 57.6

[44]
Larix gmelinii 900 46.8 57.6

Pterocarya stenopter 600 53.9 42.7

[16–18]

Zelkova schneideriana 255 42.8 47.6

Pinus densiflora
115 35.3

27.9270 34.7
290 41.9

[45]

Larix gmelinii 145 44.18 51.28 *

Pinus sp. 145 32.73
32.75 *50 34.50

Picea asperata 145 44.18 41.57 *

Cunninghamia lanceolata 145 29.20 31.37 *

Pinus sp. 50 45.49 41.60 *

[46] Cunninghamia lanceolata 150 32.30 33.70

[4] Pterocarya stenopter ** 26.90 40.20

[26]

Pinus sp.

950 15%↑
650 11% ↓
500 18% ↑ #

200 8% ↑ #

Pterocarya stenopter

950 10% ↓ #

780 15% ↓ #

780 10% ↓ #

600 —#

Ulmus rubra 800 5% ↑ #

Note: # denotes the value estimated from figures in the literature; * denotes the value listed in “China Wood
Record” [47]; ↑ denotes an increase in strength of the aged timber; ↓ denotes a decrease in strength of the aged
timber; ** denotes relevant information is not provided in the literature.
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