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Abstract: In this research work aiming at determining the physical and mechanical properties of the wood species Wengé, 
attention has also been paid to its creep behavior through an accelerated test technic. It came out from experimental studies that 
Wengé wood exhibits good dimensional stability parameters and good mechanical characteristics. Meanwhile, classical creep 
tests are both time consuming and cost intensive because of their long test time. Hence accelerated creep tests are used to 
extrapolate the information to the time scale of conventional tests on measurements conducted for much shorter durations. In 
this research work, we also demonstrate the use of stepped isostress method (SSM) in 4-point bending mode as a means of 
accelerated creep measurement of the wood species Millettia Laurentii called Wengé. The SSM employs a load-stepping 
approach, typically with at least three steps for a single specimen. The tests have been carried out at temperature of 23°C and 
65% relative humidity. The flexural properties of the wood were determined. The master curve obtained can be used for 
predicting the creep behavior of the test material for time periods more exceeding the experimental one. Besides, from the 
Eyring theory on creep we calculated the activation volume of the Millettia Laurentii wood. Of course these findings clearly 
indicate that the reduction modulus of the wood species Millettia Laurentii in this work is increasing over time but at a 
decreasing rate. 
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1. Introduction 

The Wengé wood is one of the oldest building materials 
used by humans in the south region of Cameroon and in 
many sub-Saharan African countries. This wood, often 
overexploited, is used as building materials, insulation, 
decoration and the manufacture of art objects [1]. 
Investigations lead to the conclusion that there is 
unfortunately no study on the determination of its physical 
and mechanical properties. In addition, the production and 
uses of Wengé wood are based solely on ancestral ability. 
This wood offers a real opportunity to the poor local 
population, to build the houses with that cheap and abundant 

material that can meet the need of economic housing. Some 
information on the basic properties of Wengé wood has been 
examined [2], but the study of its physico-mechanical 
properties and applications as raw material is very limited. 
Further studies are needed to assist and promote its 
application in the modern world. The optimization of the 
properties of Wengé wood with a view to its valorization 
requires knowledge of its mechanical properties through tests 
such as near infrared spectroscopy [3], static-bending 
method, longitudinal and complex vibration tests [4] used on 
some tropical woods. In the same vein creep behavior of this 
wood should be studied in order to have an idea about its 
load bearing capacity. 
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Creep is among the fundamental properties of materials 
which limiting their long-term application due to excessive 
deformation or reduced stiffness over an extended period of 
time [5]. For material design related to the load-bearing 
capacity of products, the evaluation of creep behavior is 
indispensable in engineering applications. However, very 
little attention has been paid to the creep behavior of 
hardwood. At realistic service-life durations, time is too 
limited for conducting conventional creep tests, i.e., 
accelerated tests are necessary [6]. The concept of the 
accelerated creep test for the prediction of long-term 
performance is the use of the superposition principle from the 
combination of exposure time, exposure temperature, and 
applied load. In other words, a short-term accelerated creep 
test must be used to obtain the master curve, which is then 
fitted with an empirical mathematical model. Based on the 
time-temperature stress superposition principle (TTSSP), the 
creep behavior of viscoelastic materials can be determined 
from the stepped temperature and stress in the same manner 
as time-equivalence [7]. From this principle, the stepped 
isothermal method (SIM) has been developed to use stepped 
increments of temperature for a single sample [8–11]. 
Recently, the stepped isostress method (SSM), which can 
capture the creep behavior of a single sample with a stepwise 
increase in the stress level, was successfully applied to semi-
crystalline thermoplastics and a carbon-fiber-reinforced 
polymer [6, 12–14]. In comparison to SIM, additionally, the 
SSM is more advantageous in evaluating creep behavior of 
wood, because wood is a low-thermal-conductivity material. 
However, there is little information available on the SSM 
method characterizing creep deformation and predicting 
long-term creep behavior of wood. 

2. Materials and Methods 

2.1. Determination of Physical and Mechanical 

Characteristics of WW 

The major physical properties we determined in this study 
are: moisture content (H), density (ρ), volumic shrinkage (Rv) 
with volumic shrinkage coefficient (rv), radial shrinkage (RR) 
with radial shrinkage coefficient (rr), tangential shrinkage 
(RT) with tangential shrinkage coefficient (rt), volumic 
swelling (GV) with volumic swelling coefficient (gv), radial 
swelling (GR) with radial swelling coefficient (gr), tangential 
swelling (GT) with tangential swelling coefficient (gt). As far 
as mechanical properties are concerned, we determined: 
Young modulus in the direction parallel to fibers, maximum 
failure stress in compression parallel to fibers (σc//) and 
maximum failure stress in four point bending test 
perpendicular to fibers (σF┴). Any mentioned characteristic 
was determined from a sample of 25 specimens of wood 
(extracted from five different mature billets of Millettia 

Laurentii wood, originating from Kyé-Ossi natural forest in 
Cameroon south region.) after which we considered the mean 
value and the standard deviation (S. D.). This was to 
guarantee the repetability of each value since wood is an 

anisotropic and heterogeneous material. The advantage of 
considering five different mature billets is that the results 
would be deemed more representative of the species. 
Moisture content (H), density (ρ), volumic shrinkage (Rv) 
with volumic shrinkage coefficient (rv) and volumic swelling 
(GV) with volumic swelling coefficient (gv) were determined 
from 25 Wengé wood (WW) specimens of 20×20×20 mm3 
(Figure 1). 

 

Figure 1. WW specimens of 20×20×20 mm3. 

 

Figure 2. WW specimens of 360×20×20 mm3. 

 

Figure 3. WW specimens of 60×20×20 mm3. 

 

Figure 4. WW specimens of 50×50×10 mm3. 
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Radial shrinkage (RR) with radial shrinkage coefficient (rr), 
tangential shrinkage (RT) with tangential shrinkage 
coefficient (rt) and radial swelling (GR) with radial swelling 
coefficient (gr), tangential swelling (GT) with tangential 
swelling coefficient (gt) were determined from 25 WW 
specimens of 50×50×10 mm3 (Figure 4). Young modulus and 
σF┴ were determined from WW specimens of 360×20×20 
mm3 (Figure 2) whereas WW specimens of 60×20×20 mm3 
(Figure 3) were used to determine σc//. All the 25 wood 
specimens were tested following the French Norm NF B 51-
003 that labels general requirements for physical and 
mechanical tests. The maximum stress in compression 
parallel to fibers (σc//) has been determined by the means of 
the compression testing machine (Figure 5). 

 

Figure 5. Compression testing machine. 

2.2. SSM Creep Tests 

The creep tests were conducted at Dschang University 
(Cameroon) using a four-points flexural test machine (Figure 
9) coupled with a strain-bridge (Figure 6) possessing a high 
accuracy. The indoor temperature was 23°C and the relative 
humidity was 65% during all the process. The specimens 
were prepared with a required dimension of 
20mm×20mm×360 mm (Figure 2). During creep test we used 
strain gauges (Figure 7) having an electric resistance of R ± 
∆R. A strain gauge is made of a threadlike conductor of 
resistivity ρ, of section S and of length nl; n stands for the 
number of strands and l is the length of one strand. The two 
strain gauges stuck longitudinally on the sample (Figure 8) 
and symmetrically undergo the same deformation than the 
wood sample (under the applied load) which the expression 

is 
∆�

�
. Since the expression of the resistance of the gauge is: 
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Where the value of the gauge factor K is 2. 
The strain bridge (Figure 6) converts automatically this 

relative variation of electric resistance or deformation into a 
numeric value that we can record. 

 

Figure 6. Numerical strain bridge. 

 

Figure 7. Strain gauge. 

 

Figure 8. Test specimen carrying two gauges. 

 

Figure 9. Experiment set-up for creep test. 
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WW in this paper was studied using SSM at one starting 
stress level (reference stress), which would be equivalent to 
the constant sustained stress level during a conventional 
(long-term) creep test. In this work, since the creep was 
nondestructive test, the initial stress level and the stress level 
increment have been chosen in such a way to stay in the 
domain of lower loads, that would preserve the material from 
any possible damage. The specimen starts at the reference 
stress in the first load step, then moves to higher stress levels 

with each load step until the final step. These stresses 
(referred to as accelerating stresses) are expressed in terms of 
the average failure stress (AFS), meaning reference stress of 
5,34% AFS. The accelerating stresses were simply divided 
into equal stress increments of 4,96 MPa (3,21% AFS), each 
lasting 3 hours (this step duration was sufficient to appreciate 
primary and secondary creeps). Table 1 summarizes the test 
parameters selected for the experiments in this study. 

Table 1. Procedure for creep testing WW with the SSM. 

Reference stress Step parameters 
Load step 

1 2 3 4 5 6 

5,34% AFS 
Stress level (% AFS) 5,34 8,55 11,76 14,97 18,18 21,39 
Step duration (hrs) 3 3 3 3 3 3 

AFS: Average Failure Stress; WW: Wengé Wood. 

3. Results and Discussion 

3.1. Major Physical and Mechanical Characteristics of WW 

The degradation of wood products is to dimensional 
variations linked to shrinkage or swelling. The daily resulting 
inconveniences can be outlined; doors and windows are 
locked with difficulty, relative movement in joints, wedging 
of drawers etc. Parameters of dimensional stability of WW 
are summarized in the following table 2. 

Table 2. Physical characteristics of WW for a moisture content 12%. 

Physical properties Mean value S. D 

��(g/cm3) 0,789 0,019 
Rv (%) 14,7 0,6 
rv (%) 0,64 0,02 
RR (%) 5,6 0,1 
rr (%) 0,24 0,005 
RT (%) 8,9 0,1 
rt (%) 0,38 0,06 
GV (%) 17,2 0,8 
gv (%) 0,74 0,03 
GR (%) 5,9 0,1 
gr (%) 0,25 0,005 
GT (%) 9,7 0,1 
gt (%) 0,41 0,006 

In this table density is reported as mass divided by volume 
with both at 12% moisture content. The use of WW by 
engineers and others inspired the study of certain 
dimensional stability parameters of this wood species (Table 
2). The evaluation has been done on three total shrinkages 
(i.e. volumic, radial and tangential) resulting in water 
variation in wood fibers. This led us to measure the fibers 
saturation point (FSP). We didn’t determine the longitudinal 
shrinkage since its value is commonly negligible as 
compared to values in radial and tangential directions. 

Table 3. Mechanical characteristics of WW for a moisture content 12%. 

Mechanical characteristics Mean value S. D 

EL (MPa) 21058 697,69 
σc// (MPa) 78,5 7,2 
σF┴ (MPa) 154,6 16,3 

The longitudinal direction is the most relevant among the 
three anisotropic directions of a wood since it is the one that 
makes it a good structural material. This is why we 
determined the Young’s modulus only in this direction. From 
these tables, it is straightforward that we are dealing with a 
heavy wood with high longitudinal Young’s modulus. 
Besides, the shrinkage and the swelling of this wood species 
are such that its exterior application in wooden structures 
could be considered. 

We determined the fiber saturation point (FSP) of WW 
through the experimental curve of volumic shrinkage (RV) vs 
moisture content (MC). The specimens have been first 
naturally dried until anhydrous state, then wetted 
progressively and the volume was determined during the 
process. 

 

Figure 10. Volumic shrinkage vs moisture content. 

Relations between shrinkage and humidity are linear for 0 

< MC < FSP. Moreover when cellular walls are saturated, 
the colonization of lumens by free water doesn’t cause any 
deformation that is for MC > FSP, wood dimensions and 
volume are constant. The fiber saturation point is the amount 
of humidity from which the wood volume no more evolves. 
From Figure 10, its comes that WW doesn’t increase volume 
after 23% of moisture content which is it fiber saturation 
point. 
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3.2. Long Term Creep Behaavior of WW via SSM 

3.2.1. Preliminary Flexural Tests 

Before performing the primary experiment, flexural tests 
were performed with 25 specimens to find the average failure 
flexural stress of the WW. Specimens measuring 
approximately 360 mm in length with a squared section of 20 
mm in width were prepared. The samples were loaded at a 
constant strain-rate until complete failure occurred. The 
average failure flexural stress was 154,6 MPa with a standard 
deviation of 16,3 MPa. The average elastic modulus, 
measured in the linear elastic region, was 21058 MPa. 

As this work is almost one of the first applying SSM to 
hardwood, our purpose was to show how this accelerated 
method works when applying to WW wood. So, we limited 
ourselves to lower creep stress levels in the experiments. Our 
maximum creep stress level applied to the sample during 
SSM creep test was 33,07 MPa representing 21,39% AFS; 
this was to avoid failure of the specimen and to assure that 
we remained in the linear region (Figure 11). 

 

Figure 11. Stress-strain curve for four-point flexural test of WW. 

3.2.2. SSM Main Results 

For the purpose of this paper, ten specimens were tested 
for the reference stress at room temperature (23°C) to 
observe the overall trends in behavior, and to take into 
account the variability of the wood material. Total strain εtotal 
(t) is defined as the combination of elastic ε0 and creep or 
delayed deformation εcreep (t) (equation 4), assuming thermal 
strains are negligible and reference stress is in the elastic 
region with modulus EL: 

( ) ( )0total creept tε ε ε= +                      (4) 

0 0 Lσ ε= ×Ε                                (5) 

In equation 5, σ0 stands for the initial applied stress, ε0 is 
the resulting deformation in the elastic region and EL is the 
elastic modulus in this elastic linear region. 

The stress profile and raw strain data for the SSM creep 
test are shown in Figure 12 (a) and 12 (b), respectively. 
Figure 13 contains each step of the data analysis process for 
5,34% AFS as an example. There are three major parts of the 
sequence for analyzing data obtain through the SSM and 
constructing the creep master curve: (1) vertical shifting, (2) 

rescaling, and (3) horizontal shifting. 
(1) Vertical shifting is merely the subtraction of elastic 

strains for each load step to create a continuous curve in 
terms of strain, as in Figure 13 (a). 

(2) Rescaling is the second step, and it essentially accounts 
for stress history-creep from previous steps-and strain 
equivalence for each load step, as seen in Figure 13 (b). The 
method described in [13] is fairly arbitrary and a purely 
graphical approach is recommended, while the authors in [6] 
simply recommend fitting a power-law to the secondary 
creep portions of each stress step for a given sample. In this 
study, the secondary creep segment for an individual step is 
extrapolated to zero creep strain (ε (t)=0) using a fractional 
derivative Maxwell model [2] approximation (Equation 6) 
(see [2] for the figure of the fractional derivative Maxwell 
model and the derivation of Equation 6). The secondary 
creep region was defined from the time point when the creep 
strain rate varies by less than 0,025% from the start of the 
load step (i.e., approximately steady-state). The curve is then 
shifted on the log10 (time) axis by the difference between the 
real and extrapolated start times of that step, using the 
following equations: 
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( ) ( ) ( )rescale actual extrapolatedi i i
t t t= −                    (7) 

where i=1, 2, 3…m are load steps in the SSM creep test; Γ 
stands for the gamma function, k is the time step, αk the 
power of the fractional derivative model, E the rigidity of the 
spring, ηαk is the viscosity of the sprint-pot and σ the applied 
stress (see [2] for the methodology of determination of the 
model parameters). The main advantage of the fractional 
derivative model being that the memory effect of the material 
is taking into account here and it achieves good fit for 
rescaling. The creep curve for each load step should be 
shifted to start at the extrapolated start time, using the 
rescaling factor log10 (ares). 

This rescaling procedure for addressing stress history 
within a sample comes from Schapery’s single-integral 
nonlinear superposition approach, which provides a method 
for relating strain accumulations at different stress levels and 
points in time, when the cumulative elastic and creep strains 
are dependent on stress [13-15]. 

(3) Finally, the rescaled individual creep curves must be 
placed along the log10 (time) axis to create the complete 
master curve, i.e., superposition as in Figure 13 (c). This is 
accomplished through a shift factor for reduced time, log10 
(a0), and one must be found for each stress level. The result 
of rescaling is a series of curves, each of which represents 
part of a creep curve that would have been obtained from 
tests on different specimens at different stresses. They are 
thus the same as those that could have been obtained from 
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separate time stress superposition principle (TSSP) tests. 
They must be shifted along the logarithmic time axis to 
obtain the creep master curve at a reference stress. The 
magnitude of this horizontal shift is a function of stress and is 
similar in principle to the shift in time temperature 
superposition principle (TTSP) testing where tests are carried 
out at different temperatures and the shift is a function of 
temperature. 

 

 

Figure 12. SSM creep test results: (a) Stress profile, and (b) Raw strain data. 

 

 

 

Figure 13. Sequence for SSM data analysis: (a) vertical shifting, (b) 

rescaling, (c) creep master curve for WW at 5,34% AFS. 

 

Figure 14. Relationship between stress level and time shift factor. 

The master curve of the specimen is included in Figure 13 
(c), limited up to two decades. The smoothness and shape of 
the master curve indicates that the analysis procedure 
adequately manipulates the data from this testing program to 
create a realistic creep curve that would result from a 
conventional long-term test at that reference stress. 
Furthermore, the relationship between the shift factor and 
stress level is illustrated in Figure 14. The fact that the data 
points on this plot lie close to a straight line, with a small 
experimental scatter, shows that the same creep mechanism is 
operative for each load sequence, which validates the use of 
the superposition theory in adding creep curves with different 
load sequences to produce the creep master curve that 
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underlies the SSM procedure. From this figure, the activation 
volume can be described based on the Eyring equation (this 
model is more suitable for creep behavior of materials at 
temperatures below the glass transition Tg) [13]: 

( ) ( )
*

10 0log
2.30

V
a

kT
σ σ σ= −                        (8) 

where log10 (aσ) is the stress-dependent time shift factor, T is 
absolute temperature (296 K), k is the Boltzmann constant 
(1,38×10-23 J.K-1), σ0 and σ are the reference and accelerating 
stresses (respectively), and V* is the activation volume. It 
seems that activation volume is inversely proportional to 
reference stress. The linear relationship in Figure 14 indicates 
that the same creep mechanism is likely dominant for the 
reference stress examined here, meaning the superposition 
method used in the SSM is valid [16]. For this wood, 
V*=0,853 nm3 for 5,34% AFS. There is a relationship 
between activation volume and stress. According to transition 
state theory, activation volume V* for a chemical process is 
interpreted as the difference between the partial molar 
volumes of the transition state and the sums of the partial 
volumes of the reactants at the same temperature and 
pressure [17]. A physical analogue would be that the 
products of the creep process occupy a larger volume than 
the original fiber. This may be consistent with the idea that 
the molecules are pulled apart during creep. Furthermore, to 
estimate the creep resistance of the sample under long-term 
conditions, the modulus reduction (MR) was evaluated using 
the equation (Equation (6)): 

( ) ( )
0% 1 100MR
t

ε
ε

 
= − × 
  

                          (9) 

where ε (t) is the time-dependent strain value, ε0 is the 
instantaneous elastic strain value, and t is the elapsed time. 
From this relation, it is clear that since ε0 is constant and ε (t) 
increases with elapsed time, the modulus reduction of the 
Wengé wood would increase over decades. 

4. Conclusion 

The main physical and mechanical properties of Wengé 
determined in this work could be of great interest to 
engineers when realizing wooden structures with this 
hardwood. The density was 0,789 g/cm3, the Young’s 
modulus 21058 MPa. The wood species Millettia Laurentii 
has experienced for the first time the latest accelerated testing 
method for creep deformation. The so called stepped isostress 
method has been improved in this work by the means of 
Maxwell fractional rheological model which allows us to 
carry up with a higher precision the rescaling step. The main 
advantage of fractional model being that it takes into account 
the memory effect of the tested material. It equally 
contributes to the determination of the activation volume 
0,853 nm3 of the Wengé Wood from Eyring equation. The 
master curve obtained can be used for predicting the creep 

behavior of the test material for time periods more exceeding 
the experimental one. Since we experienced lower loads in 
this research work to see how the modified SSM works when 
applied to Wengé wood materials, the upcoming work will be 
devoted to the determination of the creep rupture date of the 
same material under higher stress levels. 
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