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Silver fir is an important species for French timber engineering industry but its application faces drying issues.
This paper presents the results of creep and ramp-loading bending tests on full-scale silver fir notched beams
at different initial moisture contents. Initial moisture content showed no discernible impact on instantaneous

S;ee“;""o‘)d maximum force, while dynamic compliance appeared to be proportional to this force, possibly due to the
Nlo::;]etirb eams dowelling effect. Beam-theory equations are solved using finite differences with crack propagation assimilated

to a height reduction, providing an estimation of the compliance and that total deflection primarily results
from creep rather than crack. No correlation is observed between the maximum relative compliance and the
initial moisture content. Besides this maximum value never reaches the deformation factor for serviceability
design in Eurocode 5, suggesting oversizing for green wood. The discrepancy between experimental and
theoretically derived crack openings highlights limitations in traditional beam theory, especially concerning
fracture mechanics analysis and non-linear effects. For all tests upward crack trajectories towards compression
zone are observed and physically discussed. These findings contribute to a better understanding of the
mechanical behaviour of wood, particularly regarding creep and crack propagation, with implications for
structural design and material characterisation.

Crack propagation
Beam theory

1. Introduction accelerates creep [7,8]. The initial mechanical properties are strongly
correlated with density, grain angle, micro-fibril angle (MFA) or knots’
size [9]. These anatomical parameters influence the stress repartition
between the cell wall and the wood fibers, and these two elements
have a different creep behaviour [10]. Studies on the long-term me-
chanical properties of green wood have been realised mainly on small

clearwood samples under controlled environments [10-13]. Although

Silver fir (Abies alba) is an important species for European wood in-
dustry and accounts for 8% of the French forest [1]. Its wood is mainly
used in timber construction but is currently facing drying issues due to
wetwood in Auvergne-Rhone-Alpes region [2]. Understanding and pre-
dicting the mechanical behaviour of green or partially dried wood could
promote the industrial development of new construction techniques.

Traditional carpentry, made with undried wood for many centuries,
could inspire the design of agricultural buildings or historical structures
restoration. However, constraints imposed on buildings construction
must be considered. Indeed, Eurocode 5 penalises wood that may dry
under loading, e.g. green wood in service class 3. k, ;, the deformation
factor for serviceability design, is increased by 1 in that situation [3].
That choice is justified to account for mechano-sorptive effect resulting
from drying under loading [4]. However, creep of green timber struc-
tural elements is difficult to quantify as it depends on several factors:
temperature, relative humidity, initial mechanical properties or phys-
ical ageing [5,6]. Increasing the temperature or the relative humidity

many studies have demonstrated that the moisture content (MC) ac-
celerates creep [14], few have examined the mechanisms at work at
large-scale timber beams in realistic sheltered-outdoor environment. In
such conditions some difficulties arise: (i) MC variations under loading
imply a mechano-sorptive effect that greatly accelerates creep [7];
(ii) micro-cracking due to shrinkage-swelling cause local damage as-
sociated with stress concentration and material properties variations,
these latter impacting creep behaviour [15]; (iii) macroscopic flaws
such as knots also alter local mechanical properties or create stress
concentration; (iv) micro-fibril angle (MFA) may varies along the beam.
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Boundary value problem

Initial conditions

Joint Committee on Structural Safety
Linear displacement transducer
Linear variable differential transducer
Moisture content [%]

Modulus of elasticity [GPa]

Ordinary differential equation

Tensor X of order 2

Tensor X of order 1

Apparent X

Dynamic X

Initial value of a time evoluting X

X values on the left and right sides,
respectively

X value around the z axis

Corrected value of X

X values measured experimentally, calcu-
lated using finite difference method and
modelled by an approximated equation,
respectively

Maximum value reached for X

Relative X

Beam number

Height variation [mm]

Space step in the meshed beam [mm]
Basic density [kg m=3]

Axial stress and strain in the central zone
of the beam

Matrix and vector of 3-points centered
scheme for finite difference resolution
Part of the deflection explained by crack
propagation [%]

Respectively crack opening, crack length
and crack height [mm]

Respectively beam’s thickness, height,
length and notch length [mm)]

Basic specific modulus [(Mm)? s~2]
Applied force [kN]

Geometrical functions relating J* and U,
for a given crack trajectory and for an
uncracked beam, respectively

Shear modulus [GPa]

Second moment of inertia [mm?*]
Compliance [(MPa)~!]

Notch reduction factor

Deformation factor for serviceability design
Tracheid length and diameter, respectively
[mm]

Bending moment applied [N mm]
Oven-dry mass [kg]

Number of meshed points

p Slope of the load-displacement curve [N
mm™!]

T,RH Respectively temperature [K] and relative
humidity [/]

U, Central deflection [mm]

V, Beam’s volume in green state [m3]

This paper presents the results of an experimental campaign on
full-scale notched beams of silver fir wood at different initial moisture
contents. This is in a direct continuity with a previously published study
on a similar experimental campaign [16]. Notched beams are chosen
because they represent assembly problematics, e.g. stress concentration
and load-carrying capacity reduction. In addition to the study of wood
creep, that experimental campaign therefore also investigates fracture
mechanics of wooden structural elements. That kind of beam was
widely studied due to their relevance in timber engineering, leading to
the possibility of designing notched beams in European standards [17],
using the notch reduction factor k, [3]. In practice, it is strongly
recommended to avoid notches or to add reinforcements [18]. How-
ever, notched beams are still a good subject for timber engineering
research as it may couple creep and fracture mechanics [15]. This
research distinguishes itself due to its focus on large-scale timber beams
in realistic sheltered-outdoor environments, which closely mirrors the
conditions encountered in civil engineering structures.

The experimental campaign consists in free vibration and basic-
density measurements, ramp-loading bending tests in laboratory condi-
tions and creep tests in outdoor conditions. Analysis uses beam theory,
finite difference method and linear viscoelasticity to take into account
crack propagation and creep. Raw results are presented, and then creep
design of wooden structures is discussed.

2. Material and methods
2.1. Non-destructive examinations

The material consists in a batch of 30 notched beams from local
silver fir at structural element scale, see Fig. 1. Such notches at half-
height were designed to ensure failure by fracture from the notch
instead of bending failure [16]. Therefore, it allows to trigger crack
propagation on the desired location.

Most of the batch is flatsawn lumber (21/30), as shown in Fig. 1,
while the rest is riftsawn. The batch has been received in green wood
state and characterised by non-destructive examination. Beams are
referenced S;;, ;; indicating the beam number.

2.1.1. Natural vibration tests

The BINGO [19] method has been used to measure the dynamic
longitudinal modulus of elasticity (MOE) and shear modulus G¢. It
consists in measuring the frequency spectrum of free vibrations of a
beam and calculating the stiffness properties using the eigen frequen-
cies. This test was realised before notching the beams. The range of
results is given in Table 1. G¢ is the dynamic shear modulus in the
longitudinal-tangential plane as the beams are plain sawned lumber.
The distribution is determined using the maximum p-value between
Shapiro test of the variable and of the logarithm of that variable, if p-
value is above 0.05. The coefficient of variation, CV, defined as the ratio
of the standard deviation to the mean, and the log-axial distribution
comply with the probabilistic proposition of the Joint Committee on
Structural Safety (JCSS) [20]. The mean MOE also complies with the
estimated value from Cirad institute [21], at 11.75 GPa for green silver
fir.
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Fig. 1. Beam’s dimensions (mm) from plain sawn lumber.

-
87.5 -
430
Table 1
Free vibration results. CV: coefficient of variation.
MOE [GPa] G* [GPa]
Minimum 7.54 0.451
Maximum 16.34 0.672
Mean 11.01 0.553
Ccv 0.2 0.1
Distribution Log-normal Log-normal
Table 2
Basic-density measurements, MC at receipt and EZ computations.
MC [%] ppp kg m™3] E% [Mm? s72]
Minimum 25.1 333 21.49
Maximum 117.5 430 40.84
Mean 60.3 379 28.9
Coefficient of variation 39.7 0.07 0.16
Distribution Log-normal Normal Log-normal

2.1.2. Basic-density measurements

A thin slice of each beam where the green volume V, and the
ovendried mass m,; were measured allowed to calculate the basic
density as ppp = (m,y/V,). The basic density is supposed to be an
intensive property, hence the same for the thin slice and for the rest
of the beam. As the beams were received in green wood state, their
initial volume was V, and the basic density allows to compute m,, of
each beam and thus the moisture content at each weighing. Finally, the
basic specific modulus is computed as Eg = (MOE/pgp)- The results are
given in Table 2.

The unit of E¢ is Mm? 572 as it is the square of the sound speed
propagating in the material [22]. The distribution of pg;, follows the
probabilistic proposition of the JCSS [20] and the mean value complies
with the literature for silver fir [23]. It is observed that the initial MC
is highly heterogeneous, from 25.1% to 117.5%, suggesting that some
beams were carrying wetwood.

2.1.3. Repartition

The experimental campaign was divided into 4-points bending tests
with incremental imposed displacement to study the maximum force
versus MC, and 4-points bending creep tests to study the long-term
mechanical evolution in outdoor conditions. Both tests were realised
on beams at different initial MCs. For the creep tests 6 beams were
loaded in Spring-Summer 2021, 6 in Autumn-Winter 2021-2022 and 6
in Spring-Summer 2022. Fig. 2 shows their repartition regarding their
mechanical properties (Ei"9 and ppp). The whole ranges of mechanical
properties have been tested at different initial MCs, as the specific basic
modulus influences creep of wood [24].

A Displacement imposed ~ Blue for loaded at MC > 30%
B Creep in winter Green for loaded at 20% < MC < 30%
® Creep in summer Orange for loaded at MC < 20%

45 T
I A
40 T °
s —
b . oo o
g 30 + ‘ n ...
=7 mel o A
i [ e n "
251 , ° "
[ o b
R
320 370 420
ppp [kg.m?3]

Fig. 2. Beam’s repartition plotted with specific modulus (E¢) as a function of basic
density (ppp). Filled circle: creep test in Summer; filled square: creep test in Winter;
empty triangle: ramp-loading test. Colours indicate initial moisture content (MC). Iso-
modulus curves are added in grey dashed lines. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

2.2. Bending tests

2.2.1. Ramp-loading

Displacement-controlled tests were performed in 4-points bending
to correlate the maximum force with the initial MC and mechanical
characteristics. The experimental set-up complies with the norm NF EN
408+A1 [25] and is represented in Fig. 3. The central deflection U, and
the crack openings on the “left” and on the “right” (respectively Cy),
and C,,) are measured using linear displacement transducers (LDT).
The applied load is measured using two load cells.

2.2.2. Multi-step creep tests

The creep tests aimed at studying the long-term mechanical be-
haviour of wood at different initial moisture contents. The experimental
set-up, shown in Fig. 4, was in outdoor semi-sheltered conditions
(i.e., sheltered from the rain but partially from solar radiation). The
load was applied using m, = 325 kg waterproofed concrete blocks,
and when possible incremented by 30 kg every month for 5 months
and then every day, so that the duration of the tests never exceeded 7
months. The mass ratio m(t)/m as a function of time is presented in
Fig. 5.
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(a) Picture of a ramp-loading bending test.
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Fig. 3. Experimental set-up of a ramp-loading test.

For central beams (Fig. 4(a)), the load increment was possible only
if one of the adjacent beams had previously reached failure. Therefore,
they were multi-step creep tests.

Linear variable differential transformer (LVDT) sensors were used
to measure the central deflection U, ,,,. A weather station close to the
tests recorded temperature (T') and relative humidity (RH). A marker-
tracking technique developed for these tests was used [26]. The relative
displacement between markers allowed to measure the variation of
beam’s height due to shrinkage-swelling (4H), crack opening (C),
crack length (C;) and height (Cy) of the observed tip, Fig. 4(c).
Markers are placed on both notches, called left and right, so that
indexes / and r represent the means of the two faces on left and right
sides, respectively. AH measurements are used to correct the second
moment of inertia I, and the central deflection as the beam is notched,
see Eq. (1):

_AH(@)
2

Ue e = U, oy, (1) (€Y

2.2.3. Initial deflection in creep tests

An instantaneous central deflection of the creep tests was estimated
by considering the central deflection at 1 min U?, so that viscous effect
has a similar impact to ramp-loading tests. This was calculated by the
following process:

1. Determine loading duration Ar and time 7, = Ar/2, see Fig. 6(a);

2. Plot central deflection as a function of log(r — 1)), see Fig. 6(b);

3. Focus in the region 10 x 4r to 10 x At + 1 h, and the response
should be linear or parabolic;

4. Apply a linear or second order polynomial regression (Fig. 6(c)),
the equation then allows to compute the deflection at the desired
time, here at 1 min corresponding to log(r — #y) = 1.78 if t is
expressed in seconds.

2.2.4. Bending analysis

When setting the right boundary conditions the deflection of a
beam leads to a simple boundary value problem (BVP) of an ordinary
differential equation (ODE), resolvable analytically Appendix. Consider
J the compliance, I,(x) and M_(x) respectively the second moment

of inertia and the bending moment about z axis, U the deflection
and x the beam’s neutral axis. If J is assumed independent from the
position, and the local effect of stress concentration at crack tip is
neglected, it is possible to consider a crack propagation only as a height
reduction, leading to a variable I,(x) evolution. As crack propagation
is almost always different between the two notched-beam ends, this
is an asymmetrical problem that must be resolved separately for each
individual, depending on its crack trajectory. To overcome such tedious
resolution, a numerical formulation using finite difference method
(FDM) is proposed Appendix.

The isostatic beam in 4-points bending with its bending moment
evolution is represented in Fig. 7. Noting (C;;, Cy;) the couple (crack
length, crack height) on the left and (C;,, Cj;,) on the right, the example
shows an asymmetrical crack propagation after loading. All C;,Cy
are vectors containing all previously measured crack tip positions. The
beam is meshed in N points spaced by a constant Ax, as indicated in
Fig. 7.

Considering the former measurement of Cy; and AH (Fig. 4(c)),
beam’s height can be calculated as H(x) = (H,/2) + AH — Cy(x) in
the cracked region, Cy; being positive if the crack rises and negative
otherwise.

Essentially the FDM model uses the crack trajectory (C;;,Cyy, Cy,.

Cy,) to calculate the function relating the apparent compliance J*,
the applied force F and the central deflection U,. This function called
Serack €an be computed such that: f,,,.. = Uc,fd/(Jf*d X Frq), with the
deflection U, ;, obtained by the FDM resolution using unit values for
J74 and Fy4. ferqck i @ purely geometrical function that can then be
applied for an experimental estimation of an apparent compliance J »
such that J7 = U, . /(ferack X Fexp)- The inputs and outputs of the overall
resolution are presented in Fig. 8.

For an uncracked but notched beam, an analytical relation be-
tween the MOE and U, was derived considering Timoshenko beam
theory [16]. Noting p = AF/AU, for ramp-loading test and p = F/U?
for creep test, the mentioned formulae are used for instantaneous
calculation of the MOE.

The maximum axial stress (i.e., at H /2 of the neutral axis) can also
be calculated using the strength of material, as shown in Eq. (2):

F@).L

T e HX) 2)

O-max (l)
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(b) Positions of measurement devices (mm).
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[26].

Calibration targets are used for homography calculation

Fig. 4. Experimental set-up of creep tests.

2.2.5. Creep analysis

The compliance J is the physical quantity that describes creep
evolution. At high level of stress and in a variable environment, wood
has a poorly predictable time-dependent compliance. The applied load
reaches at most 700 kg, leading to a maximum axial stress in the central
part of the beam of about 13 MPa.

Compared to the compressive strength of defect-free softwood that
is at least 50 MPa [27], it can be considered that the linearity limit
is not exceeded [28]. One might think that it is a high level of stress
compared to the strength assumed by Eurocode 5 [29], but the latter
considers that failure is caused by flaws that significantly reduced the
local resistance. In addition, assuming that for each separate season
(here, Summer and Winter), the overall tendency is a linear viscoelastic

behaviour, and the compliance is an increasing function of time. In
such assumptions, the superposition principle applies and the strain is
defined by Eq. (3):

N

ety =Y J(t—1).40, 3
i=0

where e(7) is the axial strain evolution and 4os; the ith number of axial

stress increase, with 4oy, the initial stress. In such multi-step creep test,

it is impossible to obtain J(r) but rather the apparent compliance, as

defined in Section 2.2.4, such as Eq. (4).

_ s ZimgdonJ 1)

JH() = =
® o) Z,-IZOAU;

C)
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Fig. 5. Evolution of the mass ratio m(r)/m, as a function of the duration of the tests.
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Fig. 6. Calculation of U°.
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Fig. 7. 4-points bending test on an asymmetrically cracked notched beam, with its bending moment evolution and meshed definition.
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Fig. 8. Inputs and outputs of the FDM resolution of an asymmetrically cracked beam using beam theory. I.C. means Initial Conditions.

However, as o(f) and J(¢) are the increasing functions of time, Inequal-
ity (5) can be noted:

N
et) < Y J(0).40; = J (1).0(1) 5)

i=0
That leads to Inequality (6):

T < J(@® (6)

This says that the compliance is underestimated if computed using
e(t)/o(t) because the time elapsed since a load increase is less than
the time elapsed since the start of the test, and the creep slows down
with time. Therefore, the upcoming results do not represent the exact
compliance J but an apparent J*.

3. Results
3.1. Instantaneous response

3.1.1. Comparison with non-destructive examination

The approach proposed in [16] allows computing the MOE using
AF /AU, for a notched beam, considering Timoshenko beam theory. The
ramp-loading tests never exceeded 30 min and the mechanical response
is hence considered instantaneous. The slope of the force-displacement
curve before the first crack is used as AF/AU,. For the creep tests, the
former UCO and the applied force are used.

The inverse of the MOE is considered as the initial compliance Jj,.
If the initial MC is below 30% (1/J,) is corrected by 0.15 GPa/% [30]
as J(‘)’ is supposed to have been measured in green state, Eq. (7) :

1 1
To. Ty +0.15 x (MC - 30) 7
where J . is the corrected value of J,. The comparison between the
instantaneous results and the dynamic Jg is given in Fig. 9.

It is observed that in most cases J;, . exceeds Jg . The same hierarchy
was observed by Nziengui with around 20% of difference [16]. Firstly,
J, was measured on notched beams and J(‘)‘ on unnotched beams. Stress
concentration in the notch leads to a non-linear mechanical effect that
is not taken into account in the equation derived by Nziengui [16].
Furthermore, changing the geometry of a heterogeneous material like
wood changes the average value of its properties. Secondly, there is
an intrinsic difference between the dynamic and static compliances:
for instance, a value of (1 /J(‘)’) being 4% higher than (1/J;) has been
reported for tropical woods covering a wide range of density [31].

3.1.2. Maximum force reached

The maximum force reached during the ramp-loading tests is plotted
as a function of J(‘)’ (Fig. 10(a)) and MC (Fig. 10(b)).

47% of the variance of F,,,, is explained by J,,. It was observed
afterwards that the strongest beams were those with knots close to
the notch, acting as reinforcement. Knots increase the compliance due

e
—
w

R2=0.70
A

e

—

w
|

5 =0.70x + 0.05

Jo,c notched beam [GPa™']
S

LI I B B

R*=0.74
0.09 ~
0.07 A
d
0.05 Fmm
0.05 0.07 009 011 013 0.15

J& unnotched beam [GPa!]
O Creep tests A Ramp tests

Fig. 9. Comparison between the dynamic and static J,, measured on unnotched and
notched beams, respectively .I(;‘ and J,,. Linear regressions are added both for creep
and ramp-loading bending tests with their respective colours (red triangles for ramp-
loading tests and black circles for creep tests). Bisector y = x is also added in grey. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

to grain angle variation, but may increase the maximum force when
fracture mechanics is involved. This is explained in the literature as
the dowelling effect [15].

No correlation is observed between the instantaneous F,,, and
initial MC of the tests (Fig. 10(b)), as the drying process is too slow
to have an impact for a 30 min test.

It is worth noting that a multi-step creep test is equivalent to a force-
controlled ramp-loading bending test where the loading is increased
much more slowly than in laboratory conditions. As creep occurs for a
very slow stress-imposed test, the maximum force reached is reduced
and is no more correlated to the compliance. Indeed, it is widely
influenced by the environment, the initial moisture content and the
viscoelastic properties of the beam.

3.2. Delayed response

Some beams failed before the initial mass m, was completely ap-
plied, but some reached a mass ratio above 2 (S24). It illustrates the
wood variability, since such differences are caused by knots positions,
growth stress cracks, initial mechanical properties, etc. As example, raw
results for beam S29 loaded in summer 2022 are presented in Fig. 11.
Crack propagation and shrinkage-swelling events are shown. The evo-
lution of experimental relative compliance texp = Uoxp = J0)/Jy is
plotted as a function of time in Fig. 12. Creep tests in summer 2021
and 2022 are plotted separately from creep tests in winter 2021-2022.
Hotter and drier season leads to creep acceleration and favourable

conditions for crack propagation, resulting in a faster J* evolution.
rel,exp
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Fig. 10. Maximum force reached for the ramped tests.
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Fig. 11. Example of raw results on beam S29 loaded in summer 2022. From top to bottom : temperature and relative humidity, applied load, height variation mostly caused by
shrinkage-swelling, central deflection with and without correction (Eq. (1)), crack opening and crack length on the left side. Third, fifth and sixth plots come from marker tracking

measurements thus are scattered.

Creep in winter seems also smoother than in summer. Fluctuations
are caused by environmental variations, crack propagation and load
increase, see Fig. 13.

Load increase is easy to identify as the precise moment is known.
Consistently with Inequality (6), J* decreases when load increases. In-
deed, consider that strain has an elastic and a viscoelastic contribution

so that e(t) = ¢) + ¢, and 14, the time at which the 1st-load increased
is applied and involves a 4c and 4e, it yields Eq. (8):

e(t 60} ) eyt + Ae
and Jret )= L 0T 1

4o a(le Aoy + Aoy

®

o) _ar+e
G(GGI) Aoy

T, =
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Fig. 12. Relative compliance J, as a function of time for creep tests in summer and in winter. Initial moisture content MC, and beam number S;; are indicated. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Focus on J, exp fluctuation moment of S14. A load increase is identified and
others are attributed to environmental fluctuations or crack propagation.

where ¢, and 1} are respectively the times right before and right
after the load increase. For an elastic response, Eq. (9) becomes:

€ +4e € ©)
Aoy + Aoy Ao

leading to Eq. (10):

0 €t
)= 2

_ €+ € €
J( =—">Jtt _— 10
a0 Ao ( Ao * Aoy + Aoy (10)

Ao

3.3. Crack trajectories

After the tests, observations of fracture facies were made. All crack
propagations occurred through rising towards the compression zone,
whatever the grain angle is Figs. 14(a) and 14(b)), though it was
assumed that crack follows the grain. Crack slope varies from 3% to
10%, as shown in Fig. 14(c).

4. Discussion
4.1. Estimation of the real compliance

In order to access the real J(r) that defines creep evolution, it can
be modelled as if it evolves linearly with log(r), where 7 represents the
duration of the test. It leads to a modelled J,, written in Eq. (11) as:

7,0 = J, [1 + max (plog (é) ,0)]

where p is the slope of the linear evolution with log(¢), and « is the
time at which creep starts. Such compliance function is in line with
observations of long-term trends [32]. « and p can be determined by
fitting J (Eq. (12)) on J;_ as:

exp :

an

12)

sy = @ _ Ziza o n 1)
’ o0 Zi]io 4o;

Once a and f are determined, an expression of relative creep can be
obtained as J,,,,, = flog(t/a). The maximum value of J, ,, reached
before failure can be compared to the so-called k,,, for structural
serviceability design. @ and f are fitted using Nelder-Mead algorithm
implemented in scipy module of Python, where the root mean square
between J» and J;_ is minimised. For beam S03, the results of ex-
perimental and modelled J* time-evolution are plotted in Fig. 15(a),
and the relative creep J,,,, in Fig. 15(b). « and g are illustrated in
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Fig. 14. Observations of rising crack propagations.
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Fig. 15. Comparison between the experimental and modelled J* and k., for beam S03 loaded in summer. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
the Figure. Though J, _ corresponds to an underestimated J,, ., (In-
equality (6)), it is plottecf in Fig. 15(b) for comparison. The optimised
a and p are plotted as functions of Eg, for all beams, the creep season
being indicated by the colour, see Fig. 16.

As a represents the time at which the compliance starts to increase,
it is consistent that most of the highest values were reached in winter.
Similarly, as g represents a creep speed it is consistent that the highest
values were reached in summer. Sun exposure are added as it might
have had an impact but no significant tendency can be observed.
Finally, no correlation is observed between g and E¢. Indeed as ES
is affected by the grain angle and the micro-fibril angle, it could have
affected the creep speed too.

The relative compliance reached at the end of the test is given in
Fig. 17 as a function of the initial moisture content MC,. The results
show no relevant correlation (adjusted R? = 0.1), though the greenest
beams should have reached a higher J,,,,;. As comparison, k,,, from

10

Eurocode 5 is fixed at 2 for dry wood in outdoor environment and 3 if
wood is loaded in green state. In these experiments, the estimated J,,
never reached 3 and almost always stayed below 2, the +1 increase for

wood above 20% of initial MC seeming excessive.
4.2. Contribution of fracture to deflection
Considering the constant function f,,, e relating U, ., and J;; , for

uncracked notched beam, an estimated A, can be stated, as shown

in Eq. (13):

_ f uncrack
S crack(t)

where A.,...(t) is the percentage of the observed deflection that is

explained by the f..,. function evolution. It is an estimation of a
deflection only involved by crack. Such A, (?) is plotted as a function

Acrack(t) =1 13)
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Fig. 17. Maximum relative compliance J,,,,, as a function of initial moisture content
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regression is added with its slope and adjusted coefficient of determination (Adj R?).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

of time in Fig. 18. A,,,.,(?) varies from 1 to 13%, reaching its maximum
value for beams loaded in winter as viscoelastic deflection is lower for
that season. Although assumptions are strong in that computation it
can be concluded that crack has a lower impact than creep on the total
deflection.

4.3. Crack opening comparison

It is possible to evaluate the crack opening using the beam deflection
function, based on geometrical supposition. Considering a deflected and
cracked beam, when the crack propagates the part that comes off keeps
the same deflection slope as that of the crack tip, see Fig. 19. Then, it
comes that crack opening can be estimated by Eq. (14):

Cor=u(Ly +Cp)—u(Ly) = Cpy X S (Ly +Cp)) a9
Cor=u(L—Ly=Cp)—u(L—Ly)=Cp, X (L= Ly —Cp,)

That can be written:
Cop = Au; = Cpy xu'(Ly +Cy)) (1s)
Coy=Au, —Cyp, xu'(L— Ly —Cy,)

where Ly is the notch length; Au; and Au, are the differences between
deflection at the crack tip and at the notch (positive difference), to the
left and to the right respectively; «’ is the deflection derivative function

11

with respect to x (du/dx). Without crack propagation, the crack tip is
coincident with the notch when Au = 0 and C; = 0, consistently leading
to Cp =0.

In Fig. 19 the vertical displacements have been amplified for the
purpose of clarity; in reality they are sufficiently small, so that initial
and final configurations can be assumed identical. Some typical crack
opening results are plotted in Fig. 20.

Co.exp coOrresponds to the experimental results of the crack opening,
and Cg . uses shrinkage-swelling measurements 4H to correct Cop .,
such as Eq. (16):

AH (1)

Co,6(1) = Coxp) + Co eyt = 0) X —
0

(16)

with H, the initial beam’s height. Cy ;, is the finite difference crack
opening computed with Eq. (15). The measured C ,,, is caused by dif-
ferent phenomena, while only shrinkage-swelling and the geometrical
effect of beam theory (Fig. 19) are taken into account in Cy ¢4. A good
fitting is obtained in only one case (Fig. 20(a)), while it is bad for all
other beams (examples in Figs. 20(b) and (c)). This can be explained by
the occurrence of non-linear fracture mechanics in the crack tip region,
differences between the two faces measured, or complex 3D cracking
patterns incompletely described by the average position of crack tips
on both faces.

4.4. Rising cracks

Taking an energetic approach, as it is common in linear fracture me-
chanics, reasons that may explain systematic rising crack propagations
are given as follows:

1. Softwoods have an overlapping of tracheids [9] that may allow a
crack to rise slightly with no additional energetic cost, as shown
in Fig. 21. Supposing that on average, overlap is at half-length
of the tracheids, and it explains D,,,.;,/(L;.4c1/2) = 2% of slope.

2. A rising crack is what maximises the work of external forces as
it maximises the beam’s deflection. Although fracture toughness
is minimum along the grain, a rising crack is an optimisation
between maximising the work of external forces and minimising
the fracture toughness, the outcome not being a horizontal crack.

5. Conclusions

This paper presents the results of an experimental campaign on
full-scale notched beams of silver fir wood. The studied beam’s batch
had firstly been characterised by vibration tests and basic-density mea-
surements, showing its mechanical properties distribution. Then ramp-
loading bending tests and bending creep tests in outdoor conditions
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Cor = 8 — Cip X W(L — Ly = Cyy) |
Jw@ =Ly -

Crr Ly

Fig. 19. Excessively deflected beam with crack on right side, schematically showing C,, geometrical estimation. u and «’ represent the deflection and rotation function, respectively.

S 10 s

.. 101 X
c 6 81 o .; — Cora
; ';( )! L4 Co,exp
€4 61 s | 6 ™ x Co,c
c X
() 4 [] é o §
S, [l .
N 4] | .
B 2 ok 2- f_x%//
©od 0- 2 0-

0 20 40 60 80 100 0 50 100 150 0 50 100 150 200 250

Crack length [mm] Crack length [mm] Crack length [mm]
(a) Beam S21 on the right (b) Beam S28 on the right (c) Beam S29 on the left

Fig. 20. Experimental crack opening (Cy,,), corrected crack opening (C,.) and numerical crack opening computed with Eq. (15) (Cp ;) as a function of the associated crack
length for three beams.

Naturally rising crack

/
/ ¥
\_/ AN l Diracn = 30um

Ltrgen = 3 mm

Fig. 21. Anatomical explanation for a naturally rising crack propagation.

were carried out on wood at different initial MCs, including green conditions. All other things being equal, initial MC has no visible im-
wood. Comparison between dynamic and static compliances shows a pact on instantaneous maximum force. The dynamic compliance seems
high difference but with a consistent hierarchy, explained by tests proportional to that maximum force, and observations suggest that it is

12
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explained by the dowelling effect. The central deflection measurements
in multi-step creep tests does not allows to compute the real compliance
Joxps that is thus approximated using linear evolution with the loga-
rithm of time. The parameters needed for that approximation, « and f,
are fitted in order to comply with experimental results. The maximum
value of the modelled relative compliance show no correlation with
the initial MC. Furthermore, it never reaches the k,,, proposed by
Eurocode 5 in that situation, suggesting oversizing for green wood. The
Euler-Bernoulli bending equation resolution taking crack propagation
into account allows to estimate that the total deflection is mainly
due to creep instead of crack. The numerical crack opening derived
with geometrical assumptions and beam theory was most of time not
sufficient to explain the experimental crack opening measured, even
corrected with shrinkage-swelling measurements. Indeed, beam theory
is not adapted to fracture mechanics analysis and does not take into
account non-linear effect and 3D problems. Finally, it is observed that
crack trajectories are always rising towards the compression zone,
whatever the grain angle is, from 3 to 10% of slope. Two possible
explanations for this phenomenon are described: tracheids overlapping
and energy optimisation.

6. Perspectives

This study opens many new perspectives, some of which are pro-
posed below.

1. Determining the fracture properties of silver fir at different ini-
tial moisture contents. Such data would help analyse the results
in Fig. 17 and explaining rising crack trajectories.

2. Realise crack tests where applied-load is not orthogonal to the
grain and measure the crack direction. Furthermore, undergo
microscopical observations of fracture facies in order to observe
the anatomical crack path.

3. New ramp-loading tests with full-field measurements. This
would allow to have several crack measurements with high
precision and no shrinkage-swelling disturbances. The numerical
and experimental crack openings could then be fairly compared.

4. Developping a rheological model would allow to take viscoelas-
ticity into account in the compliance computation. It would
enhance greatly the results accuracy as shown in Fig. 12.
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Appendix. Euler-Bernoulli bending equation resolved using finite
difference method

In beam theory, the deflection is derived from the Euler-Bernoulli
bending equation, i.e. Eq. (A.1):

2 M
% =Jx ;(x) (A1)

z

where J is the compliance, I, and M,(x) are respectively the second
moment of inertia and the bending moment bout the z axis, u is the
deflection and x the beam’s axis.

Based on Fig. 7, two Dirichlet boundary conditions can be defined
by Eq. (A.2):

u(0)=uy =0
©0) =1y, (A.2)
u(L) =y =0
Considering the three-point centered scheme such as Eq. (A.3):
&1;&iﬁﬂ:<ﬂﬁ>d A3)
Ax? I, /,
The boundary conditions can be written by Eq. (A.4):
—2u; + M.
2t <_> ]
u i 2u ’ 1\; (A4
N-2 N-1 — (_z) xJ
4x2 I; Jna

If equations are collected into a matrix system, it leads to Eq. (A.5):

1

where:

A= L7 (A.6)
0o 1 =2 1
0 0 1 -2 (N=Dx(N-1)
b=[nsn), (Mn), (ML), (n/n)
(A7)
Efd=[“1 Uy B UN-2 "N—]](N_]) (A.8)

The system to be resolved can finally be summarised by Eq. (A.9):

4
The central deflection computed with FDM is therefore U, ;4 = u,[((N—
1)/2] with an even N.

L =AT bx AT (A.9)
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