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Abstract: To quantitatively assess the residual strength of wood members after rot and infestation using non-destructive testing
(NDT), the multi-point Resistograph method was applied to test six used wood beams with initial imperfections. Each wood beam
was then divided into a shorter segment for mechanical tests and a longer one for bending capacity tests. With the help of finite
element analysis using ANSY'S, bending capacity is predicted by taking account of the initial imperfections. Results show that
there is a significant correlation between drill resistance values and strengths for small specimens. Therefore, the strengths of wood
at other measurement points may be obtained through drill resistance values. The beams showed a near linear behaviour up to the
maximum load with poor ductility performance in bending capacity tests. It can also be found that the effects of initial imperfec-
tions on failure modes and ultimate loads are significant. The lateral side of specimen BA1 has serious infestation and the bottom
of BA2 has a long longitudinal crack, the ultimate bearing capacities of these specimens are respectively only 67.6% and 64.8% of
BA3, which has fewer cracks. BB1 and BB3 have knots at the bottom and their ultimate bearing capacities are respectively 83.9%
and 81.0% of BB2, which has fewer cracks as well. Furthermore, there is quite good agreement between test results and numerical
prediction using strength values obtained by NDT results. Therefore, the bending capacity of used wood beams can be obtained
using NDT, which can provide the basis for the protection and retrofitting of wood structures.
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wood members. For these reasons the condition of
used wood members can be very variable. Thus, re-

1 Introduction

Wood is a natural material. It is subject to bio-
logical degradation phenomena due to environmental
conditions. In addition, different structural abnor-
malities (e.g., carking, splitting) are often shown in
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liable tests of the physical and mechanical properties
of wood and of the residual capacity of a member are
essential in the evaluation of the structural capacity of
existing timber structures and the specification of any
reinforcing interventions that may be necessary
(Bertolini et al., 1998; Tampone, 2001).
Non-destructive testing (NDT) evaluates the
relevant characteristics of target objects through
different physical, mechanical or chemical properties
of their materials without damaging their internal and
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external properties and structures. NDT is especially
suitable for the measurements of various defects. In
general, original main structures should not be dam-
aged in the process of maintenance and protection of
wood buildings. Thus, NDT is needed for the evalu-
ation of wood members.

In recent years, much research on damage de-
tection in wood members by NDT has been carried
out. Kraler et al. (2012) proposed that the non-
destructive drilling resistance measurement method
can be used to determine the relative density even
after damage by fungi and insects has occurred. To
assess the general quality of the timber, Lechner et al.
(2014) applied stress-wave measurements in combi-
nation with resistance drilling and X-ray measure-
ments. Lee er al. (2014) assessed the residual per-
formance of partially charred components of an old
wooden structure by ultrasonic velocity testing and by
measurement of drilling resistance. Tannert et al.
(2014) summarized the test recommendations for
selected semi-destructive testing techniques including
resistance drilling, and provided users with sufficient
information to understand the theoretical basis, typi-
cal equipment set up, and basic capabilities and lim-
itations for such tests. Jasienko et al. (2013) proposed
that resistance drilling techniques are suitable for
detecting internal defects, decay, and cracks, deter-
mining the location and dimensions of degraded areas,
and assessing the mechanical properties of structural
timber members. Schajer (2001) detected the size and
location of knots with the help of a multi-probe den-
sity scanner. With the aid of infrared tomography,
Kandemir-Yucel et al. (2007) detected the corruption
level of an ancient wood building built in Japan in the
13th century.

Nowadays, some international research efforts
are aiming at directly correlating NDT information
with physical and mechanical properties of wood
(Feio et al., 2004; Kasal and Anthony, 2004). But in
general, most studies concerning damaged status of
wood members are qualitative. Wang et al. (2006)
studied the relations between resistance value meas-
ured by Resistograph and air-dried density, bending
strength and compressive strength parallel to the grain,
respectively, and established regression models; val-
idation test results showed that there were no sig-
nificant differences between the measured values and

those predicted by the regression model. Calderoni et
al. (2006; 2010) carried out an experimental cam-
paign of mechanical behavior tests and Resistograph
NDTs on ancient chestnut elements for determining a
correlation between NDT results and mechanical
wood properties, previously obtained by means of
destructive tests. Then, a numerical formulation be-
tween Resistograph tests carried out along the direc-
tion parallel to the grain and the longitudinal ultimate
compressive stress was proposed.

This paper studies the quantitative relations
between NDT results and tension/compression
strengths of standard small specimens. Then, further
studies concerning the residual bending capacity of
wood members subjected to decay and insect damage
are conducted. These provide quantitative bases for
the protection and maintenance of wood buildings to
avoid mindless dismantlement or replacement.

2 NDT of wood beams
2.1 Specimens and measure points

This research depends upon Resistograph NDTs
on six service-beyond wood beams from Zhang et al.
(2011). The wood beams are 80 years service-beyond
and were retrieved from the Old Library in Southeast
University, China when it was reinforced and recon-
structed. Identification by the Laboratory of Wood,
Shanghai Research Institute of Building Sciences,
China showed that the wood beams are made of
Douglas fir which belongs to Pinaceae. These beams
have two kinds of cross-section, by number of
BA1-BA3, BB1-BB3. The cross-sections of BA and
BB are rectangular and regular along the length of the
beams, whose dimensions are about 205 mmx300 mm
and 170 mmx350 mm, respectively. A small segment
(with an average length of 1060 mm) is used for the
strength test for standard small specimens, and a large
one (with an average length of 3000 mm) is used for
the bending test. The details of specimens are shown
in Table 1.

For the large segment, measurement points were
arranged every 0.3 m along the length. In the width
direction, there are two measurement points because
the cross-section of beam is wide. The number of
measurement points is increased in sections of the
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pure bending segment and sections with serious cor-
ruption and infestation.

For the small segment, one measurement point
was arranged in each zone to investigate the relation

between strengths and NDT values.

Table 1 Details of specimens

Dimension

Specimen

Specimen (mmxmmxmm) No. Type of test
BA1 BAI1-S  20%x20x30 9 Compressive
15%4%x60 6 Tensile
BAL-L 206x304x3005 1 Bending
BA2 BA2-S  20%x20x30 9 Compressive
15%x4x60 6 Tensile
BA2-L 205x301x3004 1 Bending
BA3 BA3-S  20x20x30 9 Compressive
15%4%x60 6 Tensile
BA3-L 205x298x3002 1 Bending
BB1 BBI-S 20%20%30 9 Compressive
15%x4x60 6 Tensile
BBI1-L 172x350%3000 1 Bending
BB2 BB2-S  20x20x30 9 Compressive
15%x4%x60 6 Tensile
BB2-L 169%348x3003 1 Bending
BB3 BB3-S  20x20x30 9 Compressive
15%x4%x60 6 Tensile
BB3-L 173x353x3003 1 Bending

BAX-S represents small specimen obtained from the small segment
of BAx; BAx-L represents the larger segment of BAx which is used
for bending tests

2.2 Test methods and results

NDT of wood members was carried out by ex-
amining their appearance and by the Resistograph,
which is a type of probe-based instrument.

First, appearance checks (visual evaluation and
hammering) were conducted. Visual inspections are
the basis of any analysis of traditional timber struc-
tures (Branco et al., 2010). The classifications of rot
and infestation for measure points are respectively
classified as follows according to Chinese regulation
GB/T 13942.2-1992 (AQSIQ, 1992). Grade 1: no rot,
no insects; Grade 2: primary decay, no insects; Grade
3: intermediate decay, no insects; Grade 4: primary
decay, insects; Grade 5: intermediate decay, insects;
Grade 6: intermediate decay, serious infestation.

The model of Resistograph device used in the
experiment is IML F400-S series (IML Corporation,
USA) which has a needle tip 3 mm in diameter and
which can reach 380 mm in depth. The direction of
the drilling path is perpendicular to the rings, from the

measurement point toward the pith. The initial im-
perfections of the wood beams were detected by the
Resistograph. With the help of an electric motor, a
probe of the Resistograph was drilled into the wood
member at a constant rate. The voltage of motor is
constant, and the size of electric current responds to
the drill resistance. So a relationship between the drill
resistance value and the depth is obtained. Some drill
resistance curves are shown in Fig. 1. The horizontal
axis of the curve represents the depth of the probe
piercing, and the vertical axis represents the drill
resistance of the probe. Wood density changes and
internal decay, cracks, insects, etc. will change with
drill resistance values, which will be shown on the
curve.
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Fig. 1 Resistance-depth curves tested by the Resistograph
(a) Serious insect parts of Douglas fir; (b) Knot positions of
Douglas fir

3 Test of small specimens

3.1 Relation between strengths and drill re-
sistance values of small specimens

There are nine specimens from one wood beam
for the compression strength test parallel to the grain,
and six specimens for tensile strength. All tests have
been carried out according to GB/T 1932-2009 and
GB/T 1938-2009 (AQSIQ, 2009a; 2009b).

Through the regression analysis of strengths of
standard small specimens obtained from above
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material tests and drill resistance values from NDT,
strengths of small specimens, y, against drill re-
sistance values, x, were obtained (Fig. 2). Compres-
sion strengths and drill resistance values are interre-
lated, and the regression equation is y=0.716x+19.13,
where the correlation coefficient R*=0.693. Tension
strengths and drill resistance values are also corre-
lated, and the regression equation is y=0.876x+14.41,
where the correlation coefficient R*=0.719.
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Fig. 2 Relation between timber strengths and drill re-
sistance values
(a) Compression strengths; (b) Tension strengths

3.2 Strength of the small specimen considering the
influence of damage by insects

For the large segment of wood beam used in the
capacity test, substituting the drill resistance value
into Fig. 2, we can obtain the strength of the small
specimen considering the influence of damage by
insects. As can be seen from Fig. 3, BA1 was divided
into many zones and one measure point was set in
each zone. It can be assumed that the strength of these
measure points represents the strength of each zone.
Other wood members are similar. Note that knots
must be avoided when the beam is tested because the
resistance value obtained from knots does not reflect
the real strength of the zone.

Compression strength

Strength of measure point (MPa)

-800 30 60 90 120 150 180 210 240 270 300
Measure point in length direction (cm)

Fig. 3 Interval strength represented by each measure
point in BA1
(a) Upper half of the beam; (b) Below half of the beam

3.3 Elastic modulus

Small specimens from BA1-BB3 were tested
according to Chinese regulation GB/T 15777-1995
(AQSIQ, 1995). Compression elastic modulus FE
parallel to the grain is shown in Table 2.

Table 2 Elastic modulus parallel to the grain

No. E (MPa) No. E (MPa)
BAl 5171 BBI 5464
BA2 6686 BB2 5516
BA3 5203 BB3 6929

4 Residual capacity experiment of wood
beams

4.1 Specimens and the loading system

There is damage of varying degree in these six
test beams because of old age. BA1 suffers from se-
vere damage by insects about two-thirds along its side,
and about 15% of the section is damaged; BA2 has a
large crack at the bottom, which is about two-thirds of
the beam length; the centre of BA3 has several micro
cracks; there is a small crack in BB1 throughout its
length and a knot at the bottom; there are a few small
cracks in the central part of BB2; and there is a
surface crack in BB3 and a large wood knot at the
bottom.

In experiments, loads were exerted at one-third
and two-thirds of the beam span. The loading process
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was controlled by load and divided into 10—15 grades,
each grade equaled 15 kN and lasted about 3—5 min.

4.2 Failure modes and ultimate loads

Taking specimen BA1 as an example, its failure
process results are shown as follows. Throughout the
test process, there was no crack in the end zone of
BA1. When the load was increased to about 78% of
the ultimate load, bottom corners of the loading loca-
tion crazed. Cracks in the bottom face and the side
face were about 50-80 cm long and a triangular piece
was stripped out of the beam. Soon, with a loud noise,
the specimen was destroyed. Although the proportion
of the section damaged by insects was large, it still
appeared to have a high bearing capacity. The plastic
performance of the specimen is poor, without appar-
ent cracks on its surface.

Failure modes and ultimate loads of other wood
beams are shown in Table 3 and Fig. 4.

Table 3 Failure modes and ultimate loads

Failure modes after Ultimate Ul.tlrnate.
No. . tensile strain
loading load (kN)
()
BA1 Wood fractures in tension 96 1782
zone
BA2 Wood fractures along 92 1921
original cracks in ten-
sion zone
BA3 Wood in tension zone 142 1574
came into fractures;
small surface cracks
BB1 Wood damaged caused by 172 1693
knots in tension zone,
cracks at the front end
BB2 Wood fracture in com- 205 2214
pression zone, front end
damaged by shear
stress, wood fractures in
tension zone finally
BB3 Fractures in tension zone 166 1720

around knots, cracks at
the front end

These six beams all had initial imperfections of
varying degree. These imperfections influenced fail-
ure modes and ultimate loads. There was severe insect
damage in BA1 before loading and its ultimate load is
lower. There were some big cracks in BA2 before
loading and it was finally damaged along cracks with
lower ultimate load than other beams without initial
cracks. The ultimate loads of BA1 and BA2 are

67.6% and 64.8% of that of BA3, respectively. There
were big knots at the bottom of BB1 and BB3. They
were both damaged by wood fractures around those
knots. The ultimate loadings of BB1 and BB3 are
83.9% and 81.0% of that of BB2, respectively.

Fig. 4 Failure modes of timber specimens
(a) BA1; (b) BA2; (c) BA3; (d) BBI; (e) BB2; (f) BB3

4.3 Load-deflection curves

Load-deflection curves of these two groups are
shown in Fig. 5.
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Fig. 5 Load-deflection curves of BA and BB

From Fig. 5, it is shown that the ultimate load
and the rigidity of BA3 are larger than those of BA1
and BA2. Damage of BA1 by insects was much more
serious, and there was a large crack at the bottom of
BA2. So these two specimens both had obvious initial
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imperfections before loading. Load-deflection curves
of these three specimens were almost linear from
loading to failure. It means that the ductility of these
three specimens is poor and failures are basically
brittle.

Big knots in BB1 and BB3 at the bottom influ-
enced their mechanical performance. Ultimate loads
of them were both less than BB2. The stiffness of
BB1 was the largest. At the initial stages of loading,
the stiffness of BB3 was large but at the latter stages,
the stiffness decreased gradually after wood fractures
around knots. Load-deflection curves of these three
specimens showed an almost linear increase from
loading to failure. It means that the ductility of these
three specimens is also poor with basically brittle
failures.

5 Finite element analysis
5.1 Basic assumptions and elastic coefficients

Considering the test loading process was short,
creep and relaxation behaviours were not taken into
account in numerical simulations.

Basic assumptions in finite element calculations
are as follows. Wood is an elastic-plastic material
without creep and relaxation behaviours. Vertical,
horizontal radial, and tangential directions of wood
are orthotropic.

As an anisotropic material, wood has a total of
nine independent elastic constants including the elas-
tic modulus of L, R, T in three directions, Poisson’s
ratio, and the shear modulus of elasticity. In this study,
the longitudinal elastic modulus £y was obtained from
the test while Er and E7 were calculated according to
the following relations (TDMEC, 2005): Er/E;=0.10,
Er/E;=0.05. Values of the Poisson’s ratio were ur1=
0.43, u1=0.02, and ug;=0.08, and those of the shear
modulus were: Grr=100 MPa, G1t1=900 MPa, and
GRLZI 100 MPa.

5.2 Constitutive relation

The compression modulus parallel to the grain is
much larger than that vertical to the grain, which is
shown in Fig. 6 (Wang, 2010).

Fig. 7 is the stress-strain curve parallel to the
grain. In Fig. 7, “the test curve” refers to the stress-
strain relation curve of a small specimen parallel to
the grain, which was obtained in Section 3.

Tensile (L)

Compressive (T)

Compressive (L)

Compressive (R)

&

Fig. 6 Typical wood constitutive relation (Wang, 2010)
¢ represents the strain of wood; ¢ represents the stress of
wood; L, R, and T represent the longitudinal, radial, and
tangential directions of wood, respectively

Stress &
Test curve
fou Eq
Bilinear
approximatipn
/ E
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& Strain
/
/
/
/
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Fig. 7 Stress-strain curves of wood parallel to grain
&y: yield strain of wood in compression; &,: ultimate strain of
wood in tension; f;, and f,: ultimate stresses in compression
and tension; E,, and E: elasticity and tangent moduli

The constitutive relation of the wood parallel to
the grain approximately meets the following several
aspects (Song et al., 2010).

1. The tension modulus and compression mod-
ulus of elasticity are almost identical.

2. When wood bears tension parallel to the grain,
there is no obvious plastic deformation stage before
damage. The stress-strain curve is almost linear and
the failure mode is brittle. When wood bears com-
pression parallel to the grain, there is an obvious
plastic deformation stage before damage because of
the buckling instability of wood fibers.

5.3 Finite element model

This study adopts Solid45 element of ANSYS
software to simulate wood characteristics with Hill
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yield criteria, which takes into account elastic pa-
rameters and the anisotropic yield strength of wood to
analyze its elastic-plastic behaviour. The model is
divided into a grid of sixths along its width, twelfths
along its height, and sixtieths along its length. The
mesh size is approximately 50 mmx33 mmx25 mm,
and the beam is simply supported (Fig. 8). The
Newton Raphson method was used in the process of
analysis.

The following aspects have been taken into ac-
count when setting the finite element model (FEM).
(1) According to the results of NDT, the materials
strengths of different zones of the wood beam are
different (Fig. 3). In the calculation model in Fig. &,
different colors represent different zones and the
material strength obtained from NDT for each zone
has been adopted separately. (2) Cushion blocks have
been set in the model to prevent local stress concen-
tration. Common nodes have been adopted at junc-
tions of the wood beam and cushion blocks.

Cushion block

Cushion block

Fig. 8 Finite element model of the wood beam

5.4 Simulations of initial imperfections

BAT1 had suffered from severe damage by insects
such that a partial cross-section became invalid.
Therefore, this part was not considered and the
cross-section of the BA1 after meshing is shown in
Fig. 9a.

There were initial cracks at the bottom of BA2.
Thus, the finite element simulation did not consider
wood around those cracks (Fig. 9b).

There were initial knots at the bottom of BB1
and BB3. The directions of wood grains change
around knots (TDMEC, 2005). Therefore, they were
redefined while defining material properties, namely
X axis of the global coordinate system stands for the
wood longitudinal direction (L), Y axis for radial
direction (R), and Z axis tangential direction (T).
Simulations of knots are shown in Fig. 9c.

(b)

(©

Fig. 9 FEM simulations of initial imperfections
(a) Section damaged by insects; (b) Crack; (c) Knot
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6 Comparison between calculation results
and test results

6.1 Comparison of failure modes

Taking specimen BAIl as an example, FEM
calculation results of the strains are shown in Fig. 10.
Strains of each specimen under the ultimate load
parallel to the grain are shown in Table 4.

AN

ABR 2 2010
STEP=1 18:11:50
SUB =45
TIME=. 775862
EPPLZ (AVG)
RSYS=0

DMX =.012393
SMN =-.007583
SMX =.00115

NODAL SOLUTION

(a)

Strain

-.007583 -.005642 -.003702 -.001761 .179E-03
-.006612 -.004672 -.002731 =. 191803 .00115

the analysis of beam

AN

ABR 2 2010
STER=1 18:10:13
SUB =57
TIME=.982759
EPPLZ (AVG)
RSYS=0
MY =.020080
SMN =-.017568
SMX =.008228

NODAL SOLUTION

(b)

Strain

-.017568 =.011835 =.006103 -.371E-03 .005362
-.014702 .008963 -.003237 .00Z2496 .008228

the analysis of beam

Fig. 10 Calculation of plastic strains of BA1
(a) Under the yield load; (b) Under the ultimate load

Table 4 Calculated strains of each specimen

Strain (ue)

Ultimate - -
Centre of compression Centre of tension

No.  load . .
(N) area at mid-span area at mid-span
&e &p Ee &p

BA1 114 —1595 -2614 1588 4332
BA2 112 —2032 —1805 1987 3084
BA3 155 -2125 —2309 2094 3778
BB1 205 -1157 -3972 1132 5341
BB2 227 —1559 —3476 1589 5177
BB3 195 -1192 —2774 1192 5604

Note: e. and g, represent the elastic strain and plastic strain,
respectively

Through comparisons of failure modes and FEM
results of strains under ultimate loads, it is found that
as follows:

1. For BA1, BB2, and BA3, calculated results of
tension strain in the tension zone at the bottom of the
beam are the largest and wood fibers at this position
came into fracture in the test.

2. Wood fibers around initial cracks of BA2
came into failure in the test. Calculated results also
show that tension strains at that location are the
largest.

3. It can be concluded that the failures of BB1
and BB3 are all due to initial cracks. It is also obvious
from the calculated results that strains at this position
are much larger than those at other positions.

6.2 Comparisons of ultimate loads

Comparisons of ultimate loads between test and
calculation are shown in Fig. 11. Digits in Fig. 11
represent the ratio of the calculated value to the test
value.

250
B Test value 1'2
0O Calculation value 1'2 117
200F Z’/‘ —
z
= 1.09 e
o 150 - ] % ?
o
° 1.19 1.22
g 100
5
i o 7
50 é é
| 1
0 o
BA1 BA2 BA3 BB1 BB2 BB3

Fig. 11 Comparisons of ultimate loads between test and
calculation

Fig. 11 shows that the calculated values of ul-
timate loads of all specimens are all larger than those
from the tests but the values differ within less than
22%. For some reasons not yet known, calculated
values are always slightly greater. There are several
factors may lead to this variance between experimental
results and numerical simulation: the scale effect, the
imperfection of constitutive model, and the local
nature of NDT. This question requires further study.

There were severe damages by insects in BA1
and large initial cracks at the bottom of BA2. Alt-
hough these initial imperfections have been taken into
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account in FEA, the ratios of calculated values to test
values are still large, at 1.19 for BA1 and 1.22 for
BA2.

There were big knots at the bottom of both BB3
and BB1. Although the influence of wood knots has
been dealt with in FEA, the ratios of calculated values
to the test values are still large, at 1.19 for BB1 and
1.17 for BB3.

7 Conclusions

1. Compression strengths and drill resistance
values are interrelated and the regression equation is
y=0.716x+19.13, where the correlation coefficient
R*=0.693. Tension strengths and drill resistance val-
ues are also correlated and the regression equation is
y=0.876x+14.41, where the correlation coefficient
R*=0.719.

2. Initial imperfections have significant effects
on the failure mode and the ultimate load. BA1 has
serious cracks on the lateral side; BA2 has long lon-
gitudinal cracks at the bottom; BA3 has less cracks.
The ultimate loads of BA1 and BA2 are 67.6% and
64.8% of that of BA3, respectively. Both BB1 and
BB3 have a small amount of cracks and knots at the
bottom. BB2 has a small amount of cracks only. The
ultimate loadings of BB1 and BB3 are 83.9% and
81.0% of that of BB2, respectively.

3. Influences of initial imperfections (damage by
insects, cracks, and knots) of specimens have been
taken into account in FEA. However, ultimate loads
of calculation values are all larger than those of test
values but with less than 22% errors. The discrepancy
in ratios of calculated values to test values is therefore
not large. With further corrections it can satisfy the
requirements of applications of timber engineering.
The proposed method can be used as a reference for
practical engineering.
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