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Abstract--In thisstudy, ten full-scale Douglas fir wood beams, 
broken down into two groups, were testedunder monotonic 
loadingand a three-dimensional finite element method based 
model was developed to study the influence of longitudinal 
cracks on the flexural behavior of such beams. The test results 
indicated that the main failure modes of longitudinally cracked 
beams was flexuraltensile failure at midspan or longitudinal 
shear failure nearthe beam ends.The load carrying capacity of 
the intact beams was found to be 39% higher than that of the 
cracked beams.Acomparisonofthe testresultswith the 
numerical analysis results of the finite element model showed 
that the modelling error was less than 32% and thus is 
acceptable for prediction of such beams, considering the large 
uncertainty in the material properties and specimen 
preparation of the lab testing. 

Keyword-woodbeams;longitudinally cracked; Load carrying 
capacity;finite element modelling 

I INTRODUCTION 
As a natural material, woodhas beenwidely used in 

ancient Chinese buildings. Its strength varies with directions 
of grain, and the tensile strength perpendicular to grain is 
only 1/25~1/60 of the tensile strength parallel to grain[1]. 
Previous studiesshowed that timber members were proneto 
crack in the longitudinal direction, due to the lower tensile 
strength perpendicular to grain and shear strength parallel to 
grain[2]. However, limited experiments and numerical 

simulations have been conducted to study the failure modes 
and load carrying capacity of such cracked beams. 

In this study, full-scale tests were conducted to 
investigate the mechanical behavior of intact and 
longitudinally cracked timber beams. A three-dimensional 
model developed based on finite element method computer 
software, MARC.MSC, is also presented with the 
comparison of the test and the modelling results. 

II TEST OVERVIEW 

A. Material and Specimen Preparation 
Ten Douglas fir beam members were prepared before 

tests. All specimens were divided into 2 groups: specimen 
group B1 was used as control group with 5 intact replicates; 
specimen group B2 was used for comparison purpose and 
included 5 pre-crackedreplicates. The detailed information 
of the specimen groups is listed in table 1. 

TABLE I. DETAILED INFORMATION OF SPECIMEN GROUPS. 

Specimen
group no 

Specimen 
No Replicates Remarks 

B1 B1-1~B1-5 5 Control group
B2 B2-1~B2-5 5 pre-cracked 

TABLE II. TIMBER MATERIAL PARAMETERS. 

Spec 
no. EL/MPa ET/MPa ER/MPa GLT/MPa GLR/MPa GRT/MPa νLT νRT νLR 

B1-1 17380 903 903 1355 1112 121 0.45 0.45 0.15 
B1-2 15947 829 829 1243 1020 111 0.45 0.45 0.15 
B1-3 12081 628 628 942 773 85 0.45 0.45 0.15 
B1-4 7887 410 410 615 504 55 0.45 0.45 0.15 
B1-5 13923 723 723 1085 891 98 0.45 0.45 0.15 
B2-1 9545 500 500 745 611 67 0.45 0.45 0.15 
B2-2 9440 490 490 736 604 66 0.45 0.45 0.15 
B2-3 10105 526 526 788 788 72 0.45 0.45 0.15 
B2-4 11316 588 588 882 724 80 0.45 0.45 0.15 
B2-5 11306 588 588 882 724 80 0.45 0.45 0.15 

International Conference of Electrical, Automation and Mechanical Engineering (EAME 2015)

© 2015. The authors - Published by Atlantis Press 675



 

TABLE III. TIMBER STRENGTH MEASURED BY SMALL CLEAR SPECIMEN TESTS. 

Spec no. B1-1 B1-2 B1-3 B1-4 B1-5 B2-1 B2-2 B2-3 B2-4 B2-5 
fp/MPa 45 35 26 30 33 30 35 34 35 30 
ft/MPa 3.7 2.1 1.8 2.5 3.1 2.5 1.9 1.5 2.0 2.0 
fv/MPa 5.4 3.2 4.1 3.0 4.8 6.7 1.9 4.3 4.0 1.8 

The Douglas fir beam members were of 100 200 mm2 
in cross section and 3800 mm in length following the 
relevant norm[3]. A 2400 mm long artificial crack was set in 
the middle plane of each beam in the axial direction, and its 
width was 3 mm consideringfrequently observed cracks in 
real timber buildings. Detailed information of the specimens 
is illustrated in Fig. 1. 

 
FIGURE I. DETAILS OF SPECIMEN (UNIT: MM). 

The modulus in the longitudinal direction (EL), the 
compressive strength parallel to grain (fp), the tensile 
strength perpendicular to grain (ft) and the shear strength 
parallel to grain (fv) were measuredby small clear specimen 
tests[4]. The modulus in the transverse and radial direction 
(ET and ER),the shear modulus (G), and Poisson ratio (ν) 
were determined according to the relevant norms[5]. The 
material parameters are listed in table 2 and 3. 

B. Testing Device and Measurement Scheme 
The experiments werecarried out in the durability 

laboratory of Tongji University. Beam member was simply 
supported with 100mmaside at each end. The load was 
applied in two third points of the beam by a hydraulic 
actuator through the distribution steelgirder.  

Pre-loading: a pre-loadof roughly 10% of the expected 
maximum load was applied onto the specimen to eliminate 
the potential loose contact between the specimen and the 
distribution steel girder and to check the functionality of the 
displacement measuring transducers. The load was applied 
in a displacement control mode with a loading rate of 3 
mm/min. 

Standardloading: The vertical displacement was applied 
at a rate of 3 mm/min up to a moment when either the 
specimen was completely broken or the applied load 
decreased to 80% of the maximum load of the specimen. 

During the test, both the vertical load and the 
deflectionat the midspan node of the beams were measured. 
The value of vertical load was measured and recorded 
byabuilt-indynamometerofthehydraulic acturator.The 
verticaldisplacementof the beam was measured by 3 linear 
differential variable transducers (LVDTs), with a range of 
100mm, andthe horizontaldisplacement was measured by a 
LVDT with a range of 30mm. The loading device and the 
arrangement of the measurement points areshown in Fig.2. 

 

FIGURE II. SETUP OF THE TEST AND ARRANGEMENT OF 
LVDTS. 

III TEST RESULTS 

A. Failure Modes 
1) Intact beam (specimen group B1) 

With load increasing, longitudinal tensile failure 
occurred at the bottom of the beam (Fig. 3a). As the cracks 
developed along the grain direction, the applied load 
increased slowly. Compression wrinkles were found in the 
compression zone of the midspan. Then with some 
noticeable noises the specimen experienced abrupt and 
brittle factures near the middle span area. 

 
FIGURE III. FAILURE MODES OF TIMBER BEAMS. 

2) Longitudinally cracked beam (Specimen Group B2) 
There were two failure modes of longitudinal crack 

beams. Specimens B2-1, B2-2and B2-3 were in the first 
failure mode, as shown in Fig. 3b, where flexural tensile 
failuretook place near the middle span andpropagation of the 
existing crack was immaterial. Specimen B2-4 and B2-5 
failed in the second mode, as shown in Fig. 3c, where 
longitudinal shear failure took place at one end of the beams. 
The failure was rather abrupt and brittle. 
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B. Relationship between the Applied Load and Midspan 
Deflection 
The load and the midspandeflectioncurves (Fig. 4) of 

each specimen were established based on the test results. 
Table 4 gives the maximum load for each specimen, the 
average value and coefficient variation(CV)of each 
specimen group. 

 

 

 
FIGURE IV. LOAD-MIDSPAN CURVES. 

TABLE IV. LOAD CARRYING CAPACITY OF BEAMS. 

Spec 
no. 

B1-
1 

B1-
2 

B1-
3 

B1-
4 

B1-
5 

B2-
1 

B2-
2 

B2-
3 

B2-
4 

B2-
5 

Max(
kN) 

65.
1 

38.
4 

15.
0 

36.
6 

43.
8 

26.
3 

21.
2 

13.
5 

32.
2 

28.
2 

Aver(
kN) 39.78(CV=45%) 24.28 (CV=24%) 

C. Discussion 
It can be found that the load-displacement curves of 

most intact beams (B1) exhibited nonlinearbehaviorwhen 
the load reached the maximum load. At last, brittlefracture 
failure took place during the post-peak range. However, 
most of the longitudinally cracked beams (B2) remained 
almost linearup to the final fracture. The longitudinal crack 
made the beam work like two independent beams, which 
significantly impaired the overallperformanceof the beams. 
On average, the load carrying capacity decreased39%due to 
the presence of the cracks. 

IV FINITE ELEMENT MODELLING 

A. Establishment of the Finite Element Model 
To make profound understanding on the flexural 

behavior of the cracked wood beams,a three-dimensional 
finite element model wasdevelopedusing the MARC.MSC 
software. The FE model included a beam and 4 steel 
plates.The FE model using 8-noded solid element (element 
type 7) is shown in Fig. 5. 

Ideal elastic-plastic isotropic material model was used 
for the steel plates. The elastic modulus is 2.1x105MPa, 
Poisson ratio is 0.3 and the yield strength is 235 MPa. Wood 
is generally believed to be orthotropic with different 
properties in three directions.In this study, the Hill yielding 
criterion[6]was adopted to consider the anisotropic 
properties of timber. 

However, the Hillcriterion cannot accommodate the 
different strength properties of wood under compression and 
tension stress states. Afailurecriterion, Hoffman criterion[7], 
which allows unequal strength valuesin tension and 
compression, was adopted in this study sinceitrepresentsthe 
strengthbehavior of timber in a more realistic manner. 

B. Results and Validation 
The FE model was validated in two aspects. The load-

midspan deflection curve of each beam was establishedand 
compared to the experimental results, which was shown in 
Fig. 4 and Table 5. The modeleddamages of the beams, 
asshown in Fig. 6,were also compared to the test results. 
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TABLE V. RESULTS OF EXPERIMENTS AND NUMERICAL SIMULATIONS. 

Specino. 
k/(kN/mm) 

Error(%)(kf-kt)/ kt 
Fmax/(kN) 

Error(%)(Ff- Ft)/ Ft test results(kt) FE results(kf) test results(kt) FE results(kf) 
B1-1 1.1689 1.3150 12.58 65.05 61.47 -5.50 
B1-2 0.7993 0.8639 8.08 38.36 34.25 10.71 
B1-3 0.6528 0.8210 25.76 15.00 18.08 20.53 
B1-4 0.6234 0.6284 0.80 36.62 35.70 -2.51 
B1-5 0.7510 0.7820 4.10 40.46 43.78 -8.21 
B2-1 0.5972 0.6690 12.02 26.30 24.74 -5.93 
B2-2 0.5396 0.6874 17.60 21.23 21.76 2.52 
B2-3 0.5260 0.7085 32.24 13.49 17.17 27.27 
B2-4 0.7518 0.8406 11.81 32.16 28.25 -12.16 
B2-5 0.6392 0.8365 30.87 28.24 23.89 -15.40 

1) Modelling Of the Intact Beams (B1) 
As can be seen from Fig. 4, the loadcarrying capacity 

and the stiffness of the model were in acceptable agreement 
withthetest results. The curves of all the intact beams 
dropped suddenly at the maximum load value. This was 
because the failure of parallel to grain was rather brittle. 
Specimens B1-1, B1-3, B1-4, and B1-5 all crackedfrom the 
area at bottom of the beams underneath theloading point. In 
FE modeling results, damages initiated and propagated at 
the same area, as showed in Fig. 6a, due to the largest 
damage. 

 
FIGURE V. THE THREE-DIMENSIONAL FINITE ELEMENT 

MODEL. 

 

 

 
FIGURE VI. COMPARISON OF FAILURE MODES. 

2) Modelling Of the Longitudinally Cracked Beams (B2) 
The load and the midspan deflection curves exhibited 

goodagreementwiththewholeexperimentalcurves. The 
modeled stiffness was very close while the load carrying 
capacity was slightly lower than the test results. The 
modeled failure modes were in good conformance with the 
test results. In the first case, flexural failure took place at the 
mid-span while small damages occur near the ends of the 
crack, and the modeling results well confirmed this (Fig. 
6b).In the second case where longitudinal shear failure 
caused by stress concentration at the crack end dominated 
the final failure, as observed from specimens B2-4 and B2-5, 
was well resembled in the modeling results (Fig. 6c). 

V CONCLUSIONS 
Experimental testing and finite element method based 

numerical analysis were performed and presented in this 
paper to investigatethe flexural behavior of timber beams 
with or without longitudinal cracks.The influence of 
longitudinal crack on the load carrying capacity of pre-
cracked beams was quantified based on the comparison of 
thetwo types of beam specimens. Several conclusions can be 
drawnas follows: 

(1) Intact beams failed in a typical bending mode, as 
tensile fracture took place in the parallel to grain direction 
and the corresponding load and displacement curveswere 
typically nonlinear up to the final fracture point. 

(2) Longitudinal cracked beams can fail in either 
flexuraltensile failure or longitudinal shear failure mode. 
The decrease of the load carrying capacity of the 
longitudinally cracked beams was 39% with respect to the 
intact beams. 
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