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h i g h l i g h t s

� Timber beam frequently have irregular cross-sections along their length.
� Deformation of irregular beams can be automatically determined thanks to LiDAR data.
� The method was validated in an irregular timber beam under laboratory conditions.
� The results show that maximum error in the main body of the beam is less than 5%.

a r t i c l e i n f o

Article history:
Received 12 November 2016
Received in revised form 16 March 2017
Accepted 6 April 2017
Available online 21 April 2017

Keywords:
Point clouds
3D modelling
Deflection
Wood

a b s t r a c t

Timber structures frequently present irregular cross-sections along their length, principally in old build-
ings. This irregularity may be a critical parameter to take into account during the deformation analysis of
these structures. The aim of this paper is to propose and develop a new algorithm that automatically esti-
mates the deformations of timber beams that have important geometric irregularities by using laser
scanning technology. The proposed algorithm to determine deformations is based on Mohr’s
Theorems. The method is validated in a beam that is subjected to two different loadings. The results
are compared with those obtained by contact methods and the differences are less than 5%. The results
obtained demonstrate that the method proposed is suitable for the automatic analysis of deformation in
irregular timber structures.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, wood has been one of the most frequently used
building materials. This material can be found in the main struc-
tural body of small family houses, large buildings, bridges or cathe-
drals. Because of this, nowadays there are still countless historical
timber buildings. Although wood is not the most used material
nowadays, it is still used in large constructions such as sports facil-
ities or shopping centres, and in smaller constructions as houses or
bungalows. Furthermore, it is widely used as a structural element
in buildings, mainly in the form of beams. The main advantages of
using wood are: a) good thermal insulation, b) easy elaboration
and execution, c) high versatility, allowing adaptation to different
shapes and sizes, d) natural, biodegradable and ecologic character.
The disadvantages are: a) less durability over other materials such
as aluminium or stainless steel, b) instability against weather
changes, mainly affecting humidity, so that it is necessary to apply

an adequate protection, c) it is not an homogenous material so sev-
eral uncertainties in its structural behaviour must be taken into
account, d) the beam has often irregular shapes or lacks of material
that affect the geometrical properties. The main defects of wood
that affecting the geometrical properties of the cross-section are
normally related to: the lack of material, which are mainly due
to wanes (lack of material presented in the wood pieces when they
are sawed), and the lack of material due to the human actions
(Fig. 1). These variations of the geometric properties of the section
have a direct effect on the results of the structural analysis.

For the structural analysis of a timber construction the ultimate
limit state and serviceability limit state must be verified, as it hap-
pens with other types of constructions. The ultimate limit state
verification indicates whether the material withstands the stress
to which it is subjected or not, whilst the serviceability limit state
verification indicates that deformations do not exceed the limits
allowed by the building codes. Eurocode 5 [11] is used as a
reference for the calculation of timber structures (particularly in
Europe). The Eurocode 5 defines the recommended limiting values
for deflections of beams and cantilevers with a wide range of
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values (Table 1). In the wooden pieces, the deformation mainly
occurs due to bending, and in lesser degree due to the torsion.
Due to the low modulus of elasticity of the wood, the deformation
is a critical issue for a safe geometric design of sections, so its cal-
culation is required. The calculation of deformation in timber
beams has some differences with respect to other materials such
as steel or aluminium. Among the main differences it should be
noted the non-uniformity of the material or the creep deformation.
Wood is a non-uniform material, so correction factors [11] are
needed to correct the results given by the conventional analysis
using the principles of mechanics of materials. Mainly for the cal-
culation of the deformation, the creep deformation must take into
account, which is affected by several factors: the moisture content
and moisture variation, the type of load, the stresses state, or the
temperature. For the determination of the final deformation of a
timber piece (considering creep), the instantaneous deformation
winst must be increased by the creep factor kdef (Table 2) [11]. This
factor is dependent on the service class and load duration, and is
only applied to permanent loads.

In order to accurately determine the deformation, it is necessary
to know the geometry of the cross-sections of the beam all along
its longitudinal axis. Currently these measures are usually col-
lected manually, a task which is very laborious and often difficult
to perform because the beams are normally located in hardly
accessible places. In order to collected these measurements auto-
matically and without having a direct contact with the beam, close
range remote sensing technologies such as photogrammetry were
used [24,25]. Photogrammetry results (measures and metric qual-
ity) highly depends on the color, light and texture of the beam sur-
face to be measured; a bad lighting conditions can significantly
difficult the measurement, which is an important disadvantage of
the photogrammetry to this task.

Another suitable remote technology for this task is laser scan-
ning. Laser scanning is a geomatic method that allows obtaining
3D geometry of objects’ surface in an automatic way by using Light
Detection and Ranging (LiDAR) technology [13]. There are a variety
of research works dealing with the modelling of structures from
laser scanning and its subsequent application to structural analy-
sis, such as: modelling of historic buildings [1,2], modelling vaults
and domes [3], modelling for civil engineering applications, archi-

tecture and construction [4–6], modelling of floor plans of build-
ings[7,8], modelling of deformation of beams [9] or modelling of
metal frame connections [10].

However, very few research exists on the use of laser scanning
data for the modelling of timber structures. Additionally, the exist-
ing works focus on the 3D modelling of the members but not in the
subsequent structural analysis. Some relevant research papers
found in the literature are: Balletti et al. [12], who study the shape
and geometry of the articulated timber structures in the vaults of
the traditional architecture of Venice. Oreni et al. [14] show the
usefulness of conversion of 3D models to a historic building infor-
mation model (HBIM), with the aim of supporting the conservation
and management of heritage buildings. Bertolini-Cestari et al. [15]
show the modelling and conservations interventions made in the
timber dome of the Valentino Castle in Torino. Also, Fregonese
and Taffurelli [16] presented the analysis, representation and doc-
umentation of the vaulted timber structure of the Basilica of St.
Mark in Venice. Van Goethem et al. [27] performed the reconstruc-
tion and modeled of timber boards with knots from LiDAR data.
This works focus on the 3D modelling of the beams but do not deal
with the structural analysis. Alessandri and Mallardo [26] address
some structural analysis of the timber roof construction of the
Church of the Nativity in Bethlehem. Although this work deal with
the structural analysis of a building with timber beams from LIDAR
data, it is focused on the structural analysis of the masonry; more-
over, their method do not automatize the data processing.

Related to the 3D modelling of timber structures with structural
analysis purposes, Cabaleiro et al. [17] presented relevant work
about the suitability of laser scanning data for the structural anal-
ysis of timber beams. In their work an algorithm that automatically
finds the geometrical properties of cross-sections of highly irregu-
lar beams from laser scanning data is proposed (Fig. 2). The algo-
rithm was conceived for its use in the structural analysis of
existing structures during the process of rehabilitation of historic
buildings. The proposed methodology started with the acquisition
of a very dense point cloud, and the manual selection of a region of
interest that contains the beam to be studied. The point cloud
obtained is automatically divided into slices along the longitudinal
direction (X axis) of the beam, to obtain the contour of each sec-
tion. Then, a projection of the point cloud is performed in the YZ
plane (orthogonal) to the longitudinal axis of the beam. To recon-
struct the contour of each beam cross-sections, algorithm [17]
developed from alpha-shape [23] is used. From this reconstructed
contour, the geometric properties of each section (area, coordi-
nates of the centroid, moments of inertia, product of inertia and
section modulus) are calculated. Later, with knowledge about the
loadings and boundary conditions, the structural analysis of the
beam is carried out. Thus, the stress distribution along the beam

Fig. 1. Lack of material in timber beam. a) due to wanes b) due to human action.

Table 1
Examples of limiting values for deflections of beams [11].

winst wnet,fin wfin

Beam on two supports l/300–l/500 l/250–l/350 l/150–l/300
Cantilevering beams l/150–l/250 l/125–l/175 l/75–l/150
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