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h i g h l i g h t s

� The Hole-Drilling procedure is applied for the first time in timber structures.
� The results are valid for a wood class and for big structural beam size.
� The orthotropic behavior of the wood has been considered.
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a b s t r a c t

Hole-Drilling is a widely applied method for measuring residual stresses and stresses of in-site structural
elements. The procedure can be considered as minor destructive testing because the inferred damage in
the element is reduced and does not affect its structural strength. The relaxed strains by material extrac-
tion are related with the stresses state before making the drill through a compliance tensor. A general
plane state of stresses near surface has been considered under an orthotropic behavior. The paper shows
the procedure for the experimental deduction at laboratory of the nine constants of the elastic compli-
ance tensor for the analyzed material (Pinus radiata D. Don) under the bending effects. Once the constants
of compliance for the tested material are known, it is possible to go the opposite way for its application on
real structures by drilling a hole with the same dimensions as those chosen at laboratory. It has been pos-
sible to approach the real stresses state in several timber beams by recording those strains.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The development of nondestructive and semi-destructive test-
ing methods is the main challenge for the assessment of structural
elements in existing constructions. This paper deals with the appli-
cation of the popular Hole-Drilling technique on wood, a natural
and organic material. The Hole-Drilling method involves drilling
a small hole and using a strain gage rosette to measure the relaxed
strains. The damage caused to the wooden member is often local-
ized, repairable and does not endanger its strength. For this reason
it is considered to be a semi-destructive method [1]. This is an
important feature considering the future of its application on real
in-service structures. Current researches are gaining momentum
in the area of in situ assessment of physical and mechanical prop-
erties of timber structures as it is mentioned in RILEM state of the
art report on In Situ Assessment of Structural Timber [2]. The

Hole-Drilling method is a widely used technique for measuring
residual stresses since Mathar’s foundational work in 1930s [3].
Since then, numerous researchers have contributed to the develop-
ment and implementation of the method at both laboratory and
real structures [4–8].

Wood has been often used building structures during centuries
all around the world as it was an abundant, easy to come by and
resistant material which did not need any sophisticated industrial
processing. Between elements making up structures, horizontal
members, such as beams or joists (smaller size beam), which work
under bending efforts, are very frequent. In the restoration of his-
toric buildings, wood appears frequently and needs to be regularly
maintained and repaired. However, as wood is also a complex
material because of its anisotropy, heterogeneity and variety,
Hole-Drilling method had never been used on timber structures
before. Furthermore, no alternative method for stress quantifica-
tion in timber structures in service have been developed [9–11].

Regarding its mechanical behavior, wood shows three principal
directions: axial, radial and tangential [11]. In Fig. 1 these three
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directions are shown by means of some perspectives according to
the axial-tangential plane and the axial-radial plane. It is fre-
quently referred to as axial (referring fiber direction) and transver-
sal (perpendicular to fiber direction) directions with no
specification as to whether transversal is radial or tangential.
Wood’s greatest strength is to be found along the fibers and further
from that direction the lower strength. The method explained here
has been developed for its application on bending horizontal ele-
ments in real structures. In existent constructions the only surface
where the experimental procedure can be carried out is often on
the maximum tensile side. This surface usually coincides with an
axial–tangential plane. The whole experimental procedure will be
located in axial–tangential planes where a plane state of the stres-
ses near surface will be considered (see next sections).

2. Hole-Drilling method including the orthotropic behavior

Hole-Drilling method is technically established in ASTM E837
Standard (Test Method for Determining Residual Stresses by the
Hole-Drilling Strain Gage Method) where the procedure is defined
as a method which measures residual stress close to the surface of
an isotropic material. The method involves attaching strain gages
to the surface, drilling a hole in the vicinity of the gages, and mea-
suring the relaxed strains thus originated. After drilling, the strain
gages record the relaxed strains which are related by means of four
parameters with the existent stress state. These parameters are
dependent upon the mechanical constants of the material, the
geometry of the rosette, the depth of drill and the strain gage size.
Three strain gauges are enough to determine the state of the stres-
ses in two-dimensional situations as follows:
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where e1, e2 y e3 are the relaxed strains recorded by gages 1, 2 and 3
(Fig. 2), respectively, rmax and rmin are the principal stresses and b

is the angle (counterclockwise) between rmax and the e1 direction.
The constants ‘‘A’’ and ‘‘B’’ in Eq. (1) are obtained as follows:

A ¼ �2að1þ mÞ
E

B ¼ �2b
E

where ‘‘E’’ and ‘‘v’’ are the mechanical constants of the isotropic
material and ‘‘a’’ and ‘‘b’’ are dimensionless constants identified in
the ASTM standard. The involved dimensions (the hole diameter,
strain gages rosette and depth of drilling) are well established in
the ASTM standard as shown in Fig. 2, where all the dimensions
are lower than 3 mm. Consequently, they have to be adapted to
the experimental situation due to wood boring standardized size
(18 mm) and the strain gage length (12 mm). In this sense, the
rosette has to be handmade and specifically set up for each mea-
surement because standard rosettes for wood applications are not
commercialized. However, the proportion between hole diameter,
strain gage size, and the circumference diameter of the strain gages
disposal have been maintained according to ASTM Standard,
D = 40 mm, strain gage length 12 mm, d = 18 mm and 16 mm in
drill depth. The authors have vast experience in the application of
the Hole-Drilling method with other dimensions to obtain stresses
in-service structural members and in other materials [12–15].

Initially, the conventional Hole-Drilling method was only useful
on isotropic materials but in the early 70s, Bert et al. made an
exploratory investigation concluding that the Hole-Drilling tech-
nique could be successfully used in rectangular orthotropic mate-
rials [16]. It was in 1994 when Schajer and Yang published a
paper with a mathematical solution for orthotropic materials,
industrial composites in their case [7]. In our field, an experimental
approach has been adopted because the structure of wood as a nat-
ural material is not homogeneous from a sample to another, at
both microscopic and macroscopic level. Due to this heterogeneity
the research achieves empirical solutions from an experimental
work.

Experimental tests have been carried out on Pinus radiata D.
Don specimens, a widely used wood in several European regions
in the building of structural systems. As said, the plane where tests
are going to be carried out is defined by the axial–tangential direc-
tions. Within this plane the wood is defined by two principal

Fig. 1. View of the main planes of a block, according to a mechanical point of view.
‘‘A’’ means axial direction, ‘‘T’’ tangential direction and ‘‘R’’ radial direction.

Fig. 2. Geometrical layout for Hole-Drilling technique; D is the diameter of the
circumference of the strain gauges, while d is the diameter of the drill; symbols (1),
(2), and (3) indicate the radial direction of the strain gauges Gage 1, Gage 2 and Gage
3, respectively.
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