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Reinforcement in timber members in form of fully threaded screws or threaded rods can restrict the free
shrinkage or swelling of the wood material. This paper presents an evaluation of the influence of such
reinforcement on the magnitude of moisture induced stresses with emphasis on shrinkage. For this pur-
pose, experimental studies are presented in combination with analytical considerations on the basis of
the Finite-Element method. Taking into account the influence of relaxation processes, the results indicate
that a reduction of timber moisture content of 3% around threaded rods, positioned perpendicular to the
grain, can already lead to critical stresses with respect to moisture induced cracks. Reduction of timber
moisture content of 1% can already neutralize the proportionate stress transfer by the reinforcement
in the uncracked member. The cracks appear as few but large cracks, a crack distribution, known from
reinforced concrete, does not occur. This is explained by the much smaller ratio between stiffness and
strength of timber members compared to concrete members. Guidance values for the equilibrium mois-
ture content of reinforced timber members in different types of use are given.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction Changes in timber moisture content result in strains of different
Changes in wood moisture content lead to changes of virtually
all physical and mechanical properties (e.g. strength and stiffness
properties) of wood. An additional effect of changes of the wood
moisture content is the shrinkage or swelling of the material and
the associated internal stresses.

Visualizing the cross-section of a structural timber member
reveals that the area near the surface of the member adapts quite
quickly to changes in the surrounding climate (temperature, rela-
tive humidity). Areas inside the cross-section require a longer time
to reach the equilibrium moisture content due to the greater nec-
essary length of moisture transport by diffusion. The distribution of
timber moisture content in the cross-section is therefore not only
dependent on the relative humidity, but also on time. This results
in a moisture gradient across the cross-section.
magnitude across the timber cross-section due to the associated
shrinkage or swelling of the timber. During the drying process of
a timber member, the wood material near the surface is restrained
by the inner cross-section, comparable to an elastic foundation.
This results in tensile stresses perpendicular to the grain near the
surface, which are counterbalanced by compressive stresses inside
the cross-section due to the necessary equilibrium of stresses, see
Fig. 1. These stresses are reduced over time due to relaxation pro-
cesses. However, if they locally exceed the very low tensile
strength perpendicular to grain, the result will be a stress relief
in form of cracks, see Fig. 2. These can reduce the load-carrying
capacity of structural timber members in e.g. shear or tension per-
pendicular to grain.

If the free deformation of the cross section is prevented by
restraining forces, e.g. fasteners in dowel-type connections, the
magnitude of moisture induced stresses depends on the difference
between the strains of the timber cross-section and the restraining
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Fig. 1. Schematic illustration of moisture gradient and resulting stresses perpen-
dicular to the grain in case of free shrinkage (above) and in case of restrained
shrinkage due to e.g. fasteners (below).

Fig. 3. Schematic illustration of deformed shape of timber cross section under
shrinkage, not reinforced (left) and reinforced (right).
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elements. Equilibrium of tensile and compressive moisture
induced stresses is impeded by the restraining forces. This results
in stresses of higher magnitude and eventually in deep shrinkage
cracks, see Fig. 1. An example are supports with dowel-type fasten-
ers arranged at considerable vertical distances, see Fig. 2.

Reinforcement of timber members is used to relieve the rein-
forced members of stresses for which timber only features low
strength. Therefore reinforcement, oftentimes applied in form of
fully threaded screws or threaded steel rods, is commonly posi-
tioned perpendicular to the grain to counter the low corresponding
tensile strength of timber. In such a configuration however, the
free deformation of the surrounding wood material is restrained
due to the semi-rigid composite action between the wood material
and the thread of the reinforcement, see Fig. 3. The reason is that
steel features an expansion coefficient with respect to temperature
but, in contrast to wood, not with respect to changes of moisture.
Compared to the temperature expansion coefficient of steel
(aT = 1.2�10�6/K) are the associated average shrinkage and swelling
coefficients of wood perpendicular to the grain (spruce: 0.25%/%
Du) in the order of magnitude of 200 higher. Taking into account
common changes in temperature and relative humidity and the
reaction of steel, respectively wood to these changes, results in a
ratio of approximately 30 between the corresponding expansion
of wood and steel.
Fig. 2. Examples of crack formation in glued-laminated timber (glulam) beams in
practice. Free shrinkage and rather evenly distributed shrinkage cracks of small
depth (left) and deep shrinkage crack between two rows of fasteners (right).
The result observed in practice are few but deep shrinkage
cracks, see Fig. 4. Even the full fracture (separation) of the beam
cross-section can be observed, resulting in associated stress release
in the beam, see Fig. 4. The transfer of released stresses is activated
by deformations in the fracture plane. In this example, threaded
steel rods were applied as reinforcement of holes in beams posi-
tioned in vicinity of the beam ends. The damage scenario shown
in Fig. 4 can be explained by the superposition of moisture induced
tensile stresses perpendicular to the grain with stress peaks due to
the geometry of the hole in combination with high shear stresses
due to the location close to the beam end, leading to a fully devel-
oped crack through the hole including shear displacement in the
fracture plane.

In the following, a mechanical model to describe abovemen-
tioned situation is presented and discussed. Based on this model,
an experimental setup is derived. Experimental results obtained
with this setup are introduced into a Finite-Elementmodel to derive
indications on critical reductions ofmoisture content (MC) in glued-
laminated timber (glulam) elements reinforced with fully threaded
screwsor threaded rods. Numerical analysis is then extended to typ-
ically reinforced forms of glulambeam found in practice. The results
are compared to timber moisture contents measured via long-term
monitoring in buildings of different types of use.

2. Mechanical model

The considerations given in the following refer to dowel-type
steel reinforcement such as fully threaded screws or pre-drilled,
Fig. 4. Examples of crack formation in glued-laminated timber (glulam) beams
reinforced with threaded steel rods positioned perpendicular to the grain. Deep
shrinkage crack (left, photo credits: Brunauer) and crack over full cross-section,
leading to shear displacement in fracture plane (right).
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screwed-in or glued-in threaded steel rods, placed perpendicular to
the grain in the center of the timber cross-section. These consider-
ations can be translated to reinforcement in form of wood-based
panels, attached to the edges of the cross-section. To describe such
reinforced cross sections mechanically, a beam on elastic founda-
tion in longitudinal direction can be used, see Fig. 5. The stiffness
of the semi-rigid composite action is represented by the embed-
ment modulus (modulus of foundation) in longitudinal direction.
In the case of a timber member under shrinkage, the result will
be compressive trajectories in conical form around the ends of
the reinforcement. Perpendicular thereto, tensile stress trajectories
will develop which will subsequently align parallel to the rein-
forcement, see Fig. 5. The magnitude of moisture induced stresses
depends on the difference between the strains of the timber cross-
section and the restraining elements.

Considering the behavior of the bond between the wood struc-
ture and the reinforcement, three mechanisms are considered:
adhesion, mechanical interlock and friction. All three mechanisms
are activated during a relative displacement between the wood
material and the reinforcing element. Adhesion is only existent
in the case of glued-in reinforcement, its properties are dependent
on the characteristics of the adhesive. In the case of screwed-in
reinforcement, the stress transfer is realized by mechanical inter-
lock between the wood material and the thread of the reinforce-
ment. This results in local compressive stresses around the
thread which are counterbalanced by tensile stresses that develop
in circular form around the reinforcement. In [1] analytical solu-
tions are derived for the situation of a rod in timber under different
loading conditions.
3. Experiments

3.1. Configuration of experiments

Two approaches are possible with respect to an experimental
investigation of crack formation due to restrained shrinkage or
swelling of a timber member with interior reinforcement. The first
obvious approach is long-term experiments on reinforced timber
members in a climate chamber. This approach was applied in [2–
5]. The climate cycles applied in [2,3] led to high moisture gradi-
ents, making it difficult to differentiate between crack formation
due to the moisture gradient or crack formation due to the pre-
drilled, screwed-in respectively glued-in threaded steel rods
restraining free shrinkage. Preliminary calculations show that, in
order to arrive at a reduction of moisture of Du = -5% in the interior
of a cross-section of b = 140 mm at a maximum permissible mois-
ture gradient of Dugrad = 2%, a drying period of almost one year is
Fig. 5. Schematic illustration of deformed shape, principal stress trajectories an
necessary. Since neither climate chambers nor measuring equip-
ment were available for this period, it was decided to pursue
another approach.

The second approach is based on the idea that, in the case of a
relatively stiff composite between the threaded steel reinforce-
ment and the wood material, the type and location of the induced
strains have a rather small effect on the stress distribution in the
timber member. Using the mechanical model given above, and
assuming either exterior load (e.g. tensile force on the reinforce-
ment) or internal stresses (e.g. restrained shrinkage), the main
transfer of stresses between the steel reinforcement and the wood
material will occur in the vicinity of both ends (x = 0, x = ‘) of the
steel reinforcement, see Fig. 6. This means that, although the nat-
ure of the strain (shrinkage strain or strain due to externally
applied tensile load) is different from one another, the stress distri-
bution in the timber member, resulting from the interaction
between the wood material and the glued-in or screwed-in
threaded steel reinforcement, is comparable.

To validate this assumption, both types of loading were
implemented in a Finite-Element-Model. The detailed description
of the computational model, the chosen parameters and the
assumptions taken are given in Section 4. In this model, a con-
stant change in moisture content was applied to a non-
reinforced glued-laminated timber (glulam) element (b /
h = 200 / 1000 mm2), and to the same glulam element being rein-
forced with a steel rod (d = 16 mm, Ebond = 3000 N/mm2,
dbond = 1 mm). The resulting difference in deformation between
both configurations was subsequently applied as positive strain
on the steel rod in the glued-laminated timber (glulam) element.
Fig. 7 shows the corresponding vertical deformations and stres-
ses perpendicular to the grain (vertical stresses) in both configu-
rations. The assumption of comparable stress distribution is not
fully valid in the direct vicinity of the steel rod, but appropriate
outside this localized area extending between 20 mm
and 50 mm. The stress peaks around the ends of the steel rod
decrease significantly over a short distance, i.e. crack formation
and stress redistribution will remain locally confined. With
respect to crack formation in building practice, areas are of rele-
vance in which distinct stresses occur over a significant volume.
This is the case around the axis of inertia of the glulam element.
The distribution of vertical stresses on the outer edge of the
cross-section indicates that a perceptible crack formation will
mostly likely occur within the inner quarters of the element
height. Within this area, the stress distribution is similar for both
types of loading. Based on these findings it was decided to carry
out short-term experiments on real-size specimens. It should be
noted that time-dependent effects occurring in practice have to
be considered when evaluating the results.
d mechanical model of a reinforced timber cross section under shrinkage.



Fig. 6. Schematic illustration of deformation in dependence of type of loading (exterior load or moisture change) and resulting principal stress trajectories.

Fig. 7. Distribution of vertical deformation and stresses perpendicular to the grain (vertical stresses SY, normalized, in [N/mm2]) in a reinforced glued-laminated timber
(glulam) element at different types of loading (left: shrinkage; right: exterior load on steel rod).
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3.2. Material, specimen characteristics and test procedure

Fig. 8 shows the geometry and dimensions of the test speci-
mens. The two glued-laminated timber (glulam) specimens
(No. 1 and No. 2) were made from spruce lamellas (d = 40 mm),
using PRF glue. According to the product marking, the lamellas
were machine-graded, the strength class was glulam GL24c.
According to [6], the strength an stiffness properties relevant for
these experiments (ft,90,k; E90) are similar for homogeneous (‘‘h”)
and combined (‘‘c”) glulam. The specimens featured a density of
q12%,no.1 = 423 and q12%,no.2 = 416 kg/m3, mean year-ring width of
4 mm and mean moisture contents of uno.1 = 9.8% and
uno.2 = 10.0%. The maximum difference in moisture content
between a depth t = 10 mm and t = 50 mm, measured with the
resistance method and isolated electrodes at different depths,
was Du = 0.7%. The difference in specimen length (‘1 = 500 mm,
‘2 = 300 mm,) originated from the objective to evaluate different
arrangements (spacings) of the threaded steel rods. After comple-
tion of the first test series, the length of both specimens was
reduced to ‘ = 100 mm for a second test series. Threaded steel rods
M16 x 2500 [mm] - 8.8 featuring a metric thread and positioned
perpendicular to the grain were glued into the specimens using



Fig. 8. Geometry of test specimens (left) and specimen with black-and-white pattern in testing machine (right).
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Epoxy glue (dglueline = 2 mm). The maximum eccentricity between
the glued-in steel rods and the axis of inertia was e = 30 mm.

The tests were realized as displacement controlled tensile tests,
whereby the tensile load was applied to the glued-in steel rods at a
rate of 1.5 mm/min, measuring load and crosshead travel along the
way. In addition, the strain distribution at the surface of the spec-
imens was recorded by means of a contact-free optical measure-
ment system (Aramis) at a frequency of 1 Hz. Utilizing two
cameras featuring 5 megapixel, a calibration tolerance of 0.04 in
combination with the measured area of 2000 mm yields a measur-
ing tolerance of 0.03 mm or e = 0.0015%. A stochastic black-and-
white pattern was applied to the specimens surface for adequate
contrast, see Fig. 8.
3.3. Results

The load–displacement diagram for all experiments is given in
Fig. 9. All tests showed linear-elastic behavior. Above a load of
F = 110 kN, the threaded steel rod showed plastic deformation.
During the first test run (No. 1.1), a U-profile used for clamping
the specimen at the bottom began to deform plastically above a
load of 60 kN, resulting in a vertical deformation of 7 mm at the
end of the test. In the first test (1.1), a small vertical drop can be
noticed at F = 107 kN and u = 10.7 mm, which also appears during
Fig. 9. Load-displacement diagram.
the second test (1.2) at F = 99 kN and u = 7.4 mm, see Fig. 9. Both
drops in load level mark the sudden appearance of one visible
and continuous crack. A further load-increase led to the opening
of the existing crack but not to the development of additional
cracks. The absence of such a vertical drop in the load-
deformation curves of the second test series indicates that no fur-
ther cracks appeared during this test series.

Fig. 10 shows the strain distribution on test specimen 1.1 at dif-
ferent load levels. It shows a slow and local crack formation and
the sudden development into a continuous crack at a load of
F = 107 kN. At this load level, the local maximum strains reached
emax � 0.5%. Apparent is the inhomogeneous strain distribution as
well as the considerable stress relief above and below the continu-
ous crack. The fact that no additional cracks formed during the sec-
ond test series could also be deduced from the absence of areas of
small strains above or below an area of large strains. For more
comprehensive documentation beyond this paper, the interested
reader is referred to [7] for the strain distributions of the additional
tests.
4. Numerical modelling and analytical considerations

4.1. Model assumptions and modelling of experiments

To assess the stress distribution in the specimens, the experi-
mental configuration was modelled and computed using a com-
mercially available Finite-Element program (ANSYS) with 3-D
volume elements featuring mid-nodes. Since the objective was to
receive a general overview, a linear-elastic material model was
implemented. In the computational model, the stiffness parame-
ters of the specimens were varied until the increase in deformation
at the surface equaled the average linear increase in deformation
measured for a load increase of 10 kN during the experiments.
The only stiffness parameters that became relevant under given
type of loading were the modulus of elasticity perpendicular to
the grain, E90, and - to a limited extent - the rolling shear modulus,
Gr. Both feature a considerable dependence on the orientation of
the growth rings (radial vs. 45� vs. tangential), see [8–11]. Since
most lamellas featured an orientation of growth rings between
30� and 60�, an increased rolling shear modulus Gr = 150 N/mm2

was applied, see [11]. All other stiffness parameters of the glulam
specimens for strength grade GL24c were taken from [12]. Stiffness
and cross-section of the threaded steel rod were not varied since



Fig. 10. Strain distribution e [–] of test specimen 1.1 at F = 50 kN and directly before and after the formation of a continuous crack (lower quarter at F = 107 kN).

Table 1
Mean tensile stresses perpendicular to the grain and equivalent reduction of timber
moisture content.

Specimen rt,90,mean at crack
[N/mm2]

uequiv [%] (without
relaxation)

rt,90,mean at
Fmax[N/mm2]

1.1 (‘ = 500 mm) 0.48 �1.4 0.51
2.1 (‘ = 300 mm) 0.60 �1.2 0.68
1.2 (‘ = 100 mm) 0.83
2.2 (‘ = 100 mm) 0.98
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their variation is very low. The bond stiffness was taken as
E = 3000 N/mm2 see [13,14]. Varying geometry and stiffness
parameters of the bond within realistic bounds showed only mar-
ginal influence on the magnitude of strains and stresses in the glu-
lam specimens. Applying abovementioned assumptions yielded
mean moduli of elasticity perpendicular to the grain of E90,mean,

no.1 = 250 N/mm2 and E90,mean,no.2 = 320 N/mm2. The value deter-
mined for specimen 1 seems low at first sight. However, a compar-
ison with values determined by [9] for the same geometry of
lamellas (190 � E90,mean � 395 N/mm2) shows that this value is
realistic. The changes in timber moisture content were imple-
mented through a change in temperature of the material. The
shrinkage and swelling coefficients for spruce perpendicular to
the grain (ar = 0.16%/%Du, at = 0.32%/%Du) were implemented as
an averaged coefficient of thermal expansion (a90 = 0.24%/%DT).
A more detailed description of the model, parameters used and fur-
ther assumptions can be found in [7].
4.2. Results and evaluation of results

After implementation of abovementioned assumptions and
parameters in the Finite-Element-model, the mean tensile stresses
perpendicular to the grain were determined for the load at fracture
and at maximum load, Fmax. Using the same model, the equivalent
decrease in moisture content, causing a corresponding distribution
and magnitude of tensile stresses perpendicular to the grain was
determined. Table 1 contains the values derived for all test speci-
mens. Taking into account the dependence of the tensile strength
perpendicular to the grain on the stressed volume, the results fit
well the values given in [9,15].

With respect to a realistic estimation of equivalent changes in
timber moisture content until crack formation it is of great impor-
tance to take into account the relaxation of timber during shrink-
age and swelling processes. Research works on this subject have
identified values of stress relaxation due to mechano-sorptive
effects in the range of 40% - 60%, see e.g. [16–18]. In [19], even
higher values are determined. In building practice, dowel-type
steel such as fully threaded screws or pre-drilled, screwed-in or
glued-in threaded rods, is mostly placed in the center of the
cross-section. Due to the decelerated adaption of timber moisture
content in the center, relaxation values will presumably establish
in the upper range of abovementioned values.

Assuming a relaxation of 50%, the resulting equivalent (con-
stant) reduction in timber moisture content is Duequiv,no.1 = �3.1%
and Duequiv,no.2 = �2.6%.
4.3. Explanation of observed crack pattern

During the experiments, only one continuous crack appeared.
Even though the Finite-Element-model of the second test series
yielded tensile stresses perpendicular to the grain that locally
exceed the stresses at crack formation during the first test series
by up to 70%, no further crack formation was detected during the
second series. A crack distribution, known from reinforced con-
crete structures under shrinkage, did not occur. One explanation
can be derived from the ‘‘theory of the weakest link” (e.g.
[20,21]) according to which the crack appears at the location of
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lowest strength. The stresses subsequently distribute to areas of
higher strength. At the same time, the areas of load transfer
between the steel reinforcement and wood material increase,
meaning that the areas of high stresses in the timber member
decrease. An additional effect is the very inhomogeneous structure
of the wood material in combination with the very heterogeneous
distribution of strength-reducing factors like knots, ring shake and
resin pockets. This can explain why - apart from the area of initial
crack formation - no further area featured strength below the ten-
sile stresses perpendicular to the grain that occurred after crack
formation and during the second test series, see Fig. 11.

To answer the question why a crack distribution, known from
reinforced concrete structures under shrinkage, does not occur,
two prerequisites have to be taken into account. The first factor,
necessary for equal crack distribution, is a homogeneous distribu-
tion of strength and stiffness properties in the area considered.
Both materials feature coefficients of variation of approximately
20% with respect to modulus of elasticity (perpendicular to the
grain) and approximately 30% for tensile strength (perpendicular
to the grain), whereby locally much higher variations can occur
[9,22,23]. The second prerequisite is a high ratio between strength
and stiffness of the material to achieve a fast load transfer at small
deformation in direct vicinity of the crack. This is the case for con-
crete, whereas for wood perpendicular to the grain, this ratio is
about 27.5 times smaller.

Ecm;C30=37=f ctk;0:05;C30=37
E90;mean;GL=f t;90;k;GL

¼ 33;000=2:0
300=0:5

¼ 27:5
1

ð1Þ

In addition it has to be taken into account that reinforcing ele-
ments, placed in the center of a timber cross-section feature a
material cover (edge distance to surface) which is between two
to five times higher than the typically applied concrete cover
[23]. Combining these arguments it can be explained why the
restraining forces, induced by the reinforcing elements during
shrinkage processes, do not lead to a distribution of relief cracks.
4.4. Modelling of configurations with relevance to building practice

Using the Finite-Element-model described above, different
types and configurations of reinforced glued-laminated timber
(glulam) members that find application in building practice, were
modelled to gain additional information on the distribution and
magnitude of moisture induced stresses due to restricted
shrinkage or swelling of the glulam member. The parameters were
implemented as upper and lower bounds of practical relevance,
Fig. 11. Scheme of distribution of tensile stresses and strength perpendicular to the grain
e.g. element height hmin = 1.0 m, hmax = 2.0 m. Material parameters
were taken from European Standards [6] and Technical Approvals
[14], the latter for bond stiffness for glued-in threaded steel rods
(E = 3000 N/mm2). For screwed-in threaded rods, few experimental
results exist [3,24]. The results, however, are not fully in agreement
due to different approaches in deformation measurement. The
results are also limited to screwed-in lengths of ‘ � 400 mm,
necessitating extensive extrapolation. In addition, the test results
represent the load-case pull-compression (pulling the threaded
steel rod while holding the glulam specimen). This load-case is
applicable for cracked, reinforced glulam members as the stresses
released in the crack can be assumed to act as one single load on
the steel rod. The transfer of stresses between the threaded steel
rod and the uncracked glulam member is less represented by this
test configuration. A better suited test method is presented in
[25,26], however test results for screwed-in threaded steel rods
determined with this test method are not yet available. Due to
the high uncertainty of the bond stiffness of screwed-in threaded
rods of larger length in uncracked glulam members it was decided
to not explicitly model this case but to evaluate the influence of
bond stiffness via randomly chosen steps of stiffness. If not explic-
itly stated, the change in timber moisture content was taken as
Du = -2.5%. Moisture gradients were not modelled since the objec-
tive was to enable a separate consideration of the two phenomena.

The first analysis shown in the following is reduced to the
model featuring h = 1000 mm, reinforced by steel rods. Since such
reinforcement can either be used as reinforcement against tensile
stresses perpendicular to the grain or shear stresses, angles
between steel rod and grain direction of 90� and 45� were imple-
mented. In the following, the results of the model featuring a bond
stiffness of E = 3000 N/mm2 (comparable to a glued bond) are
presented.

Fig. 12 shows the distribution of stresses perpendicular to the
grain (vertical stresses) in a glued-laminated timber (glulam) ele-
ment, reinforced with one steel rod at angles of 90� and 45�. The
distribution for the model featuring a steel rod placed at 90� cor-
responds with the stress trajectories resulting from the mechani-
cal model (Fig. 5). The cone of tensile stresses around the steel
rod is axisymmetric to the principal direction of the
reinforcement.

In case of a steel rod placed at 45�, the stress distribution is
point symmetric with respect to the center of gravity of the rein-
forcement. This stress distribution can be explained by the
decreasing cross-section of the glulam element due to shrinkage,
forcing the steel rod into an S-shape. This leads to tensile
stresses perpendicular to the grain between the steel rod and
(and resulting crack formation) in case of variable strength and stiffness properties.



Fig. 12. Distribution of stresses perpendicular to the grain (vertical stresses, normalized, in [N/mm2]) in glued-laminated timber (glulam) element, reinforced with one steel
rod at angles of 90� (above) and 45� (below).
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the longitudinal axis of inertia of the glulam element. A detailed
comparison between both configurations shows that the tensile
stresses perpendicular to the grain can, at certain limited loca-
tions, reach the same magnitude. In the configuration with a
steel rod placed under 45�, the volume under stress is reduced
to about 15%, when compared to the configuration with a steel
rod placed at 90�.

In practice, the number of necessary reinforcing elements and
their spacing is dependent on the area to be reinforced, the magni-
Fig. 13. Distribution of stresses perpendicular to the grain (vertical stresses,
normalized, in [N/mm2]) in glued-laminated timber element, reinforced with steel
rods at different spacing, angle 90�.
tude of stresses therein and the maximum and minimum permis-
sible spacing between the reinforcing elements. With respect to
reinforcement against tensile stresses perpendicular to the grain
in curved beams it is recommended in [27] to choose spacing
between a1,min = 250 mm and a1,max = 0.75 hmax. For shear rein-
forcement, possible spacing is discussed in [7], but official techni-
cal guidance is not yet available.

The following two Figures (Fig. 13 with the results for an
angle of 90�, Fig. 14 with the results for the configuration at
Fig. 14. Distribution of stresses perpendicular to the grain (vertical stresses, in [N/
mm2]) in glued-laminated timber element, reinforced with steel rods at different
spacing, angle 45�.
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45�) show the distribution of stresses perpendicular to the grain
(vertical stresses) in a glulam element, reinforced with glued-in
steel rods at spacings a1 = 250 mm, a1 = 750 mm and a1 = 1250
mm (= 1.25 h). As expected, increased spacing leads to a reduc-
tion of interaction. However, even in the configuration featuring
the largest spacing between the steel rods, an interaction is still
apparent. Steel rods placed at 90� to grain direction lead to a
higher interaction and therefore to a larger increase in stresses
perpendicular to the grain, in comparison to the configuration
featuring steel rods at 45�. A detailed comparison between both
configurations shows that the magnitude of stress peaks is inde-
pendent of the configuration. Outside these localized areas, the
stresses for the configuration at 45� are about 45% lower than
for the configuration at 90�.

With each step of increased spacing (a1 = 250, 750, 1250 mm),
the stresses reduce by 40 – 45%, whereby the proportion of magni-
tude of stresses remains constant between both configurations. A
considerable reduction of bond stiffness (E = 3000? 100 N/mm2)
led to a reduction of stresses of 10 – 15%. Increasing the bond stiff-
ness had no influence on the magnitude of stresses.

4.5. Modelling of reinforced glulam beams used in building practice

To receive more information on the implication of aforemen-
tioned effects for building practice, it was decided to model rein-
forced curved and pitched cambered glulam beams. Such beams
are frequently applied in timber engineering practice since their
geometry can follow the desired form of the roof and their chang-
ing depth offers the possibility to adapt the section modulus to the
bending moment (however leading to the opposite effect for
shear), see Fig. 15. The curvature leads to deviation forces, resulting
in tensile stresses perpendicular to the grain for which timber fea-
tures very small capacities [6]. Therefore the curved part is typi-
cally reinforced against tensile stresses perpendicular to the
grain by means of pre-drilled, screwed-in or glued-in threaded
steel rods.

The FE-program used and model parameters were similar to
those described in Section 4.4 with the exception that the rein-
forced beams were modelled as plane elements to reduce compu-
tation time, i.e. stiffness parameters and change of moisture
content were assumed constant over the beam width. One objec-
tive (not further evaluated in this paper) was to evaluate the pro-
Fig. 15. Schematic illustration of the distribution of bending stresses, shear stresses a
reinforcement with threaded steel rods in pitched cambered beam.
portionate distribution of tensile stresses perpendicular to the
grain between the glulam beam and the reinforcement. This
depends on factors such as spacing between the threaded steel
rods, bond stiffness and curvature of the beam. The second objec-
tive was to determine at which reduction of moisture content, the
proportionate transfer of tensile stresses perpendicular to the grain
from curvature is neutralized by adverse moisture induced tensile
stresses perpendicular to the grain from restraining forces imposed
by the reinforcement. The beam chosen for illustration of the
results is a curved beam with length ‘ = 20 m, width b = 180 mm,
height at support hA = 1230 mm, height at apex hap = 1400 mm,
angle of upper beam edge (= angle of roof), d = 15�, angle of lower
beam edge, b = 13�, angle of taper, a = d – b = 2�, radius of curvature
rin = 20 m. Fig. 16 shows the tensile stresses perpendicular to the
grain in the curved part of the beam, fully reinforced with glued-
in steel rods at spacings 1000 mm � a1 � 1250 mm along the
length of the curvature and loaded only with different reductions
of moisture content Du, assuming a relaxation of 50%.

It can be seen that the stresses increase proportionally with
increasing reduction of timber moisture content. The highest stres-
ses occur around the steel rods, between the steel rods, the stresses
slightly decrease, an interaction of stresses is apparent. The mean
tensile stresses perpendicular to the grain in the neutral axis of
the inner part of the curvature at a reduction of timber moisture
content Du = -3% are slightly below rt,90 = 0.50 N/mm2 (including
an assumed relaxation of 50%).

In the next step the beams were loaded with a uniformly dis-
tributed load such that the maximum design bending stresses
matched the design bending resistance. Fig. 17 shows the tensile
stresses perpendicular to the grain in the neutral axis of the curved
beam reinforced with glued-in steel rods under different reduc-
tions of moisture content Du and under different extent of
reinforcement.

It can be observed that the reinforcement reduces the tensile
stresses perpendicular to the grain in the curved part of the glulam
beam from rt,90 = 0.35 N/mm2 to about rt,90 = 0.20 N/mm2, i.e. to
approximately 60% of the stresses in the unreinforced beam. A
reduction in timber moisture content of Du = -1% neutralizes this
reinforcing effect as it leads to moisture induced tensile stresses
perpendicular to the grain in the same order of magnitude. The
corresponding stress distribution containing both superposing
effects reaches approximately the same magnitude as the stress
nd tensile stresses perpendicular to the grain and arrangement of corresponding



Fig. 16. Tensile stresses perpendicular to the grain (in [N/mm2]) in curved part of unloaded glued-laminated timber beam fully reinforced with glued-in steel rods under
different reductions of moisture content u, Figure based on [28].

Fig. 17. Tensile stresses perpendicular to the grain (in [N/mm2]) in neutral axis of uniformly loaded curved glued-laminated timber beam reinforced with glued-in steel rods
under different reductions of moisture content u, full reinforcement (left), reduced reinforcement (right), Figure based on [28].
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distribution for the unreinforced case. A further reduction in tim-
ber moisture content results in higher tensile stresses perpendicu-
lar to the grain as in the unreinforced beam.

The observed effects are relatively independent of the chosen
quantity of reinforcement and its type of bond (glued-in or pre-
drilled and screwed-in). This can be explained by the fact that
quantity and bond type have the same effect on both phenomena:
the proportionate transfer of tensile stresses perpendicular to the
grain in the curved part of uncracked glulam beams (lower for
screwed-in compared to glued-in steel rods, see above) as well as
inducing tensile stresses perpendicular to the grain when restrain-
ing the free shrinkage and swelling. To evaluate the effect of beam
geometry, ten representative geometries of curved and pitched
cambered beams were modelled. These were given four different
types of reinforcement, glued-in and screwed-in steel rods, once
at smaller spacing to carry the full tensile stresses perpendicular
to the grain and once at larger spacing to carry a portion of the ten-
sile stresses perpendicular to the grain. For these forty configura-
tions, the reduction in timber moisture content Duwas
determined at which the reinforcing effect is neutralized in the
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neutral axis of the curved part of the uncracked beam. The
resulting values Du are within -0.7% � Du � -2.6 (Dumean = 1.5%).
The influencing factor is the radius of curvature (modelled radii
7.5 m � rin � 25 m), implicitly determined by the angle of the
lower beam edge, b, and the length of the curved part, c, see Fig. 15.
A small radius will lead to higher stresses perpendicular to the
grain. The higher corresponding strains lead to a higher activation
of the steel rods (activation by deformations), implying that higher
strains from restrained shrinkage are necessary to neutralize the
reinforcing effect. The length along the curved part at which the
influence of the steel rod have fully diminished varied between
2.6�hap � a100 � 3.2�hap (a100 as total length, i.e. to both sides of
the steel rod). The length at which the tensile stresses perpendicu-
lar to the grain induced by one steel rod reduce to 25% of the stres-
ses in direct vicinity of the steel rod was determined to
1.5�hap � a75 � 1.6�hap.
5. Timber moisture contents in building practice

Reinforcement against tensile stresses perpendicular to the
grain in form of fully threaded screws or pre-drilled, screwed-in
or glued-in threaded steel rods is common practice in large-span
timber structures, e.g. to counter tensile stresses perpendicular to
the grain from deviation forces in curved beams. The moisture con-
tent of such members in use is dependent on the surrounding cli-
mate which is again influenced by the use of the building. Here it is
possible to roughly group into: insulated and heated buildings fea-
turing a rather constant, mostly dry climate, e.g. sport halls (gym-
nasiums), swimming pools, production, sales facilities and
sheltered, non-insulated and unheated buildings featuring periodic
changes of surrounding climate, e.g. riding rinks, agricultural
buildings, warehouses.

Within a research project [29], surrounding climate and timber
moisture content were monitored in 21 buildings from 7 different
types of use. Tables 2 and 3 contain indicative mean values and
timber moisture contents, u, their annual amplitudes, max. A (at
15 mm depth), mean temperatures, T, and mean relative humidity,
rh. In insulated and heated buildings the average moisture content
was in the range of 6%–10% with annual amplitudes of 2%. In shel-
tered, non-insulated and unheated conditions, the moisture con-
tent was in the range of 12–16% with annual amplitudes of 4%.
Table 2
Indicative values for the monitored insulated and heated buildings during normal use, de

Category Timber MC

mean m
[%] [

Swimming Pools 8.5 1
Gymnasiums (sports facilities) 8–10 2
Production and sales 6.5 <
Ø Insulated and heated 6 – 10 �

Table 3
Indicative values for the partially open, non-insulated and non-heated buildings during no

Category Timber MC

mean
[%]

Riding rinks 16
Agricultural facilities (livestock) 15
Warehouses 12
Ø Non-insulated, non-heated 12 – 16
With respect to moisture induced tensile stresses perpendicular
to the grain from reinforcement restraining the free shrinkage of
the wood material, timber members in buildings featuring a con-
stant but dry climate (i.e. buildings falling into Table 2) are more
critical. The reason is that reinforcement in form of fully threaded
screws or pre-drilled, screwed-in or glued-in threaded steel rods is
typically arranged in the middle of the member cross-section, i.e.
periodic changes of surrounding climate are less critical when
regarding the interior parts of the timber cross-section (edge dis-
tance of 70 mm or more).

Although timber design standards such as [30] require that ‘‘be-
fore being used in construction, timber should be dried as near as
practicable to the moisture content appropriate to its climatic con-
dition in the completed structure”, most timber products are pro-
duced and delivered at moisture contents 10% � u � 12%. In the
research project [29], mean timber moisture contents as low as
u = 5% were measured in specific locations (in sunlight, below sky-
lights, at ventilation outlets, above machines). Comparing these to
timber moisture contents during production and erection, the
potential effect of the singular but strong drying of a timber mem-
ber in such a magnitude becomes obvious.
6. Conclusions

The reaction of wood to moisture forms an integral part of any
task in connection with this natural and renewable building mate-
rial. With respect to reinforcement, this poses the question of its
influence on the magnitude of moisture induced stresses, since
reinforcement restricts the free shrinkage or swelling of the timber
member. For this purpose, experimental studies (short-term tests)
were carried out in combination with analytical considerations on
the basis of the Finite-Element method. The numerical model used
contains assumptions and uncertainties, the results however
should enable to indicate an order of magnitude.

Taking into account the influence of relaxation processes, the
results indicate that a reduction of timber moisture content of 3%
around threaded steel rods, positioned perpendicular to the grain,
can already lead to critical tensile stresses perpendicular to the
grain with respect to moisture induced cracks. Reductions of tim-
ber moisture content of 1% can already neutralize the proportion-
ate stress transfer by the reinforcement in the uncracked member.
rived from data of the entire measurement period [29].

Temperature rel. humidity

ax. A mean mean
%] [�C] [%]

.5 30 <50
20 <50

2 20 <50
2 �20 <50

rmal use, derived from data of the entire measurement period [29].

Temperature rel. humidity

max. A mean mean
[%] [�C] [%]

4 12 >75
4 13 70
4 11 60–75
4 12 >65
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The shrinkage cracks appear as few but large cracks, a crack distri-
bution, known from reinforced concrete, does not occur. This is
explained by the much smaller ratio between stiffness and
strength of timber members compared to concrete members and
the larger distance between the reinforcement and the member
surface. These results indicate that reinforcing elements like pre-
drilled, screwed-in or glued-in threaded steel rods should be
placed in the center of the timber cross-section. Periodic, e.g.
yearly changes of surrounding climate have a smaller influence
on timber moisture content in the interior of a cross-section. Per-
manent change of timber moisture content will lead to a slower
adaption of the same in the interior of a cross-section, enabling
relaxation processes to unfold over a longer period. Due to the
heterogeneous distribution of stiffness properties across the width
of one lamella, tensile stresses perpendicular to the grain from
exterior loads will be highest in the center of the cross-section.
Finally, a placement in the center of the timber cross-section is
more robust with respect to potential deviation of the drill hole
during production. If multiple rows of reinforcement are necessary,
e.g. in block-glued members, an adequate edge distance should be
ensured. Until more experience is gained, an edge distance of at
least 70 mm is proposed.

In case of reinforcement with 45� inclination, the magnitude of
moisture induced stresses is reduced to about half while the
stressed volume is reduced even more (to about 15%). Therefore
the conclusion is to apply reinforcement at an inclination. This is
especially true in areas of high shear stresses (close to beam ends,
at notches and holes in beams) as an inclination would reduce the
risk of full cracking of the beam, which would release the shear
stresses and at the same time enable proportionate transfer of
the same. In case of doubt about the potential magnitude of shrink-
age, inclined reinforcement should be designed to carry both, the
tensile stresses perpendicular to the grain as well as the shear
stresses.

For both types of arrangement, a substantial mutual influence of
adjacent reinforcing elements could be identified. A reduction of
the spacing between the reinforcing elements thus results in a
lower tolerable reduction of timber moisture content around the
reinforcement. Therefore the aim should be to realize larger spac-
ings between reinforcing elements and reducing the height of the
reinforced areas in the timber member.

Before being reinforced and used in construction, timber should
be dried as near as practicable to the moisture content appropriate
to its climatic condition in the building in use. Additional measures
include a coordinated construction regime (e.g. preventing wetting
during prolonged storage, reduction of unnecessary construction
moisture). In dry use environments, controlled drying of the timber
to service conditions should be planned. Reinforcement of timber
members to be exposed to dry climate should be designed to carry
the full stresses under consideration. Reinforcement to carry only a
portion of the tensile stresses perpendicular to the grain, as e.g.
given in [27], should not be applied in dry conditions as a potential
stress release in form of shrinkage cracks due to restrained free
shrinkage of the timber member could lead to a safety problem.
A robust alternative is external plane reinforcement in form of ply-
wood or laminated veneer lumber that is glued onto the entire sur-
face area under tensile stresses perpendicular to the grain as such
reinforcement decelerates the process of moisture changes or dry-
ing of the timber member. In addition, the smaller ratio of stiffness
between the reinforcement and the timber member results in
lower moisture induced stresses from restrained shrinkage. Hence
such reinforcement may be favourable in applications with perma-
nently dry climate.

This publication examines a rather recent field of research,
hence more experience in form of experimental as well as numer-
ical studies would be beneficial. Experimental investigations
should include long-term tests in climate chambers on reinforced
timber members subjected to realistic climate scenarios (changes
of relative humidity in realistic time intervals). This objective is
being pursued within a recently started research project at the
Chair of Timber Structures and Building Construction (TUM). In
the field of numerical studies, additional knowledge could be
gained from modelling of experiments as well as configurations
used in practice, focussing on the dependency of strength and stiff-
ness parameters on annual ring patterns.
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