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HIGHLIGHTS

« Thorough analysis of formation mechanism of different residual stress components in curved glulam.
« Identification of the transverse residual stresses that are not covered by the current design standard.
« Parametric study on the geometric and material parameters that influence the residual stresses.

» Random growth-ring between boards cause additional stress concentrations.

ARTICLE INFO ABSTRACT

Keywords: This study examines the spring-back effect and residual stresses in curved glued-laminated timber (glulam) beams
Residual stress during the manufacturing process. In addition to curving along the longitudinal axis (X), a cup-deformation
Glued laminated timber develops in the transverse direction (Z) due to the Poisson’s effect. This deformation, combined with the glue-

Finite element analysis hardening process and the release of pressure, leads to the development of residual stresses in all three axial

directions, as well as shear stresses within individual boards and at their interfaces.

Besides the well-known factors such as longitudinal elasticity, board thickness, and inner radius, the study
reveals that the number of layers (1) and Poisson’s ratio (v, ) significantly influence the magnitude of residual
stresses. However, aside from longitudinal stresses, the impact of »n and v, , as well as other residual stresses,
have been scarcely studied and are not adequately addressed in current design standards.

A Monte—Carlo analysis of the growth-ring effect is conducted, taking the pith location of different board
layers as the input random variable. Strong influences can be identified on the residual stresses in both radial and
tangential directions, with intensified maximum values and more scattered distribution inside the cross-section.
The time- and moisture-dependent relaxation analysis using the rheological wood model shows a significant
influence of the temperature and relative humidity.

1. Introduction However, compared to the straight beams, the stress state inside the
curved beams becomes more complex. Because of the curvature, the in-
ternal fibers in curved beams are shorter than the external ones, causing
a shift of the neutral axis, as illustrated in Fig. 1(c) and consequently
leading to non-linear distributions of longitudinal and perpendicular
to grain stresses (Fig. 1(d)) irrespective of the material used, and the
development of a stress perpendicular to the grain (Fig. 1(e)).

It is important to note that the tensile strength perpendicular to the
grain is notably low [2]. Consequently, numerous failures under tension

Glued-laminated timber (glulam) has been gaining popularity in
modern construction due to its advantages including high strength-
weight ratio, sustainability, aesthetic value, as well as adaptability to
various shapes, such as curved or pitched glulams. It is commonly
used in arches, roofs, and bridges with different spans and curvatures
for maximizing interior space, reducing the height of exterior walls
at supports, and aligning the beam depth with the bending moment
diagram [1].
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Fig. 1. Elastic theory solutions of bending stresses in a curved beam.

perpendicular to the grain are documented in the summary work by
Dietsch et al. [3], Franke et al. [4], as well as Frese and Bla [5], and
various reinforcement strategies targeting these stresses are detailed in
studies by Blal} et al. [6], Jonsson [7], and Fueyo et al. [8].

Besides the standard manufacturing procedures which include finger
jointing, gluing, and finishing, to achieve the desired curvature, addi-
tional specifications are required for the press, adhesives, and custom
molds. Since Otto Hetzer’s patent in 1906 for the bent wooden compo-
nents [9], the demand for complex curved glulam beams has increased,
driving advancements in manufacturing technology [10]. As a result,
significant residual stresses can develop during the manufacturing pro-
cess. As demonstrated in [11], an innovative bamboo-timber composite
beam utilizes these residual stresses as a form of prestressing to enhance
structural performance. Despite this novel application, residual stresses
are more commonly regarded as detrimental, often reducing the load-
carrying capacity of the final curved glulam products. In Eurocode 5
[12], the influence of manufacturing residual stresses in the longitudinal
direction is included, such that the longitudinal stress (o) is required
to be less than the product of the strength (f;) and a safety coefficient

1 for % > 240
k, = 1
. & & (@)
0.76 +0.001 2L for £ < 240

where R, is the inner radius of the beam, and r is the thickness of a
single lamella.

However, as indicated by Fig. 1, the stresses developed during man-
ufacturing can be more complicated than just those in the longitudinal
direction, and varying growth-ring patterns between different board lay-
ers as well as the time- and moisture-dependent effects can also influence
the stress state [13,14]. Moreover, as the strength in the transverse direc-
tion is relatively small [2] and often serves as the major design criterion
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for curved beams, even a small magnitude of transverse stress, when
combined with the transverse service stress, can lead to earlier damage
to the beam [15].

Fig. 2 shows the major stages of a curved glulam beam, including
Single Boards, Manufacturing, In Storage, and In Service.

The Manufacturing process takes approximately 24 hours, depending
on the requirements of the specific glue type. The exact hardening time,
however, is usually not specified in the product information. According
to the work of Maas et al. [16], where a bilayer flexion reporter system
combined with inverse calibration method is designed, the hardening
time is found to vary from 0.26 hours to 1.52 hours, depending on
different wood species and glue types. In their method, hardening is as-
sumed to be an instantaneous process, such that the glue changes at this
time-point from a frictionless liquid to a solid that restricts any relative
movement between the two board surfaces.

The In Storage state includes the stages of storage, transportation to
the building site, and assembly on site. Ideally, the whole process occurs
under constant environmental conditions; in reality, temperature (7"
and relative humidity (RH) vary, leading to fluctuations in the moisture
content of the beam.

The In Service state describes the time after the beam is assem-
bled, when mechanical loads are applied. Additionally, depending on
the service class, the beam may experience varying levels of moisture
fluctuations.

As wood is a time- and moisture-sensitive material [17], it is im-
portant to identify the time and possible moisture fluctuations during
the stages which can lead to shrinkage stress along with mechano-
sorptive relaxation. Fig. 3 shows the major sources of the moisture
fluctuations which are the moisture interchange between boards, mois-
ture absorbed/desorbed from glues, and the moisture fluctuation due
to the temperature and relative humidity changes of the environment.
The study on the quantification of the moisture amount as well as the
corresponding stress can be found in [16,18-21].

Additionally, the anisotropy and inhomogeneity of wood can result
in stress concentration and consequently strength reduction, which have
been analyzed in multiple works through stochastic models [22-25].
Glulam, as an engineered product composed of multiple wood layers,
presents an additional source of inhomogeneity—the growth ring varia-
tion between layers [20]. Such influence was identified experimentally
in [21] and has been analyzed through Monte-Carlo simulations in
[26,27]. However, most of the aforementioned stochastic studies focus
on bending or moisture-induced stress, leaving a gap in the analy-
sis of stress concentrations that may occur during the manufacturing
process.

Individual Board Bending
[

Single Boards Manufacturing In storage In Service
loading
‘s 7 ﬁ)
e l{\ moisture ; 77\ moisture ;
Stage 1 Stage 2 Stage 3
Glue Hardening Spring-Back

» Sy T~

Fig. 2. Sketch of the major states of a curved glulam.
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Fig. 3. Source of moisture.

In this work, the following issues regarding the residual stresses will

be addressed:

1. analysis of the formation mechanisms of all components of the

residual stress,
. parameter study of the geometric and material parameters,

w N

growth-ring patterns,

4. evaluation of the viscoelastic and mechano-sorptive relaxation of

the residual stress.

2. Materials and method

2.1. Finite element model

As shown in Fig. 2, The Manufacturing state can be further divided

into three main stages:

* Real Stage 1: Individual boards are bent to the desired curvature after
applying the glue on the surfaces. In practice, the curvature is usu-
ally controlled by a clamping system. For larger beams, to reduce
the required force and for more precise control, boards are bent in

sequence by releasing and refixing the clamps.

between boards for the proper solidification of glue.

Single Board Model Stage 1

A .

Rinz2

\ Rin1

. evaluation of influence of the layups of board layers with random

Real Stage 2: The boards are left under the clamping for a certain
length of time until the glue is solidified. Typically, additional pres-
sure is maintained through the clamping system to ensure full contact
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* Real Stage 3: After sufficient time, the clamps are released. The cur-
vature of the boards is maintained by the glues. Typically, due to the
removal of the external bending moment, a spring-back occurs.

As shown in Fig. 4, for stress analysis, the stages of interest are, how-
ever, different from the real ones. If the time- and moisture-dependent
behavior is neglected for the short period during Real Stage 2, the
stress remains unchanged. However, due to the Poisson’s effect, in the
transverse direction, the cross-section can also undergo complex defor-
mation and therefore exhibit significant residual stress. To understand
the formation of the stress, two-time points during Real Stage 1 can be
considered important, which are then identified as Model Stages 1 and 2
as shown in Fig. 4.

* (Model) Stage 1:
Condition:

All the board layers are bent to the desired curvature, but the
clamps are not fully tightened, allowing the cross-section to deform
freely.

Anticipated Deformation:

In the longitudinal direction, the fibers are elongated of each
individual board in the upper part and shortened in the lower part.

Additionally. Due to Poisson’s effect, in the transverse Z direc-
tion, the upper part will shrink and the lower part will expand,
resulting in cup deformation with a curvature (R:.M.). Moreover, un-
like in the longitudinal direction where the outer radius R,,; =
R;,;_1, the curvature between the bottom surface (R’ )and the top

out,i
surface (R;u rict) does not match, as highlighted in red circles.
Anticipated Stress:

For each single board, longitudinal and radial stress are devel-
oped corresponding to the curvature R;,; |, following the distribu-
tion shown in Fig. 1. No addition stress is formed in the Z or Y
direction as deformation is allowed freely.

(Model) Stage 2:
Condition:

The clamps are tightened, leaving no void between different
board layers.

Anticipated Deformation:

The top and bottom surfaces of each board are flattened.
Anticipated Stress:

The stress in the longitudinal direction remains unchanged.
However, in the transverse Z direction, Compared to the previous

Model Stage 2 Model Stage 3

(a) Anticipated Longitudinal Deformation

Bi=

(b) Anticipated Transverse Deformation

Fig. 4. Sketch of the three Model Stages during manufacturing process.
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Model Stage 1 & 2

Model Stage 3

Apex

Ry

Fig. 5. Model overview.

stage, the upper part of each board gets elongated and the lower
part gets shortened, resulting in tension on the top and compression
on the bottom.

Additionally, due to the mismatched curvature (R;m,l. and R:m Y,H)
from the previous stage, stress concentration can occur at the two
sides of the beam, highlighted in red circles in Fig. 4(b).

(Model) Stage 3:
Condition:

All clamps are removed.
Anticipated Deformation:

In the longitudinal direction, the curvature of the entire beam
gets bigger, which is commonly called the spring-back effect. In the
transverse direction, due to the removal of the clamps, the cup de-
formation can be recovered to a certain extent, especially for the
outermost boards. Yet, the extent of the recovery is reduced for the
boards in the middle layers.

Anticipated Stress:

The spring-back effect can alter the stress formed in Stage 2,

particularly in the top and bottom layers.

Fig. 5 provides an overview of the model used for elastic analysis. The
model consists of two rigid plates and » layers of boards. Rigid Plate 1
is fixed, with the radius of curvature equal to the desired inner radius
of the curved glulam R,. Rigid Plate 2 is used to press the boards into
the desired shape, with a radius of curvature equal to the desired outer
radius R,, such that:

_Ri+R

R,=R,+h; R, >

(2)
where h is the height of the glulam. Based on the convergence analysis,
960 (4 x 4 x 60) twenty-node brick elements (C3D20) are assigned to
each board, as shown in Fig. 5.

To save the computational effort, instead of bending each board se-
quentially, all boards are bent simultaneously during Model Stages 1 and
2, controlled by the displacement of Rigid Plate 2, such that, the distance
between the two plates at the end of the two stages is set to be:
dy'=h;  dy?=h—dg, 3
where d,,;, is the additional displacement applied to generate a constant
pressure throughout the glulam, facilitating the hardening of the glue.

In reality, since each board is bent sequentially, the contact between
boards is only formed when the desired curvature is reached, which
means no friction can form while bending. Hence, in Model Stages 1
and 2, the contacts between boards, as well as the contact between the
rigid plates and boards, are defined as frictionless. After the glue hardens
(Model Stage 3), the contacts between the boards are modified to “rough
contact”, while the contacts between the rigid plates and boards are
deactivated.

An X-symmetry plane is applied to the surface at the apex. A
Cartesian coordinate system is used for each board, with the material
directions L, R, and T aligned with the global directions X, Y, and Z,
respectively.

The major parameters and their values for the studied case are listed
below. A parameter analysis will be conducted to examine their in-
fluence on the spring-back deflection and the primary residual stress
components.

» Width (w), thickness (#), and half-length of each board (/): 100 mm,
20 mm, and 1700 mm, respectively.

» Number of board layers (n): 11.

+ Extra pressing displacement (d,;,): 1%o Xh.

+ Inner radius of glulam (R;): 2862.5 mm.

2.2. Monte—Carlo analysis for growth-ring effect

As glulam is composed of multiple layers of board, each of which is
characterized by a different growth-ring pattern that is strongly related
to the location in the wood logs from which the board is cut.

In order to analyze how the different growth-ring patterns influence
the residual stresses, a Monte—Carlo analysis consisting of 100 simula-
tions is conducted taking the pith location of each board as the input
random variable. As suggested by [26], the statistical distribution of pith
location is strongly dependent on the parameters related to the board
production, such as the sawing patterns, and the harvested tree trunk di-
ameters. Consequently, the following distribution of the pith coordinate
(Y,Z) is adopted [26], as shown in Fig. 6.

a v
&
>

3E,
8G
Ll

22§
[<]
n?i

Fig. 6. Statistical distribution of the pith coordinate.
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Fig. 7. Model overview.

2.3. Time- and moisture-dependent analysis

A recent review of the development of rheological constitutive mod-
els for wood was provided in [28], where the advantages and limitations
of different models are discussed. Considering the applicability to the
curved glulam problem and the availability of tested parameter values,
the constitutive model chosen for this work is shown in Fig. 7. This model
uses the serial connect components to include the elasticity (e¢), hydro-
expansion (e"), viscoelasticity (e7), and mechano-sorption(e;’”). The
first application of such model on wood was proposed earliest in 1971
[29] and is widely adopted in recent research works, such as [30-32].

The viscoelastic part consists of four Kelvin—Voigt components as a
function of time increment (91).

ve

aei _L‘Iuec—l 1

or gt o T
i

(C)

where C, is the elastic stiffness matrix at the reference moisture con-
tent (u = 0.12). Similarly, the mechano-sorptive component consists of
three Kelvin—Voigt components as a function of the absolute change in
moisture content (0|ul).

e’ 1

S ms—1
ol ~ 7

: 0';.'” 5)
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)
kI #11

ms
ms _ {JJ':L
okl = ;
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The corresponding material parameters are shown in Table 1.
Additionally, to account for moisture variation, a semi-coupled
multi-field analysis is conducted using the following constitutive

equation and boundary condition:

du

— = VDV 8
o = VDV ®
where diffusivity D is considered as moisture dependent as D' = Df) +
k' u, where (i = L, R, T).

Boundary condition:

J==pS,(u—ugpyc) )

where S, and uy ), are the surface emission coefficient and the equilib-
rium moisture content, respectively.

The initial moisture content of the entire beam is set to 0.12, which
is the equilibrium moisture content corresponding to 20 °C and 65 %
relative humidity according to Eq. (10) [33]. Based on the temperature
(T) and relative humidity (RH) data provided by Deutscher Wetterdienst
[34] for Munich (Germany) recorded over 365 days from February 2023
(Fig. 8), the equilibrium moisture content (up,,) can be calculated.
This value is used as the film-type boundary condition on the four side
surfaces along the length of the glulam.

1
110-(T+273.15)=075

(T +273.15) - In(1 — RH)

) —6.46

ugpe =001 -

(10)
_(T4273.15)

0.13- (1 647.1

3. Result and discussions
3.1. Analytical solution of 1D beam theory

Credited to the work of Golovin (1881) [38], whose publication in
Russian remained largely unknown outside his home country, the ana-
lytical solution within the framework of linear elasticity for the stress
distribution in a curved beam with a rectangular cross-section, which is
subjected to a pure bending moment (M), is presented by Timoshenko

[39]:
where the mechano-sorptive compliance matrix C"™ ™! is defined as:
J 2 p2
My [ RiRS R, 2 r 2 R,
_ ox =— log — + R;log — + Rjlog —
X N 2 R 27° R !
1 yms VLR Jms VLT Jms 0 0 0 r 1 2 r
E; Vi1 E; Vj12 E; V)13 -
_ _ R5R R R
VLR yms 1L yms VIR yms 0 0 0 4MZ 172 2 2 r 2 1 2 2
i Y i oy =— - log — + R5log — + Rilog — + RS — R
E, Yj2l Eg 22 Er ©)23 Y N 2 2 R, 5 log R, 1108 2 1
ZVLT yms “VIR yms 1 gms
E; "j3l Er “j32 Er Jj,33 0 0 0 where:
ol = s (6
! 0 0 0 Gli 0 0 2 2:2 2 p2 Ry :
LR N =(R; - R}) —4RR;(log —=
g R,
0 0 0 0o = 0
Grr r=R,+y
ms
0 0 0 o o an
i GRrr
Table 1
Summary of beech wood parameters.
Elastic E; (MPa) Eg (MPa) E; (MPa) ViR Vir VIR G, g (MPa) G, (MPa) Grg (MPa)
1.4e4 1.9e3 6.1e2 0.28 0.23 0.28 1.3e3 8.9e2 4.9e2
Viscoelastic 7, (h) Jre 7, (h) Jye 7 (h) Jye 7, (h) g
0.82 0.15 60.86 0.123 8.90 0.088 3247.65 0.679
Mechano-sorptive " JI’”; Jm " I g r;"‘ J;"; .I{"I‘
0.01 0.244 0.1142 0.1 0.244 0.32 1 2.013 0.0228
Diffusion & Hydro-expansion Dy(™-) kp S.(7) ay ag ar
4e-6 22 5.4e-4 0.011 0.191 0.462

Notes: Elastic and viscoelastic parameters are taken from [30], which is based on [35]. The dependency of J;* on moisture content is left out for simplicity. Mechano-
sorptive parameters are from [30]. The diffusion coefficient is obtained by averaging the radial and tangential values from [30,36]. The surface emission coefficient

S, is taken as the average of radial and tangential directions from [37].
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Fig. 8. Environment data.

The corresponding distribution of the stresses is as shown in Fig. 1,
where the centroid axis, the neutral axis for oy, and the maximum
location for 6y do not align with each other.

According to the geometry, the flexural modulus and the second
moment of area of a single board and glulam are:

wr? we’ wh? wh?

Wy=—; ILy=—; Wy=—71 I,=—+ 12

b b7 12 &6 £ 12 12
At Stages 1 and 2, each individual board is bent to the desired curva-

ture. The bending moment about Z axis can be derived by the second

derivative of the deflection of the beam, which in the case of constant

curvature equals Rif:

; o Ep
Mt pgSt2i - ELTD
z = Mz - Ri

m

a3

where Rl = R +1 (i - %) is the middle radius of i layer of board.

At Stage 3, as shown in Fig. 4, spring-back occurs due to the removal
of the bending moment from Stage 2.

Hence, this stage can be simplified as applying a bending moment
—MS"3 to the whole glulam, which is the inverse of the sum of all the
bending moments on each individual board from Stage 2:

_MSPN Zn: S i E I, a4
z - z - Ri
i=1 i=1 m
For RL < 10:
saN . NELT
—MZ N (15)

m

as the relative difference is less than 0.1 %.

Substitute the moments into Eq. (11), the stress distribution of differ-
ent stages along Y axis can be derived in Fig. 9. The longitudinal stress
at Stage 2 is the same as Stage 1, while the radial stress at Stage 2 would
be the stress at Stage 1 plus a constant pressure along Y axis due to the
additional pressure caused by d,;;. —M ‘Zm'N is in the same direction
as the bending moment that will be applied later when the beam is in
service. Hence, the parts of residual stress which are from the spring-
back effect, crfx" et and a{," e will act in the same direction as the ones
from service load, with the same location for the maximum value. In
contrast, the residual stress from M g” is in the opposite direction to the
stress generated by the service moment. However, since each board acts
individually, the distribution is not the same. As a result, radial stress
o‘?” has little influence on the final stress from service load, while the
longitudinal stress 0')5;’ ! would add up to both the maximum tension and
compression from service load, as shown in Fig. 9.

Computers and Structures 316 (2025) 107890
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Fig. 9. Analytical solution of stress distribution along Y axis.

3.2. Stress development from elastic FE analysis

Contact Pressure

Fig. 10 shows the development of the contact pressure at the end of
Stages 1 and 2 when the d,,, is set to be 1%o of the total beam height
(h).

First, it has to be noted that at the end of the beam, the contact
pressure is much higher than the expected material strength. Such “un-
reasonably high” stress is due to the adoption of Saint-Venant’s Principle
in the FE model. In the model, both the molds are set to have a con-
stant radius, which means a constant bending moment is required for
the whole length. To achieve this, the force required is concentrated in
a small area at the beam end. However, in reality, the curvature at the
end of the beam is usually flattened in a more smooth manner. According
to Saint-Venant’s Principle, such a modeling method is reasonable when
the interest of the research is focused on the part that is sufficiently far,
such as the apex region. Consequently, the stresses at the beam shall not
be discussed.

As for the apex region, it can be seen that the contact pressure is
concentrated at the two borders of the top surface, which is consistent
with the analysis in Fig. 4 (red circles). Fig. 12 shows the correlation
between the contact pressure and the additional displacement of the top
plate (d,;,). As the material is set to be linearly elastic, linear correla-
tion can also be observed, with the slope equal (with small deviation)
to the radial elasticity for d“;" > 0.5%o. Unless otherwise specified, all

following results shown in this work are for the condition udd > 194,

Additionally, the anticipated cup deformation can clearly be ob-
served at Stage 1. At Stage 2, although the top and bottom surfaces are
flattened by the plates, slight cup deformation can still be observed in
the middle boards. At Stage 3, as spring-back occurs, the cup deforma-
tion also partially recovers, but with a smaller curvature compared to
Stage 1. These observations are crucial for analyzing the development of
transverse stresses, as shown below.

Longitudinal Stress (cy)

From Fig. 13(a) it can be seen that the longitudinal stress at the cross
section at the apex is constant along the Z direction, and only a slight
difference can be observed between Stage 3 and Stage 2.
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Fig. 10. Contact pressure at different stage.
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Fig. 11. Deformation of the cross section at apex (with scale factor of 50).
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Fig. 12. Contact pressure vs d,,, at the four locations (marked in Fig. 11).

For better visualization of the stress difference at different stages, the
stress along the middle path (path CF in Fig. 11) is shown in Fig. 13(b).
The net stress 65"V represents the stress difference between Stage i and
its previous stage. The non-zero ¢V can be contributed to the bend-
ing moment — M ‘Zm’N from the spring-back effect. The development and
distribution match the longitudinal stress derived from Section 3.1.
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0 ; T ' - : {
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Note: G.StZ,N — 0_St2 _ O_Stl, O_SIS,N — 0.St3 _ O_SIZ

(b) ox along the middle path CF (see Figure 11)

Fig. 13. Longitudinal stress ¢ at the apex.

Z-direction Stress (¢,)

The distribution of the simulated tangential stress (corresponding to
Z axis) in Fig. 14(a) from the three stages shares the common feature,
such that there is tension on top of the board and compression on the
bottom. Comparing the stress to the deformation in Fig. 11, it can be
deduced that the stress is related to the cup deformation. In addition,
this can also be confirmed by zero stress shown in Fig. 14(b), where the
Poisson’s ratio vy, is modified to zero.
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Fig. 14. Z direction stress o, in the cross section at the apex.

At Stage 2, particularly in the top and bottom boards, the Z-direction
stress is more pronounced along the whole width of the cross-section.
This occurs because the top and bottom boards are almost completely
flattened by the press, as d,;; = 1%oh. The reduced width caused by
cupping on the top surface is stretched, creating tension. Conversely,
the opposite effect occurs on the bottom surface. It can also be seen
from Fig. 11(b) that the “flatting” effect is gradually reduced towards
the inner layers. As shown in Fig. 11(c), when the dimension ratio of
board i increases, the reduction becomes more drastic.

The major difference between Stage 3 and Stage 2 is only the top and
bottom surfaces of the glulam, as the removal of press frees the cupping
deformation at surfaces. Yet, due to the solidified glue, the deformation
in the inner layers remains nearly unchanged from Stage 2.

However, it is noticed that unlike the longitudinal stress (in Fig. 13),
the Z-direction stress is never uniform along the entire width (Z) direc-
tion. This is related to the formation mechanism of the Y-direction stress
which will be explained in the next section.

Y-direction Stress(cy)

Fig. 15(a) shows the Y-direction stress during the 3 stages, which can
be decomposed into two parts:
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Fig. 15. Y direction stress oy in the cross section at the apex.

. O'i,v Po in Fig. 15(b) is the part where Poisson’s ratio vy is assumed
to be 0.

. a){’" in Fig. 15(c) relates to the cupping deformation in the transverse
direction caused by the Poisson’s ratio.

Fig. 16(a) shows aé" Po along the middle path of the cross section. The
matching of Fig. 16(a) and Fig. 9(b) confirms the analysis of Section 3.1
that the stress at Stage 3 is composed of a part due to spring-back effect
(corresponding to the bending moment —M S3.Ny and a part due to the
curving of each board (corresponding to bendlng moments M, Sty

As for o- °, Fig. 15 (c2) shows that it primarily occurs along the two
sides of the beam at Stage 2, aligning with the expected red circles in
Fig. 4. Additionally, a gradual transition from compression at the top to
tension at the bottom is observed. This trend persists in Stage 3, except
for slight “spring-back” effects at the very top and bottom layers.

Furthermore, Fig. 16(b) presents a linear trend line for the Y-
direction stress at both stages, revealing that they share the same slope.
To understand the formation of this constant slope, the underlying
mechanism of Z-direction stress in Fig. 4 must be considered:

From Stage 1 to Stage 2 the curvature in the Z direction is being
flattened. This can be viewed as applying an inverse bending moment
(M ;(). However, since there are no external forces (i.e., forces that act
from the outside the whole glulam) at Stage 2, the moment for each i"”
layer is generated by the vertical forces received from its upper (F;“)
and bottom (F}~') neighboring layers, such that F/' = Fi=' — Fi*'.
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(e) My along Z direction at Stage 2
Fig. 16. Analysis of stress oy .
Since the moment needed for each layer M 3( is almost the same among

different layers, F can be considered uniform among different layers.
Consequently, a uniform slope can be expected.
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Fig. 17. Residual shear stress 7}/,

Taking the fifth layer as an example, Fig. 16(c) shows the net Y-
direction stress o} at Stage 2. Fig. 16(e) shows the My derived from
the two following methods:

* My derived from o}*'":

w
Fet = /0 (67" x 21)dz 16)
Ghett w
My = / Fle'dz a7
0

* My derived from o ,:

oy _ 0z1Ix
My = TLX as)

where Iy = @l is the second moment of area about X axis.

The above explanation is validated by the good alignment of the mo-
ment M, derived from these two methods in Fig. 16(e). Additionally, the
question from the previous section—why o, is not uniform along the Z
direction—can also be explained, as the moment M which results in
o and which is formed by the second integration of 6}’ is not constant
along the Z direction.

Shear Stress 7yy

Fig. 17 shows the simulated residual shear stress zyy at Stage 3. It
can be seen that for most of the beam region, the shear stress zyy re-

mains zero This is due to the constant radius of curvature, which means

constant d— and no change in the required bending moment M, St

In contrast, at the end of the beam, the required bending moment
drastically changes from zero to the required value corresponding to the
constant curvature. In order to form the moment, a high concentration of
Tyy is observed. However, as explained before, such a drastic change in
the moment is only due to the adoption of Saint-Venant’s Principle in the
FE model. Hence, the high shear stress at the beam end is to be expected
in the model and does not influence the validity of stress analysis of the
major part of the beam, especially at the apex.

Shear Stress 7y,

Fig. 18 shows the simulated shear stress 7y, at different stages at
the apex. From the zero value in the case when vy, is set to be zero
(Fig. 18(b)), it can be seen that the formation of the 7y, is also related
to the cupping deformation caused by the Poisson’s effect.

At Stage 2, it can be seen that the shear stress r}fg is positive on
the left side and negative on the right side. This is aligned with the
distribution of the Y-direction force F, in Fig. 16(d) that is caused by
the bending moment M at Stage 2. Also, the distribution of 77 along
the Y direction in each board can also be explained by the classic beam

theory as shown in Fig. 18(c).
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Fig. 18. Shear stress 7y, in the cross section at the apex.

At Stage 3, compared to Stage 2, the 7y, inside each board gets re-
duced, while a new type of shear between the interfaces of boards can
be observed. This is because after removing the pressure from the rigid
plates, the bending moment My in the top and bottom layers cannot be
maintained solely by the }*'. Hence, the contribution of the shear stress
at the interface is needed. This is also the reason why this type of rf? is
mainly exhibited at interfaces between the most outer layers, where the

05’3 deviates from the linear trend line, as shown in Fig. 16(b).

3.3. Parametric analysis

From the above analysis, it can be seen that there are two major
causes of all the stress during manufacturing. The first is related to the
bending moment above the Z axis, including M ‘Zm’i for curving each
board and —M‘Zm’N due to the spring-back effect. The second cause
is related to the flatting of the cupping deformation in the transverse
direction and, hence, related to the bending moment —My above the
X axis. Hence, figuring out the parameters that influence these bend-
ing moments is the key to identifying the parameter that influences the
corresponding residual stresses.

3.3.1. Parameters related to M ,

The stresses caused by M, are mainly the longitudinal stress oy and
the part of Y-direction stress when excluding Poisson’s effect a;ﬁ’ Po_These
stresses can be well estimated analytically.

Based on the work of Moehler and Blumer [40] along with Ehlbeck
et al. [41], the following simplified equations are adopted in the current
design standards such as Eurocode 5 [12], to estimate the maximum
longitudinal stress oy and perpendicular-to-grain stress oy in curved
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beams:

2
e = 10035 0355 1) |

m

(19)
h \ M
Oy, max = <025R_m> W
According to the M5 and ~M ™" obtained in Egs. (13) and (15),
it can be derived that the max longitudinal stress from these two parts
can be estimated as (for n > 3 an I;‘—’ < 10):

E;t
Stl L
o N — (20)
X ,max 2 Rm
E;t —
o ® gk (M @)
; 2R, \ 2
As shown in Fig. 13, the final maximum longitudinal stress ai’fmx is
approximated the sum of the 6§’} and ai’i; g( , and can be estimated as
Ept n=2 R
T (1 += ), as shown in Fig. 19.
Additionally, from Egs. (20) and (21), "’1;22 corresponds to the ratio
between 3> and 5! | which can be considered as the influence

X,max R X ,max’ N
level of the spring-back effect on the maximum residual stress. From

Fig. 20, it can be seen that for n > 4, the lower the number of the layers,
the stronger the influence from the spring-back effect, and the highest
influence can be up to 12.5 %.

However, as shown in Eq. (1), Eurocode 5 [12] only considers the
influence of ﬁ on the residual longitudinal stress, yet the influence of

the spring-back effect (dependent primarily on "n—gz) is not covered.

/4
100
)
& %
3
wE 604 T Analytical solution
"86 e R; =3000mm
40 e R; =4000 mm
,// e Ry =35000mm
0.004 0.006 0.008 0.010 0.012 0.014
t
Ry
Fig. 19. Parameter analysis of ai’;g( .
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20
§ 15
2
E10
5
0

20 30 50

n (number of layers)

Fig. 20. Influence of spring-back on the residual stress (c3 >~ /o5 ).
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Similarly, it can be deduced that the part of the maximum residual Y-
direction stress a{,\’ Po is linearly related to %, as it equals the maximum
"

of the Y-direction stress caused by the spring-back moment — M ‘Zm'N s
shown in Fig. 9(b).
Additionally, according to Eq. (15), the corresponding deflection

(@3N caused by the spring-back can be calculated as:

as

_MSI3,N
-z 22)
EL 1, 2R

dZwS)‘S.N

dx?

m

Consequently, the relative change in the radius after and before
spring-back:

RSt3 2
m_ - (23)

L

which is only influenced by the number of layers n, as shown in Fig. 20.

3.3.2. Parameters related to M y

The residual stress components related to My - the inverse bending
of the transverse cupping deformation caused by Poisson’s effect - are
ox, 65° and 7y,. According to Fig. 4,

* Stage 1:
for each board, the longitudinal stress oy is generated due to fiber
elongation or shortening (¢ ) related to bending deformation. Due
to Poisson’s ratio (v;  when the material T corresponds to the global
Z direction), longitudinal strain ¢y induces strain in the Z direction
if the cross-section can deform freely:

cup _ _ Ox
€, =Viréx = ~ViT
E,

(24)

Stage 2 and Stage 3:

due to the pressure from the press, the curvature at Stage 1 got
flattened, which can be viewed as applying a strain of —¢,”. Hence,
the corresponding stress can be deduced:

cuppingE _ VLTET
—£, r=—

E, oy (25)

Oy =

As a result, it can be deduced that, besides the dependency on pa-
rameters that control o‘?l, which is %, the residual transverse stress
VL

EET , as shown in Fig. 21.
L

Fig. 21(b) shows a good agreement between the simulated results
and the analytical solution for the case when the dimension ratio of the

individual board i < 0.3. Beyond this range, the deviation between

053 shall be influenced also by

them increases for larger ﬁ This is because Eq. (25) is derived on the
basis that, from Stage 1 to Stage 2, the board can be considered as a
slender beam along the Z direction. Yet, this assumption does not hold
when i becomes larger. As a result, the distribution of stress inside each
board becomes non-linear as shown in Fig. 14(c).

Similarly, it can be deduced that % and % also influence o,°

m

and 7y,.

Furthermore, since the o} is constant in each layer, the residual
stress a){’“ shall get larger as the number of layers increases, as can be
seen in Fig. 22.

As a result, Table 2 summarizes the relevant geometric and mate-
rial parameters that can influence residual stresses. Besides the already
known parameters E;, t, and R,,, it can be seen that the number of layers
n and material parameter % are also important.

3.4. Growth-ring effect

Fig. 23 shows the stress in the three principle directions in two ex-
amples where the pith location of each board layer is assigned using the
random variable according to the distribution in Fig. 6.
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Table 2
Summary of the parameter analysis under elastic range.
R, t n E, %LET
RS
Ron 1
[ ! T 1 i
oo ! T 1 1
o) 1 i i
or" 1 1 1 i T
Tyz l ) ) )

* The relationship is valid under the condition that 7/w < 0.3.
** The relationship is valid under the condition that t/w < 0.3 and n > 11.

Comparing the stress in the two examples with the result in Fig. 23(a)
where the growth-ring effect is not considered (referred to as Standard
Case in the following), it can be seen that stress in the longitudinal direc-
tion is not influenced by varying the pith location, yet, strong deviations
are present in both radial and tangential directions.
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Fig. 23. Stress in R, T, L direction at Stage 3 (Unit: MPa).

Unlike in Fig. 23(a) where the radial stress 6513 (corresponding to
global 65™) is much smaller than tangential ¢ (corresponding to
global 55’3), these two stress components are in the same magnitude
range in the cases when growth-ring is considered, since the higher
global 05’3 is carried by both local radial and tangential directions,
dependent on the pith direction.

Moreover, the location of maximum stress for both radial and
direction is also varied from Standard Case, with also higher magnitude.

Fig. 24 shows the histogram of the maximum tangential and radial
stresses of each layer from 100 simulations, which were selected based
on a convergence analysis according to the following criterion:

|Current Estimate — Final Estimate|
|Final Estimate|

Relative Error = < 0.05 (26)

It can be seen that for both tangential and radial cases, the distribu-
tion of the maximum stresses in the top layers (Layers 10 and 11) exhibit
the highest median and 95-percentile values. This is due to the flipping
board direction.

In contrast, the distribution of maximum stresses for most of the
inner layers (Layers 3-8) is very similar. In consideration of the influ-
ence of the later bending stress from the service load, whose maximum
is mainly presented in the middle layers, the distribution of the maxi-
mum residual stress of the inner layers is of the main interest, and the
summary of all the maximum values from these inner layers is plotted
in Fig. 25.

The distribution of the tangential and radial stresses differs from each
other, as the pith location is not chosen as uniform random variables but
according to the cutting pattern as shown in Fig. 6. By comparing the
median value of the maximum stress to the one from Standard Case, it
can be seen that no less than half of the scenarios, a higher maximum
stress than the maximum of the Standard Case will be exhibited. From
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Fig. 24. Distribution of the maximum stress of each layer from 100 cases.
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Fig. 25. Distribution of the all maximum stresses in Layers 3-8.

the practical point of view, the 95th percentile value shall be taken into
account for the safety analysis, which is around 0.66 MPa for both tan-
gential and radial directions, around 1.4 times of maximum X direction
stress from Standard Case. This stress will then be added up with the
bending stress caused by the service load. As suggested by [42,43], the
combination of different stress components can trigger earlier damage
or failure.

The current approach employs a two-dimensional probability den-
sity function to characterize the spatial variation in pith location. In
contrast, studies such as [44-46] utilize random field models, which
account for spatial correlations in material heterogeneity—such as varia-
tions in strength and stiffness—both within individual boards and across
adjacent ones. Furthermore, it is important to emphasize that the stress
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Fig. 26. Stress relaxation under constant T and RH.

conditions in a glulam beam differ from those in standardized, quality-
controlled test specimens. As highlighted in [47,48], the stress state in
real glulam structures involves a combination of stress types that are not
fully represented in laboratory testing.

3.5. Time- and moisture-dependent relaxation

3.5.1. Viscoelastic relaxation

Fig. 26 illustrates the stress evolution under constant moisture con-
tent to analyze the contribution of the viscoelastic component. The
locations for stress measurement are chosen at the points of maximum
residual stress: the top center of the lower first board for ¢y and o,
and the bottom right of the lower fourth board for oy . Fig. 26(a) shows
the stress development over the first 7 days. It is evident that relaxation
begins during the Under-Press State. To compare the percentage of re-
laxation of different stress components, the relative relaxation (R,) is
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calculated using the following equation:

R=1-29 @7

o0

where o, is defined as the stress value at t = 1 day.

Fig. 26(b) shows the relaxation due solely to viscoelasticity. The data
indicate that relaxation reaches its maximum after around 300 days.
According to EC5 [12] Table 3.2, the kg, 7 value for Service Class I is

0.6, resulting in REVS =1 - = 0.375, which aligns well with the

simulated value RY = 37 %.

It is important to mention that the constitutive model in this study
assumes a uniform J¢ value for all three material directions. The as-
sumption is made due to the complexity of the constitutive model and
the limited availability of tested parameters. This assumption results in
identical viscoelastic relaxation curves for the three stress components,
as shown in Fig. 26(b). Future research could explore the develop-
ment of viscoelastic models incorporating orthotropic J*¢ values and
time-dependent Poisson’s ratios, as discussed in [49].

Fig. 27 illustrates the moisture content fluctuations at various lo-
cations within glulam beams made of different widths (dimension ratio

= 0.2) and wood species. Notably, for beams with a 100 mm width, the
center point (represented by point A5) exhibits significant fluctuations,
whereas beams with a 700 mm width show nearly constant moisture
content at the center point over time.

In order to isolate the relaxation effect from the shrinkage stress
caused by the moisture fluctuations, two simulation cases were con-
ducted. The first case was conducted on a curved beam and the second
case on a straight beam. The difference in the stress between these two
cases is considered to be the net residual stress and is presented in the
following analyses.

Fig. 27 also shows the relative relaxation (R,) of longitudinal residual
stress (O_§I3) at various locations in a glulam beam under fluctuating T
and RH. At the center (A6) surface (E6) points, the relaxation is 63 %
and 76 %, respectively.

When comparing these values to the relaxation due purely to vis-
coelasticity (37 %), it is evident that mechano-sorptive relaxation is a
significant factor. Furthermore, 76 % can be considered the upper limit
for relaxation, with the potential for all locations within the beam to
eventually reach this value given sufficient time. This relaxation limit
is also higher than the one estimated by EC5 [12]. According to EC5

Table 3.2, k,; = 2 for Service Class III, resulting in RFVS =1 — l+k =
def

0.667, suggesting that EC5 could have underestimated the creep effect.
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Fig. 27. Moisture and relaxation under fluctuating T and RH.
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Fig. 28. Relative relaxation (R,) of different stresses type.

Interestingly, despite the significant differences in moisture fluctu-
ations observed in Fig. 27, the difference in relative relaxation (R,)
between the 100 mm and 700 mm glulam beams is relatively small
(< 6 %).This small difference can be attributed to the nature of mechano-
sorptive strain, which depends on the absolute moisture change (|Aul)
rather than the directional moisture change (Au), as described in Eq. (5).
Therefore, although the moisture content at the center point (A6) of the
700 mm glulam beam remains nearly constant, the total sum of absolute
moisture changes (Y |Aul) is not significantly different from that of the
100 mm glulam beam, as shown in Fig. 27.

From Fig. 28 it can be seen that the relaxation of different stress types
at the same point tends to align, despite the fact that the longitudinal
mechano-sorptive parameter J j’”fl is different from the transverse J "’252
and J }f’§3’ as shown in Table 1. This alignment can be understood by
referring to the formation mechanism of transverse residual stresses. The
residual stresses (05’3 and 05’3) are closely related to the longitudinal
stress and Poisson’s ratio, as given by the following equation:

St3 S13

virE
S13 LT =T
oy x 0, xoy

E, (28)

After relaxation (abbreviated as “St4”), the relationship becomes:

St4
()
EL
St4 0_514

Jms
s:4f( 13
Oz *0x

29
(&) IR 2
Ep

Here, f(J jf"i‘z) and f(J ;"353) are functions derived from the mechano-
sorptive creep compliance tensors J " and J "y as described by the
heredity integral approach in [28]. Since the model assumes J jf”fS =Jm

. . ey ‘/’33’
it simplifies to:

St4 St4 St4 St4
0, X0y , O X0y (30)

This indicates that the similar R, values observed in both transverse
and longitudinal directions in Fig. 28 come from the assumption J j’"ls3 =
J ;”3‘3 in the mechano-sorptive model used in this study.

However, it needs to be mentioned that this assumption requires fur-
ther validation. One potential issue with this assumption is that it leads
to a time-dependent Poisson’s ratio, as expressed by:

v St4 s s

<ELLT) xS = U (31)
1 St4

() «ram (32

Since I #F I this implies that v;; is not constant when
mechano-sorption occurs. In contrast to the time-dependent behavior
in viscoelasticity, which has been identified and characterized through
various experiments [50,51], studies on the change of Poisson’s ratio
during mechano-sorption are limited. This is largely due to the exper-
imental difficulty in capturing off-axis compliance components I
which require precise control over load, moisture, and time, as well
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as accurate pre-characterization of other parameters such as hygro-
expansion and axial compliance J;";. Additionally, the assumption of
a constant Poisson’s ratio may violate the symmetry of the compli-
ance matrix, potentially introducing mathematical inconsistencies in
the constitutive formulation [52]. As shown in Section 3.4, when the
growth-ring is taken into consideration, besides the v;; shown in
Table 2, v;p also becomes the primary parameter that controls the
magnitude of the transverse cupping deformation, which triggers the
perpendicular to grain stress. As shown in [26], vg is a crucial parame-
ter that affects stress concentration due to the growth-ring effect. Hence,
further future experimental work on transverse hygro-mechanical be-
havior is needed to validate the accuracy of transverse stress predictions
under moisture gradients.

4. Conclusion

This research conducted a 3D parametric multi-field FE analysis
incorporating a time- and moisture-dependent constitutive model to pro-
vide a systematic evaluation of the residual stress that developed during
the manufacturing process.

It is found that besides the longitudinal stress that is considered in the
current design standard such as EC5 [12], there also exist non-negligible
stresses in the transverse directions. The major causes of the longitudi-
nal and transverse residual stresses can be attributed to three bending
effects: the longitudinal bending (M‘ZY’ 11} for curving each single board,
the bending due to the spring-back effect (—-M ‘Zm’N ), and the bending
(M y) in the transverse direction caused by the Poisson effect. Moreover,
due to the varying growth ring patterns in different board layers, the
residual stress in radial and tangential directions can get intensified.
The influence of the combination of these different stresses has not been
discussed before, and it can cause the reduction of the load-carrying
capacity of the beam.

In the current design standard, the magnitude of the longitudinal
residual stress is considered to be influenced by the longitudinal stiff-
ness, the board thickness, and the inner radius of the beam. In this
study, it is revealed that the number of layers (n) can also cause up to a
12.5 % difference in the longitudinal residual stresses. Besides, the pa-
rameter VLELET (simplified as Poisson’s ratio v, in some cases) is shown
to significantly influence the magnitude of transverse residual stresses.
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