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SUMMARY. The modern use of through-thickness reinforcement in wood glulam (glued lami-
nated) beams, bridging the potential delamination crack faces, has shown to be an effective techno-
logical solution to improve their interlaminar fracture strength. In this paper, the behaviour of wood
glulam beams is investigated from an experimental and numerical point of view, comparing the
mechanical response of unreinforced and reinforced (by FRProds) beams subjected to four points
bending tests. For the numerical analysis, a simple two-phases (joint and reinforcement) interface
model has been formulated and implemented in a finite elementcode. In particular, the classical
interface model for adhesive joint, able to describe the debonding between adjacent laminae, has
been enriched to take into account the heterogeneity due to the transversal reinforcement.

1 INTRODUCTION
Glulam beams, obtained bonding wood laminae of limited width and length, in order to cre-

ate structural elements with huge flexibility and reduced wood imperfections, present an intrinsic
composite nature: constituents may have different qualities and their assembly occurs through lon-
gitudinal adhesive joints. Moreover, since often each lamina does not have a length able to cover the
longitudinal development of the beam, a finger joint betweentwo adjacent laminae is necessary.
The global mechanical behaviour of this beams depends on themechanical properties of each lam-
ina and the adhesive joints. To enhance the mechanical properties of these wood beams, both in
terms of strength and stiffness, several prototypes have been realized in form of FRP laminae exter-
nally bonded to the beam or internally embedded during manufacturing process [1], [2]. A further
reinforcement technique, which is the object of the study, based on the one recently used for com-
posite laminates, consists in the introduction of FRP rods through the beam thickness direction. This
transversal reinforcement increases the delamination toughness both in mode I and II as experimen-
tal tests, performed on through-thickness reinforced composite laminates, show.
The reinforcement rod in pure mode I opposites to the crack opening displacement through a bridg-
ing axial force initially proportional to the relative displacement up to the pull-out of the rod from
the composite matrix. Shear tests (pure mode II) demonstrate that the single pin reacts to the relative
tangential displacement by shear forces and bending moments, which are elastically related to the
displacement jump as long as a multiplicity of failure resinmicro-mechanisms appear.
A classical interface model able to catch the main kinematical phenomena that characterize the de-
lamination can describe effectively the non-linear delamination process between adjacent laminae
whereas an enriched interface model has to be defined to take into account the heterogeneity due to
the presence of through-thickness reinforcement.
Therefore, the principal aim of the paper is to develop a constitutive framework able to describe
the anisotropic elastic and post-elastic interface response caused by the through-thickness hetero-
geneity. In particular a simple and original two-phases (joint and reinforcement) interface model is
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Figure 1: Interface model: general assumptions.

formulated: the two phases, having two independent constitutive laws, are coupled at the equilib-
rium level. The relevant advantage is to conjugate in a simple way two or more phases, even with
different constitutive behaviours. The mechanical behaviour of unreinforced and reinforced (by FRP
rods) wood glulam beams is investigated subjecting the beams to experimental and numerical four
points bending tests. The numerical analysis has been carried out by a finite element code (FEAP)
in which the two-phase interface constitutive laws have been implemented.

2 BASIC ASSUMPTIONS AND ELASTIC RESPONSE
The interface model for heterogeneous joints, reinforced by short rods, is developed following

a similar approach to that used by the authors in [3]. Two different phases are distinguished: the
adhesive joint and the reinforcement, the latter considered as a beam element.
The static and kinematics quantities of the interface are referred to a Cartesian coordinate system(X,
Y, Z) with Y, Z axes lying within the middle planeΣ of the jointΩ∗ and theX axis directed towards
the bodyΩ+, fig. 1a.
The strain state of the joint is assumed constant along the thicknessh and classically described as

function of displacement discontinuities at the interface:

εJ = [εJX γJY γJZ ]
T

=
(U+ − U−)

h
=

[U]

h
, (1)

whereU± =
[

U±

X U±

Y U±

Z

]T
are the displacement vectors at the interfacesΣ± and[U] the dis-

placement discontinuity vector.
The traction componentst+ onΣ+ andt− onΣ− can be regarded as external surface loads for the
joint Ω∗. The stress state of the adhesive phaseσJ = [σJ τJY τJZ ]

T is related to the elastic strain
by the linear constitutive law in the following form:

σJ = EJε
e
J , (2)

beingEJ = ⌈EJN EJT EJT ⌋ the elastic joint stiffness matrix,EJN andEJT the normal and
tangential elastic moduli of the joint material.
The joint is reinforced through the thickness by a numbernF of cylindrical fibres, all oriented in
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the same direction. Each fibre is referred to the coordinate systemx, y, z with x-axis coinciding
with the fibre axis, fig.1b and is considered as a Timoshenko beam of lengthlR semi-clamped at the
extremities by rotational springs of stiffnessK+ andK−, except for the twisting rotation which is
free. The circular cross section is characterized by an areaAR, bending moment of inertiaI and
shear factorχ.
The kinematics of the beam is described by the continuous displacementsu(x) and strain fieldsq(x)
defined as:

u(x) = [uu uϕ]
T

= [ux uy uz ϕy ϕz]
T

, (3)

q(x) = [ex ey ez ky kz]
T

. (4)

In the following, for simplicity’s sake,u
(

lR
2

)

= u+, u
(

− lR
2

)

= u− is assumed.
Under the previous hypotheses, the compatibility equations together with the boundary conditions
read:

q(x) = B̃ (x) (u+ − u−) = B̃ (x) [u], − lR
2

< x < lR
2

(5)

uϕ
+ = A+[u], uϕ

− = A−[u], uu

(

lR
2

)

= uu

+, uu

(

−
lR
2

)

= uu

− (6)

beingB̃ (x) the compatibility matrix defining the continuous strain field as function of the displace-
ment discontinuity[u]:

B̃ (x) =

[

B̃1

B̃2 (x)

]

=













1/lR 0 0

0 Sy 0
0 0 Sz

0 0 Cy (x)
0 Cz (x) 0













(7)

with

Sz,y = −
12χERI [ERI (K+ + K−) ∓ lRK+K−]

lRdy,z
, (8)

dz,y = GRARl3RK+K− + 12E2
RI2

[

GRARlR ± χ
(

K+ + K−
)]

+ (9)

+4ERIlR
[

3χK+K− ± GRARlR
(

K+ + K−
)]

,

and

Cz,y (x) = ±
6GRAR {2lRK+K−x + ERI [lR (K+ − K−) + 2 (K+ ± K−) x]}

lRdz,y
, (10)

A± =

[

0 0 A±
y

0 A±
z 0

]

, (11)
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A±

y = −
6ERIGRAR (2ERI + lRK±)

dy
, A±

z =
6ERIGRAR (2ERI − lRK±)

dz
. (12)

In absence of any distributed generalized forces along the beam length, the internal forces

Q(x) = [Qu Qϕ]
T

= [N Ty Tz My Mz]
T (13)

arise due to the displacement imposed at the fibre extremities. The axial (N ) and shear internal
forces (Ty andTz) are therefore constant along the beam, whereas the bendingmoments (My and
Mz) vary linearly. The equilibrium equation with its boundaryconditions can be written as:

Q′(x) − BT Q(x) = 0, − lR
2

< x < lR
2

(14)

v+
ϕ = K+uϕ

+, v−

ϕ = K−uϕ
−, v+

u = Q+
u , v−

u = −Q−

u . (15)

The components of the matrixK− andK+ are the rotational springs stiffness at the extremities of
the beam:

K+ =
⌈

−K+ K+
⌋

, K− =
⌈

K− −K−
⌋

(16)

The elastic response of the beam is described by the classical constitutive law:

Q(x) = Φq(x), −
lR
2

< x <
lR
2

, (17)

where

Φ = ⌈Φ1 Φ2⌋ =

⌈

ERAR
GRAR

χ

GRAR

χ
ERI ERI

⌋

(18)

is the elastic stiffness matrix, in whichER andGR are the elastic normal and tangential moduli of
the beam.

2.1 Elastic response of the heterogeneous joint
Considering the periodic arrangement of figure 2, the joint can be subdivided intonF small

cells, each one containing only one single reinforcement fibre. With reference to the representative
volume element (RVE), having domainVr and upper/lower surface boundaryA±

r , the linear elastic
behaviour of the reinforced joint permits to establish the existence of the total potential energyΠ:

Π = ΠJ + ΠF =
1

2

∫

V

σ
T
J εJdV −

∫

A+
r

t+
T

U+dA −

∫

A−

r

t−
T

U−dA (19)

+
1

2

∫ lR/2

−lR/2

QT qdx − v+
T

u u+
u − v−

T

u u−

u −
1

2
v+

T

ϕ u+
ϕ −

1

2
v+

T

ϕ u+
ϕ .
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Figure 2: Fibre reinforced interface: periodic cells and representative volume element.

Introducing eqs (2), (6), (15) and (17) and using the transformationu = TU, Π can be written as
function of the reinforced interface degrees of freedomU+ andU−:

Π
(

U+,U−
)

=
1

2

∫

Ar

(

[U]
T EJ

h
U+ − [U]

T EJ

h
U− − 2t+

T

U+ − 2t−
T

U−

)

dA+

+
1

2Ar

∫

Ar

∫ lR/2

−lR/2

[U]
T
TT B̃T (x)ΦB̃ (x)T[U]dxdA+ (20)

−
1

Ar

∫

Ar

(

v+
T

u TU+ + v−
T

u TU−

)

dA+

−
1

2Ar

∫

Ar

(

[U]
T
TT A+

T

K+A+T[U] + [U]
T
TT A−

T

K−A−T[U]
)

dA.

In (20)A+
r = A−

r = Ar andVr = hAr is assumed.
The equilibrium equations are derived by the minimum condition of the total potential energy:

δΠ =
∂Π

∂U−
δU− +

∂Π

∂U+
δU+ = 0 ∀ δU−, δU+ 6= 0. (21)

From equation (21) making use of the positions:

t =
t+ − t−

2
, Vu =

V+
u − V−

u

2
=

TT v+
u − TT v−

u

2
, (22)

V̂u = V̂+
u + V̂−

u = TT A+
T

v+
ϕ + TT A−

T

v−

ϕ , (23)

the following equilibrium equation for the reinforced joint is derived:

t +
Vu

Ar
+

V̂u

Ar
= σJ + σF . (24)
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The resultant of the additional contact layer tractionsσF , related to the reinforcement presence and
constant on the cell middle surfaceAr, produces the same virtual work as the one produced by the
internal forces along whole fibre length.

σF =
1

Ar

∫ lR/2

−lR/2

TT B̃T (x)ΦB̃ (x) [u] dx. (25)

Furthermore, using the compatibility matrix partition (7), σF can be splitted into two different con-
tributes:σF1 is associated to normal and shear fibre internal forces,σF2 to the bending moments.

σF1 =
lR
Ar

TT B̃T
1 Φ1B̃1 [u] , (26a)

σF2 =
1

Ar

∫ lR/2

−lR/2

TT B̃T
2 (x)Φ2B̃2 (x) [u] dx. (26b)

Resolving the r.h.s. of equations (26) it is also easy to verify that:

Vu

Ar
= σF1,

V̂u

Ar
= σF2. (27)

Equation (26b) shows that the bending contribute along the whole fibre length is smeared on the
middle interface surface by two shearing forces. From eqs (25), (1) and (2) the stiffness of the
reinforced joint can be obtained:

KJR = KJ + KR =
EJ

h
+

1

Ar

∫ lR/2

−lR/2

TT B̃T (x)ΦB̃ (x)Tdx. (28)

3 POST-ELASTIC RESPONSE OF THE HETEROGENEOUS JOINT
The interface constitutive laws, relating the contact tractions t with the displacement disconti-

nuities[U], are defined by the constitutive equations of each single phase namely the thin adhesive
layer and the reinforcement fibre.

3.1 Joint response
The constitutive behaviour adopted for the adhesive phase is derived in a thermodynamically

consistent approach in the context of damage mechanics: themain constitutive equations are reported
in [3].

3.2 Reinforcement response
The post-elastic response of the reinforcement rod is described in detail in the paper of Cox and

Shridar [4]. Following their problem schematization, a uniform cross sectional shape rod lies in
the X-Z plane and bridges a delamination crack on the plane X =0. The bridging rod is inclined
relative to the joint delamination plane by the initial angle α. If deformed, the rod axis deflects
through some angleϕy(x) andϕy0 = ϕy(0) is the deflection angle in correspondence to the fracture
surface. Following the terminology introduced in [4], the angleϕy0 may have the same or different
sign as the initial slopeα,distinguishing theagainst the nap andwith the nap loading conditions,
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respectively.
The experimental tests show that the failure modes for the rods are substantially different for the
two above mentioned loading conditions. For the case of the rod loaded with the nap the axial
stress is positive (tension) and in presence of unidirectional composite rod the stiffness of the joint
is strongly influenced by the high value of the axial rod stiffness. Two dominant failure mechanisms
can occur, namely thepullout of the rod, due to the progressive debonding of the reinforcement from
the surrounding laminate matrix and thereinforcement rupture, reached when the axial stress equals
the tensile strength of the rod.
If the bridging rod is loaded against the nap, the axial stress is initially negative (compression) and
the tendency of the rod to shear and deflect is maximized. The bending and shear stiffness of the rod
influence the joint response and for composite rods, becauseof relevant shear stresses, numerous
matrix cracks, parallel to the rod direction, appear up to the complete separation of fibres from the
matrix. In this case the rod becomes a set of independent strands and it can accommodate large
rotations orienting along the load direction, therefore the composite reinforcement loses shear and
bending stiffness and turns into a truss element, i.e. reacting only to axial forces. Also in this case
the ultimate failure can occur by two mechanisms: the rupture under tension or, in the case of short
rod, the pullout from the laminate.
The goal of the present paper is to describe each failure mechanisms above illustrated, making use
of a non-linear constitutive law for the rod phase based on the classical concepts of solid mechanics
like as plasticity and continuous damage theories.
Thepullout failure mechanism occurs if the composite rod is subjected to tensile axial force (NF >
0). At the beginning the rod reacts elastically mainly by its axial stiffness up to the pullout (due to
the progressive debonding from the laminate matrix) takes place. The pullout is here simulated by an
elasto-plastic model for which anelastic discontinuous displacements evolve if a limit elastic axial
force is reached. The evolution of slipping discontinuous displacements is governed by a simple
bilinearNF − [ux] constitutive law in which the limit elastic and final (corresponding to the pullout
of the rod) discontinuous displacements are[ux]0 and[ux]f :

NF = Huf
ERAR

lR
([ux] − [us

x]) , (29)

whereHuf is a Heaviside function defined asHuf = H
(

[ux]f − [ux]
)

in which H (•) = 0 if

(•) < 0, H (•) = 1 if (•) > 0.
The failure mechanism is activated if the following yield pullout condition is verified

Φs(NF , χp) = NF − N0 − χp = 0. (30)

The additive decomposition of the axial strain in the elastic and plastic parts is postulated:

ex = ee
x + es

x =
1

lR
([ue

x] − [us
x]) . (31)

The evolution of slipping discontinuous displacement is described by the following associative plas-
tic flow rules and loading-unloading conditions

[u̇s
x] = λ̇, ξ̇p = λ̇; Φs ≤ 0, λ̇ ≥ 0, λ̇ Φs = 0 (32)

whereλ̇ is the plastic multiplier,N0 = [ux]0ERAR/lR represents the pull-out activation threshold
andχp is the static internal variable defined asχp = hpξp, beinghp the hardening parameter. In
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particular,hp = 0 can be chosen for long rods andhp < 0 for short ones.
The reinforcement rupture under tensile axial forces is described making use of classical concepts
of Damage Mechanics. The progressive stiffness degradation of the rod is analytically described by:

NF = Huf (1 − ωs)
2 ERAR

lR
[ue

x] . (33)

The damage variableωs assumes values in the range0 ≤ ωs ≤ 1. The damage activation function
is assumed with the following form:

Φd(ζd, χd) = ζd − ζ0 − χd ≤ 0 (34)

whereζd is the thermodynamic force conjugated toωs andχd is the static variable conjugated to the
internal variableξd:

ζd = (1 − ωs)
ERAR

lR
[ue

x]
2
, χd = hd ξd. (35)

The flow rules and the loading/unloading conditions read respectively:

ω̇s = λ̇d, ξ̇d = λ̇d; Φd ≤ 0, λ̇d ≥ 0, λ̇d Φd = 0. (36)

In order to describe thebeam-truss degeneration, Damage Mechanics has been applied to the bend-
ing and shear stiffness of the rod. The kinematic variables driving this failure mechanism are the
rotation angles at the two extremitiesϕ±

y = ϕy(± lR
2

), depending on the shear and bending stiff-
ness of the rod and on the rotational springs stiffnessK (K+ = K− = K is assumed for sake of
simplicity):

ϕ±

y = ϕy = −
6ERIGRAR [uz]

GRARl2RK + 6ERI (GRARlR + 2χK)
. (37)

An integrity function is applied to the stiffness of the rotational springs, therefore, in equation (37)
the stiffness valueK is replaced by

K̃ = (1 − ωc) K

(

[us
x] − [ux]f
− [ux]f

)2

(38)

in whichωc is the damage variable assuming the zero value for a sound rodmatrix and the unit value
when the rod matrix is totally damaged and the fibres become a set of strands, i.e. truss mechanical
behaviour.ωc is defined as function of the damage history variableϕyd as follows:

ωc =
ϕ2

yd

ϕ2
yd + hc

(39)

wherehc is a constitutive parameter. The matrix damage onset is regulated by the following damage
function with the loading-unloading conditions:

Φdc = ϕy − ϕyd − ϕy0 ≤ 0; Φdc ≤ 0, ϕ̇yd ≥ 0, ϕ̇yd Φdc = 0. (40)

In equation (40)ϕy0 represents the damage activation threshold.
The reinforcement reduced to a set of strands, can suffer large rotations determined by the applied
total discontinuity displacement following the directionof the applied loading condition. The rupture
of strands under tension characterizes the final failure mechanism.
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4 APPLICATIONS TO WOOD STRUCTURES: GLULAM BEAMS
Four points bending tests on real-scale wood glulam beams have been carried out at the DISAG

Laboratory of Palermo University. The glulam beam T3-1 is constituted by 12 laminae, 4 of wood
denoted L30 (σk=18 MPa, E=12 GPa) and 8 (beam core) of wood L25 (σk=14.5 MPa, E=11 GPa).
The experimental tests regarded a simple glulam beam and a glulam beam reinforced with GFRP
rods inserted in the normal direction to the laminae. In bothcases the beams have been subjected to
force-controlled tests.
The numerical analysis of the unreinforced glulam beam has been carried out by the research ori-
ented finite element code (FEAP) in which the through-thickness interface laws have been imple-
mented. Space discretization has been achieved employing two-dimensional 4 nodes isoparametric
elements simulating laminae and by 4 nodes interface elements for the bed and finger joints, for a
total of 1980 nodes and 1862 elements. The comparison between unreinforced experimental load-

Figure 3: Comparison between experimental and numerical unreinforced and reinforced glu-
lam beam load-displacement curves and constitutive parameters used for the numerical analysis
(U=unreinforced, R=reinforced) (JB=bed joint, JF= finger joint).

displacement curve and the numerical one is shown in fig. 3. The numerical results match quite well
the experimental ones both in terms of elastic response and peak load value attained during the test.
After an initial elastic response, non linear effects occurdue to the delamination along the longitu-
dinal joints. Once the peak load has been reached a softeningbranch with unstable response takes
place due to a collapse mechanism corresponding to the progressive slipping of the bed joints which
has been also observed experimentally up to the final greatest slip reached at the middle plane. The
constitutive parameters adopted for the numerical simulation are reported in table of figure 3.
The second test has regarded another glulam beam T3-1 RV (with a different geometrical distribu-
tion of finger joints) reinforced by 64 GFRP rods having a diameterφ = 8 mm and a lengthl = 370
mm embedded in the beam through an epoxy-amino resin. The rods have been distributed in two
rows between the load application points and the supports inorder to improve the delamination
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Figure 4: Geometrical scheme of the rods location in the glulam beam T3-1 RV.

toughness and to increase the overall beam strength. In figure 4 the geometrical scheme of the rods
location is reported. As done for the previous test, the glulam beam has been subjected to a four
points bending test and the vertical forces have been increased up to beam failure. The comparison
between reinforced experimental and numerical results, interms of load-displacement curves, is re-
ported in figure 3. It can be noticed that the reinforced glulam beam shows an increment of stiffness
and the peak load attained is 380 kN, that is 10% higher than the unreinforced value detected (350
kN). The failure mechanism observed both experimentally and numerically is not so much different
from the one observed in the unreinforced glulam beam test, thus the peak load increment depends
on the modest increase of bed joints toughness. New chances for the future are the comparison of
numerical post peak results with experimental ones derivedfrom displacement controlled tests and
the employment of different materials for the through-thickness reinforcement.
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