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Summary

This report relates to GIROD WP1 - “Development of a calculation model”. WP1 consists of
four sub-WPs: 1.1 “Theoretical work”, 1.2 “Bond line tests”, 1.3 “Tests for calibration” and 1.4
“Calibration of model”.

In WPI1.1 theoretical models for rational prediction of pull out strength have been developed.
The models include a very simple ideal plastic model, a linear elastic fracture mechanics model, a
bar shear lag fracture model, a Timoshenko beam shear lag fracture model and a 3D non-linear
finite element fracture model. Several simulations have been made by the finite element model in
order to investigate the effect of various geometry and material parameters on the pull out
strength. The theoretical formats developed in WP1.1 has been further studied and evaluated in
WP1.4 by means of test results.

In WP1.2, the bond line properties for three different adhesives, a fibre reinforced phenol-
resorcinol, PRF, a 2-component polyurethane, PUR, and an epoxy, EPX, have been determined
by tests of small specimens in pure shear. Specimens with a very small bond area were tested in
order to ensure as uniform stress as possible. The load versus deformation response of the bond
line is recorded. An initially chosen test set-up was used for a large amount (approximately 30) of
pre-tests. The mean strength of the adhesives was lower than expected (less than 6 MPa) and the
test response was often unstable for the PUR and EPX. The PRF adhesive failed due to crushing
of the threads in the adhesive, while the PUR and EPX adhesives failed in the wood/adhesive
interface region with a large amount of wood fibres left on the adhesive. Due to the unstable
response, these results were not suitable for evaluation, and a second test set-up was designed. A
few (12) pre-test with the PRF-adhesive were performed with this second test set-up, producing
useful results. Using a slightly modified version of the second test set-up, the main test series was
performed with a total of 61 successful tests. The mean strength was found to be 7.1 MPa for the
PRF, 10.5 MPa for the PUR and 13.1 MPa for the EPX adhesive at 0° load to grain angle. The
density of the wood was measured and it was found that it had no significant influence on the
strength for the PUR adhesive. A small effect was found for the EPX and PRF bonded specimens.
The mean work to failure was found to be 11.8, 9.6 and 22.0 kJ/m’ for the PRF, PUR and EPX
adhesives respectively. A method for evaluation of the effective fracture energy from the tests has
been proposed. The method is based on evaluating the initial slope of the descending stress—
displacement curve, rather than the conventional calculation of the area below the curve. This
initial, negative, slope of the descending part of the stress-displacement curve, which can be used
as a measure of the brittleness of the bondline, was evaluated for the three adhesives. It was found
that the EPX and the PUR were the more brittle ones and that the PRF was more ductile. The
load to grain angle was found to have a major influence on both the strength and the ductility. At
0° the average shear strength was 13.1 MPa and the alternate load to grain angles resulted in shear
strengths of 12.8, 10.7 and 7.1 MPa for 22.5°, 45° and 90° respectively. The more ductile
behaviour of the cross grain specimens is explained in part by a propagating (in the
circumferential direction) failure mode.

In WP1.3 a large number of full-scale short term ramp load tests of glued-in rods have been
made. Three glues have been tested (PRF, PUR and EPX), various joint geometries (rod length,
rod diameter, wood cross section dimensions and angle between rod and grain direction of the
wood) and densities of the wood. The specimens were conditioned at 65% relative humidity
before testing. Each test series comprised 7 nominally equal tests. The failure mode observed in
these tests was pull out of the rod, i.e. not splitting of the wood. The testing work is finished. A
more detailed presentation of the test results than given in this report is compiled by project

partner FMPA.

In WP1.4 strength design methods for the basic short term constant climate pull-out strength of
glued-in rods are proposed. A basic proposal discussed in greater detail has been used in WP8. For



adhesives that don’t shrink significantly and have some bond to the rod (epoxy and PUR) a
design equation that is simple and based on rational mechanics has been developed. For other
adhesives empirical strength design by tests is proposed. The basic design equation has been
verified by short time ramp load test results obtained within WP1.3 and WP7. In WP1.4 there
are moreover FE-results, showing the non-linear fracture mechanics prediction of the
performance of full scale joints tested in WP1.3, as obtained using basic material property data
from WP 1.2. The FE-results also comprise verification analysis of the small specimen test
method.
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1 ACRONYMS, ABBREVIATIONS AND SYMBOLS
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PU,PUR
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coefficient of variation

epoxy

glass fibre reinforced polyester
fibre reinforced phenol-resorcinol adhesive
polyurethane

relative humidity

beam cross section inclination
rod diameter

engineering shear strain
displacement (slip) across bondline
normal strain

slenderness ratio of rod, 1/d
Poisson’s ratio

normal stress, peel stress

shear stress

mixed mode angle

stiffness ratio of joint

cross sectional area

constant

Young’s modulus

shear modulus

fracture energy

area moment of inertia
bending moment

normal force

external force

distributed load (body force)
stiffness ratio of joint

stiffness ratio of joint

shear force

width

rod diameter

eccentricity

base of natural logarithm, 2.71828...
root to characteristic equation
length

distributed bending moment, exponent
exponent

exponent

radius

bondline thickness

axial displacement

radial displacement

axial coordinate

radial coordinate






2 INTRODUCTION

2.1 Present state of the project

2.1.1 Work content

The objective of WP1 is to establish a calculation model for the basic pull-out strength, that can
be used as a basis for establishing design rules for glued-in rods in Eurocode 5, and for creating a
better understanding of the mechanical behaviour of glued in rods.

WP1 is organised in four parts: WP1.1, WP1.2, WP1.3 and WP1.4. In the below, the work
content of the four parts is described.

WP1.1 is theoretical work. An analytical equation for the strength of glued-in rods derived from
Volkersen’s theory and fracture mechanics will be used as the starting point for the work. The
model includes the factors that are estimated to be the most important for the load capacity of
glued-in rods loaded in tension: length and diameter of the rod, the shear strength and the
fracture energy of the bond line, and the stiffness of the two adherent materials. The model is,
however, one-dimensional, assuming pure shear in the bond-line and only axial deformation in
the adherents. Therefore modifications and extension may be required. Finite element analysis
will be carried out using a non-linear mixed mode fracture mechanics model of bond-lines. By
FE-analysis several parameters studies for the influence on load bearing capacity of type of
loading, geometry and material properties will be carried out

In WP1.2, bond line properties will be determined by tests of small specimens in pure shear.
Specimens with a very small bond area are tested in order to ensure as uniform stress as possible.
The local load versus deformation response of the bond line is recorded. A criterion for such a test
to be successful is that is has to be stable i.e. it is required that the complete descending branch of
the stress-displacement curve can be recorded. From this recording, strength and fracture energy
can be evaluated.

WP1.3 is full scale testing of glued-in rods. The object of the testing is to enable verification and
calibration of the model. According to a preliminary testing plan 22 types of glued in rods shall be
tested, the testing of each type including 7 nominally equal tests.

WP1.4 is calibration and verification of the theoretical models. The analytical model and the FE-
model from WP1.1 will be verified by means of the test results obtained in WP1.2 and WP1.3.
As a part of this work, FE-analysis of the test specimen of WP1.2 and the glued—in rods tested in
WP1.3 will also be made.

2.1.2 Current status
The study of glued-in rods in project SMT4-CT97-2199 has been completed.

2.2 Time schedule - deviations from work plan
There was no significant deviation between the work plan for WP1 and the work carried out.






3 RESULTS OF THE WORK CARRIED OUT - WP1.1

3.1 Introduction

WP1.1 comprises theoretical work for the development of the format of a rational strength
calculation model. This work has, in accordance with the planed work, comprised analytical work
and numerical calculations. The analytical work is to large extent based on concepts of fracture
mechanics and developments of the so-called Volkersen theory for stress analysis of lap joints. The
numerical calculations were made by the finite element method, using a 3D geometry model and
a mixed mode material model for non-linear gradual fracture of the bond surface. By the
numerical calculations the sensitivity in load capacity to various geometry and material parameters
were studied.

3.2 Overview of strength calculation models

First, two main groups of strength calculation models can be identified: empirical models and
rational models. In empirical models some arbitrary equation with one or more free parameters is
assumed. The numerical values of the parameters are then determined by fit to experimental
strength test data.

The discussion here will focus on rational, theoretical models. In such models a strength equation
or calculation algorithm is developed by means of fundamentals such equilibrium, geometrical
compatibility of deformations and some mathematical description of the performance of the
materials. The free parameters may be identified as parameters that define geometry, loading
conditions and material properties. The numerical values of the material parameters may be
obtained by separate and independent material property tests or by fitting of theoretical strength
equation to experimental strength test data.

In Table 1 an overview of the models dealt with here is given. In the table the simplest models are
indicated first. Models 1 and 2 are both special cases of model 3. Model 3 and thereby also
models 1 and 2 are special cases of model 4. In the below, first model 3 will be derived and then
models 1 and 2 identified by assuming a very ductile adhesive performance and a very brittle
adhesive performance, respectively. Models 3 and 4 are then discussed.
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Table 1. Over-view of models dealt with.

Nr Name Geometry Confinement to Properties of bond layer
displacement
field
1 Ideal plastic Bar (the rod) in Rod and wood Ductile, ideal plastic
model cylinder (the modelled as bars and shear layer. Parameter:
wood) adhesive as a shear lag local strength, T,
layer. [e.g. in MPa]
2 Linear elastic Bar (the rod) in Rod and wood Brittle, shear layer with
fracture cylinder (the modelled as bars and ~ negligible deformation.
mechanics wood) adhesive as a shear lag Parameter: fracture
layer energy, G, [e.g. in ]/m’]
3 Bar shear lag Bar (the rod) in Rod and wood Linear elastic shear layer
fracture model cylinder (the modelled as bars and with local strength
wood) adhesive as a shear lag  defined by 7, and local
layer deformation capacity
defined from the
fracture energy, G,
4 Shear beam Bar (the rod) in  Rod modelled as a bar, Linear elastic shear layer
shear lag cylinder (the wood as a beam, taking with local strength
fracture model wood) into account shear defined by T, and local
deformation and ZEro deformation capacity
bending, and adhesive defined from the
as a shear lag layer fracture energy, G,
5 FEM non-linear  Arbitrary 3D: Strains in the adhesive ~ Non-linear performance
fracture model  bar (the rod) in  layer taken as the mean  with shear and normal
box (the wood) strains across the stress both determined

thickness of the layer

from the shear and
normal deformations

3.3 Bar shear lag fracture model

3.3.1Introduction and notations

This model may be regarded as a combination of the so-called Volkersen model and fracture
mechanics [5]. The model is here dealt with for application to axi-symmetric geometry and to
general cases of loading, including distributed loading along the joint and to loading that reflects
the effect of strains due to variation in temperature or moisture content. The rod and the wood
are assumed to perform as bars, indicated by 1 and 2, respectively, and the bond layer as a shear
lag layer indicated by 3. The elastic stiffnesses are denoted E,, E, and G,. The size of the cross
section of part 1 is A, and of part 2 A,. The size of the bond area is 2mtl. Other symbols are
defined in Figure 1. Q indicates distributed external load acting on the wood adherent. The
dimension of Q is force per volume, the load is acting in the x-direction and may in a general case
vary with x. N indicates cross section normal force.

12



Q- I |

N, (©) SRS Y

H\\\HHIHIIIIIIIIIIHIHH:HHHHHII]IIIIIIIII

— Y —y— | —

N1 (0) T T TR N»] ([)

}

} dx

4

N +«— — —>N2+dN2

— 3
N [ ey
dx ]

Figure 1. Geometry and notations used in bar shear lag analysis.

3.3.2 Governing differential equation and general solution
Equilibrium of lengths dx of part 1 and 2 gives

dN +27mrdxT, = 0

dN -27trdxt, - QA,dx = 0

Compatibility of deformations gives

u,-u,=tY,

(1)

3)

where u indicates displacement and 7 shear strain. Since normal strain is defined by €=du/dx, eq

(3) entails

€,- 8,=t3Y'3

Relations between strain and stress are given by the elastic parameters

(4)

13



’Y?):TS/ G3 (5)

£,=6,/E=N/(EA) ©)

€,=0,/E,=N/(E,A) 7)
Differentiating eq (5), and then substituting eq (5), (6) and (7) into eq (4) give
NJ/(EA)-N/EA) =T /G, (8)

Differentiating this equation and with N,"=dN/dx from the equations of equilibrium, (1) and (2),
a differential equation which governs the shear stress distribution along the rod, 7,(x), is obtained:

7,7~ 01T, = -QG,/(,E,) (10)
where
o’ = (GJ/t) @mr) (1/(EA) + 1/(EA,)) (1)

The general solution of eq (10) is

T, = C,cosh(wx) + Csinh(wx) + T, (12)
For constant distributed load Q(x)=Q), a particular solution is

T, (%) = Q, G/ (t,E,0) (13)
For the common case Q(x)=0 the particular solution is T,,(x)=0.

3.3.3 Determination of constants from boundary conditions

To determine the constants C, and C, knowledge about N,(0), N,(0), N,(I) and N,(I) shall be
utilised. Differentiation of eq (12) and then substitution of T’, into eq (8) yields

NJ/(EA) -N/(EA) = (t/G,) o (Csinh(wx) + Ccosh(wx)) (14)

provided that Q(x) is constant. Eq (14) is valid for all x, and in particular for x=0 and x=| are
found:

N,(0)/(E,A,) - N,(0)/(EA) = (t/G,) ® (0 + C,) (15)

N,()/(EA,) - N,()/(EA,) = (t/G,) ® (C,sinh(wl) + C,cosh(cl)) (16)

14



3.3.4Shear stress distribution equations for five loading conditions

From eq (15) and (16) constants C, and C, can be determined for arbitrary boundary conditions.
Here the constants shall be given for five basic load cases. These cases may then be superposed
into many other cases.

The first case, 1, “pull-pull” relates to the conditions N,(0)=N,()=P, N,(0)=N,(1)=0 and Q,=0.
For these conditions are found constants C, and C, which substituted into eq (12) give

1,=P G,/(t,w EA) {[cosh(®w]) + E,A /(E,A,)] cosh(wx)/sinh(wl) — sinh(wx)} 17)

The second case, 2, “pull-compression” relates to the conditions N,(0)=-N,(0)=P, N,()=N,(1)=0
and Q,=0. For these conditions are found constants C, and C, which substituted into eq (12) give

1,=PG,/(,wEA) [1 + EA/(EA,)] [cosh(wx)/tanh(wl]) — sinh(wx)] (18)

The third case, 3, “pull of rod” relates to the conditions N,(0)=N,(1)=P, N,(0)=N,(1)=0 and Q,=0.

For these conditions are found constants C, and C, which substituted into eq (12) give

T,=P G,/(t,w EA) [cosh(mwx) (cosh(w])-1)/sinh(wl) + sinh(wx)] (19)
This third case may be used for analyses of the shear stress along the bond line in the case of

internal straining of the rod, e.g. due to increased temperature in the rod. Denoting the free strain
of the rod by €,, eq (19) gives the shear stress distribution by

P-¢gEA, (20)

The fourth case, 4, “pull of wood” refers to N,(0)=N,(1)=P, N,(0)=N,(1)=0 and Q,=0. For these
conditions are found constants C, and C, which substituted into eq (12) give

T,=-PGJ/(twEA) (EA/EA,) [cosh(wx) (cosh(wl)-1)/sinh(wl) - sinh(wx)] 21)

This forth case may be used for analyses of the shear stress along the bond line in the case of
internal straining of the wood, e.g. due to increased moisture content. Denoting the free strain in

wood by €, eq (21) gives the shear stress distribution by

P-¢gEA, (22)
The fifth case, 5, is denoted “pull-distributed”. It refers to uniform volume loading of the wood
in the x-direction of magnitude Q,=P/(A,]) and a counteracting pull of the rod, P, at x=0. In this
case N,(0)=P, N,(1)=N,(0)=N,(1)=0 and Q,=constant=P/(A ]). Solving eq(15) and (16) for C, and
C,, and then substitution into eq (11) with the particular solution from eq (12) gives

T,=P G,/(t,w E,A)) [cosh(wx) cosh(wl)/sinh(wl) - sinh(wx)+ E A /(E,A,0l) ] (23)

The fifth loading case is primarily intended for use, in combination with other loading, when
analysing rods glued perpendicular into a beam.

15



In Figure 2 the shear stress distributions corresponding to the five loads are shown for one
example of parameter values: P=10000 N, E =200000 N/mm’, E,=10000 N/mm’, G,=100
N/mm’, r=8 mm, A,=200 mm’, A,=10000 mm’, t,=0.5 mm and 1=160 mm.

13 [N/mm?]
401

2. Pull-compression
5. Pull-distributed
1. Pull-pull

3.0 3. Pull of rod (eg increased temperature of rod, €=.025%)
2.0

1.0

N

0.0

-1.0
4. Pull of wood
2.0k (eg increased moisture content, £0=.010%))
3.

-3.0

0 20 40 60 80 100 120 140 160
position, x [mm]

Figure 2. Shear stress distribution along rod for different loading

3.3.5Interpretation of shear layer stiffness before strength analysis

Before glued in rod strength analysis the shear layer stiffness, G,/t,, shall be interpreted in terms of
the fracture energy and the strength of the layer. Since the layer is linear elastic, the fracture
energy G, i.e. the work needed for separation of unit area, is

G,=(1/2) 1,8,= (1/2) 1,7,/ (G,Jt)) (24)

Where 1, is the local shear strength of the bond layer and 9, the corresponding shear slip. The
shear strength and the fracture energy of the layer shall be regarded as the basic bond parameters
for the analysis of the pull out load carrying capacity of the glued in rods. In terms of these
parameters the shear stiffness is, as determined by eq (24),

(G,/t) = T2/2G) 25)

This shear stiffness, which is relevant for strength analysis, is commonly much less than the elastic
stiffness of the adhesive layer, the ratio as a typical example being in the order of 1/100.

Substituting eq (25) into eq (11), the parameter ®’ can be written as

o' = (1’ /G) (1/(EA) + 1/(EA,) (26)

16



3.3.6 Equations for the pull out strength

The criterion of failure may be defined as
T =T, 27)

where T__ is the largest absolute value of the shear stress, T,. Although the criterion is formulated
as a stress criterion, it is not a stress criterion in a conventional sense since T, and thereby T__ are
effected by the material strength parameters T, and G, through the relation of eq (25).

For load case 1, “pull-pull”, t,_=1(0) if (E,A,)/(E,A)) > 1, which probably is the case in almost all
cases of practical interest. With T__= 7(0) eq (17) together with eq (25) and (27) gives

P/2nrl 1) = (GOE A)/(t/ntrl) [ sinh(wl)/(cosh(wl)+(E,A)/(E,A) ] (28)
where P, is the predicted pull out load capacity of the glued in rod. P/(2mrl 1) is the ratio between
the nominal shear stress at failure, P/(2mrl), and the bond strength, 1.

For load case 2, “pull-compression”, T, = T(0). With T,_= 1(0) eq (18) together with eq (25) and
(27) gives

P/@2mi 1) = (GOE,A,)/(tel) [tanh(wl)/(1+(E,A)/(EA)) ] 29)

For load case 3, “pull of rod ”, T, = T(0) = -T(l). With T__= T(0) eq (19) together with eq (25) and
(27) give

P/(2mrl 1) = (GOE A)/(t/7rl) [ sinh(ol)/(cosh(ol)-1) ] (30)

For load case 4, “pull of wood”, T, = -T(0) = T(l). With T_ = -1(0) eq (21) together with eq (25)
and (27) gives

P/(2mrl 1) = (GOE A)/(t/7el) [(E,A)/(E,A)] [[ sinh(wl)/(cosh(ol)-1) ] (31)

For load case 5, “pull-distributed”, T, = 7(0) at least if (E,A,)/(E,A,) > 1, which probably is the
case in almost all cases of practical interest. With T, = 7(0) eq (23) together with eq (25) and (27)
gives

P/2mil 1) = (GOE A )/(t7trl) / [cosh(wl)/sinh(wl) +(E,A,)/(E,A,wl)] 32)
Figure 3 shows failure loads for one example of parameter values: E1=200000 N/mm’, E,=10000

N/mm’, G=2 Nmm/mm’, T=8 N/mm’, r=8 mm, A,=200 mm” and A,=10000 mm’. The values
of G, and T, correspond to G,=8 N/mm” if t,=0.5 mm.

17
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Figure 3. Failure load, Pj, vs. glued length, |, for different loads according to a bar shear lag fracture
model.

3.4 Pull out strength according to ideal plastic model

In this simple model it is assumed that the adhesive layer has the ability to perform in an ideal
plastic manner and carry a constant shear stress, T, , at any magnitude of the shear deformation of
the bond layer. This means that the shear stress is constant along the rod at failure. The pull out
strength of the rod may be obtained in a simple manner by equations of equilibrium or by letting
G,approach infinity in the above eq (28) — (32).

For load cases 1 (pull-pull), 2 (pull-compression) and 5 (pull distributed) is found

P/(2milt) = 1.0 (33)

For load cases 3 (pull of the rod) and 4 (pull of the wood) is found

P/Q2mit) — o (34)

Eq (34) means that failure of the bond layer can not be achieved by pulling the rod or the wood if
the bond layer has large ductility. This result is consistent with a general theorem of the theory of
ideal plasticity, according to which internal strains, e.g. due to temperature gradients, don’t
influence load carrying capacity.

3.5 Pull out strength according to linear elastic fracture mechanics

In this model the adhesive layer is assumed to perform in a brittle manner in the sense that failure
is assumed to take place as start of crack propagation along the rod.

The load carrying fracture process region in front of the crack tip is assumed to be small as
compared to the length of the rod. Equations for the pull out strength can be obtained by an
equation for the balance between release of strain energy and dissipation of fracture energy as the

18



crack propagates. Alternatively the strength equations may by obtained from the above eq (28)-
(32) by letting the dimensionless number ®l approach infinity. This corresponds to zero
deformation capacity, T(G,/t,), of the bond layer, see eq (25) and (26).

The same results is obtained for load cases 1 (pull-pull), 3 (pull of rod) and 5 (pull distributed).
By letting ®l approach infinity, eq (28), (30) and (32) give

P/@2mi 1) = (GOE,A,)/(t7el) (35)

which also may be written as

P =2J/nrG,EA, J1+EA/EA,) (36)

. 2
or, if A,=mr", as

R, =2xr,/E,G, r \/1+EA/(EA,) 37)

For load case 2 (pull-compression) eq (29) gives

P/(2mil 1) = (GOEA)/(t/mel) / (1+E,A /(EA) (38)

which, if A =1tr’, can by written as

R =2nr,/E,G, r | J1+EA/(E,A,) (39)

For load case 4 (pull of wood) eq (29) gives

P/(2mil 1) = (GOEA )/ (t’mil) (EA/(EA,)) (40)

which, if A =1tr’, can by written as

R =2rr[E,G, 1 i (E,A/(EA))? +EAIEA,)) (41)

Figure 4 shows failure loads as predicted by the linear elastic fracture mechanics equations versus
glued length for one example of parameter values: E1=200000 N/mm’, E,=10000 N/mm’, G,=2
Nmm/mm’, r=8 mm, A =200 mm” and A,=10000 mm’. To enable comparisons the results of the
bar shear lag fracture model, see Figure 3, are also shown.
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Figure 4. Pull out strength results of linear elastic fracture mechanics, LEFM. The curves from Figure 3
are also shown.

3.6 Timoshenko beam shear lag fracture model

3.6.1Introduction

Major simplifications adopted in the lap joint model of Volkersen and in the bar shear lag
fracture model dealt with in the above are that bending and shear deformations of the adherents
are not taken into account. In the case of glued in rods, neglect of bending is probably a
reasonable approximation due to the approximately axi-symmetric character of the geometry. The
shear deformations in the wood might be of greater and significant importance, in particular if
cross sectional dimension of the wood is of the same magnitude as the length of the rod.
Moreover, the low shear stiffness of wood adds to the magnitude and possible significance of the
shear deformations. In order to investigate if an analytical equation for glued rods can be
developed and to study the effect of the shear deformations a theory where shear is taken into
account in a similar way as in the Timoshenko beam theory will be discussed in the below.

3.6.2 Development of governing differential equation

In Figure 5 geometry, notations and positive directions are defined. To simplify the development
and understanding of the model, a single lap joint with supports that prevent bending is studied
at first. The results obtained for this single lap joint can then be applied to an axi-symmetric joint
by making relevant substitutions. Material properties are as in the bar shear lag model with the
addition of the elastic shear modulus G, of the wood. The rod is treated as a bar and the bond
layer as an elastic shear lag layer, just as in the above analysis. The wooden part is modelled as a
Timoshenko beam. Since equations of bending moment equilibrium will be needed, normal
stress, O, acting perpendicular to the adhesive layer must be included in the analysis. Normal
strain perpendicular to the layer is however disregarded.
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Bending curvature is prevented and the centre line of the wooden part is accordingly assumed to
remain straight. The beam cross sections are in accordance with Timoshenko beam theory
assumed to remain plane, but not, as in conventional beam theory, necessarily perpendicular to
the centre line. Beam cross section inclination is denoted ©. Since the beam remains straight

O = Y, (42)

where the v, is the shear strain in the wood material. The allowable displacement field of the
wood is restricted by

uxy) = ux,0) -y 0O®x), v(xy) =0 (43)

Comparing this with the bar theory, the unknown displacements are know defined by two
functions, u(x,0) and ©(x), instead of only by u(x,0).

To develop a governing differential equation, first equations for the wooden part are dealt with.
Equilibrium in the x-direction of a part dx of the wood gives Nz’—’c3b=0, which together with
N,=A,6,=E,Ae = EAu, gives

EAu,”-1,b=0 (44)

with b dening the width, cf. Figure 5. Equilibrium in the y-direction of a part dx gives V,-6,b=0,
which together with V,=A 1,=G,Ay,= -G,A,O gives

G,A,0+6,b=0 (45)

Moment equilibrium of a part dx gives M, +V,-eT,b=0, which together with M,=E,1.© and V= -
G,A,0 gives

E1,0”-G,A,0-e1,b=0 (46)
For the rod, in analogy with the wood, the basic equations give

EAu+Tb=0 47)
For the adhesive layer

T, = G, = G,(u,u)/t, = G,(u+e®-u )/, (48-a)

By differentiating eq (48-a) twice and then taking u,” and u,” from eq (44) and (47), respectively,
is found

1" = G,tb/(EA) + €0+ TH/(EA)), (48-b)

Eq (46) and (48-b) constitutes a system of two second order differential equations with © and T,
as the unknown functions. These equations are transformed to one fourth order differential
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equation by a set of manipulations: first eq (46) is differentiated twice, then ®” and ©”” are
substituted from eq (48-b), ®”” being obtained by differentiating eq (48-b) twice. This gives the
governing differential equation

T+ 81, +Tt, =0 (49)
where

S=-(G,/t) (b/(EZAZ)+b/(E1A1)+ezb/(EZIZ)) -GA/E]L) (50)
T= (G3/t3) (GzAz)/(Ezlz) (b/(EzA2)+b/(E1A1)) (51)

The general solution to eq (49) is

1, =C,e¥ +C,e* + C . +C,e* (52)

where the constants C,, C,, C, and C, must be determined from boundary conditions. The

coefficients k,, k,, k, and k, can be found by solving the characteristic equation

kK'+SkK+T=0 (53-a)

which gives

Ky =—ky=y-52+,[(§27-T . k,=—k,=y-52-[(F2°-T (53-b)

By letting G,A, — oo, i.e. for zero shear strain in the wood, eq (49) becomes equal to the
homogenous part of eq (10). This reflects that the theory dealt with in section 3.3 can be
regarded as a special case of the theory dealt with in this section
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Figure 5. Geometry, notations and positive directions used in Timoshenko beam shear lag analysis.

3.6.3 Equations for determination of constants from boundary conditions

The boundary conditions are commonly known in terms of N, (or u;’), N, (or u,), V, (or ©)
and/or M, (or ©’) at x=0 and at x=I, not directly in terms of 7,. In the below conditions for 7,
corresponding to various cross section conditions are given. Altogether there are 8 end cross
section quantities. Since these must be such that global equilibrium of the joint in the x-direction
is fulfilled, there are 7 quantities that may be assigned arbitrary values. There are, however, only 4
constants to be determined. This can be dealt with in two ways. Either certain linear
combinations of end cross sectional quantities are assigned the desired values (obtained from the
desired values of the individual quantities) or else 4 (at the most) individual quantities are
assigned values and the remaining quantities obtained as a result of the calculations.

Knowing N, N, and M, (e.g. at x=0 and/or at x=1) the corresponding condition for T, can be
found by differentiating eq (48) and make the substitutions u,=N,/(E,A,)), ®=M,/(E,l,) and
u/’=N,/(EA), giving

TS, = (Gs/ts) (Nz/(EzAz) + Mze/(Ezlz) - NI/(EIAI)) (54)
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To obtain a condition for a known V,, ©” from eq (46) can be substituted into eq (48). Use of
V,= -G,A,O then gives

1,7 - (GJt) b/(EA) + eb/(EL) + b/(EA)) T,=V, (G./t) e/(E,L) (55)

To get a separate condition for a given value of M,, V, is replaced by -G,A,® in eq (55), then the
equation is differentiated and M,=E,1.©’ utilised, giving

1,7 - (G,Jt) (b/I(EA) + &b/(EL) + bI(EA)) T, = M, (G,A)(G,/t) e/(E,L) (56)

To get a separate condition for loading by normal forces, M, from eq (56) may be substituted
into eq (54), giving

1,” - [(GA)/(EL) + (G,/t,) (b/(E,A) + e’b/(E,L)) + b/(EA)] T, =

= (G,)/t) (GA)/(E]L) (N/(EA) - N/(EA,) (57)

To get a set of equations for determination the constants C,, C,, C, and C, by use of eq (54),
(55), (56) and/or (57), T, and the derivatives of T, are expressed by eq (52).

Having obtained the solution for 7,(x), the above equations may also be used for calculation of
M, (x), V,(x) and O(x). The normal forces N,(x) and N,(x) can be obtained by integration of 7,(x).
The stress 6,(x) can be calculated from O(x) by use of eq (45).

3.6.4Determination of constants for one set of boundary conditions

The “pull-pull” loading case shall be studied in greater detail and the following conditions are
chosen in this example: N,(0)=P, N,()=0, N,(0)=0, N,()=P, M,(0)=0 and V,(1)=0. The four first
of these six conditions are really only two conditions, namely that (N,/(E,A)) - N /(EA)) is —
P/(E,A)) at x=0 and P/(E,A)) at x=1. It is sufficient to prescribe (N/(E,A)) - N/(E,A)) since it is
this difference that produces shear in the adhesive layer, not the absolute magnitude of normal
forces.

The boundary conditions give a set of four equations. The first equation is eq (57) at x=0, the
second is eq (56) at x=0, the third is eq (57) at x=I and the fourth is eq (55) at x=I. Using matrix
notation, the equations may be written as

KC=P (58)

where the C vector contains the constants to be determined, i.e.

c=[c,c,c,c,] (59)

The 4 by 4 coefficient matrix K is
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K=lke k& Kk k& ] [Dulki k, ks Kk, ]
Kook K K3 Dul ky  k, ks kg ] (©0)
Kl ke ki ki D[ ke“ kg9 ke ke“]
kZekll k2ek2| kZek3| kZek4| D [ ekll ek2| ek3| ek4| ]
1 2 3 4 v
where
Dy = (Gy/ty) (DI(E,A,) +€°DI(E,|,) + bI(E,A,)) + (G,A,)I(E, I ) (61)
D,, = (G,lt;) (b/(E,A,) +€’bI(E,l,) +bI(E,A))) (62-a)
D, =(G,/t,)(b/(E,A,)+ ezb/(EZI ,)+DI(EA)) (62-b)
The P vector is
P=[R(-PIEA,)) 0 R (P(EA,) O] (63)
where
FN = (Gslts) (GzAz)/(Ezlz) (64)

By principle it may be possible to solve eq (58) analytically and then get an explicit expression for
the shear stress distribution along the rod. One may, however, expect such an expression to be
lengthy. It is therefore more convenient to solve the equation after having inserted the numerical
values of the parameters.

In the below numerical results are presented also for some other loading and end conditions than
the one here discussed in greater detail. The method to determine the constants C,, C,, C, and C,
is analogous for the various conditions, the only difference being the equations used in eq (58).

3.6.5 Substitution of parameters for axi-symmetric geometry

The above Timoshenko beam shear lag theory has basically been derived for a lap joint with
rectangular cross section. For application to axi-symmetric joints:

b = 2mr, (65)
e=(2/3) (r,)-r,)/(r,'r,) - 1, (66)
L= @2) (r,"r,) - (4n/9) (r,’r,’)’/ (r,’r,’) (67)
A =7, (68)
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and

A, =n(r, ), (69)

r,, and r, denote the outer and inner radius of the wood part, r, the radius of the rod and r the
distance from the centre to the shear layer. Commonly it may be a reasonable approximation to
assume r=r, = I,.

3.6.6 Examples of shear stress distribution

In Figure 6 is the shear stress distribution corresponding to the “pull-pull” load shown for one
example of parameter values: P=10000 N, E ,=200000 N/mm’, E,=10000 N/mm’, G,=100
N/mm’, r=8 mm, A ;=200 mm’, A,=10000 mm”, t,=0.5 mm, =160 mm and G,=700 N/mm’.
Apart from the value of the new parameter, G,, the numerical values used are the same as used
when calculating the shear stress distributions shown in Figure 2. For comparison the result

obtained for a high value of G,, G,=5000 N/mm”, and the result obtained by the bar shear lag

. 2
theory, corresponding to G,—>ee, are also shown. G,=5000 N/mm'=E,/2 corresponds to the shear
stiffness of an isotropic material with zero Poisson’s ratio.

Figure 7 illustrates the effect of end conditions. For the condition V,(0)=0 is in general obtained
M,(0)#0 as a result and for the condition M,(0)=0 is in general obtained V,(0)#0. If G, is
increased towards infinity the same result is obtained for the two conditions, coinciding also with
the result of the bar shear lag model. V,(0)#0, which is estimated to be closer to reality than
M, (0)#0, is a radial load acting on the wood at x=0. Such loading corresponds to concentrated
tangential stress in the wood at x=0 and to concentrated normal stress acting across the bond layer
at x=0. It might be possible to use a beam theory for calculating the stresses corresponding to

V,(0).
Figure 8 shows the cross section inclination, 0, for the same conditions as illustrated in Figure 7.
The bending moment in the wood is proportional to the slope of the 8-curve, 6, and the shear

force is proportional the to magnitude of 0. Figure 9 and Figure 10 show the distributed radial

load ©, as determined from 6’ by eq (45). This load corresponds to tangential stresses in the wood
and radial normal stress across the bond layer.
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Figure 6. Shear stress distribution according to a Timoshenko shear lag theory at different shear stiffness
of the wood.
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Figure 7. Shear stress distribution for different end conditions.
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Figure 8. Wood cross section inclination, O (=-Y,), according to a Timoshenko beam shear lag theory.
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Figure 9. Stress 0, See Figure 10 for other scale.
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Figure 10. Stress 0, See Figure 9 for other scale.

3.6.7 Pull out strength

Knowing T,(x) from a calculation with (G,/t,) set equal to 1//(2G)), the pull out strength is
obtained from the criterion

IT,(x)

T (70)

In Figures 11,12 and 13, some results are shown. Unless otherwise stated in the figure, the results
were all obtained for the “pull-pull” kind of load and with the same set of parameter values as in
previous strength calculations: E,=200000 N/mm’, E,=10000 N/mm’, G=2 Nmm/mm’, 1=8
N/mm’, r=8 mm, A,=200 mm’ and A,=10000 mm”. The values of G, and T, corresponds to G,=8

N/mm” if t,=0.5 mm. In addition, especially for the present Timoshenko kind of modellihg:
G,=700 N/mm2, M,(0)=0 and V,(1)=0.

Figure 11 shows that the results are not very different from those of the bar shear lag theory,
shown by the curve indicated by G,—ee. The figure also shows that short rods, with a length less
than about 170 mm, have an other decisive mode of failure than the longer rods, failure being
initiated at x=1. The Timoshenko beam kind of theory predicts a somewhat higher strength than
the bar kind of theory for the longer rods and a somewhat lower strength for the short rods.

Figure 12 shows the effect of the end-conditions. The results of the two conditions coincide as G,
is increased towards infinity. Figure 13 gives an illustration of the strength at “pull-compression”
load versus “pull-pull” load. Moreover Figure 13 shows how the fracture energy of the bond layer
effects the pull out strength.

29



P /(2 )

1
st G=700 N/t
' failureat x=1
067 G=700 Nl'nm?:
falurea x=0
0.4+
Gy—x0:
falurea x=0
0.2k desicivefor dl |
O 1 1 1 1 1 1 1 1]
0 100 200 300 400 500 600 700 800
glued length, | [mm]

Figure 11. Pull out strength according to a Timoshenko beam fracture theory.
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Figure 12. Effect of end conditions on pull out strength.
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Figure 13. Pull out strength predictions for two kinds of loading and for various fracture energy values.

3.7 Finite element analysis

3.7.1Introduction

Finite element simulations based on a non-linear fracture mechanics model have been performed.
In the simulations the 3D geometry of glued in rod joints were taken into account as well as
gradual fracture softening, or damage, of the bond layer. In order to study the effect of various
parameters on the pull out strength of glued in rods several FE-calculations have been carried out.
Three parameter studies, denoted I, II and III, have been made. The main objectives of these
three studies were:

I.  Analysis of the pull out strength with regard to the influence of various geometry and
material property parameters. The loading case “pull-pull” was studied.

II.  Analysis of the stresses in the wood and the effect on pullout strength of varying stiffness
properties within the wood.

III.  Analysis of the pull out strength at loading “pull-compression” versus the strength at “pull-
pull”. The effect of support arrangements was studied.

IV.  Analysis of the pull out strength for different load-to-grain angles. Both pull-pull and three-

point bending loading was examined.

3.7.2 Computational model: geometry, material and FE-mesh

All simulations were made by the general-purpose finite element code ABAQUS, [6]. In the
model three materials are considered: wood, steel and bond layer. The wood is treated as an
orthotropic linear elastic continuum, the steel as an isotropic linear elastic continuum and the
bond layer as a layer in which the components of stress are non-linear functions of the relative
shear and normal displacements across the layer. Figure 14 shows the geometry of the joints
studied and defines various geometry parameters. Numerical values of parameters are indicated in
the below sections.
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The threading of the rods is not taken into account in the geometry model. The effect of the
threading on the axial stiffness of the rods can be taken into account by reducing the value of the
modulus of elasticity of the steel. A rod with the nominal diameter =16 mm is taken as an
example. From handbooks it is found that the effective cross section area of such a rod, if having
metric threads with the coarse pitch, is 157 mm’. This means that the modulus of elasticity of the
steel could be reduced by the factor 157/(1t 8%=0.78 in order to correctly model the normal
stiffness of the rod. No such reduction is made in the present calculations.

The steel was throughout the present calculations assumed to perform in an isotropic linear elastic
manner, characterised by E=210000 N/ mm’ and v=0.3.

The wood was throughout the present calculations assumed to perform in an orthotropic linear
elastic manner. The notations and the numerical values of the nine parameters that define such a
material are given in Table 2. The material directions were assumed to be constant within the
specimen in studies I and II. These directions, | for longitudinal, r for radial and t for tangential,
are indicated in Figure 14. In study II variations of the directions according to the orientation of
the annual rings and the build up of glulam from laminations were considered.

Table 2. Stiffness parameters of wood adopted in calculations

Young’s modulus Shear modulus Poisson’s ratio
E = 500 N/mm2 G_ = 60N/mm2 v, =0.3
E = 800N/mm2 G,=700N/mm2 v, =0.02
E =14000 N/mm2 G, =600 N/mm2 v, =0.02

The bond line was modelled by a non-linear model. In this model the performance of the
material is basically defined by three curves. One curve defines the pure shear stress vs. shear
deformation response, one curve defines the pure normal stress versus normal deformation
response and one curve defines the interaction at combined states of deformation. Here the model
is first described for a general case and then restrictions are made so that the properties of the
bond layer can be defined by only four parameters: the strength and fracture energy for pure shear
and for pure tension: T, G, 6;and G,,.

The model used is an extension of the model developed by Wernersson in [11]. The model of
Wernersson was two-dimensional, involving one shear component and one normal component.
For three-dimensional application the model is expanded into consideration of the two shear
components plus one normal component needed for definition of the interaction between two
surfaces.

The bond line properties at pure shear and at pure tension are given by two piece-wise linear
curves. Figure 15 shows such curves for both shear stress (solid line) and normal stress (dashed
line).
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Figure 15. Stress-slip curve for bond layer in shear (solid line) and for normal stress (dashed line).

A general mixed mode state of deformation is described by the two shear slips, 8, and 8, and by
the normal deformation 8 . The stress-deformation response is assumed to retain its piecewise
linear shape for radial deformation paths (constant values of (§:5,:9)), but vary smoothly with
the degree of mixed mode, expressed by the mixed mode angles @_and @, :

@ =arctan (9,/3) (71)
@, =arctan (8/9) (72)
where

5. =32 152, (73)

The following criterion is used to determine whether the current state is in the linear elastic
region:

852

0
85.2,1

) (o

0
Ona

Oy

)"+
Sas

)P <1 (74)

The second subscript, 1, refers to the first breakpoint in the piecewise linear curve and superscript
0 stands for uniaxial pure shear or normal loading properties. If the current state is linear elastic,
the responses in the three directions are linear elastic and uncoupled. If not, new break point

)
bl

deformations § and 9§, are calculated by means of an equation analogous to (74), using the

sLi 52,0

33



current values of the mixed mode ratios 8,/3, and 8/9,. The stresses corresponding to a
breakpoint, i, are then calculated according to

)
T =1 31’1 75)
8Sl,l
)
T =To o (76)
682,1
)
0 “nl
G, =0, 77
52, 77)

Knowing the stresses at the breakpoints, the stress for the current deformation can be obtained by
linear interpolation. In FE-analysis it is necessary not only to calculate the state of the stress for
current deformation, but also the tangential stiffness of the material at the current state, i.e. the
derivative of stress with respect to deformation. In the current FE-implementation this derivative
is calculated numerically since it, for the present material model, is very difficult to find a general
explicit equation for the derivative.

The FE-implementation is a so-called smeared crack implementation. This means that the above
relations for stress versus relative displacement, or deformation, are transformed into relations for
stress versus strain by dividing with the width of the continuum finite element used to model the
bond layer.

In the present calculation the following has been assumed through out. In eq (74)

m=n=p=2 (78)

and the basic pure loading stress-deformation curves have been defined by three linear parts, see
Figure 15, where

v,=7,,/3 and 1',=0 (79)
and
8 ,,=48, and & =398, (80)

for shear in the s1-direction. The performance in the s2-direction was assumed to be the same as
in the s1-direction. For the n-direction

6,=6" /4 and ¢",=0 (81)
and
5,,=308,, and 8 ,=1798 (82)

34



Moreover

T,=1,,=1, (83)
and
o' =0, (84)

which together with

Gyo= [19 062 = [ dd% (85)
and
Grp =J'c°dsﬂ (86)

defines the bond layer properties for given numerical values of the four material parameters T,

G,, 6;and G,,.

The finite element subdivision used for most calculations is shown in Figure 16. Due to
symmetry only one half of the length of the specimen as well as one half of the width was
analysed. For cases with material properties like those analysed in studies I and III, having
constant material direction in the wood, it would by principle have been possible to utilise
additional symmetry properties. The model consists of approximately 14000 nodes, 42000
degrees of freedom and 12000 elements. The bond layer is modelled with 50 elements in the axial
direction and 12 elements in the circumferential direction.

The elements representing the wood and the steel are standard, isoparametric 8 node brick
elements. The bond layer was modelled by the same type of element, but with reduced
integration with only 1 Gausspoint in order to avoid shear locking. Such locking can be a
problem if the linear brick element has an extreme slenderness ratio.

For some calculations with brittle adhesive properties, giving a small length of active fracture
process region, the element subdivision along the rod was refined so that the bond element length
was halved by increasing the number element in the axial direction from 50 to 100.

In order to check if the finite element mesh in the plane of the cross section was fine enough, a
mesh with about 65000 nodes and 195000 degrees of freedom was used in one calculation.
Comparison with the load capacity calculated with the 14000 node mesh gave a difference of less
than 1%.

Load was applied by increments in displacement, not force. Displacement controlled loading can
make it possible to trace post peak-load behaviour.
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Figure 16. Finite element subdivision used in most simulations.

3.7.3 Parameter study 1: “pull-pull”, constant material directions

In this study the joint load was “pull-pull” and the orientation of material directions of the wood
was kept constant. The 22 simulations made are grouped into 6 groups, denoted A-F. Simulation
Al is the reference case, and each group refers to simulations where one parameter has been
changed in relation to the value applied in simulation Al. In the groups the following parameters

have been studied:

A. Variation of the fracture energies G, and G,, at constant ratio G,,/ G,,=5. The results obtained

in this group also give information about the effect of a proportional change of T, and G, about
the effect of a proportional change of all stiffness parameters of the wood and the steel, and about
the size effect, i.e. the effect of a proportional change of all geometrical dimensions.

B. Variation of the lengths | and | at constant ratio | /1 =1.4.

C. Variation of the rod diameter, ¢.

D. Variation of the length | .

E. Variation of the shear strength 7, in simulations E1 and E2, and variation of the tensile
strength G, in simulations E3 and E4.

F. Variation of the cross section dimensions b and h at constant ratio b/h=1.0.

The load displacement curves from simulations A1, B1 and B2 are shown in Figure 17, where the
dots indicate the instance of fracture initiation. From the simulations it is also possible to obtain
e.g. the stress distribution in the bond layer at different load levels. This is shown for simulations
Al, B1 and B2 in Figure 18-23. In Table 3 the input parameter values are given together with
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the computational result in terms the failure loads P, In the table also the nominal glued in rod
shear strength P/(n¢l) and the nominal tensile stress in the rods P/ (n’/4) are indicated. In all
calculations the distances |, and t,were kept constant: 1 =3 mm and 0.5 mm.

100 . . .
B2

A1

60 1
B1

Load (kN)

00 0.5 1 1.5 2

Displacement (mm)

Figure 17. Load displacement response for simulations A1, BI and B2.
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Figure 18. Linear elastic stress distribution. T solid line and o dashed line. Simulation Al.
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Figure 19. Stress distribution at maximum load. T solid line and o dashed line. Simulation Al.
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Figure 20. Linear elastic stress distribution. T solid line and o dashed line. Simulation Bl.
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Figure 21. Stress distribution at maximum load. 7 solid line and © dashed line. Simulation B1.
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Table 3. Input data and calculated pullout strength, P, All parameters are in unit mm, Nimm® or
Nmm/mnt’, except P, which is given in kN. 7, =P /(7)) and ©,,, =P/ ng/4)

st

Nr (I) lg lw b=h T G; Gﬂ> Gﬁn Pf Thond O,
kN
Al 16 320 230 120 12 4 2.0 0.5 83.8 5.21 417
A2 16 320 230 120 12 4 4.0 1.0 1014 6.30 504
A3 16 320 230 120 12 4 1.0 0.25 65.9 4.09 327
A4 16 320 230 120 12 4 8.0 2.0 1214 7.55 604
A5 16 320 230 120 12 4 0.5 0.125 458 2.85 228
A6 16 320 230 120 12 4 16.0 4.0 147.0 9.14 731
A7 16 320 230 120 12 4 0.25 0.0625 33.6 2.09 167
A8 16 320 230 120 12 4 32.0 8.0 171.6 10.7 853
A9 16 320 230 120 12 4 64.0 16.0 184.1 114 916
B1 16 160 115 120 12 4 2.0 0.5 549 6.83 273
B2 16 640 460 120 12 4 2.0 0.5 99.2 3.08 493
Cl 8 320 230 120 12 4 2.0 0.5 33.0 4.10 657
C2 32 320 230 120 12 4 2.0 0.5 186.0 5.78 231
C3 4 320 230 120 12 4 2.0 0.5 12.1  3.02 963
D1 16 320 115 120 12 4 2.0 0.5 82.1 5.10 408
D2 16 320 575 120 12 4 2.0 0.5 84.4 5.24 420
E1 16 320 230 120 6 4 2.0 0.5 60.7 3.78 302
E2 16 320 230 120 24 4 2.0 0.5 97.2  6.04 483
E3 16 320 230 120 12 2 2.0 0.5 83.7 5.21 416
E4 16 320 230 120 12 8 2.0 0.5 84.5 5.25 420
F1 16 320 230 60 12 4 2.0 0.5 91.9 5.71 457
F2 16 320 230 240 12 4 2.0 0.5 81.8 5.08 407

3.7.4Parameter study ll: varying annual ring orientation and stresses in wood

In study II, varying (cylindrical) material orientation and the magnitude of the stresses in the
wood were studied. Eight simulations were made. They are denoted G1-G4 and H1-H4. Input
data and computational results are given in Table 5. The material orientations, G1-G4, in the
glulam lamella are defined in Figure 24. The orientations are cylindrical with various locations of
the pith. The middle lamella is somewhat thicker than the outer lamella, 0.375h and 0.3125h,
respectively. This corresponds to middle lamella thickness 45 mm if h=120 mm. Input data and
type of loading are according to those used in simulation Al of study I, except for the material
orientation and cross section size. The latter is varied in simulations H1-H4 at constant
cylindrical material orientation in order to investigate the effect of cross section size on the
magnitude of maximum stresses in the wood.
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Figure 24. Annual ring orientations used in the simulations.

In order to estimate the risk of failure in the wood an effective stress in the wood is calculated
according to a failure criterion of Norris, [10]. According to this criterion a dimensionless

effective stress 0, is defined as

wood

_wood = max ( Ewood,n > Ewood,[l > Ewood,rl) (87)
where

O i = (6/6)'+ (0 /) - 6.6/(E/F) + (T JE)’ (88)

Ezwood,d =(o/ f[)2+ (o/ ﬁ)z -oo/ (f[/ fl) +(t,/ fd)z (89)

Ezwood,rl =(o/ fr)z*' (o/ fl)z -00/ (fr/ fl) +(t,/ fd)z (90)

In these equations the normal strength values are assigned different values for tension and
compression. According to the criterion of Norris failure develops in a point of the material if

o 1.0 (91)

wood
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in that point. This may, or may not, lead to global failure. Table 4 gives the wood strength values
chosen from literature [4, 8, 9].

Table 4. Adopted strength values.

Tensile or compressive strength  Shear strength
f=5N/mm’ or -6N/mm" f =4N/mm’
f=4N/mm’ or -6N/mm’ f, =10N/mm’
£ =90 N/mm” or -45N/mm’ f =10 N/mm’

In the present finite element simulations has been calculated for the Gaussian points in each

wood

element representing wood. The values of G, given in Table 5 are the maximum values found

wood

during the course of loading up to pull out failure of the rod. The spatial maximums of o

wood

versus the magnitude of the pull out load are shown in Figure 25 for the eight simulations. It is
evident that maximum o, is not found for P=P, but at about 0.7 P. This is because of
favourable redistribution of stress when damage gradually develops in the bond layer. The results

also show, somewhat surprising, that o, is somewhat higher for the larger cross sections.

wood

Variation of material direction was not found to have any major effect, neither on P, noron ©

wood*

0.8

Ot

0.6

0.4r

0 L L L L 1 | L L L
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1

P/P,

Figure 25. The spatial maximum of OTW . versus the magnitude of the pull out load.
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Table 5. Input data and calculated pullout strength, P, and max effective normalised stress in
wood, ©,, . Input data as for A1, unless otherwise given in the table. All parameters are in unit mm,
Nimm’ or Nmmimni', except P, which is given in kN and ©,,,, which is dimensionless. T, ~P /()

and ©,,, =P/ ng’/4)
Nr  Material orientation of  b=h P, T, c., _wood
wood in glulam kN
Gl Cylindrical “G1” 120  82.1 5.10 408 1.17
G2 Cylindrical “G2” 120  82.1 5.10 408 1.17
G3 Cylindrical “G3” 120 83.0 5.16 413 1.17
G4 Cylindrical “G4” 120 84.0 5.22 418 1.17
H1 Cylindrical “G1” 180 81.2 5.05 404 1.14
H2 Cylindrical “G1” 80 88.0 5.47 438 1.09
H3 Cylindrical “G1” 240 812 5.05 404 1.16
H4 Cylindrical “G1” 60 91.8 571 457 1.04

3.7.5Parameter study llI: influence of method of load application

In this study the influence of loading of the glued in rod joint by pull-compression versus loading
by pull-pull was studied. In the case of pull-compression loading the method of load application
was also studied. Application of the compressive load was modelled by means of the contact
modelling facilities in ABAQUS. The modelling corresponds to application of the load by a stiff
plate. The coefficient of friction between the plate and the wood was set equal to 0.6. Three sizes
of the stiff plate were studied: a 120 by 120 mm square plate, a 100 mm diameter circular plate
and a 40 mm diameter circular plate. In all plates was a hole for the rod. The diameter of the hole
was made equal to the diameter of the hole in the wood plus 1 mm, i.e. 16+0.5+0.5+1=18.0 mm.

Input data and the calculated pull out strengths are indicated in Table 6. Input parameters not
defined in Table 6 are according to the data used in simulation Al in study I, see Table 2. Ratio
1/l is slightly different in the different simulations. Comparison of simulations Al and tl
suggests that this variation is of minor significance. In the simulations marked *) a finer element
mesh with more nodes and elements in the contact area was used. In addition to results regarding
effect of load application Table 6 also give additional information about the effect of rod length
and fracture energy.
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Table 6. Input data and calculated pull out strength, P, Input data as for A1, unless otherwise given in

the table. All parameters are in unit mm, Nimm’ or Nmm/mmi’, except P, which is given in kN.

%,,.~P/ (TPl and 0, =P/ 7/4) 7 indicates refined finite element contact modelling.

Nr Load Plate for L I, G, G, P, 1., o
application of kN
compression
csl Pull-com. 120 mmsquare 320 256 2.0 0.5 733 456 365
tl Pull-pull - 320 256 2.0 0.5 838 5.21 417
ccl Pull-com. 100 mm circular 320 256 2.0 0.5 729 453 363
cs2 Pull-com. 120 mm square 160 126 2.0 0.5 50.3 6.25 250
t2 = Bl Pull-pull - 160 115 2.0 0.5 54.9 6.83 272
cs3 Pull-com. 120 mm square 320 256 4.0 1.0 90.9 5.65 452
3=A2 Pull-pull - 320 230 4.0 1.0 1014 6.30 504
cs4 Pull-com. 120 mm square 160 126 4.0 1.0 60.8 7.56 302
t4 Pull-pull - 160 126 4.0 1.0 66.8 8.31 332
cs5 Pull-com. 120 mmsquare 320 259 1.0 0.25 534 3.32 266
t5=A3 Pull—pull - 320 230 1.0 0.25 659 4.10 328
cs6 Pull-com. 120 mm square 160 126 1.0 0.25 413 5.14 205
t6 Pull—pull - 160 126 1.0 0.25 452 5.62 225

res1’=csl Pull-com. 120 mm square 320 256 2.0 0.5 73.5  4.57 366
rccl’=ccl  Pull-com. 100 mm circular 320 256 2.0 05 727 452 362
recl-40" Pull-com. 40 mm circular 320 256 2.0 0.5 673 4.18 335
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3.7.6 Parameter study IV: influence of load-to-grain angle

In order to examine the influence of the load-to-grain angle, two different FE-models were
employed. Firstly the geometry of the pull-pull specimen as reported above was used in a series of
simulations varying the slope of the grain from 0° to 90°. Although such a specimen has not been
used in the GIROD-project, it is useful for comparison with the results from parameter study I.
The difference in results as compared with parameter study I will then be due to the slope of grain
only. In Figure 26 the response of the reference geometry (A1) for different load-to-grain angles is
shown. Figure 27 shows the corresponding results for the Bl geometry (I=160mm). The
corresponding numerical values are summarised in Table 7.
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Figure 26. Load-displacement response for different load-to-grain angles. Loading by pull-pull.
Geometry and bondline properties according to simulation Al.
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Figure 27. Load-displacement response for different load-to-grain angles. Loading by pull-pull.
Geometry and bondline properties according to simulation B1.
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Table 7. Pull-out load (pull-pull loading) for different load-to-grain angles. Specimen geometry
according to simulation A](/g=320 mm) and Bl (1g=]60 mm,).

Load-to-grain angle ~ (° 22.5°  45°  67.5° 90°

lg:320 mm 83.8 88.9 658 532 50.0
lg:lGO mm 549 52.1 423 374 36.1
140 . — : : :
7 — D-LEFM

_o_ 3D-FEM Ig:320mm
e 3D—FEM,Ig:160mm H
___ Volkersen, | =160mm

120

Volkersen, | =320mm
100 g

Ultimate load (kN)

20+

0 1 1 I Il 1 1 I I
0 10 20 30 40 50 60 70 80 90

Load-to—grain angle (°)

Figure 28. Comparison of different calculation models for the prediction of pull-out load for various
load-to-grain angles. Loading in pull-pull.

3.7.7 Parameter study V: influence of load application - 3P-bending

In the GIROD-project tests were performed using a three-point bending specimen with the rod
glued in at different angles. In order to analyse the possible influence of this different geometry,
FE-simulations were also performed for 3P-bending with 90° load-to-grain angle. Two different
geometries were analysed, 160 and 320 mm bolt (glued-in length) in a 60x120x1800 mm beam
subjected to 3 point bending by pulling of the rod in the midspan. The FE-mesh used for the 320
mm bolt is shown in Figure 29. The results from this study are shown in Table 8. It turns out
that the predicted pull-out strength is very much influenced by loading in bending as compared
with loading in pull-pull. As an example, the FE-simulations predict a pull-out load of 50 kN for
the pull-pull case (Table 7, 90°) and a pull-out load of 71.8 kN for the three-point bending case.
The reason for this difference is that the three point bending set-up gives a more uniform shear
stress distribution along the rod. For the three point bending, at least for the case where the rod
length is not small in comparison with the beam depth, the shear stresses are transferred along the
entire rod. For the pull-pull case there are more pronounced shear stress concentrations at the
ends of the rod. For comparison, the linear elastic shear stress distribution along the rod is shown
in Figure 30 for the pull-pull case and the three point bending case.
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Figure 29. FE-mesh of the 3P bending specimen (only % considered due to symmetry).

Table 8. Influence of load application on pull-out load (kN) for 90 ° load-to-grain angle.
Length Pull-pull  3P-bending
320 mm 50.0 71.8
160 mm 36.1 44.0

7 T 7
6 6
'(?5 '(?5
o o
= =
4 a4r
1% 1%
o : o
Bl : Bgl
5 i 5
o} H o}
= i =
Dol ; Dol
l”'
1 Sk 1
________________________
0 H i 0 ; i H ; ; H
0 50 100 150 0 50 100 150 200 250 300

Axial coordinate (mm) Axial coordinate (mm)

Figure 30. Linear elastic shear stress distributions for 3P-bending (solid) and for pull-pull(dashed). All

curves correspond to an average shear stress of 0.5 MPa. [ =160 mm (left) and [ =320 mm (right). 90°
load-to-grain angle.
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4 RESULTS OF THE WORK CARRIED OUT - WP1.2

4.1 Remarks on testing for fracture mechanical properties

In WP1.2, one of the goals is to perform stable tests of small glued-in rods. For the test
performance to be stable, i.e. a test including a possibly descending branch of the stress-slip
relation, the test set-up needs to fulfil certain requirements. When the strength of the material
tested is reached, softening begins and a localised failure develops. In order to achieve stability,
the relaxation of the material surrounding the fracture process zone must correspond to the
deformation developing during cracking. Stable test performance of softening materials thus
requires displacement control as well as considerable stiffnesses outside the fracture process zone.
The stiffness outside the fracture process zone includes the test specimen, its attachment to the
testing machine, and the testing machine itself, including the load cells, grips, etc. Another way of
expressing the stability requirement is to state that when the material softens, i.e. when the force
applied by the testing machine decreases during the increase in deformation, the strain energy
released outside the fracture process zone needs to be smaller than the energy required to extend
the fracture zone.

4.2 Goals

The goals of “WP1.2 — Bondline tests of mechanical properties”, are to perform stable tests on
small bondlines and record their strength, stiffness, work to failure and the shape of the stress—
displacement curve (including its descending branch after peak stress). If these goals are met the
results can be fitted into a constitutive model based on nonlinear fracture mechanics theory. This
model will be used to perform numerical simulations by the finite element method. Such
simulations are necessary to check and calibrate the analytical expressions for the pull out strength

being derived in WP1.1.

4.3 Test series

The original testing plan for WP1.2 contains a total of 50 tests on different combinations of glue
(PRF, PUR and EPX), timber quality (C35 and C24), grain to load angle (0°, 22.5°, 45° and
90°), and adherents (steel and glass fibre). For all 3 glues the following combinations of these are
tested: steel-wood (C35), 0°; steel-wood (C24), 0° (2X3 series). In addition to this, one of the
adhesives was to be tested for the other load to grain angles (wood C35) and also a series with a
glass-fibre reinforced polyester (FRP) rod (wood C35, 0°) (4 series). It was decided to change the
adhesive type regarded as reference case from the PRF, which turned out to behave somewhat
unexpected with no adhesion to the steel, to the EPX. In total the main tests includes 10 series of
different test configurations. Each such series consists of five nominally equal tests—a total of 50
tests. The test series to be performed in WP1.2 are summarised in Table 9.

Table 9. Test series in WPI1.2.

Description PRF PUR EPX
steel/wood, C35, 0° X X X
steel/wood, C24, 0° X X X

steel/wood, C35, 22.5° ) X
steel/wood, C35, 45° ) X
steel/wood, C35, 90° () X
FRP/wood, C35, 0° (x) X
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4.4 Sample preparation

4.4.1 General remarks

In testing for mechanical properties of e.g. an adhesive bond line, two markedly different
approaches can be used:

e take the structure for which the properties are to be determined, and cut out a
representative test specimen of appropriate size and shape, or

e prepare a test specimen of the size required in the test.

The two approaches have their respective advantages and disadvantages. The first approach is
appealing since a test specimen is cut from a larger structure, which has been manufactured in the
same way as in practice. For the present application this approach would mean that a long full-
length rod is glued into a glulam beam and then cut (sliced) into pieces of appropriate size. If this
approach is used the gluing in of the rod and the curing of the adhesive will take place under
circumstances which are the same as those for all other specimens in the project. The major
drawback of this method is that the sample preparation following the initial gluing in of the rod
might damage the specimen in such a way that the subsequent testing gives results that are not
representative for uncut glued-in rods. Another drawback, not so serious though, is that the
sample preparation i.e. the cutting of the specimens can be somewhat difficult to perform since it
requires special sawing facilities.

The second approach is a more standard approach, at least for pure mechanical testing of
materials. In the present context this approach would mean that a “rod” of small length is glued
into a small wood piece. Producing a specimen using this approach can cause several problems.
Firstly the question arises whether the gluing and curing conditions of the adhesive are the same
as for full-length rods. Using a short glued in length it is impossible to obtain a high pressure in
the bondline during curing. It is also difficult to ensure a centrally placed rod. The gluing of a
short rod means also that boundary effects in the curing might have an impact on the result

(forming of CO,-bubbles in PUR).

4.4.2 Materials and climate conditions

Both the above-described methods of producing test specimens have been used. These two
methods are here after termed I and II.

All samples were prepared using wood pieces cut from glulam beams taken from the same
shipment as the rest of the glulam used in GIROD. The glulam beams were stored in standard
climate 20°C, 65%RH. The gluing and curing as well as the storing of the finished specimens
was also done in this climate. All specimens were cured for at least 7 days prior to testing.

4.4.3 Pre-tests - series |

In the first pre-test series the approach of type I was tested. The cutting of the wood/rod into
slices results in high temperatures in the steel, which in turn might affect the bondline. Therefore
it was decided to use threaded glued-in tubes instead which proved to reduce the heat
development considerably. A glulam beam of 120x120 mm’ cross section was used. In this three
holes with a diameter of $=17 mm and a length of 165 mm were drilled parallel to the grain. The
three adhesives to be tested were mixed according to the manufacturers instructions and the
adhesives were poured into the holes using syringes. Three threaded (M16) tubes (inner diameter
of 12 mm) were plugged (to avoid the glue to fill the tubes) and then pressed into the holes,
letting the excessive amount of glue flow out of the hole. The specimens were left to cure for at
least 7 days prior to any further processing. After curing the glulam beam with the glued-in tubes
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was placed in a sawing machine, which is originally used to cut steel of large dimensions. The
glulam beam with the rods was then sliced into 10mm thick slices of 120x120 mm’. From this
slice three specimens (48x48mm’) were cut using an ordinary wood band saw. The sample
preparation is schematically shown in Figure 31. Due to low accuracy of the sawing it was found
that it was necessary to machine the slices to get smooth surfaces.

1. Drill 3 holes (d=17mm)

2. Glue 3 rods (3 adhesives)

3. Slice (t=10 mm)

4. Cut each slice in 3 pieces (48x48)

=4 a4
/ N /// //48
/ \ Yy
/ -4
/ 48

Figure 31. Preparation of specimens type 1.

10 mm
|
L

10

4.4.4 Pre-tests - series Il

Due to the results obtained with the type I specimens it was decided to perform a test series with
type 11 specimens. The glulam beam of cross section 120x120mm” was split into four pieces of
48x48 mm’, Each such piece was then cut to a thickness of 20 mm (test series I1a) or 40 mm (test
series IIb). In each test piece a hole of ¢=17 mm was then drilled through the entire piece. From a
threaded rod (M16), strength class 8.8, 90 mm long specimens with a threaded length of 8 mm
were cut. In Figure 32 a schematic of the bolt and the way the wood pieces were cut is shown.
After drilling the holes in the wood pieces, the holes were partially filled with “Tack-It” (kind of
synthetic clay used to fix posters etc.) and a 0.5 mm Teflon film. An 8 mm deep hole was left for
the threaded rod. Adhesive was poured into the holes and the rods placed in the holes. To ensure
a good filling out of the cavities of the threads, glue was also spread on the bolts’ thread. All
specimens were cured for at least 7 days prior to testing. After curing of the adhesive the synthetic
clay and the Teflon film was removed from the hole.

1

SR
/e J =" Te

Figure 32. Preparation of specimens type 1.
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4.4.5 Main series

Since the results from the pre-tests using the type II specimens turned out promising, the main
test series was performed using this specimen type, with minor changes. A fixing and guiding
device was manufactured to make the gluing of the specimens more accurate and less time-
consuming. In order to assure a centrally placed bolt in the drilled hole three metal clips were
pressed into the synthetic clay so that the bolt was securely fixed in the center of the hole. The
same principle for sample preparation was used for the tests performed on the FRP rod. The
nominally 16 mm diameter rods were cut in 90 mm long pieces and were then machined to
12 mm diameter except for the 8 mm at one end. The FRP rods have a smooth surface and to
improve the adhesion of the glue, they were lightly sanded by hand and then wiped clean using a
cloth soaked with alcohol.

Three additional load to grain angles were tested for the material combination of EPX-adhesive
and steel rod. These specimens were cut out so that the load to grain angle was 22.5°,45° and 90°
respectively. In order to obtain specimens with uniform properties, each group of nominally equal
specimens were cut from a single glulam lamination. This means that the 90° specimens, for
instance, were cut almost in the radial direction, cf. Figure 33.

Figure 33. Schematic of specimen cut-out for two load to grain angles.

4.5 Test set-ups and testing conditions

4.5.1 General remarks

All tests were performed using displacement control so that the softening behaviour of the
bondline could be recorded.

The pre-test series were performed with various speed to find a suitable testing speed, so that the
peak stress was obtained within a few minutes and the total time for a test was approximately 7-
10 minutes. This resulted in the tests being performed using an initial cross-head speed of 0.001-
0.005 mm/s. The speed of the cross-head was manually increased after peak stress so that the final
cross head speed was 0.01-0.05 mm/s.

The testing machine used is a hydraulic MTS closed loop system. The force applied and the

displacement of the crosshead of the machine was measured in all cases.

52



The testing took place in normal room climate, and the specimens were kept in plastic bags, to
avoid them from drying.

4.5.2 Pre-test series |

In Figure 34, a schematic of the set-up used in the pre-tests series I is shown. The set-up consists
of a specimen holder made of steel with two grips, which prevents the specimen edges from lifting
when load is applied. A steel cylinder was mounted in the hydraulic grips of the testing machine.
The cylinder has a smaller diameter at the one end, allowing the edge of the steel tube glued into
the wood to come in contact with the cylinder (Figure 34—left).

4.5.3 Pre-test series Il

For pre-test series II the glued-in bolt was mounted directly in the hydraulic grips (Figure 34—
right). For some of the tests, the deformation was measured using an LVDT. This was mounted
inside the specimen holder, cf. Figure 34. However, it turned out that the difference in measured
displacement was negligible, and the LVDT was not used in the main test series.

Test machine grips

Vo e &

Deformation measuring LVDT’s

L ~

Figure 34. Test set-ups used in pre-test series | and I1.

4.5.4 Main series

For the main series it was decided not to use the specimen holder, since the pre-test series II
showed that the LVDT measurements gave the same result as measuring the displacement of the
crosshead of the testing machine. The test specimens were instead placed on a self-aligning plate
which in turn was fitted into the lower hydraulic grips of the testing machine. The self-aligning
plate was used in order to achieve a more uniform stress distribution at the contact surface. A
schematic of this set-up is shown in Figure 35.

The initial speed of the loading was set to 0.003 mm/s (cross-head speed). After a 40% load drop
after peak load the loading speed was gradually increased so that each test was completed after 7-
10 minutes. The final speed was set to be 0.03 mm/s.

In addition to the original plan, including five nominally equal test for every material
combination, it was decided to investigate the characteristics at unloading after peak stress for one
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specimen. Here, unloading means decreasing deformation. The unloading sequence of these tests
was automatically initiated by the software of the test system. The unloading was set to take place
after a 20% load drop. After the unloading sequence was completed a new loading sequence was
run until complete failure of the specimen was achieved.

The density and the moisture content was also determined for the specimens. This was done by
cutting small pieces of the wood, in the vicinity of the bondline, and weighing them in air and
under water. This was done after the specimens had been stored at standard climate 20°C/65%
RH. Following this the specimens were dried at 105°C for 24 hours and then weighed. The
density values reported are calculated as (dry mass)/(volume at 20°C, 65RH).

12 1

H

82

40

- ey C 7

Figure 35. Specimens and set-up used in main test series.
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4.6 Methods for the evaluation of test results

4.6.1Strength and work to failure

From the tests it was straightforward to evaluate the strength of the bond (load divided by
nominal area), and to integrate the stress-displacement curve to obtain the work to failure. Doing
so it was assumed that the fracture area was equal to the area of a cylinder of 16 mm diameter. In
the main series, the length of the fracture surface was measured after the tests were completed. For
the pre-test, however, the length of the fracture surface was estimated from the nominal bondline
length aimed at the manufacturing of the specimens.

The parameters obtained in this way are not likely to represent the local strength and fracture
energy of the bond. Firstly, although a small glued in length has been used, the stress distribution
is not completely uniform and there is also possibly peel stress present during the test. Secondly,
the work to failure is mainly due to friction, after local fracture has taken place. The PRF bonded
specimens failed at the thread-adhesive interface and, bearing in mind that the pitch of the used
thread is 2 mm, it is obvious that the PRF-bondline has fractured completely after a deformation
in the range of 0.5-1.0 mm. The remaining load-bearing capacity is therefore completely due to
friction.

To overcome the difficulties in test evaluation a trial and error approach using nonlinear FE-
simulations of the tests can be used. This is performed by fitting local bond strength (shear and
peel strength) and fracture energies until the test results (strength, energy and shape of curve) can
be reproduced numerically.

4.6.2 Brittleness and initial stiffness of the bondline

Instead of using the area below the stress displacement curve as a measure of the fracture energy of
the bond, the initial slope of the descending branch can be used. This slope is the critical one for
stable response. Furthermore, for structural-sized bonds, the total deformation before collapse is
rather in the range of 1-2 mm than 8-10 mm, which was the typical total deformation at
complete failure for most specimens. The remaining energy “consumed” during the small
specimen tests is due to friction after the fracture has taken place and is therefore not a parameter
needed for a structural sized specimen. The approach of using the initial negative slope of the
descending branch is shown in Figure 36. Note that the initial elastic response of this curve has
been subtracted, so that the displacement now corresponds to the relative slip across a bond
interface of zero initial width.
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Figure 36. An example of how to evaluate the test results.

To estimate the initial stiffness, all slopes from zero to maximum load were calculated using least
square fits, for intervals including approximately 25% of the maximum load. As initial stiffness,
the steepest slope was taken. Figure 37 shows the results from the evaluation process for one of
the PRF specimens. Three curves are shown. One represents the recorded test data with the load
divided by the nominal shear area. It can be seen that, initially, the slope of the curve increases,
probably due rough contact surfaces and initial movement of the self aligning plate of the test set-
up. Following this initial nonlinear region, an almost perfectly linear part is found, followed by
nonlinearities close to peak stress, probably due to an initiating fracture and possibly plasticity.

10 T : :
—— Original curve

---- Approximated initial stiffness
----- Subtracted elastic deformation

Nominal shear stress (MPa)

—

0 0.5 1 1.5 2 2.5 3
Deformation (mm)

Figure 37. An example of the evaluation of the initial stiffness.

After the elastic deformations have been subtracted, the same algorithm was used for the
descending part of the curve and the corresponding steepest slope was used as a measure of the
softening characteristics.
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4.7 Test results - pre-tests

4.7.1 General remarks

The pre-tests were performed on wood of both strength class C35 and C24, referred to as A and
B in the following. The different adhesives are termed PR, PU and EP for the phenol-resorcinol,
polyurethane and epoxy respectively. Each specimen is also given a number representing its
original position (along grain) in the glulam beam. In the following tables the strength and the
work to failure is given for every specimen tested. The work to failure is calculated as the area
below the stress-displacement curve.

4.7.2 Pre-test series |

A total of 29 tests were performed in this series of which 21 are reported here and 8 were rejected.
The 2 first tests were performed with a different test set-up involving a steel ball, which
unfortunately gave a rotation of the bolt. 6 tests with PUR-adhesive and the low-density wood
gave wood failures due to punching shear of the specimen at the edge of the hole in the test set-
up.

The results are summarised in Table 10. The failure modes reported correspond to: 1-mainly
failure in the adhesive (crushing of the threads in the adhesive layer) and 2—failure in the interface
region of the wood-adhesive layer. The type 1 failure was only seen for the PRF-adhesive. For
type 2 failures no significant difference between the PUR and EP-adhesives was found. The
remarks U and (U) represent unstable and partially unstable response (i.e. an instantaneous drop
in load) respectively. The remark P means that the peak stress was recorded at a plateau value. As
an example of the test response and remarks in the table, the response from the test AEP07 is
shown in Figure 38.
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Table 10. Test results for series I.

Name  Strength Work to Failure
(MPa) failure (kJ/m”) mode
APRO4 4.9 13.2 1
APRO5 5.1 7.1 1
APRO6 7.0 7.0 1
APRO7 7.0 8.9 1
APRO8 6.9 8.9 1
APRI10 6.8 12.0 1
Mean 6.3 9.5 -
cov 16% 27% -
APUO02 6.4 7.1 2,U
APUO03 4.9 5.0 2, (U)
APU04 6.6 6.4 2, (U)
APUO5 4.4 7.3 2,p
APU06 3.7 6.4 2,DP
BPUO2 4.6 4.6 2
Mean 5.1 6.1 -
cov 23% 18% —
AEP02 6.6 8.5 2,U
AEP03 5.3 6.2 2
AEP04 5.7 10.8 2,U
AEPO5 7.8 7.0 2
AEP06 6.2 6.7 2
AEP07 4.0 7.6 2, P, (U)
AEP08 6.5 5.2 2
AEP09 7.3 6.2 2, (U)
Mean 6.2 7.3 -
cov 19% 24% -
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Figure 38. An example of test response for series I, showing cut off of peak stress (plateau value) and
unstable response (the sudden drop at 1 mm deformation).

4.7.3 Pre-test series Il

A total of 12 tests were performed, all with the PRF-adhesive. Of these tests, 6 were performed
using the specimen thickness 20 mm (series IIa) and 6 with the specimen thickness 40 mm (series
IIb). Two test were rejected in series Ila due to the bolt not being glued into the wood piece
perfectly parallel to the loading direction. These test specimens also showed considerably lower
strength than the others did. One test in series IIb was rejected due to unstable test performance
during loading.

In Table 11 the results are summarised following the convention of names and remarks of above.
As a typical example from these tests, the response curve of specimen APR21 is shown in Figure

39.

59



Table 11. Test results for series I1.

Name  Strength Work to Failure
(MPa) failure (kJ/m’) mode
APRI11 8.4 13.8 1
APR12 9.2 13.5 1
APR14 8.3 12.8 1
APR15 8.4 11.6 1
APR17 10.2 15.6 1
APR18 9.5 16.1 1
APR19 8.7 14.2 1
APR20 9.3 14.7 1
APR21 8.5 15.2 1
Mean 8.9 14.2 -
cov 7.3% 9.9% -
10

Nominal shear stress (MPa)

0 2 4 6 8 10
Stroke reading (mm)

Figure 39. An example of test response in test series 11b.

4.8 Test results - main test series

4.8.1 General remarks

A total of 62 test were performed of which 61 are reported here. The test rejected was one of the
FRP-specimens which failed in the rod itself, probably due to damage caused to the rod in the
manufacturing of the specimen. The tests are named according to
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A: Steel/timber C35/0° load to grain angle/three adhesives,
B: Steel/timber C24/0° load to grain angle/three adhesives,
C: Steel/timber C35/various load to grain angles/epoxy, and
D: FRP/timberC35/0° load to grain angle/epoxy

The different combinations and their corresponding names are shown in Table 12. For each
nominally equal material combination, 5 replicates were performed with monotonically
increasing deformation of the testing machine’s crosshead. In addition, for each material
combination, one test was performed with unloading of the specimen in the softening region,
after peak stress.

Table 12. Main test series. Tests performed and naming convention.

Rod / timber/angle ~ Phenol resorcinol ~ Polyurethane ~ Epoxy

Steel/C35/0° APR APU AEP
Steel/C24/0° BPR BPU BEP
Steel/C35/22.5° - - CEP
Steel/C35/45° - - CEP
Steel/C35/90° - - CEP
FRP/C35/0° - - DEP

4.8.2 Test results

The test results are summarised in Table 13 and given in detail in Appendix A. The table gives
the average density, strength, initial elastic slope, negative slope after peak stress and work to
failure. The strength and initial elastic slope statistics are all based on 6 replicates, while the other
statistics are based on 5 replicates since the unloading part of the curve complicates the evaluation
of these quantities. The statistics from the FRP-rod tests are based on 7 and 6 tests respectively.

The work to failure can be regarded as an attempt to assess a measure of the ductility of the
specimen. However, the load displacement response reveals that a large amount of the work to
failure is due to friction in the fracture zone and therefore this work to failure is not a good
measure of the bondline fracture energy. Instead the slope of the initial descending part of the
stress-displacement curve is used as a ductility measure. The reason for this is discussed in more
detail in Section 4.6, where also the methods for evaluating the slopes are described.

In Appendix A, the results from individual tests are reported, and in Appendix B the stress-
displacement curves are given, for clarity in two different scales.
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Table 13. Test results from main series, average values.

Rod/timber/ Density Moisture  Strength Elastic Negative =~ Work to
adhesive/angle (kg/m’)  content (MPa) stiffness stiffness failure
(%) (MPa/mm) (MPa/mm)  (kJ/m’)
Steel/C35/PRF/0° 449 14.4 7.1 24 9 11.8
Steel/C35/PUR/0° 492 13.2 10.5 72 62 9.6
Steel/C35/EPX/0° 462 12.8 13.1 74 60 22.0
Steel/C24/PRFE/0° 348 12.8 6.2 21 7 14.4
Steel/C24/PUR/0Q° 368 13.1 10.6 70 62 8.0
Steel/C24/EPX/0° 341 12.7 11.0 55 52 21.4
Steel/C35/EPX/22.5° 454 13.8 12.8 55 48 23.5
Steel/C35/EPX/45¢ 429 13.3 10.7 35 28 24.9
Steel/C35/EPX/90° 461 13.5 7.1 12 3 24.9
FRP/C35/EPX/0° 451 13.5 11.8 48 44 28.1

4.8.3 Failure modes

The failure modes obtained in the main test series are of three types, each typical for one type of
adhesive:

1. Failure in the adhesive at the threading of the bolt. This failure mode was obtained only for
the PRF adhesive at about 75-100% of the fracture area. The remaining fracture area showed
a wood interface failure.

2. Failure in the adhesive close to the wood. This failure was obtained only for the PUR
specimens at 100% of the fracture area.

3. Failure in the wood in the vicinity of the adhesive. Note that this wood failure is not
characterised by a large plug being pushed out, but rather by a wood interface failure due to a
weak boundary layer. This failure type was obtained only for the EPX specimens. For the 0°
load to grain angle tests there was a fairly large amount of wood fibres visible on the adhesive
after failure. For the other load to grain angles the fracture surface was almost free from fibres.

In Appendix C, some photos of different specimens show examples of the three failure modes. As
opposed to the results in the pre-tests there was a consistent difference in failure modes for the
three adhesive types. The reason for these distinctively different failure modes can be explained as
follows.

For the PRF adhesive the bad adhesion to the steel in combination with a tendency of shrinkage
at curing, leads to an initial lack of fit between the adhesive and the threads of the bolt. This
results in stress concentrations at the thread/adhesive interface and also a low initial stiffness of
the joint. The large stress concentrations lead to the failure at the bolt/adhesive interface region.
From the stress-displacement curves it can also be seen that there is a considerable amount of
frictional work performed during the test. The pitch of the threads used (M16) is 2 mm and since
the failure takes place at the tip of the threads, an approximately 1 mm deformation implies that
the bond line has come to a complete failure.

The curing of the PUR adhesive relies on the possibility of taking up moisture from the adherents
and the surrounding air. The chemical reaction forms CO, which causes some bubbles to form in
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the bondline. In the case of low or no pressure at all during curing this bubble formation becomes
intense. The failure surfaces of the PUR specimens had bubbles of sizes in the order of 0.1-
0.5 mm. The bubble formation can be expected to be more intense at the free surface of the
adhesive and at the wood interface were there is more moisture available. Thus the fracture
surface would be located close to the wood/adhesive interface.

The EPX adhesive gives strong bondlines with good adhesion to both the steel, the wood and the
FRP-rods. Therefore the failure is located in the wood which in this case is the weakest link.

4.8.4Influence of adhesive type on strength and stress-displacement response

Based on the above discussion of the failure modes the strength of the adhesives should form a
sequence showing increasing strength in the order of PRF, PUR and EPX. The mean strength as
reported above also confirms this. In Figure 40 hand-drawn mean curves, one for each adhesive
type shows the influence on the stress-displacement response of the adhesive type. The curves
show the response with the elastic deformation subtracted.

0.25 0.50 0.75 1.00
Deformation. (mm)

Figure 40. Mean stress-displacement curves showing influence of adbesive type.

4.8.5Influence of wood density on strength

The influence of the wood density on the strength is complicated to assess, since the density of
the wood can be expected to influence in at least three ways. Firstly it is often assumed that the
density and the strength of wood are positively correlated, secondly a change in density could
mean a change in adhesion to the wood, and finally a change of density can result in different
modulus of elasticity which in turn can affect the strength of a glued-in rod due to change in
stress-distribution. The influence of the density on the strength can be viewed in Figure 41,
showing the strength of three groups of adhesives for the two groups of timber density tested.
There is a statistically significant (0.05) difference in density between the two timber qualities,
but this difference does only result in a significant (0.05) difference for the PRF and EPX
adhesives. The mean densities were found to be 457.9 and 352.4 kg/m’ for the C35 and C24

timber respectively,
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Figure 41. Influence of density on nominal shear strength.

4.8.6Influence of load to grain angle on strength and stress-displacement
response

The influence of the load to grain angle on the performance of the rod is of several different types.
Changing the load to grain angle will affect the effective modulus of elasticity of the adherent, in
terms of one dimensional theory. It is also probable that the adhesion of the glue the wood is
different for different orientations. Finally it should be emphasised that a load to grain angle
different from 0° will always result in parts of the wood being stressed in longitudinal shear (t,)
and some parts in rolling shear (t,). Therefore the results from such a test will be some kind of
average taken in the circumferential direction, both shearing modes being included. If the
strength in longitudinal shear is much different from the strength in rolling shear, the fracture
will be a propagating one (in the circumferential direction). Such a propagating failure will lead to
an apparently ductile behaviour at a larger scale, i.e. at the scale at which the present tests are
being monitored. Figure 42 shows the influence on the average strength for the four angles
investigated for the EPX adhesive. Finally Figure 43 shows the influence on the stress-
displacement response, with the elastic deformations subtracted.
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Figure 42. Influence of load to grain angle on strength (average values) . Epoxy adhesive.
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Figure 43. Influence of load to grain angle on stress-displacement response. Epoxy adpesive.

4.9 Test result summary

The results from the main series can be summarised as follows:

The mean strength was found to be 7.1 MPa for the PRF, 10.5 MPa for the PUR and 13.1
MPa for the EP adhesive at 0° load to grain angle.

The wood density was found to have a small effect on the strength of the PRF and EPX, but
no effect on the strength of the PUR adhesive.

The mean work to failure was found to be 11.8, 9.6 and 22.0 kJ/m’ for the PRF, PUR and
EPX adhesives respectively.

The negative slope of the descending part of the stress-displacement curve, which is a measure
of the brittleness of the bondline was evaluated for the three adhesives. It was found that the
EPX and the PUR were the more brittle ones and that the PRF was more ductile.

The load to grain angle was found to have a major influence on both the strength and the
ductility. At 0° the average shear strength was 13.1 MPa and the other load to grain angles
resulted in shear strengths of 12.8, 10.7 and 7.1 MPa for 22.5°, 45° and 90° respectively. The
more ductile behaviour of the cross grain specimens is explained in part by a propagating (in
the circumferential direction) failure mode.
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5 RESULTS OF THE WORK CARRIED OUT - WP1.3

WP1.3 concerns short term ramp loading testing of glued-in rods conditioned at 65% RH. Some
tests of WP1.3 are common with references tests of WP4 and WP5. Many of the tests results of
WP7 [7], obtained by partner SP, may be used together with the test results of WP1.3 for

verification and calibration purposes.

Project partner FMPA has co-ordinated the work of WP1.3 and a detailed Technical Report has
been provided by FMPA, including, empirical equations for the influence rod length and
diameter. Partner FMPA has also carried a large number of additional tests outside the GIROD
project, but very closely related to the GIROD tests [1, 2].

The dimension of the glulam specimens are indicated in Table 14, where |, is the glued-in length.
The centric tensile load applied to the rod was for the specimens loaded parallel to grain
counteracted by a tensile loading of a rod glued-into the opposite end of the specimen. The
counteracting rod had glued-in length of 1.2 |, and its diameter was 1.5 times the diameter of the
tested rod. The rods were glued in the centre of the specimens.

In Table 15 the characteristics of the specimens are given together with mean and COV of the
pullout strengths. Please note that the nominal shear strengths are calculated as P/(rdl). They
could alternatively be calculated for a cylinder with the diameter of the hole, i.e. for the diameter
d+1mm. The number of tests in each series was 7.

Table 15 shows for the 0 degree specimens also the density of the wood in the lamella, or in the
two lamella, in which the rod was placed. The density was determined for a piece of length 1.2 1,
cut after the ramp load testing from the middle of the specimen. In case of a finger joint in the
test piece, its length was reduced so that the joint became excluded. The mean moisture content
was 11.7% and the standard deviation of the moisture content was 0.7%.

The mean value of the COV from 24 test series is 9%. For the PRF-series with the rod along
grain the mean COV is 8%, for the PUR-series with the rod along grain it is 10%, for the Epoxy-

series with the rod along grain it is 13% and for test series with the rod at some angle to grain it
was 7%.

Table 14. Dimensions of glulam.

Specimens Dimensions of glulam  Number of ~ Thickness of lamella

(bxhx1) [mm’] lamellae [mm]
d=8mm, rod angle 0’ 70x70x3.61, 2 35435
d=6mm, rod angle 0" 120x120%3.61, 3 37.5+45437.5
d=30mm, rod angle 0’ 210%210%3.6l, 5 37.5+3x45+37.5
Rod to grain angle > 0’ 120x450%2400 10 10x45
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Table 15. Results of WP1.3. Pull-out strength test results obtained at ramp loading of specimens

conditioned at 65%RH.
Series Pfirtner thaF d lg Glue |Woo Density,p,, Rod |Angle P, T, =P/ (ndlg)
did the testing (mm] | [mm] d lkg/om’] (kN] (N/m]
Average| COV(%)

2.1/r SP 16 320 PRF |C35 - ste [22.5 94.5+7.8 5.88 8.3
2.2/t |TTL 16 320 PRF |C35 - ste |45 103.6+7.3 6.44 7.0
2.3/r TTL 16 320 PRF |C35 - ste |90 103.4+5.1 6.43 4.9
2.4/r TTL 16 160 PRF |C35 - ste |90 50.9+6.3 6.33 12.4
2.5/r FMPA 8 80 PRF |C35 483+27 |ste |0 12.7+1.7 6.32 | 13.4
2.6/t FMPA 8 160 PRF |C35 447412 |ste |0 31.3+1.6 7.78 5.1
2.7r FMPA 8 320 PRF |C35 476+22 |ste |0 40.5+1.5 5.04 3.7
2.8/r FMPA 16 80 PRF |C35 451+13 |ste |0 24.1+2.4 5.99 10.0
2.9/r FMPA 16 160 PRF |C35 468+37 |ste |0 55.3+2.8 6.88 5.1
2.10/r |FMPA 16 320 PRF |C35 470+17 |ste |0 101.7£5.1 6.32 5.0
2.11/r |FMPA 16 640 PRF |C35 | 473+59 |ste |0 144.1£10.99 | 4.48 7.6
2.12/r |FMPA 30 150 PRF |C35 446225 |ste |0 60.5+4.6 4.28 7.6
2.13/r |FMPA 30 300 PRF |C35 451+56 |ste |0 142.3+20.2 5.03 14.2
2.14/r |EMPA 30 600 PRF |C35 427452 |ste |0 280.4+17.1 4.96 6.1
2.15/r |FMPA 16 320 PUR |C35 511441 |ste |0 92.7+5.8 5.76 6.3
2.16/r |FMPA 16 320 EP C35 517+40 |ste |0 103.6£11.7 6.44 11.3
2.17/r |EMPA 16 320 PRF |C24 487+28 |ste |0 102.3+8.2 6.36 8.0
2.18/r |FMPA 16 320 PUR |C24 492+34 |ste |0 93.3+£22.5 5.80 | 24.1
2.19/r |FMPA 16 320 EP C24 520+28 |ste |0 96.6+9.8 6.01 10.1
2.20/r | TTL 16 160 PUR |C35 - gla |0 - - -
2.21/r |TTL 16 160 PUR |C35 - ste |90 63.9+2.9 7.95 4.5
2.22/r |FMPA 16 160 PUR |C35 488+45 |ste |0 68.3+6.5 8.49 9.5
2.23/r |EMPA 8 160 PUR | C35 480+23 |ste |0 31.4+3.4 7.81 10.8
2.24/r |FMPA 16 160 EP C35 437+37 |ste |0 57.3£10.8 7.12 18.8
2.25/r |FMPA 8 160 EP C35 478+21 |ste |0 28.5£2.9 7.09 10.2
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6 RESULTS OF THE WORK CARRIED OUT - WP1.4

6.1 Introduction

In section 6.2 a design method and equation for the basic short-term ramp loading pull-out
strength is proposed. In section 6.3 that proposal is compared with test results. The proposal
given in 6.2 is just one example of a possible rational design equation. In section 6.4
modifications that give alternative design equations are briefly discussed.

Section 6.5 presents results of FE-analysis of the particular specimens tested. Both the small size
bond line test specimen and some of the full scale glued-in rod specimens are analysed. The FE-
results are compared with the corresponding test results.

6.2 A proposal of design method and design equation

6.2.1Basic goals

The idea before proposal of a strength design method for the basic pull-out strength at short time
ramp loading at constant climate was to find some method such that:

o The method is both general and simple, preferably just one or a few explicit equations.
o The equations should have a rational theoretical and physical basis.

e The method should give reasonably accurate strength predictions, and in average and in
general give predictions on the safe side.

6.2.2 Outline of proposal

The combined Volkersen-Fracture mechanics theory is used as the basis. The pullout strength is
according this theory determined by the geometry of the joint and by two material property
parameters that depend on the properties of the materials involved: the rod material and its
surface texture, the adhesive and its thickness, and the wood and its orientation.

It is proposed that the two material parameters are determined by testing the pullout strength of
two sets of full-scale joints with different geometry. The joints tested should be loaded in “pull-
compression”.

Given the two material parameters, the equation for the “pull-compression” loading is used also
for “pull-pull” and “pull-distributed”, the later type of loading (combined with other loading)
referring to a rod being glued perpendicular into a beam. This gives a single and simple design
equation, which according to theory gives “exact” predictions for the first type of loading and
predictions on the safe side for the other two types of loading,.

The above proposal is intended for adhesives that have some bond also to the rod. It is probable
that some such bond is achieved as long as the shrinkage of the glue is reasonably small. For other
adhesives, like the PRF tested in the GIROD-project, no equation that fulfils the above basic
goals has yet been found. For such adhesives it is proposed that testing is made as for the
common adhesives, but no design equation is given, only a design rule saying that the load

" To be accurate there are three material property parameters, the third being E/E,, i.e. the ratio of modulus of
elasticity of the rod material and the wood. According to the theory adopted here, the value of this ratio is however of
minor significance for joint strength and assigning it a constant value makes it possible to separate the joint geometry
parameters from the joint material parameters. In this proposal ratio E/E, is throughout set equal to 18 for loading
along grain and 540 for loading perpendicular to grain.
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bearing capacity of joints with greater or equal rod diameter or greater or equal length may be
assigned the same load bearing capacity as the tested joint.

6.2.3 Basic equation for design and test result evaluation

For the loading case pull-compression, from eq (29) in section 3.3.6

Pt tanh
=7 92
zdl @ ©2)
where

P,is the pullout strength [e.g. in N,
7d] is the bond area [e.g. in mm’],

7¢ is the local bond line shear strength [e.g. in N/mm’]

and

|
o= (93)
Im

where lg ., is a length parameter, which, apart from the influence of ratio E,/E,,, is defined by the
geometry of the joint:

zdl?(1 EI/E
| o = W (94)
2 (’* Aw ]

and / is a material property length parameter, which can be expressed as:

_ ErGf

7

95)

I

The two parameter to be determined from tests are 7§ and /. (It is thus no necessary to separate
/ into E, G,and 17 , although this in general is simple since E| in general is known). Ratio E,/E,,

may in general be estimated without having to test the adherend materials. In the present
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evaluation of test result obtained for steel rods glued-in along the grain direction of the wood
ratio E/E i throughout made equal to 18.

6.2.4 Further notations used in this proposal

d is the diameter of the fracture surface area

d, is the nominal diameter of the rod

/is the glued-in length of the rod

A, is the cross section area of the rod

A, is the cross section area of the wood as defined in the below section.

E is the elastic modulus of the rod material in the direction of the rod (e.g. in N/mm’)
(information about E, is not needed)

E, is the elastic modulus of wood in the direction of the rod (e.g. in N/mm”).
(information about £, is not needed)

G is the glued-in-rod bondline fracture energy (e.g. in Nmm/mm®)

(information about G, is not needed)

/. is short for P/(er/)

6.2.5 Definition of A,

For a square shaped cross section with a centric location of the rod A = #’, where 4 is the side
length of the square. For other geometry A = &', where a/2 is the shortest distance from the
centre of the rod to an edge of the cross section. (The effect of reduction of the cross section area
due to the hole is negligible as a result of rules for minimum edge distance.)

This shortest edge distance, 4/2, may not be less than a distance determined in WP3, presumably

4d.

Rod spacing and the calculation of A, in the case of several glued-in rods in a joint will given in
other part of code.

6.2.6 Limitation of the glued-in length, /

The minimum anchorage length (the minimum glued in length) should be taken as

d 2 /d,
8d;

I min = max{ (96)

where d,= 2.5 mm.

(This rule for / , is from ENV 1995-2:1997, page 35. The exact basis of the rule is not clear. The
only difference between ENV 1995-2:1997 and equation (96) is that d_ is introduced, so that the

equation won’t require the use of certain units.)
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6.2.7 Effect of orientation of rod

P, /(mdl) for arbitrary inclination, o, of the rod relative to grain may be determined by
interpolation according to the Hankinson equation:

fvoo fvo
fva = 2 = 2 97)
fygsin®(a )+ fygg cos™ (@)

where f, = P,/(mdl) for 0:=0" and 0:=90" is from equation (92) with material parameters 7 and /,

as valid for 0=0° and 0:=90°, respectively.

6.2.8 Effect of wood density (strength class of timber)
Having determined parameters 7¢ and /, for joints with timber of any certain strength class,

these values may be used also for joints with timber of any higher class.

6.2.9 Tests for determination of 7; and |,

The joint testing should be made in pull-compression loading, with details of the test setup
according to, for instance, the GIROD project tests carried out at S.P. denoted “method A with
circle plates” or the method proposed in section N.9.2 of “GIROD: WP8: VO3 (1999) — Draft
Design Rules (WP8) — Draft, 2™ Revision”.

One set of tests should be made with

| 4on < 3500mMm
geo (98)
8<a/d<10

and one set of tests with

| yon = 17500mm

geo

99

{ 8<a/d<10 09

For design of a rod glued-in at arbitrary rod to grain angle, tests must in general be carried out
both for rods parallel to grain and for rods perpendicular to grain. The specific limits of lgeo

proposed above may be regarded as preliminary.

The wood cross section should be square, 2 times «, in the case of testing parallel to grain, and
rectangular, 2 times 44, in the case of testing perpendicular to grain. The rod material must be
such that yielding does not start in the rod before joint failure.
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Knowing Pf/(ﬂd/) for the two sets of tests, 7,and /, can be obtained from equation (92). In such
calculation it is convenient first to consider the ratio of the failure loads of the two sets of joints.

By this, Z}is eliminated from the equation and then /, can be found by simple iterations or trials.

Knowing /, also 7, is found and, if so desired, then from equation (95) also G,can be calculated
provided that £, is known.

Number of tests and statistical treatment of test results will be discussed within WP8.

6.3 Evaluation of material parameters and verification of design
equation

6.3.1Introduction
In this evaluation and verification, the fracture surface diameter 4 is throughout taken as the
nominal diameter of the rod, 4. The rod cross-section area 4, is throughout calculated as 74°/4.

6.3.2Test result evaluation

Test results on the pullout strength at pull-compression loading are presented by project partner
SP in “GIROD - Glued in rods for timber structures. WP 7 — Test methods for production
control. Technical Report Nr SP-TR-17. These tests are shown in Table 16, where the failure
load indicated is the average value of 10 tests in each set of tests. The test results shown are those
of “Test series 1 — circle shape of steel plate”. Parameters T, and |, (and G)) determined from test
results for the three adhesives by use of the method described in the above are also indicated.
Figure 44 shows P,/(7dl) versus /, "2 according to the test results and according to equation (92)
with the parameters determined from the tests. Here also parameters for the PRF are given
although the theory of equation (92) may not be suitable for adhesives that don’t bond to the
rod. The values of G, obtained for epoxy and PUR are of a magnitude that could have been
expected from values that can be found in literature for other types of glued timber joints

Table 16. Test results for determination of material property parameters Z}umd L

Adhesive d 1 a lgm Failure P /(nd]l) T, 1 G, )
load, P, 5 5 Nmm/
mm mm mm mm N/mm N/mm mm 2
KN mm
EPX 16 160 115 4070 62.61 7.79 10.5 3600 1.89
16 320 115 16300 77.36 4.81
PRF 16 160 115 4070  63.83 7.94 8.9 11000 4.15
16 320 115 16300 98.43 6.12
PUR 16 160 115 4070 58.98 7.33 9.7 3960 1.77

16 320 115 16300  74.09 4.61
1) G, calculated from / at the assumption £=205000 N/ mm’.
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Pg/(rdl), N/mm?2
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Epoxy
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172 1/2
lgeo™/4, mm

Figure 44. Pull-compression joints strength results obtained at SP for three adhesives and 2-parameter
theoretical model with parameter values according to the tests. The diagram shows Pf/( 7wdl), Nimmi’,

172 172
versus square root of L, , [ "=, mm™".

6.3.3 Verification of design equation

The material combinations for which the material parameters were determined have been used in
several other joints, with other geometry and other type of loading. In Figure 45-Figure 47 are
the design equation compared with those other test results. Each mark in the diagrams represent
mean values obtained in series with 6-10 tests in each series. The diagrams include the tests at SP
of pull-pull loading and the SP-tests at pull-compression using a square plate. The diagram also
includes the tests made at FMPA at pull-pull of joints of varying size and shape. Both the results
for timber strength class C35 and the three series with timber of strength class C24 are included.
For epoxy and PUR are in addition three previous series by Aicher and Herr and a test series of
Deng, Moss and Buchanan, see [3], included.

For the PRF does not only the test results not comply with the theoretical curve, but the diagram
also shows a scattered picture, indicating that /(7w}) may hardly be described as a function of /,.
(L, is in most cases very close to being proportional to //4.) Although the results as indicated in

o
Figure 45 appear scattered, some consistency with respect the influence of parameters & and / can

be found.

The results found for PUR and epoxy are more appealing. The design equation gives reasonable
predictions and the predictions are in most cases on the safe side. The results found for PUR are
especially satisfying.

The various results found for the three adhesives are most probably related to the different ways
in which the bond lines act. For PUR and epoxy there is in the critical region tensile stress (and
very small deformation) normal to the bond area. For the PRF there is most probably
compressive stress (and significant deformation) normal to the bond area. Comparing the epoxy
and the PUR, the epoxy adhesive tends to give fracture of the wood along the bond line, while
the PUR appear to be affected more by failure within the bond line.
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Figure 45. PRF: Pf/( 7dl), Nimmi’, versus square root of [geo , lgeom, mm'™”.
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Figure 46. PUR: Pf/(. 7dl), Nimm', versus square root of lggo , lgeol/z, mm'”
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Figure 47. Epoxy: Pl 7dl), Nimm', versus square root of [geo , lgeo , mm

6.3.4 Conclusion

It seems that equation (92) and the design method proposed may be useful for the adhesives that
don’t shrink too much and accordingly have some bond to the rod. For adhesives without bond a
very simple design approach has been proposed, but this approach does not comply with the goal
of a design equation with a rational theoretical basis and may give design unnecessary much on
the safe side or require testing as a part of the design.

For the PRF does not only the test results not comply with the theoretical curve, but the diagram

also shows a scattered picture, indicating that P/(7w]) may hardly be described as a function of /,.
(Z,, is in most cases very close to being proportional to F/d.) The results found for PUR and epoxy
are more appealing: the design equation gives reasonable predictions and the predictions are in

most cases on the safe side.

The different results found for the three adhesives are probably related to different ways in which
the bond lines act. For PUR and epoxy there can in the critical region be tensile stress (and very
small deformation) normal to the bond area. For the PRF there may be compressive stress (and
significant deformation) normal to the bond area. Compressive stress might be due not only to
the over-all stress distribution in the joint, but also due to the inclination of the individual

threads of the rod.

6.4 Alternative proposals by modifications

Above one single design proposal has been discussed. Possible modifications giving alternative, yet
similar, proposals include:

1. No consideration to grain to rod angle. Testing and all design made as for parallel
orientation.

2. No consideration to different loading conditions (pull-pull, pull-compression, pull
perpendicular to beam). Testing and all design made as for pull-pull.

The first modification implies less testing and more simple design calculation: tests for loading
perpendicular to grain would not be needed and for rods orientated at some inclination to the
grain there wouldn’t be any need to use some interpolation formula, e.g. like the Hankinson
equation. The second modification implies determination of the parameters 7.and /, by testing
pull-pull loading instead of pull-compression loading and replacement of eq (92) as design
equation by the corresponding pull-pull equation from section 3.3.6.
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The simplifying modifications are reasonable if it can be assumed that pull-compression loading
is not used in practical design and provided that rods are glued-in perpendicular to grain only in
beams. The stress distribution for a rod glued-in perpendicular to a beam is beneficial as
compared to the stress distribution for the pull-pull kind of joint, see Table 7 and 8 and also the
test result in Table 15. Since the simplifications exclude consideration to pull-compression
loading, better agreement between tests results and a design equation can be expected, also for the
PRF glue. On the other hand it may, or may not, be easier to test glued-in rod joints in pull-
compression than in pull-pull.

If leaving rational design equations for purely empirical equations, several proposals can be found
in literature. A compilation of such equations can be found in [3] and applications to the present
tests results can be found in [2].

6.5 Verification by finite element analyses

6.5.1Introduction

A number of FE-simulations were performed in order to verify the “material” properties obtained
in the small specimen tests of WP1.2. The verification consisted of finite element simulations of
the test set-up used in the small specimen tests (WP1.2) and the test set-up used in the full-size
specimen tests (pull-pull).

6.5.2 Simulation of small specimen tests

From WP1.2 the strengths and the negative slope of the descending part (post peak stress) of the
recorded force vs. displacement curve were known. These values were used as input in a series of
FE-analyses. The FE-analyses were performed in an iterative manner, changing slightly the input
values of material parameters, until the response of the tests could be obtained, using the same
methods of evaluation as for the laboratory tests. The input curves used for the adhesive bond
lines are shown in Figure 48. The response of the small specimen tests is compared with the
respective FE-simulation in Figure 49. Note that in this figure the curves shown correspond to
the nominal shear stress versus inelastic deformation according to the description given in section
4.6. For the PRF a slightly modified version of the bond line model was used which allowed the
peel strength to be zero, with no coupling between the shear and peel stress behaviour. In
compression perpendicular to the bond line, the PRF was assumed to behave linear elastic with
unlimited strength.

““““““ “Shear stress (PRF)
---- Shear stress (PUR)
— Shear stress (EPX)
- Peel stress (PUR+EPX)

Stress (MPa)

0 0.2 0.4 0.6 0.8 1
Displacement (mm)

Figure 48. Input data curves used for the bondline model.
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6.5.3 Simulation of large specimen tests

The tests used for comparison in this section are those performed and reported in WP1.3 and in
WP7. All test results and FE-simulations are for loading in pull-pull. The input values obtained
for the bond line constitutive model as described above, were used for calculating the load-

bearing capacity in pull-pull for different glued-in lengths for the three adhesives. The results
from these simulations are given in Table 17.

Table 17. Simulated and tested pull-out loads.

PRF PUR EPX
Glued-in length (mm) 160 320 640 160 320 160 320
Pull-out load, test (kN) 55.3 101.7 144.1 64.4 91.0 61.6 106.3
Pull-out load, FEM (kN) 53.9 104.1 151.6 67.1 93.8 89.2 118.7

Also, bond line shear stress vs. displacement-curves for the simulations of the PRF adhesive were
calculated. These are compared with test results in Figure 50. Here it can be seen that the
simulations show a good correlation to the tests, although the initial stiffness is overestimated,
especially for the shorter glued-in length. The initially low stiffness and progressive behaviour
recorded in the tests is probably due to the test set up aligning during increase of load, and this
effect has not been taken into account in the simulations.
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Figure 50. Comparison of the shear stress vs. slip response for PRF-bonded rods. Dashed curves are FE-
results and solid curves are test results from [3].

6.5.4 Conclusions

The verification from the small scale tests (8 mm glued-in length) to the large specimen tests
(320/640 mm glued-in length) was successful for the PRF and the PUR adhesive. For the EPX
however the result is not satisfactory. One possible explanation is that the simulations assume the
failure to take place in or in the vicinity of the adhesive bond line. In the tests however, this was

not always the case
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7 CONCLUSIONS

7.1 WP 1.1

Theoretical models based on fracture mechanics for prediction of pull out strength of glued-in
rods have been developed. In Figure 51 is shown a comparison of predicted pull out strengths, for
the loading case pull-pull, using the different models dealt with. Material data is according to
simulation A1, Table 3, section 3.7.3

P /(2mtrl ) \
1|

‘L

Ideal plastic

0.8r
Linear e astic fracture mechanics
0.61 " »Timoshenko”
"Volkersen”
0.41

0.2 X

FE-anaysis

0 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
glued length, | [mm]

Figure 51. Comparison of different models proposed.

7.2 WP 1.2

The following conclusions can be drawn from the work conducted in WP1.2:

Test methods:

— Testing for fracture mechanical properties is very demanding, and several pre-tests to
determine a proper test set-up was needed.

— Using the set-up of type I, the test results were unreliable and not useful for further
evaluation.

— The set-up of type II was reliable and also the one used for the main series.
Test results:

— It is possible to obtain the complete shear-stress versus shear-slip response of small glued-in
rods specimens.

Methods of test result evaluation:
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— A method of evaluating the test results in terms of strength and fracture energy has been
proposed. The fracture energy is evaluated by the initial slope of the stress-displacement
response of the specimen tested.

The results of WP1.2 was used in WP1.4. In that work package, tests are simulated using the
finite element method.

7.3 WP 1.3

The test results on the strength of full size glued-in rod joints from WP1.3 [1, 3] together with
the test results of WP 7 [7] and the results of complementary tests for the GIROD project [2]
forms a significant database on the pull out strength of glued-in rods.

74 WP 1.4

It seems that the proposed design equation and method for determination of the two required
bond property parameters are useful for adhesives that have some bond to the rod. The equation
is simple and reasonably general, based on a rational theoretical and physical basis, and produce
predictions that in general are somewhat on the safe side. Alternatives to the design method
discussed are mentioned.

For adhesives like the PRF, which shrinks significantly and has no bond to the rod, a very simple
design approach has been proposed, but this approach does not comply with the goal of a design
equation with a rational theoretical basis and may give design unnecessary much on the safe side
or require testing as a part the design.

FE analysis of full-size glued-in rod joints were conducted with the small specimen bond property
test results of WP1.2 as input. These analyses suggest that it is difficult to predict with high
accuracy the strength of a full size joint from the basic small-scale bond property tests for the EPX
adhesive, for the PRF and PUR-adhesives however the prediction of the full-size joint strength

'was accurate.
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APPENDIX A - Detailed test results

Below, the test results from the main test series are given in detail. The volume is the wet volume
at 20°C 65%RH, while the weight is the dry weight after 24 hours of drying at 105°C. The
density is calculated as dry weight/wet volume. MC is moisture content and G, is the total work
to failure.

VOLUME WEIGHT  MC  DENSITY STRENGTH E.STIFFNESS NEG.STIFFF Gy
NAME

(cm®) (@ (%) (kg/m®) (MPa) (MPa/mm) (MPa/mm) (k3im?)
APR23 9.55 4.264 14.4 446 7.40 22.26 6.88 15.85
APR24 7.49 3.407 145 455 6.22 19.10 6.82 10.23
APR25 7.08 3.170 145 448 7.01 25.80 9.07 10.97
APR26 7.02 3.099 14.6 441 7.19 24.67 9.50 10.46
APR27 10.63 4,703 14.4 442 7.10 26.79 10.83 1157
APR28 4.98 2.306 14.1 463 7.40 27.15 - -
MEAN 7.79 3.49 14.40 449 7.05 24.29 8.62 11.82
cov 0.26 0.25 0.01 0.02 0.06 0.13 0.20 0.20
APU16 5.84 2.826 12.9 484 11.01 75.39 57.59 9.17
APU17 5.53 2.716 13.4 491 10.20 67.31 57.71 9.49
APU18 6.05 2.931 13.3 484 8.63 63.03 52.12 8.84
APU19 6.05 2.933 135 485 11.08 73.49 55.87 11.09
APU20 5.81 2.964 13.4 510 10.98 80.62 87.64 9.21
APU21 6.15 3.062 13.0 498 11.31 72.43 - -
MEAN 5.90 2.91 13.24 492 10.54 72.05 62.19 9.56
cov 0.04 0.04 0.02 0.02 0.10 0.09 0.23 0.09
AEP09 8.03 3.685 12.9 459 12.73 68.11 62.93 17.69
AEP10 7.92 3.665 13.0 463 14.30 7473 65.76 21.30
AEP11 7.54 3.560 12.9 472 13.40 75.24 72.82 23.35
AEP12 12.28 5.666 12.8 461 11.16 74.93 46.56 21.43
AEP13 9.11 4233 12.7 465 12.61 75.04 50.93 26.05
AEP14 10.05 4,546 12.6 452 14.64 78.85 - -
MEAN 9.15 4.23 1281 46214 13.14 74.48 59.80 21.96
cov 0.20 0.19 0.01 0.01 0.10 0.05 0.18 0.14
BPRO1 4.86 1.786 125 367 6.47 23.12 471 17.71
BPRO2 3.43 1.239 13.0 362 6.37 23.52 7.80 12.20
BPRO3 4.41 1.540 13.0 349 6.05 21.91 6.81 13.78
BPRO4 5.18 1.752 13.0 338 5.79 16.56 7.36 1457
BPRO5 5.46 1.847 12.6 338 6.42 18.10 8.46 13.76
BPRO6 5.92 1.979 12.7 335 5.95 20.48 - -
MEAN 4.87 1.69 12.81 348 6.18 20.61 7.03 14.40
cov 0.18 0.16 0.02 0.04 0.05 0.14 0.20 0.14
BPUO9 6.81 2.480 133 364 9.76 70.27 63.82 7.45
BPU11 7.30 2.644 13.1 362 11.15 68.13 60.35 8.60
BPU12 7.39 2.674 13.3 362 10.56 65.10 61.59 7.32
BPU13 6.45 2.361 13.1 366 11.19 72.67 59.08 8.86
BPU14 8.36 3.035 13.3 363 10.63 71.03 65.51 7.90
BPU15 8.16 3.179 126 390 10.52 73.33 - -
MEAN 7.41 2.73 13.13 368 10.63 70.09 62.07 8.03
cov 0.10 0.12 0.02 0.03 0.05 0.04 0.04 0.09
BEPO1 6.66 2.334 12.7 350 11.64 60.94 59.00 20.53
BEP02 7.77 2.620 13.0 337 10.02 54.63 50.56 17.30
BEP03 7.91 2.637 13.0 334 12.64 56.96 54.01 25.95
BEP04 6.20 2.196 12.0 354 12.09 50.88 47.18 24.50
BEPO5 6.80 2.282 12.6 335 9.63 54.42 51.24 18.48
BEP06 7.50 2527 12.8 337 9.85 51.35 - -
MEAN 7.14 2.43 12.68 341 10.98 54.87 52.40 21.35
cov 0.10 0.08 0.03 0.03 0.12 0.07 0.08 0.18
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VOLUME WEIGHT MC DENSITY STRENGTH E.STIFFNESS NEG.STIFFF Gy
NAME
(cm?) (9) (%) (kg/m®) (MPa) (MPa/mm) (MPa/mm) (kI/im?)

CEPO1 7.61 3.517 13.7 462 12.53 54.27 50.06 23.05
CEPO02 6.93 3.178 13.9 459 13.65 52.04 39.07 24.33
CEPO3 7.56 3.428 13.8 453 11.97 57.64 53.82 22.06
CEPO05 6.34 2.886 13.7 455 12.60 55.27 52.69 23.79
CEPO06 8.66 3.874 13.8 448 13.01 56.15 44.30 24.05
CEPO07 8.24 3.696 13.9 448 13.04 53.27 - -
MEAN 7.56 3.43 13.80 454 12.80 54.77 47.99 23.46

cov 0.11 0.10 0.01 0.01 0.04 0.04 0.13 0.04
CEP10 8.79 3.983 13.0 453 10.47 37.70 22.41 22.58
CEP11 9.14 3.591 13.1 393 11.13 32.42 25.91 24.34
CEP12 6.79 3.273 13.0 482 11.34 38.03 36.58 22.70
CEP13 7.75 3.057 13.8 394 10.03 31.63 25.55 28.06
CEP14 6.62 3.055 13.3 462 11.37 39.69 29.04 26.63
CEP16 8.47 3.289 13.4 388 9.82 29.98 - -
MEAN 7.93 3.37 13.26 429 10.69 34.91 27.90 24.86

cov 0.13 0.11 0.02 0.10 0.06 0.12 0.19 0.10
CEP19 9.64 4.320 13.9 448 6.49 10.90 1.84 23.32
CEP20 8.33 3.875 13.3 465 7.12 12.10 2.00 24.90
CEP21 8.85 3.916 13.6 443 7.75 12.49 5.00 26.01
CEP22 7.70 3.725 13.0 484 7.04 11.73 2.97 25.47
CEP23 4.62 2.381 134 516 7.47 13.61 3.82 24.78
CEP24 8.33 3.840 13.5 461 6.86 11.19 - -
MEAN 7.91 3.68 13.46 469 7.12 12.00 3.13 24.90

cov 0.22 0.18 0.02 0.06 0.06 0.08 0.42 0.04
DEPO1 7.50 3.355 13.3 447 12.41 45.27 41.19 32.02
DEPO03 6.76 3.016 13.4 446 12.07 47.63 41.91 30.23
DEPO04 6.69 2.965 14.0 443 12.74 46.93 41.28 27.35
DEPO5 5.31 2.427 14.1 457 10.81 50.15 46.78 25.48
DEP06 6.84 3.064 13.9 448 11.84 49.09 - -
DEPOQ7 6.25 2.865 13.1 458 10.37 48.87 45.71 25.08
DEPO08 6.13 2.780 12.9 454 12.07 49.81 48.98 28.53
MEAN 6.50 2.92 13.53 451 11.76 48.25 44.31 28.11

cov 0.11 0.10 0.03 0.01 0.07 0.04 0.07 0.10




APPENDIX B - Stress-displacement curves

The stress displacement curves, in two different scales, for the tests in the main series are given on
this and the following nine pages. The curves shown on the upper half are the original curves and
on the lower half the curves with the elastic deformation subtracted.
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APPENDIX C - Examples of failure modes

On the following pages the failure surfaces from some of the different material combinations are
shown. The photographs show the wood/adhesive interface and the rod surface after failure.
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