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Summary

Applications of composite reinforcement to wood structural members
and connections are discussed. The paper focuses on local
reinforcement that mitigates brittle failures due to tension
perpendicular to wood fibers. The effectiveness of radial
reinforcement is demonstrated via experiments and analysis. In order
for composite reinforcement to be applicable in a design practice, a
number of questions related to long-term performance, durability and
fire resistance must be answered. These include: compatibility
between reinforcing and reinforced materials due to thermo-expansion
and differential shrinkage and swelling, creep and mechano-sorptive
creep behavior, behavior of the adhesive interface under elevated
temperatures and aggressive environments. Two examples of the
application of composite materials in timber structures are discussed:
radial reinforcement of laminated arches and perpendicular-to-fibers
reinforcement of beam-to-column connections. Reinforcement of
arches is facilitated via glass-fiber rods and pre- and post-crack
behaviors are analytically studied.

The radial reinforcement of beam-to-column connections of frames
(moment connections) is demonstrated via small- and full-scale
experiments. Radial reinforcement fully mitigates brittle connection
failures and significantly enhances moment capacity and ductility of
the connection. Energy dissipation mechanisms are indentified as
friction, steel dowel yielding and wood crushing. An analytical
model is proposed to model each of the individual phenomena. The
model is phenomenological but its parameters are related to physical
properties of connected components. A system of springs, sliders and
gaps is used to model overall hysteretic connection behavior. A
parameter extraction process has been proposed and validated via
experiments and evaluation of the dissipated energy. In the second
experiment, an arbitrary load was used to generate a hysteretic
response and the experiments were compared with the analytical
model subjected to an identical load history. Energies per cycle,
cumulative dissipated energies and moment-rotation curves were
compared. The model replicated the experimental moment-rotation
relationship reasonably well. While the global (cumulative dissipated
energy) criterion was satisfactory, the error in dissipated energy per
individual load cycle can be relatively large.
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Souhrn

Prednaska se zabyva lokdlnim vyztuzenim prvka dfevénych
konstrukci za ucelem zamezeni kiehkého lomu v dusledku tahového
namdhani ve sméru kolmo k vlaknim. Efektivnost radialniho
vyztuzeni je demonstrovana pomoci experimentli a analyticky. Pred
tim, nez lze vyztuzeni kompozitnimi materialy aplikovat v praxi, je
tteba zodpovédeét fadu otazek tykajicich se dlouhodobého puisobeni,
zivotnosti a protipozarni odolnosti. Dalsi parametry, které je nutno
studovat, zahrnuji kompaktibilitu mezi vyztuzujicim a vyztuzovanym
materialem vlivem diferencialni tepelné a vlhkostni roztaznosti, teceni
a mechanosorb¢ni teceni, jakoz i chovani mezni vrstvy za zvysSenych
teplot a chovani v agresivnim prostiedi. Pouziti kompozitnich
materiald v dievénych konstrukeich je demonstrovano na piikladech
lepeného lamelovaného oblouku a momentového spoje ramové
konstrukce. Vyztuzeni oblouku je realizovano pomoci vlepenych
sklolaminatovych ty¢i a chovani systému pied a po vzniku trhlin je
experimentalné¢ a analyticky vyhodnoceno.  Radidlni vyztuzeni
rohovych ramovych spoji je provedeno pomoci sklolaminatové
kompozitni textilie s epoxidovou matrici a je experimentalné
demonstrovano. Radialni vyztuzeni pln€ odstranuje kiehka poruseni a
vyznamné zvySuje kapacitu a schopnost spoje pohlcovat energii.
Mechanismy, které kontroluji pohltivost energie, jsou identifikovany
jako tfeni a plastické deformace oceli a dfeva v oblasti kontaktu. Pro
kazdy mechanismus je navrZen analyticky model, ktery sestava ze

systétmu pruzin, mezer a tfecich prvku. Model je sice
fenomenologicky, ale individualni parametry reprezentuji fyzikalni
vlastnosti  spoje. Systém pruzin, mezer a tfecich prvkl

kombinovanych v sérii a paraleln€ je pouzit na modelovani hystereze.
Identifikace parametrii modelu je ovéfena pomoci experimentli a
vyhodnocenim pohlcené energie. =~ Nahodné cyklické zatizeni je
pouzito na vyhodnoceni obdrzenych parametri modelu a experiment
je porovnan s modelem, ktery je zatizen stejnou historii. Na
vyhodnoceni kvality modelu je pouZzita energie na cyklus, kumulativni
pohlcena energie a kiivky zobrazujici vztah mezi momentem a rotaci.
Model reprezentuje experimentdlni data pomérn¢ dobife pro
kumulativni hodnoty pohlcené energie, av§ak chyba v energii na jeden
cyklus mtze byt znacna.
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1 INTRODUCTION

In the past decade, wood has experienced a renaissance as a structural
material of choice due to its aesthetic and environmental properties.
Glue-laminated wood technology (glulam) was developed at the
beginning of the last century and evolved rapidly with the advent of
synthetic adhesives such as phenol-resorcinol or polyisourethanes. A
high strength/weight ratio significantly exceeding the ones of concrete
or steel and their high fire resistance make glulam beams ideal for
large-span structures. In addition, natural resistance of wood to
aggressive environments such as a corrosive atmosphere or exposure
to salts are attributes increasing efficiency and environmental
friendliness of the material. Examples of large-span structures
exceeding a free span of 50 m are numerous [2]. Wood, however,
possesses some drawbacks such as hygroscopicity, susceptibility to
biotic attack if not protected from moisture, anisotropic characteristics
and high variability of properties. In this paper, the anisotropic
character and mitigation of its implications will be discussed.

Wood has high tensile and compressive strength in the direction along
fibers and low tensile strength across fibers. This makes is difficult to
use wood in structural components where radial stress (tensile stress
across fiber) is inevitable. This includes arches, non-prismatic beams
and moment connections. While some national and international
standards [3, 4, 5] permit minimum design stress in radial tension, it is
a serious limitation. Likewise, moment connections are subjected to
radial tension that results in a brittle type of failure, which may be
extremely dangerous in seismic zones. Radial reinforcement of wood
in the direction across fibers has been used as a mean of increasing
tensile strength perpendicular to fibers and shifting failure modes from
brittle to ductile. In most cases, composite fabric of various designs
was used as a reinforcing medium. The fabric was attached to the
surface of members and prevented crack formation and development,
at least in zones reasonably close to the surface [5]. Another
reinforcement strategy is using glued-in composite fiber rods in a
radial direction. In both cases, the interface between reinforced and
reinforcing material must transfer strains during pre- and post-crack
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phases of deformation. Some issues that must be resolved for the
reinforcement to function properly are:

® Compatibility in strains

® Compatibility in shrinkage and swelling

® Compatibility in thermo expansion properties

® Time- and load-history dependent properties of the adhesive

layer and the composite system

The ultimate strain in tension perpendicular to fibers are important
factors in determining properties of reinforcing material, which must
be able to transfer significant loads after cracks between fibers
develop.  The shrinkage and swelling and thermo expansion
compatibilities must be maintained to prevent the development of
interfacial stresses due to differential shrinkage/swelling or thermal
expansion. The long-term behavior of the interface between
reinforced and reinforcing materials is of particular importance when
combined with sorption/desorption associated with the hygroscopic
nature of the material. The mechanosorptive creep must be studied to
avoid potential interface failures and/or delaminating.

2  RADIAL REINFORCEMENT OF CURVED BEAMS AND
ARCHES

@ (b)

Figure 1. Bending test of curved beam with radial reinforcement
[1]. (a) Test setup, and (b) failure of an unreinforced beam due to
the radial crack propagation.



(b)

Figure 2. Pre- (a) and post-crack (b) stress in the glass-fiber
reinforcing rod.

The first example involves radial reinforcement of a glue-laminated
curved beam. Curved beams are common in wood structures due to
the convenient stress distribution that tends to be compressive. The
negative consequence of the curvature, however, is the development
of radial tensile stresses in the curved part of the beam. The strength
of wood in radial tension (or tension perpendicular to fibers) is very
low compared to stresses along the fibers with a yield strain of about
0.1% [1]. This creates a situation where radial stress can create cracks
in the zones with a maximum bending moment, which can then
propagate along the beam. A model of a laminated, curved beam was
constructed and glass fiber rods were glued in the radial direction as
shown in Figure 1. The geometry of the beam was designed such that
radial stress would produce cracks at the beam’s crest. A surface
strain was observed with digital image processing and from an
extensometer mounted at the location with expected extreme stress.
Elastic constants including a tensile stress-strain relationship for the
perpendicular-to-fibers direction were experimentally measured to
suppress contamination of the analysis by data variability. Figure 2
shows the values of stress in the reinforcing rod before and after crack
development. The increase in stress is significant and shows the
effectiveness of the reinforcement. This is a numerically calculated
value since rods were not instrumented during the experiments.



The value of the verified analytical model is in its ability to simulate
various parameters that will require involved testing procedures. The
parameters of interest may include: reinforcing rod properties (such as
stiffness, diameter, and spacing), beam geometry and properties and
various loading and boundary conditions. The GF rods can be used in
the repair of laminated beams failing in radial tension. The tests and
an analysis of post-crack behavior showed that the reinforcement was
capable of arresting the cracks and transferring the load through the
interface.

Figure 3. Stress distribution in a reinforced, curved beam (a), and (b)
the interface between GF reinforcement and wood (40 x).

Figure 3a shows the theoretical stress distribution in a reinforced,
curved beam. Failure in radial tension (2.2 MPa) is expected in zones
between reinforcement and even at the interface between the rod and
wood. This confirms the experimental observation where cracks
developed in the reinforced and unreinforced beams. The difference is
in the capability of the reinforcement to arrest the cracks. Figure 3b
shows the microscopic image of GF reinforcement bonded with epoxy
resin to wood material. The dark, horizontal lines represent late wood;
the epoxy layer is clearly visible. The interface needs to be carefully
studied since interfacial stresses can result in shear failure of the bond.
Figure 4 shows a radiographic image of an internal reinforcement of
laminated arch. The real-time, digital radiography can be used to
evaluate internal crack development. The system resolution is
currently limited but offers opportunities to measure internal
deformations of the reinforcing systems.



Figure 4. Radiographic image of glass-fiber radial reinforcement
of an arch.

Compatibility between reinforcing and reinforced materials is
important in minimizing residual stresses due to differential shrinkage
and swelling and different thermo expansion coefficients. Composite
pipes permit designing the reinforcement with a desired stiffness and
strength. Variables that can be controlled include wall thickness of
the composite pipe, pipe diameter, type of longitudinal and transverse
fibers, angle of transverse reinforcement, and matrix type - Figure 5.

Kevlar/Glass-Fiber

Angle of radial
reinforcement

Carbon/Glass/Kevlar Fiber

Fiber density < Wall
ickness
Diameter

Figure 5. Geometry of reinforcing composite pipe and variables
affecting the performance of the reinforcement.
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3 RADIAL REINFORCEMENT OF MOMENT
CONNECTIONS

The second example involves beam-to-column moment connections of
laminated timber frames. The moment connections of wood structures
always include mechanical fasteners that are usually in the form of
steel dowels, pins or bolts. Transferring moments and normal forces
result in a tension perpendicular to fibers and subsequent potential
brittle failure. A body of knowledge exists about the application of
surface reinforcement using composite fabric such as glass-fiber
nonwoven material with epoxy matrix. The problem with using
surface application is that it is effective only in close vicinity of
application and cracks can develop far from the restrained surface
(Saint-Venant’s principle applies here). Using composite rods
alleviates this problem. Figure 6 shows the effect of reinforcement on
the failure mode of a moment connection.
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Figure 6. Beam-to-column connections subjected approximately to the
same rotations (a) unreinforced and (b) reinforced.

The connection in Figure 6a failed in brittle manner while the
connection in Figure 6b showed no sign of cracks and failure under
large rotations. Such behavior is important especially in dynamically
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loaded structures where brittle failure is not acceptable. The moment-
rotation curves shown in Figure 6 clearly demonstrate the effect of
radial reinforcement on moment capacity of the beam-to-column
connections. One of the measures of the effectiveness of moment
connections is their capability to dissipate energy. Relatively large
rotations are required to take the advantage of the dissipative capacity
of the reinforced systems. The dissipative capacity of a reinforced
connection is demonstrated in Figure 7. The GF reinforced
connection dissipated significantly more energy without crack
developments or failure. Large rotations will result in large drifts of
composite reinforced frames without failures.

1.5
1.2 A
Reinforced

0.9 A

0.6 A

Energy (kNm*rad)

0.3 Unreinforced

0 0,04 0,13
Rotation (rad)

Figure 7. Energy dissipation of a cyclically loaded beam to column
connection.

The internal deformation of the dowel-type connection is shown in
Figure 8. The reinforcement permits designing a balanced connection
in which the steel and connected materials yield at roughly equivalent
moments thus increasing the energy dissipation capacity of the
reinforced system.
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Figure 8. Test of reinforced beam-to-column connection: (a) test
setup and (b) X-ray image.

The radiographic image quantitative analysis was applied to extract
the strains of cyclically loaded moment connections — Figure 9.
Simple moment-curvature analysis can be used to extract strains in the
steel pins. The information can be used to verify design assumptions
such as yield theory that is frequently used in connection design [9].

Frame S84
lead: 470N

Rotation: . !
g 115 A @

TTen
T - 316.186Tm

(b)

Figure 9. Radiographic image of cyclically loaded beam-to-column
connection (a) and corresponding dowel deformation (b).

ANALYTICAL MODELS OF CONNECTIONS
Modeling the beam-to-column connections in analytical models of
frames requires nonlinear analysis due to the non-conservative
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connection behavior. Achieving accurate results in a nonlinear time-
history analysis requires accurate hysteretic connection models since
the joints are responsible for most of the damping of inelastic systems
[25]. Many hysteresis models have been proposed to describe the
load-history dependent behavior of timber joints subjected to cyclic
loads [14, 15, 16]. Well known is the DRAIN 2DX program from
Powel [17] for the dynamic analysis of nonlinear structures. Kasal et
al [18, 19] and Collins et al [20] developed a special hysteretic finite-
element with strength and stiffness degradation properties. This
approach has been successfully used in light-frame and steel structures
but requires attaching a specialized code to a generic finite-element
package and recompiling the entire software [12]. Fajfar and Drobnic
[22] and Pradhan [23] used a simple approach to simulate the
nonlinear dynamic behavior of BC connections of reinforced concrete
composites, where the hysteretic behavior of concrete was modeled
using bilinear elasto-plastic springs with gaps. Kawai [24] used a
similar approach to model the behavior of nailed shear walls used in
wood frame constructions.

Most of the models mentioned above are phenomenological - they
describe the nature of a load-deformation relationship based on
experimental measurements but do not necessarily explain the
mechanics of the joint itself [21]. The connection model proposed in
this paper provides more insight into the response of the connection as
affected by material properties and mechanics of the individual
elements.

3.1 MODEL OF THE NONLINEAR, NONCONSERVATIVE
SPRING ELEMENT

To capture the hysteretic, load-history dependent behavior of the
connections between frame members a nonlinear, nonconservative
spring element was generated. The connection behavior was modeled
via a combination of linear spring-, slider- and gap-elements available
within most structural analysis finite element packages [12]. The
combination of spring-, slider- and gap-elements allows modeling of
various hysteretic shapes including pinching, asymmetric behavior,
contact phenomena, and initial slip of the fasteners. Modeling large
initial slippage in the joints is a decisive advantage, which allows the
simulation of an aftershock scenario. The model is not capable
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capturing strength degradation and/or the brittle failure of the joint.
Several elements are required to describe the connection behavior with
sufficient accuracy.

3.2 PARAMETER IDENTIFICATION

Three modes of energy dissipation in the connections were considered
using a system of nonlinear springs to represent the following
behavior:

) Friction between beams and column
(11 Bending of the dowel-type fasteners
(IlI)  Embedding behavior of wood

The load-deformation relationship is a summation of individual
components. Since the spring elements are connected in parallel they

can be studied separately based on the load-carrying behavior of the
individual parts - see Figure 10.

(I) Friction (II) Dowel - (IIT) Wood embedding Combination

bending
T S S N DB 1
m% % G, M‘%I % G, | : |

P
M, i

=K " LM K Ky oM K,,r v
i m— s 'I-(-;Kzz " g s - - “s{'.;:"’ 'G: “ - A =S
(@ (b) (c) (@) (atbtctd)
Figure 10. Connection model using combination of spring-, slider- and gap-
elements
@D Friction between beams and column

Figure 11 shows the hystereses of a small-scale connection subjected
to a cyclic load procedure according to the DIN EN 12512 [25]. Two
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experiments per connection were carried out. In the first test pure
friction between beams and column was simulated by a center bolt
pressing together the wood members (no drift-pins). The moment
applied to tighten the nut of the center bolt M8 was 8.6 Nm. After
finishing this test, the drift pins were driven into the predrilled holes
and the test was repeated. Comparison of the moment-rotation curves
proved that friction between the beams and column was constant and
independent of the load-history. The results justify defining the
frictional effect as a separate system, independent of the load-history.

10 050 0.8 -

Moment [kNm]
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— Friction only | — Friction enly y = —Friction only
J ' - )

05 - — 0.25 ® o5
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i ;. .1 E po0 . =

001 = g ; T

j s / Kl ] 5
f A/ v * Rini >
05 Z 025 4 5
/ g
K w

02 01 0.0 a1 0.2 004 002 000 002 004 0.0 = i

050
Rotation [rad] Rotation [rad] 0 003 006 0.16
Rotation [rad]

(@) (b) (©

Figure 11. Comparison between a joint with and without fasteners (UD-R
Jjoint design)

Figure 11a shows the moment-rotation curves up to a rotation of 0.2
rad and Figure 11b shows the same hysteresis for small rotations less
then 0.03 rad. It was observed that for such small amplitudes the
degradation in strength was negligible. Consequently, the error due to
degradation, not considered in the analytical model, will be small at
this rotation level. The frame experiments reported in [26] showed that
the beam-to-column connections in the two-story laminated frames
rotated about 0.012 to 0.023 rad at extreme story drifts. Such small
amplitudes resulted in negligible strength degradation. The initial
stiffness K;,; due to the friction was about 39 kNm/rad, whereas the
stiffness K of the connection was about 14 kNm/rad. The maximum
moment M,,; reached during the friction test was constant 0.04 kNm.
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Figure 11c shows that up to a joint rotation of 0.03 rad the energy
dissipated from the connection was almost entirely due to the
frictional effects, while for larger joint rotations most of the energy
gets dissipated through the plastic deformation of wood and steel
fasteners.

A bilinear spring element with a rotational stiffness K; [kNm/rad] and
a sliding moment M; [kNm] was used to simulate the friction of the
connections (Figure 10a). The model represents the cyclic behavior of
elastic -plastic material with non-conservative unloading.

(II) Bending of the dowel-type fasteners

The characteristics of the steel fasteners were represented by a
combination of a bilinear, elastic-plastic spring (K, and M;) and a
linear spring K, connected in parallel (Figure 10b). The beginning of
the plasticization is defined by the sliding moment M,. The presence
of K3, increases the stiffness, but does not result in a change of energy
dissipation [12].

(IIT)y  Embedding behavior of wood

In order to approximate the load-history dependent connection
behavior, a spring element with memory was defined. The modeling
of the unrecoverable plastic deformation of wood was done by spring
(K3, Ky), slider (M5, M,) and gap elements (G;, G,) connected in series
(Figure 10c and d). Therefore, two elements were necessary: one for
tension (1% quadrant) and one for compression (3™ quadrant). The use
of gaps allowed the simulation of the initial slip due to fabrication
tolerances and/or damage due to previous loading. To define the
asymmetric hysteretic behavior, different values for K, M; and G; (1*
and 3" quadrant) must be used. To increase the accuracy of the model
a larger number of bilinear spring elements is required.

The general function of the envelope curve M(p) in the 1* quadrant
(Figure 12) is expressed with following equation:
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4
M@)=YK, 0,+Kn 0 it o <G then P

j=1
@; =0
else
¢, =(@ -G,

M .
if @, >—> then
¢./ K

where: Kj, Mj and G; = constants of element j presented in Figure 10
(G1=G,=0)

3.3 PARAMETER EVALUATION

To obtain model parameters from experimental data, a
parameter search routine was developed. First the envelope
curve of the analytical model, expressed by equation 1, should
match the non-stabilized (1* cycle) envelope obtained in the
cyclic test. If the connection exhibits significant strength and
stiffness degradation, the stabilized 2™ cycle should be used.
Figure 12 shows the location of characteristic points that were
used to extract the parameters Kj, M; and G; from hysteresis.

M | Ko M

- —— -3
- o

e A intercept at M’: L K 4
{p =0, My>0) N (¢ =0, M, >0) i

"] Po
M

(C)) (b)

Figure 12. Location of points for a symmetric hysteresis: (a) entire
hysteresis and (b) hysteresis of the first cycle with an amplitude ¢ =
0.25 ¢,
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The yield point Py, the stiffness K and the stiffness K, are defined in
the DIN EN 12512 [11]. Further constants are defined as follows:

M;,; = moment at the intercept of the first cycle with an amplitude ¢ =
0.25 ¢,

K;,; = initial slope of the first cycle (about equal to the slope of
unloading function)

P; = point of first yielding

P, = point of first contact between the hysteresis and K, (plasticized
joint)

K, = slope defined by P, and P,

M,,; = moment at the intercept of the cycle with an amplitude ¢,; = 3 ¢,
K, = slope of the descending curve at the intercept M,,

@y = initial slip - rotation at the intersection of K and the X-axis (¢ >
0)

The total number of parameters K;, M; and G; that need to be extracted
from cyclic experiments is eleven. They are evaluated in accordance
to the following equations:

M =M,

K, =K,,

M,=M,-M,

K,=M,/¢p,

K, =K,

G, =0, @)

Ky=K-(K,+K,)
M, =K; (¢, —9,)
G, =9,
K,=K,-Ky

M,=K, - (¢p,—9))
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This set of equations is used to determine the element parameters. A
summary of the full-scale connection parameters used in time-history
analysis is given in the Table 1.

Table 1. Parameters of the full-scale connections
Parameter | Unit Source Reference Alternative
BC CF BC CF
K, kNm/rad | Friction 3500 3500 | 3500 3500
M, kNm 1.2 0.8 1.4 1
K, kNm/rad | Dowel 140 2000 360 2500
M, kNm | (bending) 1y 5 7.6 10
Ky kNm/rad 30 260 60 400
K; kNm/rad 500 1300 1000 1800
M; kNm Wood 8 22 22 40
G, rad (embedding | ) 003 0.0026 | 0,002  0.004
crushing)
K4 kNm/rad 330 1000 600 1500
M,y kNm 12 40 19 38
Gy rad 0.019  0.0195 ] 0.022  0.026

Y'No test data were available to determine the initial stiffness K;,; of the full-
scale connections. Therefore a value of 3500 kNm/rad had been chosen based
on the initial slope at the first hysteretic loop. As long as the sliding moment
M, is small, K; is of minor importance for the accuracy of the model. Small
deviations in stiffness will have insignificant effects on the amount of
dissipated energy.

3.4 VALIDATION OF THE CONNECTION MODEL

The accuracy of the connection model will be examined by comparing
the predicted hysteretic responses against experimental data. Figure 13
shows the experimental versus analytical results for the full-scale
connection.
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Figure 13. Simulation versus experimental results for the full-scale BC
connection

The proposed model was capable of capturing the time-history
response of the connection with sufficient accuracy. Accurate
estimation of the entire load-deformation response is important as this
affects not only maximum displacements but also the level of energy
dissipation. Since energy dissipation accounts for most of the system
damping correctly estimating this part of the hysteretic response is
paramount. In the parameter identification above, the parameters were
obtained without regard to the energy dissipated and thus may provide
an incorrect system response. Thus energy dissipation may be used to
evaluate the quality of the model obtained from the characteristic
points defined earlier. Figure 13 and Table 2 compare the dissipated
energy of the connection model with that of experimental data. The
error listed in Table 2 is defined as the experimental result — analytical
result / experimental result. The results show that the error of the
simulation was kept at a reasonable level.
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Table 2. Dissipated energy of the model compared with the

experiment

Cycle number |Rotation |Cumulative Energy Epc Error

[rad] [kNm rad] [%]

Simulation Experiment

1 0.009 0.13 0.11 18
2 0.019 0.45 0.39 13
3 0.027 1.00 1.03 -3
4 0.036 2.06 2.20 -6
5 0.068 5.90 6.40 -8
6 0.101 12.4 13.8 -10
7 0.134 20.8 24.6 -15

Another useful quantitative method in demonstrating the validity of
the hysteretic analytical model is to simulate the response of a system
subjected to arbitrary loading. Such a loading sequence is presented in
Figure 14a. This sequence reflects qualitatively the deformation
history that full-scale connections sustained during a shake table
experiment. The arbitrary loads were applied to a small-scale joint
with the resulting load-deformation response shown in Figure 14b.
The moment-rotation curve was used to extract the characteristic
points as shown in Figure 12. The spring parameters of the model
were then evaluated in accordance to equations 2. The resulting
parameters are listed in Table 3.

Table 3. Characteristic values and spring parameters for a small-scale joint

Charact. Kini Mini K Mpl Kpl (|)y My [ON) (0] [0)) K12

values |25 |0.025]11 |0.05 ]0.63]0.033]0.420.0005|0.022|0.062 | 3.6

Spring Kl M1 K2 M2 K22 K3 M3 G3 K4 M4 G4

parm. |25 |0.025]0.76]0.025]0.63]19.61 |0.21]0.0005]|2.97 [0.12 [0.022
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The analytical versus experimental results are shown in Figure 14b.
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Figure 14. (a) arbitrary-load procedure and (b) moment-rotation curves
of simulation versus experiment
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Figure 14 shows that the prediction over the entire load-history is
qualitatively in good agreement with the experimental results. In
Figure 15 selected cycles were plotted to see more clearly the ability
of the model to capture the hysteretic response. The selected cycles
are labeled in rotation time-history inset of Figure 14a.

05+

expe

rirment

- - - -Simulation

0.07

Rotation [rad]

Cycle no. 16

0.00 0.07

054

03

004

034 [

014 05 +—

014

007 0.00 0.07

Rotation [rad]

Cycle no. 30

014

054

03

004

0.3

05 +
-0.14

-0.07 0.00 0.07 014
Rotation [rad]

Cycle no. 46

Figure 15. Simulation versus experimental results for selected cycles

An examination of the predicted response for the selected cycles
shows good agreement with the experiments. Some deficiencies are
apparent such as more predicted pinching (Figure 15 cycle no.30) and
incorrectly predicting the degradation in cycle no. 46 with small
amplitude. However, the developed hysteretic model sufficiently
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reproduces the cyclic behavior of the connection well into the plastic
range.

Having demonstrated the effectiveness of the model to simulate the
load-deformation path, examination of the area enclosed by the
hysteretic loops will further demonstrate the ability to estimate the
energy dissipation capacity. The energy dissipation per cycle and the
cumulative dissipation are plotted versus the cycle number in Figure
16a and b, respectively.
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Figure 16. Simulation versus experimental results for (a) energy
dissipated per cycle, (b) cumulative energy dissipated, (c) error in
energy dissipated per cycle and (d) error in cumulative energy
dissipated

Comparison of analytical and experimental results show that the
energy dissipation was estimated reasonably well with the cumulative
energy prediction more accurate than the per cycle prediction. From
Figure 16a generally the model underestimated the energy dissipation
capacity for large-amplitude cycles (¢ > 0.04 rad) and overestimated
the capacity for low-amplitude cycles (¢ < 0.04 rad). Therefore, the

24



error in cumulative energy (Figure 16d) is small, since the deficits of
large-amplitude cycles were equalized by low-amplitudes. An
examination of the error per cycle shows that the differences in energy
dissipation can be quite large (Figure 16c). The cycles with large
errors are low-amplitude cycles (such as cycle no. 46) whereby the
error increases as the test progresses. The reason for the increase in
error is that the model represents simplified behavior and does not
capture the interaction between the deformation in wood and the steel
dowels. For instance, a steel dowel in an oversized hole is sliding and
will not carry any load until it is in contact with the wood again. Such
slippage significantly influences the hysteresis of low-amplitude
cycles. However, small cycles are of minor importance for the total
energy dissipated in the system. Thus the model is accurate in
modeling the response of the connection to an arbitrary load but the
precision is poor for low amplitudes.

4 CONCLUSIONS

Local reinforcement of timber structural components can effectively
control brittle failure modes and prevent crack development and/or
propagation. Initial laboratory and full-scale experiments
demonstrated the feasibility of such approaches. In order for these
methods to gain applicability in design, a number of issues need to be
studied. These include the effect of differential shrinkage, swelling
and thermo expansion on interface and stresses, the effect of long-term
loading (creep, mechano-sorptive creep and the effect of cyclic
loading combined with an environmental load), and the effect of
aggressive environment and elevated temperatures (short- and long
term including fire). Short-term laboratory experiments showed the
effectiveness of local reinforcement but application in structures will
require addressing the above issues.
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