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ABSTRACT:

The work we present here aims at defining a direct Displacement Based Design (DBD) methodology that
specifically applies to warehouses or commercial buildings, based on glued laminated timber portal frames. The
case study investigated is an industrial wood-framed warehouse with two-hinged frames where the post-beam
connections are semi-rigid moment-resisting joints with dowel-type fasteners. A necessary condition for
applying DBD is that it be possible to estimate a priori (i) the target displacement of the portal and (ii) the
equivalent damping ratio of the structure at the ultimate capacity. The general assumption is that the
displacement capacity of the building mainly depends on single joint behavior and only to a smaller extent on
the size of structural members. This observation lets us define a practical expression for calculation of the target
displacement with only the dimensions of members and connections. Using pushover non-linear analyses, we
demonstrated that the expression provides prior values of target displacement that are close to those obtained a
posteriori using a much more refined model that takes account of the exact geometry of members and
connections. The comparison with the results of Eurocode 8 shows that the DBD method potentially can
overcome some of the simplifications that a Force Based Design (FBD) method necessarily leads to.
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1. INTRODUCTION

The work presented in this paper aims at defining a direct Displacement Based Design (DBD) method that
specifically applies to heavy timber structures, including warehouses or commercial buildings, based on glued
laminated timber portal frames. We will refer to a specific case study, a warechouse described in detail in Section
2, although the general concept can be easily extended to most hyperstatic portal frame buildings. We will also
refer to dowel connections, as these possibly represent the type of connection most extensively used in glulam
construction technology. The load-carrying capacity of bolted wood connections can be easily estimated using
the well-established Johansen theory (Johansen, 1949), sometimes referred to as Furopean Yield Theory.
However, Johansen's model provides only the strength of the connection, but no information on load-slip
relation, ductile capacity or energy dissipation of the fastener. More generally, no commonly accepted method
for predicting precisely the ductile capacity of a fastened connection can be found in the scientific literature,
although there are many works that deserve to be considered. The problem is closely connected to the large
number of parameters necessary to characterize the general behavior of the fastening, including the angle
between the load direction and the grain, the direction of the load (tension or compression), the ratio between
the length and the diameter of the fasteners and obviously the number of shear planes involved. Moreover,
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fastener behavior is usually represented by a bi-linear law, which implies univocal definition of the yield point
and consequently the ductility. However, the concepts of yield point and ductility are not well-defined (see a
review on this topic in appendix B of Dolan (1994). Under cyclic loads, bolted connections exhibit load-slip
hysteresis loops characterized by a pinch effect. This behavior is due to the steel fasteners that embed in the
wood during the load action, hence slackening the joint. The same mechanism implies lateral stiffness
degradation and reduction of energy dissipation after each cycle. According to Dolan and Gutshall (1997), the
load history affects the behavior only if the load magnitude is below 38 % of capacity for bolts loaded parallel to
the grain, and below 75 % for nails. In the case of reversed cyclic load, the yield load, the stiffness and the
ductility are lower than in the monotonic case. However, the load capacity of the connection increases or
remains the same. Daneff et al. (1996) conducted extensive tests on bolted connections, comparing the
monotonic load-slip response to the envelope response in a reversed cyclic test. They observed that the slip at
the maximum load is consistently higher in the case of cyclic tests and that the energy dissipated by a
connection subjected to monotonic load is 5 to 17 times smaller than the cumulative energy dissipation in cyclic
regime.

2. DESCRIPTION OF THE CASE STUDY

The structural concept selected as a case study is a typical glulam warehouse built completely, as to structural
members, of glulam timber type GL24h (CEN, 2000). The building is a single-story structure, where all the
masses are placed approximately at the same height. The bearing structure is regular and has 5 portal frames,
equally spaced at pitch 6.5m. The main geometrical dimensions of the portal are shown in Figure 1. Each portal
frame consists of a continuous curved beam with two 4.79 m high columns, hinged at the base to the foundation.
The columns have spaced elements connected with packs. The beam is an apparent double pitched cambered
beam 15.5 m long, with a slope @=10.2°. The secondary structure of the roof consists of six 0.18 by 0.46 m
beams and a ridge beam of identical cross-section, all in glulam timber. Plywood panels are inserted between
the columns serving as shear walls, while the roof in-plane bracing is provided by the timber boarding. The
building was dimensioned according to Eurocodes: in detail we assumed a service class 1, according to
Eurocode 5. We also assumed the building to be located in a seismic zone with a design ground acceleration
a,~0.35g, on ground type C. The total seismic mass of a portal is m=19775 kg and is considered as concentrated
at the roof level. In this paper the analysis will address only the in-frame direction.

The beam to column connection is a moment resisting joint fastened with dowels located on two concentric
circles. The dowels work as double shear planes timber to timber connections. Assuming the members to be
rigid, the elastic rotational stiffness of the joint K, i.e. the constant that relates moment M to rotation Ag, can be
calculated as

Beam's cross section = 0.16 x 1.07 m

1.07 m|

521m| 4.86m

479m | 4.13m

10.20° // 3.87m

7.75m ‘

Figure 1 Geometric features of the case study and detail of the connection (Piazza et al., 2005)
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Table 1 Geometry and performances of moment resisting joint

Design I Design 11
Fastener diameter d [mm)] 12 16
Internal radius ine [MM] 425 385
Number of internal fasteners 7 i [Adim] 44 30
External radius Texy [MM] 485 465
Number of external fasteners 1 o [Adim] 50 36
Rotational stiffness (elastic) K s [KNmM] 175194 144961
Rotational stiffness (ultimate state) K, [KNm] 116796 96641
Resisting moment Mp, [KNm] 730 820
K,=Y K’ @2.1)

where K; is the elastic slip modulus of the i-th single dowel and r; is its distance from the geometrical centre of
the fasteners. Within the scope of this work, the slip modulus of the single fastener can be conventionally
assumed equal to that given by Eurocode 5. Table 1 illustrates how we can obtain almost identical static
performance of the connection by arranging in similar configuration either dowels with diameter =12 mm
(Design I) or of diameter d=16 mm (Design II): indeed, both the designs are equally well assessed with respect
to the maximum shear action at the most critical dowel, under static loads. However, the base shear calculated
according to Eurocode 8 is very sensitive to dowel diameter. Eurocode 8 states specifications for defining the
most appropriate ductility design class, L M or H, based on the joint detailing.

Design in ductility class H is allowed when the fastener diameter d does not exceed 12 mm and the thickness ¢
of the connected members is not smaller than 10 times d: in this case a value of g=4 can be assumed. By
contrast, when d is greater than 12 mm and ¢ is less than 8 times d, the structure should be classified in ductility
class L, and a value as low as ¢g=1.5 must be taken. It is immediately verified that in our case, being =120 mm,
the first condition is fulfilled using dowels with diameter d=12 mm as in Design I; the latter when d=16 mm as
in Design II. This results in a completely different base shear force calculated in the two scenarios, equal to
53kN and 142 kN for Design I and Design 11 respectively.

3. FORMULATION OF ADBD METHOD FOR TIMBER PORTAL STRUCTURES

In the following sections we introduce a Direct DBD formulation that specifically applies to timber portal
frame-structures; in essence, this is an extension to glulam frames of the general methodology developed by
Priestley (Priestley, 2000) for concrete and steel structures.

3.1 Target displacement

A necessary condition for applying the DBD method is that it be somehow possible to estimate a priori the
target displacement A, of the portal, regardless of the geometrical dimensions of members and connections. In
the case of serviceability limit states, this assumption is most likely true, as the limit value of displacement is
typically expressed in terms of maximum acceptable drift of the building. However, for a collapse limit state,
this estimate might not be so obvious, because the ultimate capacity generally depends on member and joint
characteristics, which are unknown at the design phase. Nevertheless, below we will show that, in the case of a
two-hinged timber portal building, it is possible to obtain a sufficiently accurate estimate of A, using a fairly
simple formulation.
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Figure 2 Model for estimating the target displacement

First of all we can assume that, if the members are appropriately dimensioned, at ultimate limit state all of the
inelastic displacement is due to the rotation of joints, while the timber member behavior is considered elastic.
Hence, we can estimate the total target capacity A, as the sum of the displacement A; due to rigid rotation of
columns, as a consequence of joint yield, and the elastic deformation A, of the portal, calculated assuming the
joints to be rigid (Figure 2).

Evidently we have A=¢,/, where ¢, is the ultimate rotation of a joint and /7 the column height. The assumption
of rigid members basically means that the rotation ¢ will produce, in each fastener, slips J; proportional to their
distance from the joint centre of rotation C. Therefore, the ultimate limit state equation reads &,=r,u®u,
being 7, the maximum distance between the rotation centre C and the most critical dowel. For simplicity, we
will assume here that all of the fasteners are located in a single circular pattern, of radius ». As the connection is
subject to both shear /" and moment M, the rotation centre C does not coincide with the geometrical center O of
this circle. In general, the direction of shear stress depends on the ratio between seismic loads and gravitational
loads: if we further assume that the gravitational loads can be neglected in this calculation, then the relation
M=VH must hold. With some approximation we can further assume the ultimate distribution of forces on
dowels to be proportional to that in the elastic state. Hence, moment and shear components of dowel reaction
can be calculated by: Fy=M/nr and F=V/n, where n is the total number of dowels in the connection. Using
simple geometrical relations, with reference to Figure 3, and keeping in mind that M=VH, we obtain the
following estimate of 7,4,

F
Ar:r—V=r2£
F, M

max

2
r_; 7, =r+Ar=r(l+L} (3.1a,b)
H H

After some formal steps, which we skip here for sake of brevity, the displacement 4; can be written as:

oyp
A =6 —— 3.2
R BN W7 G.2)

y

Ly

Figure 3 Moment and shear components of dowel stresses
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where / is the geometrical height of the section of the column; & =H/L is the aspect ratio of the building; y=L/h
and f=h/r. Displacement Ay, is simply given by the elastic relation:

_ MH®* M

A=A = +
3EJ, 6LEJ,

s o tA (3.3)

5,2

where E is the timber elastic modulus, and J, and J. are the moments of inertia of the beam and the column,
respectively. Equation 3.3 depends on the member characteristics, but can be rearranged assuming some
simplifications. If the portal is appropriately designed, the beam yielding moment Mz should be greater than
the joint ultimate resisting moment M,. In other words, it should be M,=aMz., where « is an over-strength
factor. Thus, Equation 3.3 can be rewritten as:

’ J, 2

2( . J, 1
A =—[9—”+—JH75y (3.4)
where ¢, is the yield strain of timber and =H/L is the aspect ratio of the portal. Reasonable values for yield
strain and over-strength factor are &, =0.002 and a=1.2-1.3, respectively. Also for a typical warehouse building
we might expect that JwJ. =by/b.=1.0-0.5. Using the conservative value of Jy/.J. =0.5, the expression of As
reduces to:

H
A =—yl@+1 3.5
. 2000y(+) (3.5)

In summary, the ultimate target displacement can be estimated using the following equation:

_ OB H (

A, =6 + 0+1 3.6
T 1+1/6B 2000 y (5.6

From this formula we can note that the parameters that control the displacement capacity of the portal are
basically the ultimate slip of the dowel &,, the height of the building H, the portal aspect ratio #=H/L and the
ratio y=L/h. Also the ratio f=h/r influences the displacement capacity, but only to a minor extent. H and & are
obviously known at the design stage, while reasonable assumptions can be made for prior estimation of the other
geometrical parameters. In fact, f=h/r is necessarily greater than 2 and most typically somewhere between 2.5
and 3; also, under normal design assumptions, y=L/h is expected to be between 10 and 15.

3.2 Equivalent damping ratio

The next step is to define the design damping &, i.e. the equivalent viscous damping of the structure at the
design displacement. In general, it is commonly accepted to see &; as the sum of a constant viscous component
& and a hysteretic component &,,,, which increases with displacement capacity A,. It is also customary to
express the hysteretic component of damping as a function of structural ductility s An often used general
formulation of this kind is that suggested by Priestley (2003):

1
Si =S +§hysz =& +%(1_ﬂ0_5j (3.7)

where a and & are constants that depend on the structural material and technology. This expression is
commonly used for steel and concrete structures, while almost no application is found in the technical literature
in the case of timber. Overall, we must remark how for wooden structures the phenomenon of stiffness
degradation in cyclic loads makes the application of this equation unavoidably approximate.
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In his Master Thesis, Sartori (2008) proposes values for parameter a and & calibrated on the experimental
outcomes of tests on full-scale fastened glulam joints, carried out according to UNI EN 12512 (2006). This load
protocol includes a sequence of reversed cycles of increasing amplitude and is the standard used in Europe to
characterize the response of fastened joints. The general assumption is that the energy dissipation of a glulam
frame is mostly due to plastic deformation of its connections. We must remember at this point that, for fastened
connections, the hysteretic dissipation is mostly due to the steel dowels that embed in the wood during the load
action. Because this mechanism implies reduction of energy dissipation after each cycle, the total amount of
energy dissipated is strictly dependent on the load protocol: therefore, the relationship between equivalent
damping and ductility is not unique. Taking account of this issue, Sartori defined three different types of
damping-to-ductility curves. The first curve is that obtained under the same load protocol used in the
experimental tests. The other two represent the upper- and lower-bond curves, theoretical expected in the case of
monotonically increasing cyclic load and constant amplitude cyclic load, respectively. For the purpose of this
work, the use of the first type of curve seems the most appropriate to reproduce the effect of a real earthquake.
In this case, the numerical values of the dissipation parameters are: @ = 60 and & = 10% for Design I; a = 54 and
&o = 8% for Design I1.

3.3 Design base shear force
Once defined the target displacement A, and the corresponding equivalent damping &, the equivalent period of
the structure T, at the ultimate displacement is obtained by solving the following limit state equation:

A, =8,(T,.4,) (3.8)

where S, represents the expression of the elastic displacement spectra as a function of period and damping rate.
Equation 3.8 can be solved either numerically or graphically (Figure 4b), on the basis of the representation of
the response spectra provided, for example, by Eurocode 8. The equivalent stiffness k., and the design base
shear force of the structure F, can be obtained by the following expressions:

47r2meff
w =5 (3.9)
q T2
eq
F, =k, A, (3.10)
where m,is the effective mass associated to the first mode shape.
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Figure 4 Equivalent damping vs. ductility relationship (a) and design displacement spectra (b)
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Table 2 Structure displacement performance and Base Shear Forces obtained with different methods

Design | Design 11

Dowel load-carrying capacity F, [kN] 17 29
Dowel elastic slip modulus K4[kN m'] 5926 7902
Dowel ultimate slip O, [mm] 17.4 7.8
Design displacement (Eqn. 3.6) Ay [mm] 182 109
Structure ductility capacity u 6 2.10
Equivalent viscous damping (Eqn. 3.7) & 21.2% 13.2%
Ultimate displacement (via pushover analysis) A, [mm] 205 132
Ultimate rotation @, [rad] 0.0317 0.0149
Yielding rotation @, [rad] 0.0053 0.0071
Base Shear Force by Eurocode 8 Fyecs [KN] 53 142
Base Shear Force by Direct DBD Fyppap [KN] 56.4 130.2

4. SAMPLE APPLICATION

In this section we will apply the Direct DBD method described above to the case study, in order to compare the
results with those obtained using Eurocode 8. To do so, we must verify that the parameters chosen in the DBD
approach are consistent with the implicit assumptions of Eurocode 8. As seen before, Eurocode 8 assigns
ductility class H and a behavior factor g=4 to the frame structure when the connections are fastened with d=12
mm dowels, as in Design I. The same code assumes that in this case the dissipative zones shall be able to
deform plastically for at least three fully reversed cycles, at a static ductility ratio of 6, with less than a 20%
reduction of their strength. Therefore we may conservatively assume that the ultimate slip of the dowel 9, is at
least 6 times the conventional yield slip &,. In turn, J, is calculated as the ratio between the yield strength F, and
the slip modulus K, both of these given by Eurocode 5.

Within the scope of this analysis, average values of material strengths appear to be more appropriate than design
values for calculating F,. Mean values have been derived from characteristic values assuming normal
distribution and coefficients of variation of 3% and 18% for steel and timber respectively. The resulting values
of target displacements have been verified through a pushover analysis on a more refined non-linear model of
the portal. The model accounts for the exact geometry of members and connections. To define an appropriate
value of equivalent damping the ratio of ductile capacity of the structure x was used (ratio of ultimate rotation
and yielding rotation) and the equivalent viscous damping. Based on the resulting values of equivalent damping,
Eurocode 8 provides displacement response spectra of the type shown in Figure 4b. The equivalent elastic
period of the structure T,, based on the target displacement considered, can be read directly from this set of
design displacement spectra. The design base shear forces F, are then obtained using Equations 3.10. Table 2
summarizes the values of base shear obtained with different methods: as expected, the design base shear is very
sensitive to the dissipation capacity of the structure.

5. CONCLUSIONS

An application of Priestley's DBD method to a two-hinged glulam timber frame structure has been presented. A
necessary condition for applying this method is that it be possible to estimate a priori (i) the target displacement
A, of the portal and (ii) the equivalent damping ratio of the structure at the ultimate capacity. Both of these
parameters can be derived from the geometrical dimensions of members and connections. We proposed a
practical expression that allows us to calculate the ultimate target displacement and the equivalent viscous
damping, simply and reliably. The expressions are very easy to use, and can be extended to a broader range of
structural schemes. Using pushover non-linear analyses, we demonstrated that the expression provides prior
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values of target displacement that are close to those obtained a posteriori using a much more refined model,
which takes account of the exact geometry of members and connections. On the other hand, the simulations
show that the design base shear is very sensitive to the dissipation capacity of the joints represented by
equivalent viscous damping. This parameter is investigated through laboratory experiments and there is a
proposal for a simple expression to determine ¢&,;. The comparison with the results of Eurocode 8 shows that the
DBD method potentially can overcome some of the simplifications that a Force Based Design (FBD) method
necessarily leads to.

ACKNOWLEDGMENTS

This work has been carried out with the financial contribution of the Italian Earthquake Engineering Laboratory
Network (RELUIS), Research Line n. 4. The formulation of the target displacement presented in Section 3.1
was originally developed with the cooperation of Gianni Giuliani, whose contribution is greatly acknowledged.
The authors are also grateful to Timothy Sullivan for his useful suggestions in formulating the methodology
reported in Section 3.

REFERENCES

Anderson, G.T. (2001). Experimental investigation of group action factor for bolted wood connections, Master
Thesis, Faculty of the Virginia Polytechnic Institute and State University, Blacksburg, Virginia.

Chu, Y.H., Ni, C. and Jiang L. (1998). Finite-Element Model for Nailed Wood Joints under Reversed Cyclic
Load. Journal of Structural Engineering 124:1, 96-103.

Daneff, G., Smith, 1., Chui, Y.H. (1996). Test Protocol for Evaluating Seismic Behavior of Connections, Proc.
Of International Wood Engineering Conference 1996, New Orleans, Louisiana, USA, 1, 37-44.

Dolan, J.D., et al. (1994). Timber structures in seismic regions: RILEM State of the art, Materials and
Structures, 27:167, 157-184.

Dolan, J.D. and Gutshall, S.T. (1997). Cyclic Lateral Dowel Connection Tests for Seismic Evaluation,
Earthquake Performance and Safety of Timber Structures, Forest products society-Foliente G.C., Madison.
Filiatrault, A. and Folz B. (2002). Performance-Based Seismic Design of Wood Framed Buildings, Journal of
Structural Engineering, 128:1, 39-47.

Filiatrault A., Isoda, H. and Folz, B. (2003). Hysteretic damping of wood framed buildings, Engineering
Structures, 25:4, 461-471.

Giuliani, G. (2005). Studio sismico sulle strutture lignee: applicazione del direct displacement based design.
Master's thesis, Dipartimento di ingegneria meccanica e strutturale, Universita degli studi di Trento

Calvi, G., Priestley, N. and Kowalsky, M. (2007). Displacement-based seismic design of structures. Iuss Press.
Loss, C. (2007). 11 direct displacement based design applicato a strutture di legno intelaiate: analisi numerico-
probabilistica per la calibrazione di una metodologia di calcolo. Master's thesis, Dipartimento di ingegneria
meccanica e strutturale, Universita degli studi di Trento.

Piazza, M., Tomasi, R. and Modena, R. (2005). Strutture in legno: Materiale, calcolo e progetto secondo le
nuove normative europee, Hoepli, Milano, Italy.

Priestley M.J.N. (2003). Myths and Fallacies in Earthquake Engineering Revisited. The Mallet Milne Lecture,
IUSS Press, Pavia, Italy.

Priestley M.J.N. (1998). Displacement-Based Approaches to Rational Limit States Design of New structures,
Proceedings of the 11th European Conference on Earthquake Engineering, Paris, France.

Sartori, T. (2008). Comportamento dissipativo di giunti a completo ripristino nelle strutture di legno, Analisi
numerico-sperimentale per I’applicazione alla progettazione sismica DDBD. Master's thesis, Dipartimento di
ingegneria meccanica e strutturale, Universita degli studi di Trento.

Smith, 1., Daneff, G. and Chui, Y.H. (1998). Performance of Bolted and Nailed Timber Connections Subjected
to Seismic Loading, Recent Advances in Understanding Full-Scale Behavior of Wood Buildings, Forest
Products Society, Madison, Wisconsin.

UNI EN 12512 (2006). Timber structures. Test methods. Cyclic testing of joints made with mechanical
fasteners.



