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SEISMIC RESPONSE OF LOW-RISE BUILDINGS 

P. J. Moss 1, A. J. Carr1 and A. H. Buchanan2 

ABSTRACT 

The results of an investigation into the dynamic response of several low-
rise structures are reported. The main parameters studied were the effect of 
variations in the form of the hysteresis loop exhibited by the inelastic members 
and of differing types of earthquake accelerograms. 

1.0 INTRODUCTION 

The section of the New Zealand 
Loadings Code NZS 4203 [7] dealing with the 
seismic analysis of structures gives a 
number of multiplicative factors that are 
to be used for determining the lateral 
seismic design force. Two of these factors 
are *S' - the structural type factor, and 
8 M 8 - the material factor. The S and M 
values appropriate for reinforced concrete 
and for steel framed buildings have largely 
been derived on the basis of the past 
performance of multistorey buildings in 
these materials - In the case of timber 
structures a single combined ' SM' factor 
has been included in the code with the 
values for the different types of timber 
structure being chosen on the basis of the 
performance of those particular structural 
forms. However, with the recent and 
continuing development of new forms of 
steel and timber structures it has become 
necessary to reassess the values currrently 
being used for low-rise buildings in timber 
and other materials. 

2.0 BACKGROUND 

2.1 Equal-Displacement Concept 

The basic assumption behind the 
seismic provisions of NZS 420 3 is the 
"equal-displacement" concept. 

Stated simply, this theory requires 
that if a structure is designed to yield at 
a force which is some fraction, 1/R, of the 
elastic response force, then the structure 
must be capable of accommodating a 
displacement of p times the yield 
displacement, the ductility y being equal 
to R. 

The design seismic base shear 
prescribed in NZS 4203 is based on one 
quarter of elastic response. Hence designs 
using SM = 1.0 are required to have a 
ductility capability of y = 4.0. If the 
equal displacement theory is assumed to 
hold, less ductile structures can be 
designed for larger shear forces, increased 
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by the SM factor, in which cases the 
required ductility drops linearly according 
to 

4 
* " SM 

It has been generally assumed in the 
past that this basic concept only applies 
to structures which have elasto-plastic or 
similar hysteretic behaviour* 

2.2 Timber Frames 

Seismic design of timber structures 
requires an understanding of the 
engineering properties of timber and the 
resulting behaviour of various structural 
systems. Figure 1 shows typical stress-
strain relationships for timber in tension 
and compression, both parallel to and 
perpendicular to the grain. Tension 
failures in either direction are brittle as 
are shear failures and most bending 
failures. Compression loading produces 
ductile behaviour. Bending behaviour 
depends on the ratio of tension to 
compression strength . If wood is stronger 
in tension than in compression, bending 
strength is governed by compression 
strength and bending failures tend to be 
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Fig. 1 Stress-Strain Relationships for Wood 
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While the strength of timber is known 
to be very variable, there is not yet any 
method available to predict the strength of 
individual pieces. Nevertheless, this 
variability must be considered for several 
reasons. The design stress for a single 
piece is based on the lower fifth 
percentile strength value for the 
population. If several members share a 
load, design stresses can be increased to 
allow for the reduced variability resulting 
from load-sharing. In a structure with no 
redundancies, some individual members may 
be weaker than the fifth percentile design 
value. Thus the variability in timber 
strength makes it difficult to carry out a 
"capacity design" procedure since it can be 
difficult to ensure that a particular 
timber member is stronger than an 
associated ductile connection. 

Moment resisting timber frames are 
becoming increasingly popular yet many 
current design practices are suspect 
because the available ductility may be much 
lower than assumed by designers. On the 
other hand, many of these structures are 
relatively flexible and with longer than 
expected natural period would be subject to 
a lower seismic force than that normally 
designed for. 

The three main connection systems for 
timber frames are glued joints, steel 
gussett plates and plywood gussett plates. 

(a) Glued connections: Structures with 
rigid connections will suffer brittle 
failure in the glue or in the timber 

to failure. The load-
plot will generally be 
lightly nonlinear. Such 
should be designed as 

elastically responding structures. 

(b) Nailed gussett connections: Nailed 
gussett connections in moment 
resisting timber frames can behave in 
a ductile manner if the nails 
themselves are the weakest link in 
the system. If the connections can 
be detailed so that aplastic hinges 1 

can occur then the frames can be 
designed as ductile even if the 
hysteresis loops show pinching 
behaviour. If overload would produce 
a brittle failure in the timber then 
the frame should be designed to 
respond elastically. 

The timber design code, NZS 360 3, 
makes it difficult to achieve a 
ductile connection because it greatly 
underestimates the strength of nails 
loaded in shear. Nails through 
plywood have a strength 2 or 3 times 
the permissible seismic loading 
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values but timber (at the fifth 
percentile level) has a capacity only 
about 1.5 times the permissable code 
values. An apparently simple design 
can therefore lead to the intended 
ductile connection being stronger 
than the potentially brittle members 
being connected. This discrepancy is 
even larger if steel gussett plates 
are used because NZS 3603 has lower 
seismic design values for nails 
through steel than through plywood 
whereas in practice the opposite is 
true. 

Clause 2.12 of NZS 3603 has a 
provision requiring this problem to 
be considered and prevented unless an 
elastic design is carried out. The 
result of such an exercise, following 
the code, can produce members which 
are considerably over-designed. The 
most realistic solutions are: 
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2.3 Timber Shear Walls 

Timber shear walls incorporating 
plywood or other wood based sheathing 
materials are widely used for lateral load 
resistance in timber structures. These 
structures have not been investigated in 
this study because they are the subject of 
a continuing comprehensive study which is 
making similar findings (Dean, Stewart and 
Carr [10 J) . 

2.4 Steel Frames 

Ductile steel frames have performed 
well under seismic attack. Compared with 
timber, steel has much more ductile 
material properties and welded connections 
are relatively simple. Innovations in 
steel structures include K-braced frames 
whose seismic performance is not well 
understood. 

3.0 STRUCTURE MODEL 

The aim of the study was to 
investigate the dynamic response of 
structures having limited ductility when 
subjected to a series of earthquake 
accelerograms in an attempt to obtain 
estimates of the appropriate "SM' to be 
used in the design of such structures. 
Part of the study was to gauge the effect 
of variation in the forms of the hysteresis 
loop exhibited by the inelastic members and 
to see how the response varied with 
differing types of earthquake 
accelerograms. 

For the first part of this 
investigation a portal frame structure was 
chosen. This frame has a span of 10 metres 
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and a height of 3 metres. The columns are 
assumed to be pinned at their bases, The 
portal is considered to be typical for that 
of a factory building having tilt-up 
concrete walls which introduce a large mass 
at roof level. This is to ensure that 
seismic forces are more significant than 
wind forces in the design of the portal . 

This investigation has considered 
portals of two materials. The "timber" 
structure has glued laminated timber 
members, of rectangular cross-section with 
nailed moment-resisting knee joints 
incorporating steel side plates. The 
weakest link in this structure is intended 
to be in the nails at the top of the 
columns. The model assumes that these 
nails yield at the design level of loading 
(although it is recognised that it is 
difficult to define the yield point for a 
nailed connection which tends to exhibit 
nonlinear behaviour from quite low levels 
of lo a d ) . The nails themselves have not 
been modelled but the members have been 
given moment-curvature characteristics 
intended to represent yielding in the 
nailed joint. 

(1) Decide on the required natural period 
assuming a particular mass and 
geometry. 

(2) Determine the spectral force 
associated with elastic response from 
the acceleration spectrum of the 
chosen earthquake accelerogram for 
five percent damping. 

(3) Reduce the elastic spectral force by 
the reduction factor R to obtain the 
required inelastic force . (This 
implies the equal-displacement 
principle holds in relating the 
forces of the elastic and inelastic 
structures.) 

(4) Design the columns to just reach 
yield at the inelastic force from 
Step 3 above. 

(5) Select a girder of stiffness such 
that the portal will have the 
required natural period selected in 
Step 1 above. 
Since the natural period 

T = 2TT/FM 
where M = total mass 

F = frame flexibility 

The "steel" structure consists of 
structural steel Universal Beam sections 
welded together with rigid knee joints. 
The model is based on yielding occurring at 
the top of each column at the design level 
of loading. 
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In both models, rigid end-blocks of 
suitable proportions were provided to with E 
represent the stiff joint region at the 
knee joint where the beam and column H ' L 

intersect. 

= Elastic modulus 

= Height and span, respect­
ively 

The later parts of the investigation 
have considered, to a lesser extent, 
variations of the simple portal frame in 
the form of a cross-braced portal frame, a 
K-braced two storey steel frame, and a four 
storey timber frame. 
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End-block lengths at each 
column and girder 
respectively 

Second moments of area of 
column and girder 
respectively. 

3.1 Portal Design 

Initially the portal was designed to 
NZS 4203. However, the critical member 
sizes were such that the structure had a 
very long period {4.2 seconds for a steel 
portal and 2.1 seconds for the timber 
portal) which did then not agree with the 
period used in deducing the initial design 
forces. Stiffening the members in order to 
reduce the period resulted in the frames 
remaining elastic when analysed under the 
El Centro May 1940 accelerogram, instead of 
exhibiting the ductility implied in the 
code design. 

As a result, the following design 
strategy was evolved so that a portal 
having a specified period of free vibration 
could be subjected to both code seismic 
forces and those from any particular 
earthquake spectrum. This enables a 
comparison to be achieved between the 
ductility implied in the design and that 
exhibited during the dynamic analysis. 

The strategy chosen was 

This assumes no axial deformation in 
columns. 

(6) Subject the modelled portal to the 
chosen earthquake accelerogram used 
in Step 2. 

(7) From the analysis output, determine 
the maximum ductility y required from 
the frame during the earthquake. 
This leads to the factor y/R. 
The portal frames designed to resist 
the spectral force from the El Centro 
1940 earthquake were used for all the 
analyses rather than redesigning the 
frames for each accelerogram used. 
Nevertheless, the individual 
earthquake spectra were used to 
calculate the force reduction factor, 
R, relating the elastic spectral 
force to the design inelastic force. 

3.2 Structures Analysed 

(a) Timber and steel portal frames 

Portal frames were designed to have 
periods of 0.5, 1.0, 1.5 and 2.0 seconds 
with the column and girder sizes being 
shown in Table 1. 


