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SUMMARY:

The study reported here examined the critical seismic engineering issues associated with hillside light timber
frame (LTF) buildings. The examination revealed: (1). Seismic characteristics of hillside LTF buildings could be
very different from similar buildings on flat sites, significantly depending on the subfloor framing systems and
the diaphragm action at ground level. (2). Due to the nature of the slope ground, the stiffness incompatibility will
inevitably be present in the subfloor frame systems and the stiffer systems would resist majority of the lateral
seismic actions before the softer systems start to resist the load, depending on the floor diaphragm. Hence the
subfloor systems could potentially develop progressive failure (collapse) under up-and-down slope seismic.
When the seismic is across the slope, the superstructure and the subfloor systems of the buildings could undergo
significant torsional responses, leading to premature structural failure/collapse. (3). Displacement-based seismic
design procedure is recommended for hillside LTF buildings.
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1. INTRODUCTION

Majority of residential buildings in New Zealand are light timber frame (LTF) buildings and their
structural systems can be described as timber sheathed walls supporting timber floors. Figure 1 shows
the timber sticks in a typical LTF residential building under construction and sheathing boards will be
fixed onto the timber sticks afterwards.

Figure 1 A typical light timber frame (LTF) building under construction

Residential light timber frame (LTF) buildings are usually constructed according to the cookbook
“NZS3604” (SNZ2011). Although the construction of residential houses to NZS3604 does not require
inputs from professional structural engineers, the development of NZS3604 has an engineering basis
and the scope of NZS3604 has many limitations, such as, reasonably flat sites, regular buildings, 10
meters in total height, etc.



More and more residential buildings in New Zealand are built on hillside sites nowadays because flat
land is becoming more scarce due to New Zealand’s unique geographical features and also people love
the spectacular views from hillside sites. While many of the structural design issues of hillside light
timber frame residential buildings are similar to light timber frame residential buildings within the
scope of NZS3604, their seismic bracing performance could be very different from that within the
scope of NZS3604.

Figure 2 shows comparison of typical LTF buildings on hillside and LTF buildings within the scope of
NZS3604. Apparently, in comparison with LTF buildings within the scope of NZS3604, hillside LTF
residential buildings are characterised by (1) the main parts of hillside LTF buildings being
constructed in similar way to the superstructures of LTF buildings within NZS3604; (2) main
difference between hillside LTF buildings and buildings within NZS3604 being the subfloor
construction; (3) stiffness incompatibility always present in the subfloor frames due to the nature of
slopping ground and/or mixture of subfloor systems; (4) violation of regularity (vertical regularity
and/or plane regularity) due to the irregularity in subfloor systems; and (5) potentially different
founding levels for hillside LTF buildings. As a result, seismic design philosophy of hillside LTF
buildings could be different from those within NZS 3604’s scope.

A typical LTF building to NZS3604 A typical up-slope LTF building

Figure 2 Comparisons of LTF buildings on hillside and LTF buildings within NZS3604

There is no guidance available for seismic design of hillside light timber frame houses in New
Zealand. Therefore, seismic design methods used can vary significantly from design to design,
creating greater difficulties for the design engineers to demonstrate the design compliance to the
building consent authority (BCA) people, meanwhile the BCA people have no guidelines to use to
establish the compliance of a structural design with the building code.

The paper presented here is to identify the critical seismic design issues associated with LTF buildings
on hillsides and develop a rational seismic design philosophy for hillside LTF buildings.

2. DESIGN PHILOSOPHY OF NZS3604

Structural systems of light timber frame (LTF) residential buildings in New Zealand are timber floors
supported by timber sheathed walls constructed of closely spaced timber studs and sheet linings.
Design standard for light timber frame buildings in New Zealand is commonly NZS 3604 and
application of NZS3604 has limitations (Shelton 2007). If the proposed buildings are within the scope
of NZS3604, the building construction does not require specific structural engineering design. The
limits set out in NZS3604 include the building size, height and roof slope, floor loadings, and snow
loadings. In NZS3604, wind and earthquake loads are also limited by restricting the zone or area in
which LTF buildings may be situated. For buildings or elements of buildings outside these limits, a
specific structural design is required.

Unlike other engineered steel or reinforced concrete building structures which have widely spaced
stronger load resisting elements, LTF residential buildings constructed to NZS3604 are characterised



by having numerous, closely spaced resisting elements. As a result, LTF buildings within the scope of
NZS3604 are relatively stiff and likely to have lots of redundancy. In a major earthquake, the
buildings in this category perform in a way similar to wall structures, so the failure mechanism is
likely to be a ductile failure mode.

For seismic design of LTF buildings, the earthquake load resisting demand in NZS3604 was derived
following essentially the “Equivalent Static Method”, a force-based approach, because LTF buildings
within the scope of NZS3604 meet the requirement criteria for using equivalent static method
specified by NZS 1170.5, (SNZ 2004), which are either the building structure being regular, or the
fundamental period being less than 0.4 s or the building height being less than 10 m. NZS3604 has
assumed that the ductility factor, p, in estimating seismic action coefficient associated with equivalent
static method is 3.5 because a reasonable ductile failure mode is expected. It is recommended by
NZS3604 that the ductility factor of 3.5 be used where equivalent specific designs are being
undertaken for timber framed buildings outside the scope of NZS 3604.

3. CONSTRUCTION CHARACTERISTICS AND SEISMIC BEHAVIOUR OF HILLSIDE
LTF BUILDINGS

Seismic responses of building structures are affected by many building characteristics, such as,
building configurations, building’s dynamic properties, and interaction of the foundation structural
(subfloor system) system with the superstructures, so on. For example, an irregular structural system
can develop significant stress concentration, deformation concentration or torsional responses in
earthquakes and this is a typical example showing the effect of building layout on the seismic response
of buildings. Regarding the interaction of the foundation structural (subfloor system) system with the
superstructures, a base-isolated building fits into this category. Base-isolation technique can
significantly modify the interaction of the foundation structural (subfloor system) system with the
superstructures, and consequently significantly modifying building’s seismic characteristics, such as,
dynamic property, energy dissipating mode, and so on.

Major difference between hillside LTF buildings and the buildings constructed to NZS3604 is the
subfloor systems. Consequently hillside LTF buildings have different building configuration layout
and different interaction between the foundation structural (subfloor system) system and the
superstructures, in comparison with LTF buildings within the scope of NZS3604. The subfloor frame
systems of hillside houses are the systems between moving ground and the superstructure, their
responses to the moving ground and the interactions with the superstructures are different from similar
buildings founded on flat sites, leading to very different seismic response, in comparison with the
buildings within the scope of NZS3604.

Upper-Slope Building

Down-Slope Building

Street Level

Figure 3 Upper slope buildings versus down-slope buildings

Construction techniques of subfloor frame systems of hillside LTF buildings vary a lot, depending on
the relative locations of the buildings to the street access. This has caused significantly varying seismic
performance of different hillside LTF buildings. Hillside LTF buildings can be generally divided into
two broad categories: up-slope buildings and down-slope buildings as shown in Figure 3. Construction



characteristics of these two categorised LTF buildings are very different from each other and they are
also different from those within the scope of NZS3604. Consequently seismic performance of up-slope
LTF buildings could be very different from that of down-slope buildings and seismic performance of
hillside LTF buildings could be very different from that of NZS3604. This is to be examined as
follows in this section.

3.1. Up-slope LTF residential buildings

As shown in Figure 3, up-slope LTF buildings are the buildings on the ground that rises above their
street. Up-slope LTF buildings are often built into the ground because their design tries to incorporate
site features to minimize the street access and construction problems posed by the land rising above
the street. As a result, the up-slope LTF buildings are basically founded directly on or relatively close
to its foundations on ground. Figure 4 shows a typical up-slope house construction.

Figure 4 A typical up-slope house

Regarding dynamic properties, up-slope LTF buildings generally are at least as stiff as similar
buildings within NZS3604 scope, as shown in Figure 5 and are likely to have a fundamental period
less than 0.4 second. Therefore the seismic actions for up-slope LTF buidlings can be determined
using equivalent static method, according to AS/NZS1170.5.
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Figure 5 Comparison with buildings to NZS3604



Under lateral seismic actions, deformation profile of up-slope LTF buildings along the building height
is similar to that of buildings within the scope of NZS3604 but the overall deformation is likely to be
less than that within the scope of NZS3604. LTF building structures in this category are believed to
have similar resilience in earthquakes to buildings within scope of NZS3604, hence similar ductility
and similar damping capacity can be assumed.

In a word, up-slope LTF buildings built into ground are expected to perform in a similar way to that of
buildings within scope of NZS3604.

It has to be appreciated that retaining walls on the uphill need special considerations. Typically
retaining walls on uphills provide supports to the main building and also provide lateral retaining for
the soil. Hence the retaining walls need to have adequate out-of-plane resistance for combined actions
of lateral soil actions and seismic actions associated with the allocated building weight when subjected
to up-and-down slope seismic action.

3.2. Down-slope LTF residential buildings

Down-slope LTF residential buildings are built on ground that drops below the street. It is common
that down-slope LTF buildings are founded on substantial subfloor framing systems because their
design intends to minimize access and construction problems posed by the land dropping away from
the street. As a result, down-slope buildings have the main buildings generally separated from its
foundations by a substantial supporting structure (subfloor framing structures). Figure 6 shows a
typical down-slope house.

Apart from the fact that the subfloor framing structure is substantial for down-slope buildings as stated
above, their subfloor frames are often a mixture of different systems, such as, a mixture of braced pile
bents, sheathed timber walls, RC or block foundation walls, so on. Different subfloor frame systems
have different stiffness/dynamic properties; therefore seismic response of subfloor framing systems in
this category often has severe stiffness incompatibility problem, which is a critical seismic issue
associated with mixed structural systems.

Due to the nature of slopping ground, stiffness incompatibility in subfloor system will exist even the
subfloor system consists of identical structural systems, when the seismic is in up-and-down slope
direction. As shown in Figure 7, the subfloor frames of a down-slope building are braced pile bents
and the two pile bents, A and B, are likely to have different stiffness due to the height difference. This
phenomenon is similar to bridge piers when the bridge is subjected to longitudinal earthquakes.
Consequence is potential progressive failure, stress concentration and deformation incompatibility
issues. Under the same amount of displacement at the floor level, different parts of the braced pile
bents in Fugure 7 could be stressed very differently. Stiffer system, bent “B”, resists more action than
bent “A” until it fails. Subsequently the total seismic actions are redistributed to bent “B”, potentially
leading to failure of bent “B”. If there are more than two lateral load resisting systems, the progressive
failure will occur to the stiffest system first, then to the next stiffest system, potentially leading to the
progressive failure of the entire subfloor systems. Such a failure mechanism in subfloor systems is
undesirable and special considerations have to be taken to prevent it from happening.

Apart from the above stated progressive failure in subfloor systems associated with stiffness
incompatibility of subfloor frame systems, down-slope LTF residential buildings could have very
differen dynamic response in comparison with LTF buildings within the scope of NZS3604. It is
common that the subfloor frames contains only braced piles for down-slope houses and Figure 8
shows an indicative section of a down-slope LTF buidling on braced piles. Braced piles are likely to
be much more flexible than the superstructure which is of timber sheathed wall construction (Thurston
1993). As a consequence, the building fundamental period is likely to be longer than 0.4s. According
to NZS1170.5, the building seismic design actions can no longer be determined by using equivalent
static method. In addition, the overall deformation profile of the buidling in earthquakes is similar to
that of a soft storey building as shown in Figure 8, which is an undesirable mechanism. Hence the



recommended ductility capacity of 3.5 in NZS3604 may be invalid because of undesirable failure
manner.
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Figure 8 Down-Slope LTF House on Braced Poles

Another critical aspect associated with down-slope LTF buildings is the potential torsional response
when the seismic action is in across-the-slope direction as shown in Figure 9. Under across-the-slope
seismic, the subfloor frames are likely to have significantly different stiffness from bracging grid to
bracing grid. Typically the outmost external subfloor frame at lowest ground point of the building will
be very flexible and the inner most subfloor frame, which is probably the foundation beam or retaining
wall at uphill, is very stiff. Assume that the inner most brace line has the foundation beams/ walls, the
main floors will behave like a cantilever deep beam rotating about the foundation beam/wall at uphill
because the outmost subfloor frame is very flexible, leading to significant torsional response. In this
case, very big reactions will be generated in the end connections from the building to the uphill
foundation beams, potentially leading to the progressive failure of the connections and eventually the
collapse of the building. If the innermost braced line is the retaining wall, the retaining walls will be
subjected to a significant torsional action, jeopardising the retaining wall performance if the wall is not
designed for it. In addition, significant torsional response in the superstructure could cause much
larger deformation to some parts of the superstructures and also possibly amplify the stresses in some
areas of the main structural elements including diaphragms and the load resisting subfloor systems. In
this case, diaphragm’s flexibility could be critical in distributing the loads to different systems and



should be considered in the structural analysis. For residential buildings, the floor diaphragms are of
timber construction, adequacy of timber floor disphragms in transferring the seismic actions across the
building has to be investigated.

Figure 9 Deformation of the Main Floor When Subjected to Across-the- Slope Seismic
3.3. Summary

In summary, hillside LTF buildings can be categorised as two broad categories: up-slope buildings and
down-slope buildings and seismic performance of hillside LTF buildings is largely dependnent on the
engineering characteristics of the subfloor frames. The theoretical exmaination reveals the following
findings:

Up-slope LTF buildings are often founded immediately onto or close to ground and their seismic
performance is expected to be similar to that of the buidlings within NZS3604, in terms of
deformation profile, dynamic properties and energy disspiating capacity.

However seismic performance of down-slope LTF buildings could potentially be very different from
that of the buidlings within NZS3604, because substantial subfloor frames potentially can result in
significant modification of seismic performance of down-slope LTF buidlings. When the seismic is in
up-and-down the slope direction, critical seismic issues include stiffness incompatibility in subfloor
frames, undesirable soft storey failure mechanism and potential progressive failure in subfloor systems
so on. When the seismic is in across-the-slope direction, significant torsional response could occur,
potentially causing significant distorion of the structural performance and increasing the demand for
floor diaphragm to transfer the seismic actions across the entire building.

4. RATIONAL SEISMIC DESIGN PROCEDURES OF HILLSIDE LTF BUILDINGS
Seismis resistance of a building structure is the combination of strength capacity and deformation

capacity. Based on the findings revealed from the above examination, rational seismic design for
hillside LTF buildings is proposed and presented here.



4.1. Up-slope LTF residential buildings

For up-slope LTF houses, the seismic design actions can be derived based on the same principles as
used by NZS3604 as far as the superstructure construction meet the limits specified by NZS3604. In
detail, equivalent static method can be used in deriving seismic actions and the overall structural
ductility of 3.5 can be assumed.

Special consideration needs to be given to uphill retaining walls in order to achieve the overall
structural stability. Uphill walls need to be adequately designed for combined out-of-plane actions
resulting from seismic actions assictaed with building weight in up-and-down slope direction and the
lateral actions from the soils behind the walls.

4.2. Down-slope LTF residential buildings

Unlike up-slope LTF buildings, variations of seismic response charactereitics of down-slope LTF
buidlings, such as, expected failure mechanism, the dynamic properties and the deformation profile,
from those of the buidlings within NZS3604 have to be taken into account. Seismic design principles
used by NZS3604 are no longer appropriate for seismic design of down-slope LTF buildings. Rational
seismic design has to consider (1) progressive failure/collapse in subfloor systems when the seismic is
in up-and-down the slope direction, and (2) the effects of significant torsional response when the
seismic is in across-the-slope direction.

To prevent potential progressive failure in subfloor frames in up-and-down the slope seismic event, it
is suggested to use displacement-based approach in deriving the seismic actions of the subfloor
systems. In detail, the subfloor frames are modelled by linking them together by rigid links and the
seismic resistance is obtained by subjecting the entire system to the same designated translational
displacement, Acyp, as shown in Figure 10, where A, is the displacement at mass center and is
determiend based on desired performance requirements. Floor diaphragm stiffness needs to be allowed
for in order to assess the effect on the load distribution to different systems. If necessary, load
distributions to differnet systems need to be adjusted. The seismic resistance, R, of the entire subfloor
system is the summation of the force capacities of all the subfloor systems at the designated
displacement, A, The combination of R and Ag, Will give the reliable seismic capacity. Effective
period, T, can then be found based on R and A, and it will be used to derive the seismic actions for
the LTF superstructure. For seismic design of the LTF superstructure, ductility capacity of the
superstructure can be assumed as limited and it is suggested to be p = 2 because of the unfavourable
failure mode in subfloors.

G.F Rigid Link

D Ground Motion

Figure 10 Modelling of the Subfloor Systems



Regarding the resolution of the significant torsion when subjected to across-the-slope seismic, the
ground floor diaphragm needs to be designed adequately to activate the torsional resistance by the
subfloor systems perpendicular to the seismic direction. In addition, there should be sufficient number
of evenly spaced lateral load resisting systems in across the slope direction.

5. CONCLUSIONS

Study reported here is on seismic design of hillside LTF buildings where the main buildings are
generally within limits set by NZS3604 but on a hillside site. Examination of seismic engineering
characteristics of hillside LTF buildings led to the following conclusions:

1. Main difference between hillside LTF buildings and buildings constructed to NZDS3604 is
the subfloor structure between ground and the main building. Different constructions of the subfloor
systems for hillside LTF buildings can alter the seismic behaviour of hillside LTF buildings in many
aspects.

Hillside LTF buildings have two broad categories, up-slope buildings and down-slope buildings. Up-
slope buildings are founded immediately on ground, similar to the buildings within the scope of
NZS3604. In contrary, down-slope LTF buildings have the main buildings separated from the ground
by a substantial subfloor structure.

2. Seismic characteristics of up-slope LTF buildings are expected to be similar to these within
the scope of NZS3604. In detail, the fundamental dynamic period, deformation profile along the
building height and failure mechanism of up-slope LTF buildings are similar to these of LTF buildings
to NZS3604. However the retaining walls on uphill needs special consideration to ensure the adequate
out-of-plane capacity to resist the combinaed actions from the lateral soil pressure and the seismic
action associated with the allocated building weight.

Unlike up-slope LTF building, seismic characteristics of down-slope LTF buildings are expected to be
very different from these buildings within the scope of NZS3604 due to irregularity in the subfloor
frames. Under up-and-down slope seismic, undesirable progressive failure mechanism could occur in
subfloor frames due to stiffness incompatibility in subfloor frames. As a result, the available ductility
capacity could be less than assumed by NZS3604. Fundamental period of the building could be longer
than that assumed by NZS3604, which is 0.4 s, so equivalent static method is no longer appropriate.
Under across-the-slope seismic, significant torsion could occur due to stiffness irregularities in
subfloor frames. In this case, adequacy of the timber floor diaphragm at ground level has to be
considered in order that induced torsional actions can be resolved effectively.

3. Regarding seismic design of hillside LTF buildings, up-slope buildings can use the same
principles as in NZS3604 and design actions can be derived based on equivalent static method and a
displacement ductility of 3.5.

However seismic design of down-slope LTF buildings need a different design approach from
NZS3604 and will require special structural engineering design. It is suggested that the direct
displacement-based procedure be used in deriving the seismic actions. The effective period of the
entire building system used in deriving seismic actions is found by modelling the main building (the
superstructure) as rigid and subjecting all the subfloor frames to same magnitude of displacement at
floor level. In estimating the seismic demand for the main buildings, a displacement ductility of 2 is
tentatively suggested because, although the failure mechanism in subfloor frames is undesirable, the
main building has got sound structural resilience.

To have adequate torsional resistance for down-slope buildings under across-the-slope seismic, floor
diaphragm needs to be adequately designed to activate the lateral load resisting systems perpendicular
to the seismic direction.
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