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Summary 

This report presents a survey of the performance of wood-frame construction in a number of recent 
earthquakes. After a review of the dominant factors that affect the seismic behaviour of buildings, the 
following earthquakes are examined: Alaska, 1964; San Fernando, California 1971; Edgecombe, New 
Zealand, 1987; Saguenay, Quebec, 1988; Loma Prieta, California 1989; Northridge, California, 1994; and 
Kobe, Japan 1995. Wherever possible, the behaviour of buildings is related to the measured peak 
horizontal ground accelerations. 

The survey shows that despite some specific shortcomings and resultant failures, a majority of wood-
frame buildings of various ages, when subjected to peak ground accelerations of 0.6 g and greater, 
survived the shaking without serious structural damage or collapse and with very few resulting injuries 
and deaths. Thus, the life-safety criterion that is implicit in building codes is largely satisfied. In addition, 
many modem wood-frame buildings survived such shaking without any visible damage. The few 
observed failures and collapses could be traced primarily to specific instances of lack of lateral bracing, 
weak first storey, inadequate connection to foundations and the fact that the observed ground motions far 
exceeded the then-existing design requirements. The observed shortcomings have been and are being 
addressed by researchers and practitioners in order to eliminate these adverse effects in future 
earthquakes. 

The research program at Forintek Canada Corp. is highlighted, aimed at improved seismic behaviour of 
wood-frame construction and the subsequent implementation into design guides and codes and standards. 
Studies on joints, shear walls, mathematical modelling and development of codes and standards are 
discussed. Finally, for existing buildings that do not meet current seismic standards, guidelines available 
in the U S A and Canada for screening, evaluation and upgrading are presented^ 

It is concluded that wood-frame construction can withstand the shaking from large earthquakes without 
serious distress and often without damage provided that appropriate anti-seismic procedures are followed 
by designers, builders and owners. 
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1 Introduction and Scope 
Earthquakes occur all over the world, most of them caused by a sudden rupture or slippage in the earth's 
crust. Seismic activity is mainly concentrated on the boundaries of the crustal plates, which over geologic 
time have moved and continue to move past one another. Figure 1 shows a representation of this process 
along the coast of British Columbia and Washington State. Earthquakes frighten people and can cause 
changes in natural features of the earth in the form of landslides and ground settlement; man-made 
structures, such as buildings, bridges, dams, etc. may be shaken to the limits of their strength and beyond, 
causing death and injury and damage and destruction. Over the last few decades, engineers and scientists 
have been able to learn a significant amount from observing and studying seismic events and have 
identified the dominant factors that affect the seismic behaviour of our structures. As a consequence, 
measures have been devised for successfully resisting the destructive effects of earthquakes. 
Reconnaissance studies of past earthquakes have contributed greatly to this advance by identifying the 
causes of distress of structures and initiating the steps to rectify and avoid these shortcomings in the 
future. 

Figure I Representation of earthquake generation mechanism along the coast of British Columbia 
and Washington State (Courtesy Pacific Geoscience Centre, Sidney B.C.) 

This study concentrates on the performance of wood-frame house construction in recent major 
earthquakes. This form of construction is widely represented in Canada and the United States and is 
gaining increasing popularity in other parts of the world. Among some of the positive attributes of wood-
frame construction is the generally positive performance in major earthquakes, particularly when 
compared to other forms of house construction. It is the purpose of this publication to summarize the 
seismic behaviour of wood-frame housing and to highlight the successes, while at the same time not 
overlooking the shortcomings that have been observed. 

This publication is intended to serve as a source of information for those wishing to better understand the 
seismic behaviour of wood-frame platfonn construction, as well as a reminder to owners, designers, 
builders, code writers and regulators that seismic resistant design cannot be taken for granted. In order to 
achieve good seisiriic performance, anti-seismic measures need to be taken by all who contribute to the 
construction and maintenance of housing. 



2 Elements of Wood-Frame Construction 
Wood-frame construction is by far the most common structural type in North America for single-family 
houses and low-level muhifamily dwellings. While there are some variations in details on a regional 
basis to accommodate particular needs such as extreme cold, high levels of humidity and high 
temperatures, high snow loads in the mountains, earthquakes on the West Coast and hurricane risks on the 
Eastern seaboard of the U. S., the essential features remain the same. Some examples of wood-frame 
buildings are shown in Figure 2; elements of platform wood-frame construction are shown in Figure 3. 

Figure 2 Examples of platform wood-frame construction 

Figure 2a Two-storey residence 

Figure 2b Four-storey apartment building 



Cutaway of a wood-frame house. 

Figure 3 Elements ofplatform frame construction (Source: Canada Mortgage and Housing 
Corporation, Canadian Wood-Frame House Construction (1997), p. 57). 

The typical modem wood-frame house consists of a concrete foundation (also sometimes concrete block 
masonry), whereupon a platform is constructed of joists covered with plywood or oriented strand board 
(OSB) to form the floor of the ground level of the house. This platform is connected to the foundation 
with anchor bolts and on this base the walls are erected. The walls consist of a horizontal sill plate and 
nominally 2 inch by 4 inch (38 mm by 89 mm) or 2 inch by 6 inch (38 mm by 140 mm) verticals of one 
storey height at a spacing of typically 40 cm. These verticals are covered on the outside by plywood or 
OSB, the inside spaces are filled with insulation and then covered with a vapour barrier and gypsum 
board interior finish. The roof structure, consisting of prefabricated trusses, is attached to the top plate of 
the walls. The lower chord of the roof truss receives a vapour barrier and gypsum board on the interior to 
complete the ceiling. Insulation bats are then placed between the roof truss chords on top of the ceiling. 
On the topside of the trusses the roofing consists of plywood or OSB sheathing nailed to the top chords of 
the trusses whereupon roofing materials are attached, frequently asphalt or wood shingles. Windows and 
doors are inserted into the wall frames and electrical and plumbing is installed. The interior and exterior 
is then completed to various consumer preferences. Further details can be found in [32]. Multi-storey 
wood-frame construction follows the same basic pattern as each succeeding floor is added on top of the 
previous one. 

Two methods of wood-frame construction have been developed: the platform and the balloon type. By 
far the most common type is the platform construction. As the name implies, succeeding storeys are 
achieved by building a platform supported by the walls below (or by the foundation) to form the floor, 
upon which the walls for the next storey are then erected. On the other hand, balloon framing carries the 
wall verticals through the ceiling to the next floor. Although shrinkage effects are minimal for balloon 
framing, it is more cumbersome and does not lend itself well to pre-fabrication; consequently, balloon 
framing is now rarely used. 



3 Factors that Affect Seismic Performance of Buildings 
3.1 General 

In the not-to-distant past, earthquakes have been regarded as "acts of God" over which mankind had no 
control and the consequences of which we simply needed to endure. While we still cannot control the 
occurrence nor the intensity of earthquakes, advances in the seismological sciences and engineering 
disciplines have reached a level of understanding and practice that allows us to mitigate the effects of the 
ground shaking on buildings. Such advances were greatly aided by the availability of seismograph 
recordings of ground motions, showing how the ground actually moved during the earthquake; this has 
enabled scientists and engineers to determine more closely what is required of a building in order to 
achieve the expected performance during a seismic event. Much of this insight is then transformed into 
codes, standards and building regulations, according to which buildings are designed and constructed. 

3.2 Seismic Response of Buildings 

Observations of a number of earthquakes as well as theoretical considerations and experiments have 
shown the following parameters to govem the seismic response of buildings: 

• the characteristics of ground movement at the building site; 
• the dynamic characteristics of the building; and 
• the deformational characteristics of the building, such as stiffness, strength and ductility. 

3.2.1 Ground Motions 

The ground motion at the building site is governed by the nature of the rupture or slippage that occurs in 
the earth's crust, and by the properties of the ground at the source, at the building site, and in between. 
Among the influential variables that govem this process are the following: 

• size and orientation of the plane of mpture; 
• amount of movement of the rupture; 
• depth of rupture below the ground surface; 
• strength and deformational characteristics of the rock; 
• depth and nature of soil deposits on the rock; 
• distance between building site and the plane of rupture. 

The outcome of this complex process is the observed ground motion, which can be measured and 
recorded by seismological instruments called seismographs. Although these recorded ground motions 
consist of a great number of back-and-forth movements in all three orthogonal directions, we are 
interested here primarily in the maximum horizontal motion, the peak ground acceleration (PGA). 
Vertical motion can also be significant and can contribute to damage or collapse of a building, but it is the 
horizontal motion against which a building is most vulnerable. Thus the PGA will be used here to 
describe the intensity of shaking at the building site. 

The size of an earthquake can be measured by the amount of energy that is released, which is commonly 
expressed by the Richter Magnitude Scale M. A magnitude M 4 earthquake can be distinctly felt near the 
epicentre, M 5 and M 6 are moderate size quakes that may already cause considerable damage, and M 7 and 



M8 are large ones that are accompanied by widespread damage to buildings and other structures and can 
trigger landslides and permanent ground displacements. 

The peak ground acceleration at the ground surface is affected not only by the amount of energy released 
at the source, but also by the distance from the source and by the soils that exist at and near the building 
site. Tn general, the deeper the earthquake and the further away it is, the weaker the ground motion. Soil 
deposits can amplity the rock motions but can also sometimes decrease them. 

Depending on how rapidly the ground moves back and forth, one can distinguish between ground motions 
that have rapidly varying movements or high frequency content, and those with slower movements or low 
frequency content. Locations on rock and those closer to the epicentre tend to experience high frequency 
motions, those further away and on deep soil deposits, low frequency ones. These properties of ground 
motions become important when we consider the shaking effect on the building. 

3.2.2 Dynamic Properties of Buiiding 

The second set of variables that govem seismic response are the dynamic characteristic of the building, 
which include the natural modes of vibration, the natural frequencies (or their inverse, the natural periods) 
and the damping. These properties will determine how violently the building reacts to the ground 
motions to which it is being subjected. 

The mode shape is the dynamic shape in which the structure vibrates. Tall buildings can have many 
mode shapes, low buildings mainly one or only a few. Each mode shape will have associated with it a 
natural frequency (or its inverse, the natural period). Tall buildings tend to have low natural frequencies, 
or long periods, whereas short buildings tend to have higher natural frequencies, or short periods. If a low 
building with a high natural frequency is shaken by a high-frequency earthquake it would respond more 
severely than if a low-frequency ground motion were involved. Since the intensity of shaking for high 
frequency motions are closely related to and correlate well with peak ground acceleration, use of peak 
ground acceleration as an indicator of how hard the ground shakes in a given location is particularly well 
suited for use with low buildings. This will be followed in this report. 

One special mode shape with which a stmcture can vibrate is that of torsion, or twisting. This results 
when either the ground moves in a twisting motion or the stmcture is designed and buih in an 
unsymmetrical shape. The latter occurs when one side of a building is significantly stiffer than the 
opposite side, or when one side of a building contains large openings and the other does not. Although 
the effects of torsion can be counteracted, this requires special attention in the design phase. 

Damping of the building is a measure of how much energy the structure can absorb when it is shaken. 
Structures with low damping will respond more strongly to a given earthquake than those with high 
damping. The level of damping in a building depends mainly on the material of construction, the type of 
connections, and the presence of ancillary items (often called "non-structural") such as cladding and 
interior finishes. Steel buildings tend to have low levels of damping, concrete, and masonry higher ones, 
and wood construction still higher. Artificial damping can be added to a structure to augment its energy 
dissipation capacity and thus improve its seismic performance; this will be addressed briefly later. 



3.2.3 Deformational Characteristics of Buiiding 

The third set of properties that affects a building's seismic response are its deformational characteristics, 
specifically stiffness, strength and ductility. Each of these parameters by itself represents an important 
property of a building, but the parameters are interrelated and will also affect the dynamic properties of 
the building. 

Adequate stiffness is desirable for limiting the deflection and vibrations from wind, snow, and occupancy 
loads as well as from earthquakes. However, high stiffness raises the natural frequency of the building 
which tends to increase the seismic forces that the building has to resist. This then requires greater 
strength and ductility in order to prevent a collapse in a major earthquake. i 

Strength is the property that governs the resistance ofthe building to the seismic motions; ultimate 
strength is the force level at which the structure collapses. Strength of a building is affected by the type 
and quality of material, the size and distribution of the structural members, the quality of the 
workmanship, and the state of maintenance. A building with rotted wooden posts or corroded steel will 
have lost some of its strength, and poor workmanship in construction and inappropriate design will also 
lower the seismic resistance of the structure. The main structural materials, i.e. steel, concrete, masonry, 
and wood, each require different approaches for achieving adequate strength by taking account of their 
inherent advantages and overcoming potential weaknesses. The pertinent design requirements are largely 
covered in building codes and in the respective design standards. 

Closely linked to strength is the concept of ductility, i.e. the ability of the structure to yield and to deform 
without collapse. When a collapse occurs suddenly without much deformation, the failure is said to be 
"brittle". On the other hand, if the structure deflects with considerable plastic deformation the structure is 
said to exhibit "ductile behaviour". The latter is much the preferred response to seismic forces as well as 
to other loads. Ductile behaviour adds to the energy absorption capacity and also limits the forces that act 
upon the structure. A consequence of relying on ductility, however, is that severe cracking and 
permanent deformation of the structure can occur. This goes to the very basis ofthe philosophy of 
seismic resistant design, as stated in many building codes, and this will be discussed subsequently. 

3.3 Building Regulations and Codes and Standards 

The above principles of seismic response of buildings are incorporated in a unified and reasonably simple 
manner into the codes and standards that form the basis for the building regulations. Consequently, the 
quality of these codes and standards and how well they are implemented in the design and construction 
will significantly affect the performance of buildings in an earthquake. Most countries develop their own 
set of codes and standards but sometimes they adopt the provisions of other countries or of standards 
organizations when they are found to be applicable and acceptable. In addition, regional and intemational 
codes are being developed, as for instance, the Eurocodes and those of the Intemational Standards 
Organization (ISO). In Canada, the National Building Code of Canada (NBCC) [36] serves as a model 
code which can then be adopted by each province to become the legal building regulation within its 
jurisdiction. 

Building codes aim to achieve a balance between the sometimes-opposing requirements for safety and 
economy by prescribing minimum requirements for seismic design to prevent injury and death of people. 
This generally means prevention of collapse, but at the same time the structure may be severely damaged 
during an earthquake and may even have to be demolished. Thus under design objectives of life safety, if 



no deaths or serious injuries have occurred, such a situation could be viewed as a "success". If 
operational readiness or little damage was the design objective, however, the same severe damage would 
not represent a satisfactory outcome. Recent advances in earthquake engineering may permit the 
achievement of damage reduction and even operational readiness during and after an earthquake, as for 
example for hospitals. These more stringent requirements carry cost implications, of course, but are 
expected to become more easily implemented with the introduction of "objective-based" building codes 
that are now being formulated. 

Codes and standards are revised periodically to accommodate new knowledge and insight about a product 
or structure, changing economic or social conditions, or because new building products require different 
approaches from previous practice. For example, new knowledge in seismology periodically requires 
changes in seismic zoning; society increasingly demands better damage protection for its buildings and 
contents, and not merely life safety; and new materials and devices require new rules for employing them 
effectively. Consequently, buildings that were constructed when inadequate or no seismic provisions 
were in effect may not possess adequate seismic resistance according to today's expectations. Such 
buildings should be evaluated and if found wanting, upgraded to acceptable levels. Many of the observed 
failures in past earthquakes can be traced to inadequate old code provisions or to lack of implementation 
ofthe ones that did exist! More about that in the next chapter. 

Many building codes recognize two types of construction: 1) engineered construction and 2) construction 
by conventional rules. Engineered construction, as the name implies, is carried out by design 
professionals, engineers and architects, using principles of limit states design to achieve the desired 
performance under the imposed environmental and occupancy loads. On the other hand, conventional 
construction is carried out by following prescriptive rules that have been found by research and 
experience to give the desired product and performance. This latter category of construction is, however, 
subject to certain limitations of type of occupancy, size (floor area) and number of storeys. When the 
building falls outside these specified limits then engineering design principles have to be employed. 

Lateral forces arising from seismic actions and wind are primarily resisted by the building's walls. The 
type and quality of the walls and their connections to the foundation, to the ceiling and the roof structure -
and to each other - determine how well that building resists the lateral forces. The nailing pattems and 
bolting details play an important role in achieving integrity and strength and these are specified in various 
codes and standards. Appendix A lists some seismic codes and standards. Wherever possible, for each 
building code the applicable requirements for both engineered and conventional construction are given, 
along with the testing standard for panel shear resistance, also known as the "racking test". 

3.4 Earthquake Resistant Design 

Earthquake resistant design of a building starts with the concept and design, and continues to the 
construction and maintenance stages. The following lists some of the main issues that should be 
considered. While many of these may seem rather obvious, they are nevertheless often overlooked or 
ignored, only to be re-discovered after a disaster has occurred. 

Choice of location of a building will affect its seismic vulnerability. Unstable slopes and weak soil 
deposits can lead to foundation failure and damage or collapse of the building. A building with simple 
layout in plan and elevation is less likely to suffer serious damage than complex geometric shapes. The 
foundation should be tied together and the building firmly attached to the foundation so that differential 
movements at the base are avoided. Appendages such as porches or chimneys tend to suffer damage or 
collapse unless properly strengthened and restrained. Too many windows and other openings in exterior 



walls, leaving too little wall-space to resist the shaking, can give rise to the "weak storey" phenomenon 
that can lead to serious damage or collapse. Attention to connection details in design and good 
workmanship during construction are needed to give the building the necessary strength and integrity to 
resist the shaking. Last but not least, the building has to be maintained to prevent deterioration and loss 
of strength. 

Lack of attention to these issues of earthquake resistant design has resulted in damage and collapse in 
previous earthquakes, as will be described later in this report. 

After this brief and sweeping treatment of the factors that affect the seismic performance of buildings, the 
behaviour of wood-frame construction in previous earthquakes will be examined next. 

4 Behaviour of Wood-Frame Construction in Previous 
Earthqualces 

4.1 General Approach 

As can be appreciated from the previous discussion of factors that affect the seismic performance of 
buildings, the process is a complex one and difficult to analyze. Even limiting our attention to one type of 
building, that of wood-frame construction, reduces the difficulties only slightly. Fortunately, many ofthe 
earthquakes in the last 30 to 40 years have yielded a significant amount of instrumental data on how the 
ground moved and how the buildings responded, along with surveys of damage or non-damage. The 
location of damaged or undamaged buildings can then be related to the ground motion data in the form of 
contour maps and the performance of similar types of buildings compared. 

Because instrumented ground motion stations are still relatively sparsely distributed, drawing contours 
through a small data set must be recognized as being approximate since even over small distances some 
variation of ground motions can occur. On a statistical basis, however, this procedure can be expected to 
provide useful information concerning dominant trends. 

4.2 Damage Survey of Some Past Earthquakes 

A medium to large earthquake subjects a great variety of structures to potentially damaging ground 
motions. A damage survey will therefore encompass structures that are of different size, different 
materials and different ages. The age of a building is an important characteristic since building 
techniques evolve over the decades and material properties can change, as for example on account of 
rotting of wood or rusting of steel. A 50-year old wood-frame house likely consists of exterior walls 
framed with comer diagonal braces, covered with horizontal boards and stucco, and finished on the 
interior with lath and plaster. Current practice is to use exterior sheathing of plywood or OSB fmished on 
the outside with stucco or siding of plastic, wood, brick or metal, while the interior is finished with 
gypsum wallboard. While these different systems might be suspected to behave quite differently in 
earthquakes, there is no clear evidence of this - except for some systemic problems that will be described 
subsequently. The reasons as to why a building failed or survived unscathed are usually the connection 
and construction details; unfortunately, these are often not available from damage reports. One can 
therefore only make rather general observations on building behaviour in some of the earthquakes 
considered. 
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Since this survey confines itself to wood-frame construction, only those earthquakes will be examined 
where these types of buildings were particularly affected. These events include: 

• Alaska Earthquake, 1964 
• San Fernando Earthquake, California, 1971 
• Edgecumbe Earthquake, New Zealand, 1987 
• Saguenay Earthquake, Quebec, 1988 
• Loma Prieta Earthquake, California, 1989 
• Northridge Earthquake, California, 1994 
• Hyogo-ken Nanbu Earthquake, Kobe, Japan, 1995 

4.2.1 Alaska Earthquake, 1964 

The Alaska Earthquake of magnitude M8.4 was one of the largest earthquakes in North America in this 
century and was characterized by intense ground shaking that caused major landslides in the populated 
area of Anchorage. Both ground settlement and large horizontal and vertical ground displacements 
caused significant damage to foundations and to the structures supported thereon, resulting in a large 
number of collapses of buildings and some deaths of inhabitants. Unfortunately, no recordings of ground 
motions were obtained. The performance of wood-frame houses was punctuated by the structural 
integrity of buildings that literally slid down failed slopes or were otherwise subjected to large ground 
movements (Figure 4). The box-like wood-frame structures stayed largely intact and "rode out" the 
earthquake, often coming to rest in an unusable orientation for immediate occupancy! 

Figure 4 The small frame house and garage in the foreground suffered only minor damage from the 
Alaska Earthquake of1964 though being dropped into an earth slide area; the shock 

destroyed the lift-slab reinforced concrete building in the background (Source: U.S. Forest 
Service Research Paper, FPL 16, August 1964, p. 11) 



Other than these spectacular failures due to large ground displacements, wood-frame construction 
suffered only minor and repairable damage [47]. 

4.2.2 San Fernando Earthquake, California, 1971 

This earthquake of magnitude M6.7 occurred in a northerly suburban area of Los Angeles and 
consequently affected a large number of single-family homes as well as hospitals and commercial 
buildings and resulted in 64 deaths. The unreinforced masonry four- and five-storey Veterans Hospital 
collapsed, killing 46 occupants. Other hospital and office buildings buih of reinforced concrete collapsed, 
or were severely damaged to the point where they had to be demolished, as for example the Olive View 
Hospital. A contour map drawn from recorded peak ground accelerations is shown in Figure B l of 
Appendix B, from which it may be observed that the residential areas of San Fernando experienced peak 
horizontal ground accelerations of 0.6 of gravity (g) and greater. A more detailed damage survey is 
presented in Ref [37]. 

Older wooden houses in the San Fernando area suffered damage ranging from minor to partial collapse. 
Newer two-storey apartment buildings with large ground-level openings were also severely affected 
(Figure 5). These damage cases can be categorized as follows: 

Damage 
Houses sliding off the foundations 
Collapse of "cripple walls" in crawl space 
Collapse of add-ons such as porches 
Collapse of masonry chimneys 
Major distortion of weak first storey 

Deficiency 
Frame not bolted to foundation 
No lateral bracing 
Inadequate lateral strength and ties 
Incompatibility of stiffness 
Large openings, inadequate strength 

Figure 5 Failure of supports in the two-storey wood-frame building in San Fernando, California 
due to weak first storey. San Fernando Earthquake, 1971 



The impoilance of such deficiencies in residential construction were first widely recognized in this 
earthquake and many of these weaknesses have since then been rectified. Unfortunately, not ail these 
lessons have been readily converted into practice and it took other earthquakes, notably the one at nearby 
Northridge, to re-emphasize the importance of these shortcomings in the seismic performance of wood-
frame construction. 

Aside from these specific types of failures, the majority of the then-modem wooden houses performed 
well, especially when the life-safety criterion is considered. Even where the building slid off the 
foundation or the cripple wall collapsed (Figure 6) , the remainder of the building stayed intact and 
prevented serious injury or death to occupants. The same general observation can be made where the 
chimney collapsed; in most cases the remainder of the house suffered no appreciable damage (Figure 7). 
The vulnerability of masonry chimneys can be attributed to brittleness of the material and ineffective 
reinforcement, if any. Furthermore, a brick chimney represents a major concentration of mass and an 
incompatibility of stiffness between its own relatively rigid material and the more flexible wood frame. 
Light-weight chimneys in newer house construction should improve the overall seismic performance of 
the chimney-house combination. 

/ 

Figure 6 Collapse of cripple wall above foundation. San Fernando Earthquake, 1971 



A weakness in ground floors in multi-storey buildings due to large openings from garage doors or open 
parking was also highlighted in this earthquake. This represents the same seismic deficiency on a bigger 
scale as was exhibited by the shorter cripple walls. Weak first storeys seem difficult to eliminate since 
many occupants like the feeling of openness provided by large windows and the convenience of ground-
level parking! Large openings can be accommodated, however, if adequate strength is provided by the 
rest of the structure. Unless this feature is specifically addressed, and adequate compensatory strength 
provided, earthquakes will continue to expose this weakness in the seismic resistance of all types of 
buildings. 

4.2.3 Edgecumbe Earthquake, New Zealand, 1987 

This event on the North Island consisted of a main shock of magnitude M6.3, preceded by 7 minutes by a 
magnitude 5.2 fore-shock, and followed by four aftershocks with magnitudes greater than 5 [40]. These 
quakes were centred in a rural area and small towns. The only ground motion record obtained came from 
the base of the Matahina Dam, over 20 km from the epicentre of the main shock, with a peak horizontal 
acceleration of 0.32 g. The town of Edgecumbe (population 2000) may have experienced greater • 
accelerations since it is located only about 8 km from the epicentre of the main shock. Considerable 
damage resulted in all types of structures - railways, bridges, residential and industrial buildings, storage 
tanks, electrical equipment and municipal services. Widespread liquefaction of the ground was observed 
in a 10 km radius around Edgecumbe. No deaths or serious injuries were reported. 

The wood-frame houses in this area were typically built on concrete strip or concrete block foundations, 
with a shallow crawl space below the ground floor. Many of the walls were lined on the interior with 
gypsum board and covered on the outside with a brick veneer. No exterior sheathing was used, although 
the wood frame incorporated K-bracing or diagonal bracing members. 

Of the approximately 6500 houses in the affected region, fewer than 50 suffered substantial damage but 
none collapsed. Damage consisted of houses sliding off the foundation, cracking and collapse of the brick 
veneer on the building exterior, collapse of chimneys and failure of foundation posts and roof struts. An 
uncompleted wood-frame house that had as yet no interior or exterior sheathing (or lining) distorted 
severely. The seismic weaknesses exhibited here follow those observed elsewhere, namely lack of 
foundation connection or bracing, incompatibility of brittle and heavy materials (i.e. masonry) with wood 
construction, and lack of lateral bracing. 

4.2.4 Saguenay Earthquake, Quebec, 1988 

Although the Saguenay Earthquake in northem Quebec with magnitude M5.7 was not as powerful as 
some of the others surveyed here, it was the largest earthquake in the last 50 years in eastem North 
America. Furthermore, a relatively large number of ground motion records were obtained, as shown in 
Figure B2 of Appendix B. The epicentre was located in a lightly populated area 150 km north of Quebec 
City. Peak ground accelerations in the population centres of Chicoutimi, 36 km from the epicentre, and 
on the north shore of the St. Lawrence River, 100 km away, were of the order of 0.12 to 0.17 g. The 
ground motions were of a high frequency type and due to the low seismic attenuation rates in the earth's 
crust in eastem North America, the ground motions were felt at distances of 500 km and beyond. 

Most of the damage to wood-frame buildings up to 2 storeys was limited to cracks in chimneys, 
foundations and brick veneer walls. No cases of near-collapse or deaths were reported. The damage 



pattern correlated strongly with the presence of soft soil deposits and damage in the houses was attributed 
mainly to foundation soil displacements rather than structural weaknesses in the superstructure [35]. 

The Loma Prieta Earthquake, with magnitude M7.1, had its epicentre 100 km south of San Francisco, but 
its effects reached well beyond to Oakland on the north shore of San Francisco Bay. Total casualties were 
62 deaths and over 3000 injured; alone 49 persons died in the collapse of the double-deck freeway in 
Oakland. A contour map constructed from a relatively sparse set of recorded peak ground accelerations is 
presented in Figure B3 of Appendix B. 

This earthquake caused considerable damage and some collapses of older unreinforced masonry 
buildings near the epicentre and as far away as Oakland. A number of older four-storey wooden 
apartment buildings located on fill materials in the Marina Bay district of San Francisco collapsed onto 
the ground floor that consisted entirely of garage openings and therefore represented a very weak first 
storey. The upper 3 storeys, however, stayed intact. Other buildings of this type nearly collapsed as 
shown in Figure 8. Ground motion amplification of the soft soils at that site also contributed to this 
damage partem. Further details can be found in Ref. [6]. 

Figure 8 Almost collapsedfour-storey wood-frame apartment building in the Marina district, San 
Francisco due to soft-storey effect. Loma Prieta Earthquake 1989. 

Wood-frame houses located in and near the epicentral region survived the shaking largely intact, with 
only some repairable damage. Some of these houses near the epicentre were likely subjected to peak 
ground accelerations as large as 0.5 g and possibly larger. 

The Northridge Earthquake with magnitude M6.7 was notable for its high ground accelerations, both 
horizontally and vertically, which in places exceed the acceleration of gravity (1.0 g). A contour map of 
peak horizontal ground accelerations is shown in Figure B4 of Appendix B. The earthquake caused 

4.2.5 Loma Prieta Earthquaice, California, 1989 

4.2.6 Northridge Earthqual(e, California, 1994 
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extensive damage to residential, institutional, and commercial buildings and to the highway and freeway 
system of this area about 20 km notth-west of Los Angeles. This represented the most intense ground 
shaking that had so far been recorded in a populated area in North America. Over 30 persons were killed 
and estimates of property losses range from US$ 30 - 40 billion. 

This earthquake again drew attention to a weakness that had already been recognized, practically next 
door, in the 1971 San Femando earthquake - the weak first storey in multi-storey wood-frame apartment 
buildings. Whereas in the 1971 earthquake these weak buildings merely distorted severely but remained 
standing, in this larger 1994 earthquake a number of ground floors collapsed (Figure 9). In one apartment 
complex 16 occupants were killed. Such collapses are perhaps not surprising when one considers that the 
horizontal ground accelerations, combined with the vertical accelerations of comparable amplitude, 
exceeded the nominal horizontal design acceleration of 0.4 g by factors of 2 and more. Four deaths also 
occurred in three single-family houses that slid down a hillside and collapsed. 

Figure 9 Collapse of supports for secondfloor over parking stalls in Northridge, California. 
Northridge Earthquake, 1994 

Despite these tragic failures, other wood frame construction performed exceedingly well. As in other 
earthquakes, chimneys were severely damaged, while the rest of the building survived without significant 
problems (Figure 10). In a statistical-based study of the seismic performance of residential construction 
in the Northridge earthquake [5] the authors state: 

"SDF [Single family dwelling] homes suffered minimal stmctural damage to elements that are 
critical to the safety of occupants. Structural damage was most common in the foundation 
system. The small percentage of surveyed homes (approximately two percent) that experienced 
significant foundation damage were located in areas that endured localised ground effects or 
problems associated with hillside sites." 



s 

Figure 10 Collapsed brick chimney in Northridge, California. Northridge Earthquake, 1994. 

4.2.7 Hyogo-ken Nanbu Earthquake, Kobe, Japan, 1995 

The earthquake that hit the city of Kobe in the Hanshin area of Japan on January 17, 1995 was so far the 
most damaging earthquake in modern times, with estimated losses of well over US$ 100 billion and loss 
of life of nearly 6 000 inhabitants. Its magnitude was 7.2 on the scale of the Japanese Meteorological 
Agency, M6.8 on the Richter scale. The area had not anticipated an earthquake of this magnitude and 
therefore building design and construction was ill-prepared. Extensive damage and major collapses 
occurred in all types of structures - elevated highways, bridges, port facilities, utility services, rail and 
subway installations, and low and high-rise buildings of concrete, masonry, steel and wood [7]. Among 
the wide-spread damage there were also numerous recently constructed buildings that survived the 
earthquake, some with no visible damage. This included high-rise buildings, mostly of steel construction, 
but also modem wood-frame buildings of 2 and 3 storey height. These cases demonstrate that modem 
building construction can survive, even without damage, one of the most severe earthquakes in recent 
times. 

While the epicentre of the earthquake was located on the nearby island of Awaji southwest of Kobe, the 
rupture zone extended through the centre of the city to its neighbour city Nishinomiya to the east. Peak 
ground acceleration as high as 0.8 g were recorded in densely populated areas; a large part of southern 
Kobe and the cities of Ashiya, Nishinomiya and Takarazuka experienced over 0.6 g peak ground 
acceleration as shown on a contour map of recorded peak ground accelerations in Figure B5 of Appendix 
B. These horizontal motions were also accompanied by large vertical accelerations, often as large and 
sometimes larger than the horizontal ones. This phenomenon is similar to that observed in the Northridge 
earthquake of 1994 and appears to be characteristic of ground shaking in the epicentral regions of an 
earthquake. 



Among wooden houses in the affected area, the hardest hit were those constructed before and 
immediately after the World War 11 [41]. These structures consist of post-and-beam wood framing, with 
walls formed by horizontal boards nailed to the uprights, in-filled with bamboo webbing and covered with 
clay. Exterior finishing is typically stucco. Roofs were built of burnt clay tiles laid on a bed of brown 
clay and supported on horizontally nailed roofing boards; this provided excellent protection against 
typhoons prevalent in this area but because of the heavy weight it proved disastrous in the earthquake. 
There was also evidence of rot and termite damage to some of the structural members. The heavy roofs 
and the lack of lateral resistance made these structures particularly vulnerable to such a large earthquake 
and within the 0.6 g contour of PGA a majority of this type of building collapsed or was heavily 
damaged. This gave rise to devastating fires from broken gas lines and stoves; the interruption of the 
water supply greatly aggravated the situation. 

Among the sea of devastation of older style houses were examples of modem wood construction and 
wood-frame houses that showed no visible signs of distress (Figures 11, 12). These houses were located 
in areas of severe shaking and demonstrate that modem wood-frame construction can withstand severe 
earthquakes with peak ground acceleration of 0.6 g or more with little or no damage. 

The wood-frame demonstration projects popularly known as Seattle-Vancouver village in the Nishi-Ward 
of Kobe city and the Hankyu Nishinomiya Housing Park contained modem wood housing, the former 
only wood-frame construction, the latter both post-and-beam and wood frame types. Both these areas 
were shaken severely, the Seattle-Vancouver village in the neighbourhood of 0.3 to 0.5 g, the Hankyu 
Nishinomiya Housing Park higher than that. The wooden houses in both of these projects showed no 
visible dairiage, except for some isolated roof tile breakage. 

The Kobe earthquake has again demonstrated the devastating power of an earthquake when it strikes a 
population centre. Every weakness of design, construction and maintenance came to light and caused 
massive damage to all types of constructed facilities. A notable exception to heavy dainage was modern 
wood construction, both post-and-beam and wood-frame buildings. To quote from a reconnaissance 

Figure 11 Three undamaged modern wood- Figure 12 "2x4" wood-frame houses in 
frame buildings in background, 
collapsed older building in 
foreground in Nishinomiya, Japan. 
Hyogo-ken Nanbu Earthquake, 1995 

Nishinomiya, Japan, survived the 
Hyogo-ken Nanbu Earthquake 
without damage. Apartment buildings 
in background sustained serious 
damage 



report of the Kobe earthquake [2]: "The perfonnance of Western-style wood-frame residences was nearly 
perfect, with no damage to this type of construction observed or reported". 

4.3 Summary of Earthquake Performance of Wood-frame Construction 

The above survey of performance of wood-frame construction in recent earthquakes in Alaska, California, 
Quebec, New Zealand and Japan shows that wood-frame buildings can resist very severe ground shaking 
with peak ground acceleration well over 0.6 g with very low risk to life and limb. Such buildings thus 
satisfy the objective of life safefy. Many instances of low damage have also demonstrated the potential of 
wood-frame construction for satisfying the more stringent criterion of damage control. However, the 
weak first storey phenomenon needs to be addressed in order to further reduce potential collapses and 
casualties and damage to buildings. 

Good performance expectations are, however, contingent on appropriate design and workmanship and 
proper maintenance. Favourable past performance should also not be taken to imply that further 
improvements are no longer needed! In order to ensure satisfactory performance in the future, the design 
codes and construction practices need to be periodically reviewed and revised to reflect new knowledge 
from theoretical and applied research and from field observations after earthquakes. It is recommended 
that future earthquake damage reports also focus on what has not been damaged, and relate the 
performance of buildings to the intensify of ground motion as much as possible. 

Some research directions towards improvement of seismic perforrriance of wood-frame construction will 
be discussed in thenext chapter. 

5 Advances in Seismic Resistance of Wood-Frame 
Construction 

Advances in seismic resistance of wood-frame construction have occurred largely as a result of research 
and development aimed at resolving observed weaknesses in previous earthquakes. Seismic design of 
wood-frame buildings has traditionally not been as quantitative and analytical as, for example, steel or 
concrete construction since a) wood-frame has been observed to perform well in earthquakes, and b) this 
fype of construction is complicated to model mathematically with any degree of accuracy. With the 
advent of larger multi-storey wood-frame buildings the inherent advantages of wood-frame construction 
have been stretched to a point where some major failures have occurred, as for example in Northridge in 
1994. This has provided added impetus for carrying out systematic studies into the behaviour of this fype 
of construction and to develop methods for ensuring satisfactory performance. 

Research on seismic behaviour of wood-frame construction is a multi-disciplinary activify which 
includes, among others, issues of strength, durabilify, mathematical modelling and calculation of seismic 
response, field observations in earthquakes and laboratory testing of joints, components and buildings. 
Investigations on these topics are carried out at a number of industrial, govemment and university 
laboratories in many parts of the world, including at Forintek Canada Corp. in Vancouver, British 
Columbia. Forintek is also complementing its own research work by sharing facilities and expertise with 
other laboratories and adapting from elsewhere results that are relevant to Canadian environmental, social 
and economic conditions. 



In this report, the work at Forintek Canada Corp. will be highlighted; further detailed descriptions are 
given in Ref [30]. A series of recent advances in seismic behaviour of wood buildings from some other 
institutions can be found in the two proceeding volumes of meetings sponsored by the Forest Products 
Society [20] [42]. 

5.1 Research at Forintek Canada Corp. 

The focus of the Forintek seismic research program is to quantify the behaviour of wood-frame 
construction in earthquakes so that designers can predict the performance of this type of construction with 
an enhanced degree of confidence. To achieve this, a multi-phase research program was developed as 
shown schematically in Figure 13. The main components of the program are: 1) Quantification of the 
behaviour of connections; 2) Determination of the racking strength of shear walls; 3) Mathematical 
modelling of components and buildings and calculating the response under seismic excitation; and 4) 
Development of standard test methods and codification. Some of the research conducted in other 
institutions will also be referenced under specific topics. •. 

5.1.1 Joints and Connections 

Adequate connections are needed so that the individual members of a structure can fulfill their intended 
function and all parts of the structure can contribute to resisting the seismic shaking. Nailed connections 
in wood-frame buildings play a particularly significant role since the wall-framing members are nailed 
together and to the top and bottom plates and the sheathing panels in turn are nailed to the framing 
members. Tests for determining characteristics of nailed joints have been conducted by researchers at 
Forintek [29] and by many others (e.g. [43]). 

How the wall elements are connected to the foundation and to each other also affects the seismic 
performance. Research at Forintek was instrumental in establishing an anchor bolt spacing that is 
seismically effective yet more economical than that hitherto specified [46]. 

5.1.2 Strength of Shear Waiis 

Since shear walls form the basis for the seismic resistance of both single- and multi-storey buildings, 
special attention has been focused on their design and performance. The strength and deformation 
properties of shear walls depend on the detailing and the quality of the components and especially the 
connections. Deformational characteristics of various types of shear walls have been obtained at Forintek 
under monotonically increasing static loads and incremental reversed loading [27]. See Figure 14. Tests 
with actual earthquake loadings on shake tables were also carried out in collaboration with the University 
of British Columbia and the Building Research Institute (BRI) of Japan, the latter as shown in Figure 15. 
For a situation frequently encountered where limited wall lengths are available for resisting seismic or 
wind forces, a new high-strength wall system, MIDPLY, has been developed in collaboration with the 
University of British Columbia and patented [50]. 

From the results of the Forintek shear wall testing program, combined with results from other 
laboratories, e.g. Ref [18][21], quantitative data for designing against seismic and wind effects are then 
developed, as is described later. 



Figure 13 Outline of research program at Forintek Canada Corp. on seismic behaviour of wood-
frame construction 

Figure 15 Shake table test of a two-storey shear 
wall specimen at Building Research 
Institute (BRI), Tsukuba, Japan. 
Photo taken after application of El 
Centra Earthquake 1941 peak ground 
motion of 0.33 g 

5.1.3 Full-scale Tests 

In an effort to achieve increasing levels of realism, Forintek has collaborated with BRI of Japan in 
carrying out full-scale structural and fire tests on wood-frame buildings. In one series of tests, the 
behaviour of a three-storey test building of wood-frame platform construction was observed under 
increasing reversed cyclic loading (Figure 16). This provided valuable data on the properties of the floor 
diaphragms and the vertical distribution of deformations; the results were then compared with various 
calculation methods [51]. 



Figure 16 Three-storey wood-frame test building at BRI, Tsukuba, Japan, being readiedfor reversed 
cyclic loading from reaction frame at right 

A number of other full-scale shake table tests of one and two storey wood-frame buildings were carried 
out by other laboratories in Japan [34][38]. While these specimens were built according to the new 
Japanese standards of wood-frame construction, their seismic behaviour is expected to be not too different 
from a comparable North American wood-frame house. The test results showed that under a Kobe-like 
shaking with PGA of over 0.8 g, the structural skeleton suffered no damage, and the interior and exterior 
finishes only minor cracking. This is in general agreement with the field observations of the performance 
of modem wood-frame houses in the 1995 Kobe earthquake. 

In Greece, a test of a two-storey wood-frame building designed to the Canadian code for timber 
construction was subjected to the three components of the 1986 Kalamata, Greece, earthquake on a multi-
axis shake table [48][49]. Repeated application of the earthquake motions with a PGA of 0.3 g did not 
cause significant damage nor collapse. 

Needless to say, such full-scale tests are expensive, but short of an actual earthquake they provide the 
most realistic answers to the complex problem of seismic behaviour of wood-frame buildings. 

Appropriate analysis and design methods are needed so that consistent results and reliable designs for 
buildings can be achieved with a reasonable effort. Towards this objective, Forintek has collaborated 
with other researchers in developing appropriate mathematical models from which the realistic seismic 
behaviour of larger wood-frame buildings can be predicted, using the resuks from the individual shear 
wall and connection studies [17]. Sophisticated methods of analysis, such as the finite element method, 
are needed to achieve adequate realistn and accuracy, to achieve agreement with test results and field 
observations in earthquakes, and to provide a calibration basis for simpler methods that can then be used 
in the majority of building designs. In any case, the choice of method of analysis needs to be tailored to 
the complexity of the structure, the performance requirements and the seismic risk. 

In addition to other analytical studies, Forintek has also carried out verification of the force reduction 
factor R used in the National Building Code of Canada to account for ductility and energy absorbing 

5.1.4 Design l\/lethods and Codification 



propeilies. While initially there was inadequate information on this factor, the Forintek studies have 
shown that R=3 is realistic for describing the performance of multi-storey wood-frame buildings [28]; at 
the same time, the analogous factor q=3 was also verified for use with Eurocode 8 [31]. 

Whenever possible, the results of research at Forintek along with results from other sources, are 
transferred to design guides and to codes and standards for use by architects, engineers and builders. In 
this connection, Forintek has developed design factors for commonly used horizontally sheathed 
unblocked shear walls as well as for shear walls with gypsum wall board and those with openings such as 
windows and doors. Forintek has also led the development of a standard for cyclic testing of joints in 
timber structures. This procedure is gaining increasing acceptance throughout the world and an ISO 
working draft for this test is currently under preparation. 

Contributions are also made to the Canadian wood design standard CSA-086.1 and to other standards 
committees, both nationally (e.g. the Canadian Committee on Earthquake Engineering - CANCEE) and 
internationally (e.g. the ISO Technical Committee on Timber Structures, TCI65). 

5.1.5 Impact of Forintek's Seismic Research Program 

Although the seismic research program at Forintek Canada Corp. is still in progress, the work has already 
had substantial impact in the construction industry. As a result of its own testing program and evaluation 
of results from other institutions, the following has been achieved: 

• The seismic Force Reduction Factor R=3 for use with wood shear walls has been confirmed for 
engineering design according to the National Building Code of Canada; 

• The use of unblocked shear walls has been proposed and is gaining acceptance in Canada and Japan; 
• More design options are available now for dealing with shear walls with openings; 
• Anchor boh spacing on foundation walls has been rationalized; 
• Forintek lead the development of an intemational standard for cyclic testing of joints which facilitates 

comparisons of results from different laboratories; 
• The 10 % reduction in design capacity of wood shear walls, imposed as an interim measure by the US 

Building Seismic Safety Council after the Northridge Earthquake in 1994, has been removed in 1998, 
in part as a result of the research data from the Forintek tests. 

5.2 Special Anti-Seismic Devices 

Special devices that reduce the damaging effects of earthquakes have recently been developed and applied 
to a number of generally important buildings and bridges. Among these devices are base isolation, where 
the entire structure is built on rubber pads at the foundation level; friction and viscous dampers for 
increasing the energy dissipation capability of the structure; and various sliding devices installed at the 
foundation level in order to limit the forces that reach the superstructure. So far, such devices have found 
only a few application in wood-frame buildings, possibly because of the extra costs and since the 
performance of wood-frame construction is in any case very good, provided that reasonable care is 
exercised in design and construction. However, as these devices become more commonplace and as more 
stringent performance requirements are demanded of buildings, one or more of these devices may prove 
useful even for wood-frame construction, either for new construction or as a retrofit measure [52][39]. 



6 Seismic Upgrading of Existing Buildings 
Many existing buildings were built to standards that would now be considered inadequate in light of 
present knowledge of seismic risk and expectation of building performance. Thus a program of targeted 
upgrading of deficient buildings towards current standards should be contemplated with the objective of 
providing adequate life safety and for reducing damage in future earthquakes. While general principles of 
upgrading or strengthening can be stated, it is important to recognize the needs of each particular 
building. Weaknesses and shortcomings need to be identified and deficiencies alleviated in the most 
effective and economical manner. 

As with new construction, two categories of wood-frame buildings need to be recognized since they 
require different approaches: engineered buildings, and conventional construction. 

6.1 Seismic Upgrading of Engineered Buildings 

For engineered buildings, a number of guidelines are available for identifying potential shortcomings and 
for rectifying them. When a large number of buildings need to be addressed, the general approach is to 
deal first with the ones that have the most serious deficiencies. This requires a means of prioritizing an 
inventory of buildings and this can be achieved by a rapid screening method. The buildings identified to 
be in greatest need of attention would then receive a detailed engineering analysis and, when needed, an 
appropriate upgrading solution. 

U.S.A.: The Federal Emergency Management Agency (FEMA) has issued a series of guidelines for 
screening, assessing and upgrading of the seismic resistance of buildings under its National Earthquake 
Hazard Reduction Program (NEHRP). 

For a rapid screening of the potential vulnerability of existing buildings, FEMA 154 and 155 [12][13] 
provide a quick assessment and are intended to be used from the "sidewalk-level" i.e. without entering the 
building or having other more detailed knowledge of the building. Various factors such as age, type of 
construction etc. are considered and coefficients added or subtracted from a base value; the resulting score 
gives an indication of the potential seismic vulnerability. Detailed engineering evaluation of an existing 
building is carried out according to the evaluation guidelines FEMA 178 [11]. More detailed evaluation 
criteria and upgrading guidelines are presented in FEMA 273 and 274 [8][9]. 

Canada: The above guidelines for assessing and upgrading of existing buildings have been used as a 
model for similar guidelines for Canadian seismicity and construction. A rapid screening method [24] has 
been developed for all types of engineered construction, including wood buildings. By a process of 
assigning appropriate weighting factors to the characteristics of each building, a structural index is 
derived as a product of the various weighting factors. The higher the index for a building, the greater is 
the need for a detailed evaluation. 

With the priority rating of an inventory of buildings established, the detailed engineering evaluation can 
then be carried out according to the evaluation guidelines [23]. These address a series of potential 
deficiencies which have been found to be important in previous earthquakes; the building is then 
evaluated against the seismic provisions of the National Building Code of Canada (NBCC) [36]. When 
the structure has been shown to satisfy 60% of the NBCC seismic requirements, no upgrading is deemed 
necessary. Should the results not satisfy this 60% threshold, upgrading to 100%) of NBCC requirements 



is recommended. The applicable requirements for upgrading any building should, however, be confirmed 
with the authority having jurisdiction, generally the local building officials. 

For buildings that are in need of upgrading, recommendations are contained in the upgrading guidelines 
[22]. Methods of upgrading range from conventional strengthening of members to recently developed 
innovations such as the application of artificial damping and base isolation. 

For operational and functional components in a building, or "non-structural" items, the Canadian 
Standards Association is currently developing a guide, CSA S832, for seismic evaluation and upgrading. 

6.2 Seismic Upgrading of Conventionai Wood Construction 

Seismic upgrading recommendations are contained in guidelines issued by Canada Mortgage and Housing 
Corporation (CMHC) [16][15] for buildings that do not require detailed engineering analysis. The main 
points for strengthening are: providing adequate connections or anchor bolts between the base plate of the 
wood frame and the concrete foundation; adding lateral bracing or applying wood panels to increase the 
lateral resistance of older wood-frame construction; and improving critical connections between walls and 
the roof and for appendages such as chimneys or building projections. Bracing of water heaters and other 
furnishings is also covered. •: 

The California Seismic Safety Commission has published a booklet [14] containing methods that 
homeowners can use to evaluate and strengthen their houses. Aside from much useful advice, the 
completion of the form "Residential Earthquake Hazard Report" in that publication is a legal requirement 
for selling a house in California. A number of cities and municipalities have also developed their own 
recommendations for strengthening of houses. 

7 Summary and Conclusions 
Seismic behaviour of wood-frame construction was reviewed by examining the resuhs from a number of 
recent earthquakes where this type of construction was well represented. This report first describes the 
dominant factors that affect the seismic performance of structures, namely the nature of ground motions, 
the dynamic properties of the building, the strength characteristics of the building, as well as the quality 
of the building code and standards and how well they have been implemented. The intensity of the 
various earthquakes is characterized by means of the peak ground acceleration and the behaviour of 
wood-frame construction is related to that parameter. The survey shows that despite some specific 
shortcomings and resultant failures, wood-frame construction has performed exceedingly well, both from 
the perspective of life safety and incidence of damage. In a number of earthquakes wood-frame 
construction has withstood peak ground accelerations of 0.6 g or greater without serious distress and often 
without any signs of damage. However, some shortcomings - mainly on multi-storey multi-unit buildings 
related to the weak first-storey phenomenon - caused significant damage and collapse and loss of life in a 
number of previous earthquakes. 

A survey was also presented of the research programs at Forintek Canada Corporation on seismic 
resistance of wood-frame construction and resulting improvements to the design process for seismic 
resistant buildings. Other advances in improving the seismic performance of wood-frame construction, 
such as base isolation and energy dissipating devices, were briefly described. Seismic evaluation and 
upgrading guidelines for existing buildings in Canada and the U.S.A. were also discussed. 



This survey has shown that wood-frame construction can withstand the shaking from large earthquakes 
without serious distress, thus satisfying the life-safety criterion implied by building codes. The potential 
for little or no damage in wood-frame construction has also been demonstrated in a number of 
earthquakes. Both life safety and low damage are contingent on designers, builders and home owners 
using appropriate anti-seismic measures. 
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Appendix A 

Codes and Standards for Wood-frame Construction 

Country and 
Building Code 

Racking Test 
Standard 

Engineered 
Design 

Conventional 
Construction 

• New Zealand BRANZ P21 
(Modification Trio-1991) (Ref [33]) 

NZS4203: 1992 
(Ref [44]) 

NZS 3604: 1990 
(Ref [45]) 

• Japan JIS A414: 1973 (Ref. [26]) 

• USA 
1997 NHERP(Ref. [10]) 

1997 Uniform Building 
Code (Ref. [25] 

APA 1991, Research Report 138 
(Ref [1]) 
ASTM E72 (Ref [4]) 

NHERP .Chapter 12, 
Section 12.3 

NHERP Chapter 
12, Section 12.5 
UBC Chapter 23, 
Division IV 

• European Union 
Eurocode (Ref. [19] Eurocode 8, Part 1.3 

Chapter 5 

• Canada 
1995 NBCC (Ref. [36]) ASTM E72 (Ref [4]) 

ASTM E564 (Ref [3]) 
NBCC Part 4 • NBCC Part 9 
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Trinet Peak Acce l . Map (in %g) for San Femando 
FEB 9 1971 06:00:41 PST M6.7 N34.4166 Wl 18.4 (site corrected) 

1 1 9 ° 0 0 W 1 1 8 ° 3 0 W H S ' O O W 
TIME PROCESSED: Tue Mar 1614:39:271999 

Figure Bl Contour map of peak horizontal ground accelerations (% g) for San Fernando 
Earthquake, Feb. 9, 1971. Red star = epicentre; black lines - major roads; red lines = 
major seismic faults; green triangles = strong motion recording stations. (Source: TriNet 
SHAKE MAP home page, http://www.trinet.org/shake/cgi-bin/, 1999) 

http://www.trinet.org/shake/cgi-bin/


Figure B2 Area map showing peak recorded horizontal ground accelerations for Saguenay 
Earthquake 1988. (Source: Can. J. Civ. Eng., 17(3),p.341) 
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Figure B3 Contour map of peak horizontal ground accelerations (% g) for Loma Prieta Earthquake 
1989. (Source: Can. J. Civ. Eng., 17(5), October 1990, p.802) 



Trinet Peak Acoel. Map (in %g) for Northridge 
J A N 17 1 994 04:30:55 P S T M6.7 N34.213 W118.5357 (site corrected) 

119°00W 118°30W 118°00W 
TIME PROCESSED: Tue Mar 1615:3S:041999 

Figure B4 Contour map of peak horizontal ground accelerations (% g) for Northrigde Earthquake, 
Jan. 17, 1994. Red star = epicentre; black lines = major roads; red lines = major seismic 
faults; green triangles - strong motion recording stations. (Source: TriNet SHAKE MAP 
home page, http://www. trinet. org/shake/cgi-hin/, 1999) 
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Figure B5 Contour map of peak horizontal ground accelerations (cm/s/s) for Hyogo-ken Nanbu 
Earthquake, Kobe, Japan, Jan. 17, 1995 (Source: Can. J. Civ. Eng., 23(3), June 1996, 
p.666) 


