PAGE  
8

ENGINEERED PERFORMANCE 

FOR TIMBER STRUCTURES

by

R.H. Leicester

(CSIRO, Australia)

Prescription and Performance

Traditionally, building design has been based on procedures developed from past proven experience i.e. on prescriptive procedures. Particularly where matters relate to life safety, this approach has been justified on the grounds that any major change in building practice can lead to unexpected risks.

These prescriptive procedures are simple to apply.  However they are associated with several disadvantages.  First, they are obviously a barrier to technical change. Another disadvantage is that with prescriptive procedures the performance of a design is undefined, and as a result it is not possible to optimise the design.

A more subtle disadvantage is the fact that prescriptive procedures are based on a combination of trial-and-error and experience, and this can sometimes lead to unacceptable risks when unusual situations occur. For example, when Cyclone Tracy hit the Australian city of Darwin in 1974, most of the engineered buildings remained intact, wheras most of the housing was destroyed. The reason is that the arrival of Cyclone Tracy gave rise to unusually high wind gusts as illustrated in Figure 1. These wind pressures were well outside the experience of the local house builders and accordingly the result was almost total devastation to housing.  However the wind pressures generated by Cyclone Tracy were in fact within the range of wind pressures specified by the structural engineering design codes of Australia and so damage to engineered buildings and infrastructure was relatively minor.

During the past decade, many countries have incorporated the concepts of performance building based codes and standards within national regulations and this has resulted in benefits related to building costs, innovation, trade and safety. Some examples of the application of these concepts will be described in the following, with particular reference to timber construction.
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Figure 1.  Annual peak wind gust pressures measured in Darwin.
Fire

Prior to 1994, the building regulations of Australia would not permit the use of combustible material, including wood, in the fire resistant walls and floors used to separate the occupancies within a multistorey building. However with the advent of performance based regulations, the timber industry successfully argued that the performance target was the life-safety of the occupants and not the non-combustibility of fire resistant construction. Following the acceptance of this premise, the timber industry then produced risk analyses which showed that it is possible to design light frame timber construction that is as safe as acceptable reinforced concrete construction. An example of one such risk analysis is shown in Table 1; the building to which it refers is the three storey apartment illustrated in Figure 2. The result of this exercise was to enable the use of timber in fire separation walls.  Thus the use of timber was now permitted where previously it had been forbidden and a considerably cheaper form of construction could be employed. A similar analysis has been used to ensure that timber construction, appropriately designed, may be used for housing in bushfire prone rural and forest areas.

Table 1.  Computer model predictions for building shown in Figure 2

Case No
Structural frame material
Fire resistance* (min)
Central fire alarm
Sprinkler protection
Relative expected risk to life


1

Concrete
90

No

No
1.00


9**

Timber
20

No

No
2.27


14

Timber
60

Yes

No
0.90


15

Timber
60

No

Yes
0.67

* fire resistance of fire separation wall and floors

** conventional light timber frame construction
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Figure 2.  Plan of 3-storey apartment used for risk analysis.

Structural Safety

Until recently, the use of timber for major structures was viewed with suspicion, or at best accepted as a black art, practiced by a few privileged professionals. However during the past two decades, some very useful analytical tools have been developed, which enable the reliability of timber structures to be compared with the reliability of constructions with other structural materials such as steel and reinforced concrete. As a result, timber is now viewed as a respectable structural material.  Using design codes, timber structures can be designed quite safely by professional engineers who have only limited personal experience in timber engineering.  In fact, in many countries it is now common practice when commencing a new building project, to send out  bid tenders that do not specify which type of structural material  has to be used.

The technology that has been developed to evaluate the risk of structural failure may be used directly to set an acceptable level of safety with respect to injury and loss of life. In addition it may also be used for optimising building costs by choosing a construction that minimises the total costs as shown in Figure 3. Here the cost of failure is taken to be given by the estimated probability of structural collapse multiplied by the resulting costs thereof. 


Figure 3.  Components of cost for building structures.

Durability

Currently the design of timber construction for durability is totally prescriptive. There are no formal engineering procedures to design against attack by decay, termites, marine borers and corrosion. Thus any major innovation in building practice is fraught with the risk of failure due to durability factors. For example the recent development of new wall systems for residential buildings in Canada has been associated with failures valued at a billion dollars. These failures have occurred within 5–10 years of the completion of the buildings.

Failures of this type are disastrous for the public image of the timber industry. Whereas any structural collapse that occurs is blamed on the design engineer, failures related to durability are judged to be characteristic of wood. Because of this, the Forestry and Wood Products Research and Development Corporation of Australia has sponsored a major national project to develop a technology for engineering the performance of timber construction with respect to durability matters.

Innovation
The development of engineering technology for structural performance has proven to be particularly useful for the rapid development and acceptance of innovative products. With this technology, many products can now be developed and evaluated within a matter of months rather than the years or even decades associated with prescriptive procedures.

Largely as a result of this technology, spectacular progress has been made in the structural use of wood based products during the past two decades. Many wood based materials (such as laminated veneer lumber and parallam) and many wood based systems (such as I-joists and floor systems) have been brought into service. In addition there have been composite systems with other materials such as wood and steel floor joists and timber and concrete floor systems.

These new composites are extremely efficient because each material and component is used under optimum stress conditions. These engineered wood components are highly competitive and some predictions are that their usage will increase by a factor of 5–10 times within the next 20 years.

Trade

Many non-tariff barriers to trade in structural timber products exist because of special bilateral agreements between countries. For example in one instance it was found that the design properties of timber imported into Japan from a particular country had been given favourable values, not for any technical reason, but because these design values had been negotiated as part of a trade agreement package. A way past unfair competition of this type can be found if the importing country has performance based building regulations. In such a case, an argument can be made that the commercial values of competing materials should be based on a comparison of their performance characteristics.

It should be noted however, that even if a performance base is accepted, there are still technical difficulties and regional differences to be reconciled. The example in Table 2 shows that performance evaluation procedures, even of such a simple product as sawn lumber, may differ from one region to another. Furthermore the procedures used by developed countries involve testing full size structural timber and the costs for this type of evaluation may be prohibitively expensive for use by developing countries. Table 3 illustrates that a cheaper method of evaluation is possible where the evaluation is based on testing small clear pieces of wood. This method is not as accurate as the method based on testing structural size timber, but it may be workable provided an appropriate penalty in design properties is accepted to compensate for the loss of accuracy in the evaluation procedure. 

Table 2.  Evaluated characteristic bending strength of 90 x 35 mm, F5 grade of Australian     Radiata pine

Method of evaluation
Evaluated characteristic bending strength (MPa)


European standards
31.1


Australian standards
38.5

Table 3.  Comparison of two methods for evaluating the characteristic bending strength of timber

Test material
Cost for evaluation of 

one species
Laboratory time
Typical error in the characteristic strength estimate

Structural size timber
$1000 000

1 year

(5%

Small clear pieces of wood
$1000

1 week

(30%

Human  Factors

It is a matter of some interest, and a cause of technical difficulties, that engineering to meet performance criteria often involves a consideration and modelling of human factors. The following are some examples of these factors:

(a)
The designs of floor systems are usually based on criteria related to human reaction to floor dynamics.

(b)
To assess the risk to life due to building fires, it is necessary to model the time for human egress and also the time for the arrival of fire fighting services.

(c)
Extensive studies of damage to housing due to attack by cyclones (hurricanes) has indicated that to predict this damage it is necessary to model the effect of human errors in the concepts and the construction of building structures.

(d)
Many of the failures related to durability are associated with human error. In the example cited earlier of the billion dollar damage to residential buildings in Canada, the trigger for the damage was the ingress of rainwater due to construction errors.

(e)
Many factory fabrication processes are associated with a possibility of inadvertently fabricating a defect that can lead to serious consequences. For example a non-glued  deficient finger joint in the tension zone of a glulam beam can reduce the strength of that beam by a factor of 2–3. The possibility of such a joint occurring must be considered in modelling the strength of large glulam structural systems which may have as many as 10 000 finger joints.

Difficulties

There are many difficulties in attempting to engineer performance. Probably the most notable of these are the technical difficulties that often occur in predicting performance. This requires theories for complex structural systems, variable material properties, environmental impacts and human behaviour.  For example, design for durability requires a quantified prediction of the effects of biodegradation with time such as that illustrated in Figure 4.

Another difficulty relates to the high level of skill required in the utilisation of engineered systems. Relative to the requirements for simple sawn timber construction, additional special skills are required for the fabrication, design and erection of engineered systems.

Finally there are implementation difficulties associated with the fact that the target performance criteria are often quantified in terms of risk. For many countries there is a legal difficulty in stating that there is any sort of risk associated with a building design, particularly where that risk involves life safety. To overcome this difficulty, the computed risk of structural failure is sometimes stated to be only a nominal assessment of risk; this nominal risk is then  converted into some sort of reliability index for public purposes such as for discussion within a code commentary. However it is questionable as to whether this strategy will successfully deflect litigation in the event that a major structural catastrophe occurs.


Figure 4.  Illustration of performance affected by durability.

The Future

Today, the most important use of engineered performance technology is for product innovation and for trade. Product innovation is particularly important as a means of coping with changes in resources, changes in regulations related to environmental concerns and changes in competition arising from the introduction of new building systems.  In fact it is quite likely that there will be an increasing trend towards the development of composite structural systems that combine wood with other materials so as to optimise the use of the available resources. For all these cases, the rapid development of new products is essential and this can be done only through the application of engineered performance technology. 
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