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Abstract 

This thesis describes three numerical models, developed by the author, that predict 

the behavior of timber shear walls. Two of the models have been implemented in finite 

element programs. One program predicts the static behavior of shear walls and the other 

predicts the dynamic response to earthquakes. Both programs incorporate 1) the ability 

to predict the ultimate load capacity of the walls, 2) the effects of bearing between 

adjacent sheathing panels, 3) the effects of bending in the sheathing, and 4) the effect of 

bearing and gap formation between framing elements. The third model is a closed form 

mathematical model that was developed to predict the steady state response of shear 

walls to harmonic base excitations. 

A series of experimental tests were performed to determine the load-deflection charac

teristics of single nail connections between the solid wood, used for framing, and sheathing 

materials. The load-deflection characteristics for these connections were used to predict 

the behavior of timber shear walls using the finite element models. 

An extensive experimental program, consisting of five different tests and forty-two 

full size shear wall specimens, was conducted to verify the three numerical models. The 

experimental program included a new test that is representative of the earthquake loading 

for a ground floor wall of a three-storey North American apartment building. 

The test results were also used to: 1) compare the performance of waferboard with 

that of plywood sheathing, 2) investigate the dynamic behavior of shear walls, 3) inves

tigate effects of out-of-plane deflections of the sheathing, and 4) examine the anchoring 

connection that resists the overturning moment. 

The merits and shortcomings of the five shear wall tests are discussed, along with their 
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future usefulness in determining the effects of changes in the construction techniques used 

for timber shear walls. 

The dynamic model and shear wall test results are then used to investigate four design 

codes to see if shear walls, designed according to the various codes, adequately resist the 

loads experienced during earthquakes. A resistance factor for the design of shear walls is 

recommended for inclusion in the 1990 Canadian timber design code. The recommended 

resistance factor will result in the design loads specified by the code being more repre

sentative of the loads generated during an earthquake. Three important construction 

details are also discussed to inform the reader of possible problems that can be expected 

if these details are neglected during either design or construction. The details are: the 

hold-down anchor, framing corner connection, and sheathing connector. 

Finally, recommendations are made as to the type of research that is required to 

develop a design procedure for timber shear walls, based on the actual dynamic charac

teristics of shear walls as well as reliability theory. 
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Notation 

Variables: 

{a} = Vector of nodal degrees-of-freedom or displacements. 

a = The ratio of the load intercept to the peak load of the hysteresis, — . 

a g = The amplitude of the base or ground accelerations. 

A = The cross-sectional area. 

{8a} = The vector of virtual displacements. 

b = The constant amplitude ratio for Newton-Raphson solution. 

[B] = The strain-displacement matrix. 

C (Ro) = A function defined in Equation 4.25. 

C i = A constant. 

C2 = A constant. 

C 3 = A constant. 

[C] = The damping matrix. 

{d} = The vector containing the displacements of a general point within an element, 

{d*} = A vector of displacements for a sheathing connector, oriented parallel and 

perpendicular to the axis of the beam element. 

[D] = Material properties matrix. 

[Dt] = The sheathing thickness times the material properties matrix, t [D]. 

[DjJ = The moment of inertia for a unit width of sheathing times the material 

properties matrix, I [D]. 

T> (z) = The energy dissipated by viscous damping at time t. 

E = Modulus of elasticity. 

Ej = Modulus of elasticity for an individual layer of plywood in the direction 

of interest. 
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fo(t) = The non-linear force due to damping. 

fl(t) = The inertial resistance force. 

fs(t) = The non-linear structural resistance force. 

F = A force. 

F = A coefficient to account for soil variability in seismic design. 

F i = The force corresponding to the displacement, u\. 

F2 = The force corresponding to the displacement, u 2. 

F(x,/x,t) = The hysteresis force for a wall. 

T = a factor to convert from the nominal yield load to the actual yield load. 

Gj = Shear Modulus for an individual layer of plywood. 

G x y = Shear modulus in the X-Y plane. 

I = The moment of Inertia. 

I = The importance coefficient for seismic design, 

i = Node variable. 

{1} = The influence vector (identifies which degrees-of-freedom are 

effected by the dynamic loading). 

T(t) = The energy input to the structure due to an earthquake at time (1). 

Ji(s) = A shape function for a beam element. 

[J]b = The matrix containing the Shape functions for a beam element, 

j = Node variable. 

[k] = The stiffness matrix for an individual finite element. 

K = The individual connector stiffness. 

K = A coefficient that accounts for structural ductility and damping. 

[K] = The global stiffness matrix. 
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KpR-5 

Po 

Ko = A parameter that defines the exponential equation of the initial loading 

curve for a nail connection or wall (the initial stiffness). 

K2 = A parameter that defines the exponential equation of the initial loading 

curve for a nail connection or wall (the slope of the asymptotic line 

of the exponential curve. 

K3 = A parameter that defines the slope of the linear decreasing section of the 

load-deflection curve of a nail connection or wall. 

K 4 = A parameter that defines slope of the hysteresis curves at 0 deflection 

(at the load intercept) for a nail connection or wall. 

= The resonant amplitude ratio, which is a non-dimensional amplitude of 

the steady state oscillation at the resonant frequency. 

[K(t)J = The apparent stiffness at time, t. 

fC (t) — the kinetic energy at time t. 

1 = The length of a beam element. 

[L]sc = A matrix of the shape functions for the sheathing bearing connector. 

[L(£,?7)] = Shape function vector for the u-deflection fields. 

£ = A factor for converting the 5th percentile strength to the average strength, 

m = The inertial mass. 

[M] = The mass matrix. 

[M(£,?7)] = Shape function vector for the u-deflection fields. 

[N(£,7/)] = Shape function vector for the w-deflection fields. 

{P} = The vector of applied loads. 

Po = A parameter that defines the exponential equation of the initial loading 

curve for a nail connection or wall (the load intercept for the 

asymptotic line of the exponential curve). 
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P i = A parameter that defines the load intercept of the hysteresis 

curve for a nail connection or wall. 

{PDL} = A vector of general nodal dead load forces. 

^ E L A S T I C = The lateral load requirement for elastic structures. 

P H = The horizontal load at the top of the frame column. 

P m / , n „ „ T , , A T T = The load at the top of the wall. TOP OF WALL r 

P . A T „ T _ = The lateral load at which a structure yields. YIELD J 

^*WALL = r^^ i e a c ^ u a ^ l̂ tera-l load experienced by a shear wall 

during an earthquake. 

P(t) = The general dynamic loading. 

|P(t)| = The apparent loading at time, t. 

V — The amplitude of the sinusoidal forcing function on the 

equivalent oscillator, 

{q} = A vector of distributed loads. 

R = The amplitude of harmonic motion. 

Ro = The steady-state amplitude of harmonic motion. 

R 0 = The resonant amplitude of harmonic motion. 

R = The average value of R for one cycle of harmonic motion. 

TZ = The ratio of the desired damping to the critical damping for 

the fundemental frequency 

s = The normalized local coordinate along the length of a 

beam element. 

S - The surface area. 

S = The seismic response factor. 

S (Ro) = A function defined in Equation 4.26. 
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[S] = The matrix of shape functions for a plate element, 

t =. Thickness of the sheathing in Chapter 3 and time 

everywhere else, 

tj = Thickness of an individual layer of plywood. 

T = Surface traction forces. 

[T] = A transformation matrix for direction, 

u = The displacement of a point in the X-direction. 

U i = The largest positive displacement of a connector so far. 

U2 = The largest negative displacement of a connector so far. 

u' . = Displacement of a point in the X-direction. 

{u(t)} = A vector of general nodal displacements. 

{u(t)} = A vector of general nodal velocities. 

{ii(t)} = A vector of general nodal accelerations. 

A u = The relative displacement in the X-direction. 

Ub = The displacement of a general point within a beam element in the 

X-direction. 

U (t) = The strain energy plus energy dissipated by hysteretic damping at time t. 

— = The first partial derivative of u with respect to x or the change in the 

u displacement in the X-direction. 

= The first partial derivative of u with respect to y or the change in the 

u displacement in the Y-direction. 

= Second partial derivative of the u displacement; first, with respect to x 

then with respect to y: 

A U m a x — the deflection at peak load for a nail connection or wall. 

du 
dy 

dxdy 

x x n i 



v = the velocity ratio that represents the magnitude of 

the peak acceleration of the design earthquake, 

v — Nodal displacement of a point in the Y-direction. 

v' = Displacement of a point in the Y-direction. 

A v = The relative displacement in the Y-direction. 

Vb = The displacement of a general point within a beam element in the 

Y-direction. 

V = The lateral seismic force at the base of the structure. 

V = Volume. 
dv. 

- The first partial derivative of v with respect to a;'or the change in the 

v displacement in the X-direction. 

= The first partial derivative of 

v with respect to y or the change in the v displacement in the Y-direction. 

= Second partial derivative of the v displacement; first, with respect to 

x then with respect to y. 

w = Nodal displacement of a point in the Z-direction. 

w' . = Displacement of a point in the Z-direction. 

w di7!) — w deflection at the point (̂ ,77) inside an element. 

: The first partial derivative of w with respect to x or the change in the 

dx • 

dv 
dy 

d2v 
dxdy 

dx 

dy 

d2™ 
dxdy 

w displacement in the X-direction. 

= The first partial derivative of w with respect to y or the change in the 

w displacement in the Y-direction. 

= Second partial derivative of the u/displacement; first, with respect to x then 

with respect to y. 
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_ 0 = Second partial derivative of the w displacement with respect to x. 
<7XZ 

n „ — Second partial derivative of the ID displacement with respect to y. 
oyz 

W = Body forces or weight of the structure, 

x = The x-coordinate of a point. 

x(t) = The displacement of the top of the wall relative to the base. 

x(t) = Velocity. 

x(t) = Acceleration. 

A x = Length of finite element in the X-direction. 

X s = The magnitude of the harmonic forcing function. 

y = The y-coordinate of a point. 

Y = The average yield resistance. 

A y = Length of finite element in the Y-directions. 

z = The coordinate of a point or a distance measured along the Z-axis. 

sig . = The sign of a variable or function of variables. 

a = The angle between the global coordinate system and the local coordinate 

system for a beam element. 

3 = Newmark-/? constant, 

-y = Newmark-/? constant. 

A = The change in a variable (used with a second variable such as u). 

A E / Q = The lateral deflection achieved during an earthquake. 

A Y I E L D = The lateral deflection at which a structure yields, 

e = A component of strain. 

{e} = Strain vector. -
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e x y = The shear strain in the X-Y plane. 

C = Normalized local coordinated in the Z-direction for the plate element. 

7; — Normalized local coordinated in the Y-direction for the plate element. 

6 = Variable defined in Equation 4.7. 

#b = The counterclockwise rotation of a beam element node. 

K = The nondimensional ratio of the base excitation frequency to the resonant 

frequency of the structure, —. The variable is referred to 

as the frequency ratio. 

p = density. 

g = A factor that is used to convert the characteristic strength to the average 

strength. 

u = The slope defined in Equation 4.2 and show in Figure 4.4. 

u = Poisson ratio. 

v\ = Same as v, only for an individual layer of plywood. 

isxy = Poisson ratio giving strain in the X-direction for a stress in the Y-direction. 

i/yx = Poisson ratio giving strain in the Y-direction for a stress in the X-direction. 

f = Normalized Local coordinated in the X-direction for the plate element. 

TI = The potential energy. 

6TI — The first variation of the potential energy. 

cr = Normal stress in the direction of interest. 

crxy = Shear stress in the X-Y plane. 

{a} = Stress vector. 

T = A time variable. 

A = The load factor for limit states design. 

CJ>(T) = The phase of harmonic motion. 
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c/i>0 = The steady-state phase of harmonic motion. 

<f> = The average value of <j>(r) for one cycle of harmonic motion. 

<f> — The capacity reduction factor for limit states design. 

i/>( ) = Function for Equilibrium found by minimizing the potential energy. 

u, — The frequency of the harmonic motion. 

LO\ — The fundamental frequency of the structure. 

Superscr ipts : 

T = Transpose of matrix or array. 

' = The first derivative of the variable if it has not been defined as part of the 

variable in the list above. 

Subscripts : 
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b = Variable pertaining to beam elements, 

c = Center of the plate element. 

C = Compression. 

con = Variable pertaining to a connector, 

g = Variable pertaining to the base of wall 

(or ground accelerations for earthquakes). 

P = Variable pertaining to point P. 

P' = Variable pertaining to point P'. 

P l = Variable pertaining to plate elements, 

s = Variable pertaining to the secant stiffness, 

sc = Variable pertaining to the sheathing bearing connector. 

t = Variable pertaining to the tangent stiffness. 

T = Tension. 

u = Variable pertaining to the u-direction. 

v = Variable pertaining to the u-direction. 

w = Variable pertaining to the u>-direction. 

x = Variable pertaining to the X-direction. 

y = Variable pertaining to the Y-direction. 

z . = Variable pertaining to the Z-direction. 

0 . = Initial conditions, 

oo = Variable pertaining to infinity. 
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Chapter 1 

Introduction 

1.1 Background 

Houses, small office buildings, and light industrial buildings in North America have 

traditionally been constructed of timber. History has shown that common light frame 

construction used for these structures performs well when subjected to earthquakes. Two 

of the reasons timber structures have been successful in resisting earthquake loads are: 

1) the structures have been relatively light in mass, and 2) the structural systems have 

had a large number of redundancies. 

Shear walls are commonly used in low-rise timber buildings, to provide lateral support 

against wind and earthquake loads. Timber buildings usually have shear walls consisting 

of a light timber frame, clad with a panel product, such as plywood, waferboard, or 

oriented strand board. The sheathing is usually attached with nails that are spaced 

sufficiently close to provide the necessary stiffness and strength to resist the expected 

in-plane lateral loads. Most of these walls are not designed, but rather are constructed 

according to specifications that ensure a minimum strength and stiffness. Shear walls 

that are designed are checked by engineers or architects to ensure all the connections and 

components, as well as complete wall, will meet strength and serviceability requirements. 

These structural elements are used in many different types of timber buildings, such as 

single family houses, manufactured houses, and one to four storey buildings. While the 

1 
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present and traditional methods of construction are similar, there are a few significant 

changes that have occurred recently that make a more accurate prediction of the behavior 

of timber buildings during earthquakes desirable. The multi-family structures being 

built today are larger than their predecessors from fifty years ago. In addition, concrete 

overlayments on floors, concrete tile on roofs, and other new, heavier materials are being 

used in the upper stories for fire protection, sound control, aesthetics, and reduced cost. 

Other changes to the framing methods have also been made in order to utilize the 

construction materials more efficiently and reduce the cost of construction. Some of these 

changes include: 

• increasing the spacing between wall studs, 

• using staples or adhesives, rather than nails, 

• and changing the type of sheathing panel used from plywood to new reconstituted 

panel products, such as waferboard and oriented strand board. 

These are a few of the changes to how buildings are framed. The result of increasing the 

stud spacing is a reduced number of redundancies. The other two changes introduce new 

unknown variables to the building. 

As the timber resources continue to be restricted by society, and as new innovative 

ideas are implemented to reduce construction costs or increase the energy efficiencies 

of buildings, more changes will be made to the construction techniques used in modern 

timber buildings. Due to these changes, the past experience can no longer prove the 

reliability of timber structures in the future. As demand for more efficient use of the 

timber in building construction increases, engineers will be called upon more and more 

to design buildings, using engineering knowledge and principles, rather than historical 

precedence. This will require that engineers have the design tools available to accurately 
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predict the behavior of the new buildings' structural elements when loaded by various 

environmental disasters, such as hurricanes and earthquakes. This thesis provides infor

mation and understanding of engineered timber shear walls used in apartment buildings 

and condominiums. The remainder of the discussion of shear walls will pertain to such 

walls. 

1.2 Objectives 

The primary objective of this study is to develop a numerical model that is capable 

of predicting the deflection of the top of timber shear walls, relative to the base, when 

subjected to dynamic earthquake loadings. This model is a general finite element model 

capable of describing the behavior of timber walls of various configurations and construc

tion. Being general implies that shear walls constructed, using a variety of framing and 

sheathing materials, as well as walls with or without openings, can be modelled. While 

the program presented in this thesis is not meant for design work, future simplifications 

can be made to produce a model that will be easily used by engineers and architects as an 

aid in designing buildings. The model presented in this thesis is capable of representing 

the shear walls in sufficient detail to allow it to be used as a benchmark against which 

future simplified models can be compared to determine the amount of error introduced 

by simplifying assumptions. The data base information for the use of various fasten

ers in shear walls can be expanded more economically, using the finite element models 

presented in this thesis than by performing full size shear wall tests. 

Other objectives of the study are: 

• Develop a numerical model to accurately predict the static one-directional racking 

load-deflection curve and ultimate load capacity of timber shear walls (Chapter 3). 
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• Develop a mathematical model to predict the steady state response of timber shear 

walls (Chapter 4). 

• Develop a dynamic test for timber shear walls that realistically represents the load

ing expected during an earthquake (Chapter 7). 

• Investigate the effects of out-of-plane bending of sheathing, on the strength and 

stiffness of shear walls (Chapters 8 and 9). 

• Compare the performance of plywood and waferboard sheathing to determine 

whether they should be given equal status as earthquake resisting materials (Chap

ters 8 and 9). 

• Investigate the critical connections in shear walls (Chapters 6, 8, 9, and 10). 

• Investigate the design procedure outlined by various design codes used in North 

America to see how walls designed by these codes actually perform (Chapter 10). 

• Present an example of an analysis using the developed program (Chapter 10). 

1.2.1 Methods for Achieving Objectives 

The objectives dealing with modelling have been met by the three numerical models 

that the author has developed and are implemented in the following computer programs, 

• S H W A L L is the general finite element program that predicts static one-directional 

racking behavior of timber shear walls. 

• F R E W A L L is the implementation of the closed-form mathematical model that 

predicts steady state response of timber shear walls. 
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• D Y N W A L L is the general finite element model that predicts the dynamic response 
of timber shear walls to random base accelerations, such as earthquakes. 

A l l three models have been verified, using the results of an extensive testing program of 
full size shear walls, and are now available from the author upon request. However, as 
stated before, the intent of these models was not for use as design tools, but rather to be 
used to correctly investigate the detailed behavior of timber shear walls. The results of 
this thesis indicate several simplifications that can be made to reduce the computation 
time required for analysis and make the models more useful for design purposes. These 
simplifications will be made in the near future and the simplified versions of the models, 
along with user manuals, will be available to the public for general use. 

The data required in order to use the numerical models are: 1) the material properties 
of sheathing and framing, and 2) the average load-deflection curve for the connectors 
used to attach the sheathing to the framing. The material properties for framing and 
sheathing can be found in the literature or obtained by either deriving the values using 
the principles of strength of materials, or testing suitable small specimens. The load-
deflection curves for the connectors can be obtained by testing single connections, that 
are constructed in the same manner as the connections used in the full scale walls. 

The remainder of the objectives were met by developing and conducting an extensive 
testing program of full size shear walls, and using the results to verify the dynamic model. 
The results of these tests and numerical simulations were analyzed in various ways to 
obtain answers for different objectives. 

1.3 Design Codes 

The current structural design codes for timber shear walls, used in Canada and the 
United States, are based on the results of static one-directional racking tests of full size 
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shear walls. For working stress design (WSD) codes, a factor of safety is used to ensure 
that the design stresses do not exceed the structural load capacity. The ultimate load 
capacity is divided by the factor of safety to obtain the reduced capacity used in design. 
For the current W S D codes, a factor of safety of 3.0 has been applied to either the 
ultimate load capacity (or corresponding deflection in the case of past numerical analysis 
work) to determine the allowable design capacity of timber shear walls. The allowable 
capacity is then presented to the designer as a table of design shear loads, dependent 
on the sheathing thickness, nail size, and nail spacing. The design capacity of the wall 
can be determined, knowing the unit load capacity from the design tables and the wall 
configuration. 

Current design procedures have not been related to any dynamic test data, and as a 
result, it is unclear whether the resulting buildings are under- or over-designed. The fact 
that present design codes are not based on dynamic data could also cause the adjoining 
structural elements, such as floors, ceiling, foundations, and connections, to be under-
or over-designed. The performance of timber buildings, designed to resist earthquakes, 
is therefore highly questionable. This study therefore investigates the accuracy of the 
current North American design codes by comparing the design shear for walls that were 
tested with shear values recorded during the dynamic tests. The effects of using adhesives 
are also investigated, since the design code has not addressed adhesives at all. A detailed 
investigation of the design codes is, however, beyond the scope of this study. 

1.4 Appl icat ions 

The results presented in this thesis provides knowledge of the dynamic behavior of 
timber shear walls. As such, the testing procedures used for the tests of full-size shear 
walls can be used as a performance tests for comparing different panel products and 
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methods of attaching the sheathing. Each of the tests give information about the wall's 
behavior in response to a particular type of loading. 

The three computer models can also be used to predict the behavior of timber shear 
walls for static one-directional loading, harmonic loadings, such as equipment vibrations, 
and general random dynamic loadings, such as earthquakes. A l l the current North Amer
ican design codes are based on tests that used essentially one type of nail, which was 
manufactured by one supplier. The finite element models can be used to expand the 
information base to nails manufactured by other suppliers or even to completely different 
types of connectors. After the load-deflection properties of the various sheathing con
nectors are determined, their use in walls can be investigated using the finite element 
models rather than by performing full size shear wall tests. This will allow the design 
codes to eventually provide the engineer with alternatives, to the use of nails for attaching 
the sheathing in shear walls. The models provide a far less expensive method of inves
tigating various topics pertaining to shear walls, than using full size tests. Finally, the 
models serve as benchmarks to which simplified models can be compared to verify their 
accuracy. This will eventually lead to design tools for engineers. 

1.5 Thesis Organizat ion 

This thesis is organized such that the three numerical models are derived first. Sub
sequently, the physical tests performed are presented and finally, the accuracy of the 
models is determined. 

Chapter 2 describes the various research that has previously been conducted. The 
topics include work on connections, testing of full size shear walls and buildings, modelling 
of shear walls, diaphragms and buildings. 

Chapter 3 presents the derivation of the Static Finite Element Model, S H W A L L . 
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This model is capable of describing the load-deflection behavior of timber shear walls of 
any configuration, and constructed of orthotropic or isotropic materials. Each element 
used in the model is derived separately. The method of combining the various elements, 
and solving a general problem is presented at the end of the chapter. This model is 
restricted to static one-directional loading in the plane of the wall. 

In Chapter 4, a Closed Form Mathematical Model, F R E W A L L , used to predict the 
steady state behavior of timber shear walls, subjected to harmonic base excitations, is 
derived. A method for solving the equations is then presented, along with a numerical 
example. 

Chapter 5 describes the Dynamic Finite Element Model, D Y N W A L L . The general 
step-by-step integration equations are first derived, followed by the required changes 
to the connector element used in the static model. The energy calculations used in the 
model are derived next and, finally, a summary of the time-step solution process is given. 

Chapter 6 describes the test procedure and results from tests conducted to determine 
the load-deflection curves for the nail connections in shear walls. Load-deflection curves 
are used by the various models as data to determine load-deflection relationships for the 
connector elements. 

Chapter 7 describes the full-size shear wall tests and procedures, along with the 
procedures followed in analyzing the data. 

In Chapter 8, the results of the full-size shear wall tests are presented and discussed. 
Chapter 9 details the verification of the accuracy for each of the numerical models. In 

addition to the usual patch tests and Eigenvalue tests, each of the models are compared 
to full size shear wall test results to see how accurately they predict the behavior of shear 
walls. 

Chapter 10 discusses the design and construction of timber shear walls. Present design 
procedures are discussed and comparisons are made between design code requirements 
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and test results. It is shown that the current design codes underestimate the loads 

generated during earthquakes and a value for the resistance factor is recommended for 

inclusion in the proposed 1990 Canadian design code. Various construction details of 

timber shear walls are discussed at the end of the chapter. These details are considered 

critical for a shear wall to perform as a lateral supporting element in a timber building, 

and the discussion further draws attention to their importance. 

1.6 L imitat ions of Study 

The models described in this thesis are general and, therefore, capable of describing 

the load-deflection behavior of any timber shear wall. The models are limited only by the 

ability to describe the load-deflection curve of various connectors and materials used in 

the construction of timber shear walls. Nail connections using 8d or 63.5 mm (2.5 in) hot 

dipped galvanized common nails, Spruce-Pine-Fir (SPF) framing, and either plywood 

or waferboard sheathing are the main materials considered in this thesis. However, the 

use of adhesives and other connectors are discussed and modelled. 

An extensive investigation of the various fasteners, sheathing materials, framing ma

terials, and multiple earthquake and wind loadings was considered beyond the scope of 

this thesis. A detailed investigation of the various design codes was not considered part of 

this study. Also, no attempt at formulating a new design procedure, nor has a reliability 

investigation, been made. 



Chapter 2 

Literature Survey 

2.1 Introduct ion 

This chapter represents an overview of the research that have been performed on 

topics relevant to this thesis. The chapter is comprised of two sections. The first section 

includes testing of connections, full size shear walls, and full size buildings. The second 

section addresses modeling of shear walls and buildings. A general comment that can be 

made regarding research done in the past is that most of the research has been limited to 

the static behavior of connections and shear walls, with particular interest in determining 

the ultimate static, one-directional load capacities of connections and shear walls. Little 

research has addressed the cyclic or dynamic behavior of timber connections, shear walls 

or buildings. 

An extensive bibliography on diaphragms was written by Carney (1975) and later 

updated by Peterson (1983). These bibliographies cover most of the pertinent published 

work on diaphragms and shear walls from 1927-82. 

10 
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2.2 Test ing 

2.2.1 Connections 

Many of the early investigations of timber shear walls concentrated on determining the 

effects of nailed connections on the performance of shear walls. This trend continued into 

the 1960's and 1970's with studies like those by Westman and McAdoo (1969), Wilkinson 

and Laatsch (1970), and Senft and Suddarth (1971). The initial stiffness or ultimate load 

capacity of various fasteners subjected to static one-direction withdrawal or shear was 

studied. Non-linear effects between the initial elastic loads and the ultimate loads were 

neglected in the early research. For instance, Westman and McAdoo (1969), determined 

the withdrawal resistance of nails in Douglas-Fir and Western Hemlock with the grain 

orientation considered as the one variable, while Senft and Suddarth (1971) considered 

the differences between plain and galvanized nails along with moisture content on the 

withdrawal resistance. Perkins (1971) continued to study single connectors by testing 

specimens to determine the ultimate load capacities for the withdrawal of nails in Red 

Pine, and Carsol (1970, 1972), and Eckelman (1975) reported on the withdrawal of screws. 

Around 1975, the objective for connection tests shifted from determining the fastener 

performance in the framing material to investigating complete connections of framing and 

sheathing. Walford (1976) tested nail joints in order to determine the allowable loads for 

use in the design of diaphragms. Also, Hilton, et. al. (1976) found that nail spacing does 

not affect the stiffness of the connection, only the load capacity. Polensek (1976) studied 

the nail connection properties for future use in design of wood-stud walls subjected, to 

static one-directional loading. Sturn (ATC-7-1, 1980) investigated multiple types of 

fasteners, but again reported static one—directional ultimate load capacities. 

The effects of dynamic cyclic loading of nailed joints was studied by Soltis and 
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Mtenga (1985). . They found no significant difference in the load capacity of the par

ticular joint they tested, when loaded statically or dynamically. 

Dowrick (1986) classified various types of timber connections based on the hysteresis 

loop shape. 

Polensek and Bostendorff (1987), and Chou and Polensek (1987) researched the damp

ing and stiffness of nailed joints, and found damping ratios between 10% and 40% for 

plywood sheathing connections. These damping ratios, along with joint stiffness, were 

significantly reduced when connections were constructed green and then allowed to dry 

before testing. 

Polensek and Schimel (1986) investigated the effects of sheathing nails on the uplift 

of the end studs in shear walls. They found that adding extra nails in the sheathing 

corners of the walls increased the stiffness of the wall and reduced the uplift. 

Turnbull and Lefkovitch (1986) found that steel gusset plates increased both the 

stiffness and strength of nailed joints compared to plywood gusset plates. They also 

found that 5-ply plywood gusset joints were stronger than 4-ply gusset joints. 

An experimental study of joints using nails and screws in combination with adhesives 

by Van Wyk (1986) showed that the nails and screws contributed very little to the 

strength and stiffness of the joints. A study by Cunningham (1988) showed similar results. 

Hoyle (1988) proposed a design method for nailed-glued joints for use in diaphragms. 

Hoyle also pointed out the problem of guaranteeing the required glue line thickness during 

construction. 

Foschi (1982) reported on the load-slip curve of nailed waferboard and Douglas-Fir 

connections. An exponential equation was fit to the load-deflection curve for use in 

modeling full size shear walls. 

Tests of plywood and solid wood nailed joints, by Lhuede (1988), showed that load 

capacities of the joints were higher than joints between two solid pieces of wood. The 
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nails were cut to ensure equal penetration, and were obtained for both plywood and solid 

wood specimens. The effect of varying the sheathing thickness to nail diameter was also 

investigated. 

Salinas and Masse (1988) investigated the reliability of nailed connections of plywood 

splices of truss cords. They found that structures, designed by either the limit states 

design or working stress design formats, had acceptable reliability indexes. 

2.2.2 Full Size Shear Walls 

Until the mid-1940's, timber buildings used so-called "let-in" corner bracing or di

agonal lumber sheathing to provide the lateral resistance to wind and earthquake loads. 

Panel sheathing began to be used for shear walls in the late 1940's. 

The standard procedure for testing shear wall panels that is followed in North America 

is the American Society of Testing Materials E72-77 (1981). The E72-77 standard is the 

test procedure which was used to determine the racking resistance of shear walls for use 

in the various building codes in North America. 

The ASTM E72-77 test was used by Tissel (revised, 1977) to evaluate the relative 

effectiveness of plywood sheathed shear walls and let-in diagonal corner bracing. The 

test results for 2.4 x 2.4 m (8 x 8 ft) shear walls showed that walls partially sheathed with 

plywood have an ultimate load capacity as high as let-in corner braced walls. These tests 

along with those reported by Tissel and Eliott (revised, 1986) for diaphragms and Adams 

(revised, 1987) for shear walls were used as the basis for the allowable shear capacities 

in the United States building codes. 

The International Council of Building Officials (ICBO) used experimental and an

alytical results as a basis for allowing waferboard to be considered as an equivalent to 
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plywood in shear walls and diaphragms. The experimental results used were for di

aphragm tests conducted by Atherton (1982, 1983), and shear wall tests conducted by 

TECO (1980, 1981). The analytical results were provided by Foschi (1982). 

Kallsner (1984) tested shear wall panels with fiber board, plywood, particle board, 

and plasterboard sheathing. The study found that the load capacity of shear walls 

constructed with more than one sheathing material could be calculated by adding the 

load capacities for the shear walls sheathed with each material separately. The study also 

showed that the racking resistance of the shear walls was proportional to the length of 

the wall, minus any sections containing openings. Patton-Mallory, et. al. (1984) found 

the same results using plywood and gypsum wallboard sheathing. 

The effects of glueing the sheathing to the framing was investigated by Thurston and 

Flack (1980). They found that glued sheathing provided a higher ultimate load capacity, 

but not a higher stiffness for shear walls. The hold-down anchors, at the bottom of the 

end studs, were shown to be important in determining the racking performance of shear 

walls. 

The stud spacing was shown to be significant in the load capacity of shear walls by 

De Klerk (1985). It was observed that the load capacity increased with a decrease in the 

stud spacing. However, a corresponding increase in stiffness was not observed. 

Sheathing panels of the same thickness were shown, by Kamiya (1986), to have higher 

stiffness and strength when the panel width is increased. He showed that using the 

1.2 x 2.4 m (4 x 8 ft) sheathing panels, commonly used in North America, resulted in 

higher stiffness and load capacity of shear walls than using the 0.9 x 2.4 m (3 x 8 ft) 

sheathing panels, commonly used in Japan. 

Thurston and Hutchison (1984) investigated the cyclic loading of timber shear walls, 

along with proposing a model to relate the results of tests using small scale specimens to 

the performance of full size shear panels. 
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Griffiths (1984) compared the procedures and results of the ASTM E72-77 and 

ASTM E564-76 tests, and concluded that the ASTM E564-76 test is superior to the 

ASTM E72-77 test, but it is still not perfect. The difference between the two ASTM 

Standard tests is that the ASTM E72-77 test uses two tie rods that run along each of the 

end studs. The tie rods eliminate the uplift effects of the overturning moment. Griffith's 

study found that the ASTM E72-77 test overestimated the test specimen stiffness and 

strength due to the use of tie down rods. Tissel (1989) discussed these tests with a similar 

conclusion being drawn. Tissel also discussed the earthquake shear wall tests, used by 

Stewart (1987) and the author. 

Stewart (1987) and Dean, et. al. (1986) investigated the dynamic behavior of plywood 

shear walls. They used a dynamic test that subjected the test specimen to earthquake 

loads, similar to the one presented in this thesis. The loads generated during the tests 

were up to twice the design loads required by the New Zealand design code. The test 

used an inertial mass and excited the base of the wall specimen with an acceleration 

record representing the design earthquake. Stewart, et. al. (1988) also concluded that 

nails exhibited good ductility and damping characteristics. 

Falk and Itani (1986, 1987) tested shear walls and diaphragms to determine the 

dynamic characteristics. They found that the natural frequency ranged from 8-29 Hz, 

and damping the ratio ranged from 9% to 34%. The results obtained were for the shear 

walls and diaphragms without an inertial mass, which would account for the high natural 

frequencies obtained. The study by Falk and Itani also showed the linear relation between 

the load capacity of shear walls and the length without openings. 

The effect of overdriving nails and effectively forcing the head of the nail to penetrate 

the face of the sheathing panel was investigated with dynamic tests of shear walls by 

Gray and Zacher (1988). The study used a cyclic, reversing deformation to test the 

shear walls. They found that overdriving nails can result in sudden, non-ductile failures 
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of shear walls and that gypsum shear walls have poor performance in dynamic loading. 

The dynamic tests were considered by Gray and Zacher to disclose important information 

about the damping and hysteretic effects of shear walls that is not available from the 

static, monotonic tests. 

2.2.3 Full Size Buildings 

A few buildings have been tested to investigate the performance of the various compo

nents when combined to form a complete structure. Soltis (1984) investigated structural 

failures of buildings as a result of earthquakes, and found that engineered structures 

generally performed better than non-engineered or marginally engineered structures. 

Soltis found that the connections between different components of the structures com

monly failed, and that the connector failure sometimes progressed through large sections 

of the structure. In another study of the performance of light-framed wood buildings, 

Soltis (1984) indicated that buildings performed adequately if they are symmetric in plan 

and elevation, and have shear walls capable of resisting the lateral loading. 

Boughton and Reardon (1984) performed simulated cyclone wind tests on a house and 

found that the floor and roof functioned well as diaphragms, while the walls resisted the 

lateral loads. The walls were adversely affected by the flexibility of the floor in bending, 

and by the connections between the walls and floor. 

Buchanan (1984) gave an overview of the effects of the behavior of materials, as well 

as connections, on the overall performance of structures. He also proposed shear walls 

constructed with solid glue laminated sections and ductile steel coupling beams, as a 

lateral load resisting system for multi-storey timber buildings. 

A qualitative assessment of the response of houses was given by McDowall (1984). He 

concluded that for racking walls to develop their full strength and stiffness, they must 
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be restrained to deform in plane and that the interaction between the floor, ceiling, and 

walls increases the lateral stiffness of the walls. 

Sugiyama, et. al. (1988) tested a conventional Japanese wood frame house to inves

tigate the effects of wall coverings and floor openings have on the lateral stiffness. They 

found that small openings in the floors had no effect on the lateral stiffness and that 

sheathing on walls above and below openings add some lateral stiffness to the structure. 

Local failures of let-in corner braces were also observed. 

Sadakata (1988) tested a two-storey house to investigate the usefulness of a ductility 

connection, that was constructed using steel plates. The author found that these con

nections reduced the damage of the ground sill, but also reduced the lateral stiffness of 

the building. 

Broughton (1988) reviewed the cyclone tests of full size houses and commented on the 

effectiveness of the testing apparatus and instrumentation. He found that the stiffness 

of the test equipment can influence the stiffness of structural components, and that the 

houses behaved in a manner similar to the one assumed by design codes for wind loads. 

He also found differences between the few proposed models and the test results. 

Stewart, et. al. (1988, 1989) reported the results of full scale tests of manufactured, 

or pre-fabricated housing. They found the ultimate capacity of the manufactured houses 

to be much higher than the design capacity and the roof and floors behave as very stiff 

diaphragms. 

Ohash and Sakamoto (1988) tested a house in order to investigate the effects of 

horizontal diaphragms on the overall performance of the building. They found that 

assuming elastic behavior allows the use of superposition in calculating deflections in 

the structure, and the calculated deflections were in reasonable agreement with the test 

results. 



\ • . . . 

Chapter 2. Literature Survey 18 

Most of the experimental research performed to date has concentrated on the ul

timate load capacity of connections, walls, or complete buildings subjected to static 

one-directional loadings. This is due to the lack of technology that would allow dynamic 

tests to be conducted, and the working stress design format that the design codes have 

used, where allowable load capacities were specified. With the introduction of computers, 

dynamic testing has become feasible, and recently the cyclic and dynamic characteristics 

were investigated. These tests have only begun to determine parameters required fOr a 

good understanding of the dynamic behavior of timber shear walls. 

2.3 Numer i ca l Mode l i ng 

There have been numerous models proposed for modeling timber structures with most 

of the models, pertinent to this thesis, being used to predict the static behavior of shear 

walls. A few models predict the behavior of joints only, but most of these models are 

included in the larger programs for shear walls. Attempts have also been made to model 

complete structures. 

2.3.1 Connections 

Soltis, et. al. (1987) modeled the effects of grain orientation on joints between lumber 

members. Good agreement between their model and the tests of connections loaded in 

shear was found. 

Kivell, et. al. (1981) proposed a hysteretic model for nailed timber joints that was 

based on a modified model used for concrete, the model allowed for the pinching effects 

of the hysteresis to be modeled. 

Loferski and Polensek (1982) proposed a model using a series of straight lines to 

represent the nonlinear load-deflection curve for static one-directional loading. The 
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model was shown to be useful for evaluating the inelastic moduli of the load-slip curve 

of nailed connections. 

Malhotra and Thomas (1982) extended the exponential model, proposed by 

Foschi (1974), to include the effects of gaps in connections and bearing between con

nection components, with good results. 

Smith et. al. (1988) proposed a model for dowel connections that was verified using 

full bolted connections, but only looked at nails in single sheets of plywood, not full 

connections. 

2.3.2 Shear Walls 

A large number of models have been proposed for predicting the static racking behav

ior of timber shear walls. Many of the models, such as those proposed by Gupta and 

Kuo (1984), Kallsner (1984), McCutcheon (1985), and Tuomi and McCutcheon (1987) 

used energy derivations to model the load-deflection characteristics of shear walls. 

Gupta and Kuo (1987) used their model to investigate the uplift of studs in shear 

walls, while Patton-Mallory and McCutcheon (1987) extended their model to investigate 

shear walls sheathed on two sides with dissimilar materials. 

Kallsner (1984) used his proposed model to predict the static one-directional load-

deflection behavior of walls with openings and of various lengths. 

Finite element analysis has been used by quite a few of the more recent models with 

success. Foschi (1977, 1982) proposed a general finite element model that modeled the 

nail connections using an exponential curve. His model was used to prepare the proposal 

for allowing waferboard to bei used as an equivalent to plywood in timber diaphragms 

and shear walls, for the United States. 

Itani and Cheung (1984) proposed a similar general finite element model to predict 
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the racking performance of shear walls and static behavior of diaphragms. 

Falk (1986) and Falk and Itani (1988) proposed a finite element model that reduced 

the number of degrees-of-freedom (DOF) required by modeling all of the connectors 

attached to each sheathing panel as one element. 

None of the models discussed above addressed the cyclic or dynamic behavior of shear 

walls. One of the first models proposed for predicting the dynamic response of shear 

walls was proposed by Medearis (1969). This model was a single degree-of-freedom 

(SDOF) model that was capable of predicting the behavior of simple wall configurations 

to dynamic excitations. Stewart (1987) proposed another SDOF model for predicting 

the dynamic behavior of shear walls, but neither of these models were general in nature. 

Stewart, et. al. (1984) used this model to investigate the base shear force and inter-storey 

displacements of timber buildings during earthquakes. They found that the New Zealand 

design code underestimates the loads experienced during earthquakes. 

Cheung and Itani (1984) proposed a theoretical procedure, using viscous damping, 

for determining the damping ratios for shear walls, but found that the model predicted a 

decrease in damping for increased displacements, while experimental data indicated the 

opposite trend. 

Falk (1986) proposed an extension tq his static finite element model to include dy

namic response, and used it to predict the elastic behavior of shear walls. There was no 

inertial mass modeled, therefore, the response remained elastic. 

2.3.3 Full Structures 

Few models have been proposed for predicting the behavior of entire timber buildings, 

and none have been addressed the dynamic behavior of buildings. Naik, et. al. (1984) 

developed a mechanical model of springs for shear walls and rigid horizontal diaphragms 
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to model timber buildings. 

Gupta and Kuo (1987) extended their shear wall model to three-dimensions to model 

simple structures.with fair success. 

Finally, Moody and Schmidt (1988) and Schmidt and Moody (1989) presented the 

predictions of the static behavior of simple timber buildings. Their model combined the 

distortion model used by McCutcheon (1985) for shear walls with the load-deflection 

model for connectors proposed by Foschi (1977). The model also assumed rigid di

aphragms for the roof and floors. 

As can be seen from the above review, emphasis was placed on modeling the static 

one-directional racking performance of shear walls. Only recently, have attempts at 

modeling the dynamic behavior of shear walls been made and, with the exception of the 

model proposed in this thesis, none of the models can predict the dynamic behavior of 

general shear walls. There have been only a few models proposed for modeling complete 

structures, and none of them address the connections between the various structural 

elements, such as the wall and floors, or the dynamic response. 

2.4 Summary 

An overview of the pertinent literature for experimental and numerical modeling of 

timber shear walls, and the connections affecting their performance, has been presented. 

It is evident that the majority of the research has been oriented towards the prediction 

of the load capacity for shear walls and diaphragms, subjected to static one-directional 

loading. The emphasis on the static behavior is largely due to the lack of technology 

required to conduct dynamic tests, such as one representing earthquake loading. With 

the introduction of computers and improved measuring devices, the emphasis has recently 

begun to shift towards studying the dynamic characteristics of timber shear walls. The 
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recent experimental studies have concentrated on determining the natural frequencies or 

damping characteristics of shear walls. The study by Stewart (1987) is the only study, 

other than this thesis, that has tested the shear wall specimens, using a test that closely 

represented the type of loading generated during an earthquake. This thesis extends the 

investigation of the dynamic behavior, and will hopefully contribute to the understanding 

of timber shear walls subjected to earthquakes. 



Chapter 3 

Static Finite Element Model 

3.1 Introduct ion 

This chapter will present the derivation of the static computer model, called S H W A L L , 

used to predict the behavior of timber shear walls subjected to a static one-directional 

loading. S H W A L L is an improved model that can predict the ultimate load capacity 

of timber shear walls. It also allows the work of this thesis to be related to the tests and 

models previously presented by other researchers. The assumptions on which the model 

is based are outlined first. Different finite elements used in the model are derived, and 

the methods used to combine the elements and to solve the problem are described. In 

all cases the finite element formulations use the tangential stiffness matrix. This allows 

the static model to be easily converted to the dynamic time-step model described in 

Chapter 6. The verification of the model's accuracy is discussed in Chapter 9. 

The five finite elements included in the model are: 

1. A general two-dimensional beam element used to model the framing (Section 3.3). 

2. A bi-linear corner connector element used to model the connections between fram

ing members (Section 3.4). 

3. A plate element used to model the sheathing (Section 3.5). 

23 
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4. A sheathing connector element consisting of a non-linear, three-dimensional spring 
element used to model the fasteners connecting the sheathing and framing (Sec
tion 3.6). 

5. A bi-linear sheathing bearing connector used to model the bearing effects between 
adjacent sheathing panels (Section 3.7). 

3.2 Assumpt ions 

The assumptions used in the derivation of the static finite element model, S H W A L L , 
are as follows: 

1. The beam element used to model the framing will not deflect out of the plane of 
the wall. The program is not intended for modeling the out-of-plane bending of 
the overall wall, and all the loads are applied in the plane of the wall. 

2. To satisfy the compatibility requirements for the axial displacements, the deflected 
shape for the beam element, parallel to the beam axis, is assumed to be linear. 

3. The in-plane deflected shape for the beam element, perpendicular to the beam 
axis, is defined by a cubic polynomial so that compatibility of slope is maintained 
between beam elements. 

4. Initial plane sections of the beam element are assumed to remain plane after defor
mations since the change in shear stress across the cross-section is assumed to be 
small. 

5. The beam material obeys linear elastic, homogeneous, stress-strain relationships 
and never reaches yield. This assumption is made since failure of the sheathing 
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connector is the primary failure mode. Future improvements to the model can 
include failure of the framing. 

6. The plate element used to model the sheathing obeys linear elastic, orthotropic 
stress-strain relationships. The sheathing material should not yield, except if very 
stiff or strong sheathing connectors are used. The element is orthotropic because 
plywood sheathing is an orthotropic material. 

7. Layered sheathing materials, such as plywood, will be modeled as a non-layered 
material having average material properties obtained from sheathing panel tests, 
or derived using transformed sections. This assumption is used to simplify the 
sheathing element. 

8. The in-plane deflections of the plate element are affected by the bending deflections 
(large deflection theory). Making this assumption allows the buckling effect of thin 
sheathing panels to be modeled. 

9. The change in the thickness of the sheathing material due to deformations is neg
ligible, i.e. crushing of the material does not occur. Crushing of the sheathing has 
not been observed in any full size shear wall tests that this author is aware of. 

10. The effect of bearing between two adjacent sheathing elements is modeled by a b i 
linear spring connector that prevents overlapping of the plate elements, but does not 
hinder separation. The relative movement parallel to the edge of the plate element 
is also not hindered by the spring connector. The bearing between sheathing panels 
is an important factor, affecting the stiffness of large diaphragms and shear walls. 
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11. The connection between the sheathing and the framing is modeled as three in

dependent, non-correlated, non-linear spring connectors, with exponential load-

deflection curves. Foschi (1977) has shown that the exponential model represents 

nail connectors well. Also, the three independent springs allow for future simpli

fications by eliminating some deflection directions if it is shown to not effect the 

resulting predictions significantly. 

12. The spring connectors between the sheathing and the framing are modeled as having 

a maximum load. Then, as the deflection increases past the deflection corresponding 

to the maximum load, the load capacity decreases linearly to a value of zero. This 

accounts for the eventual total failure of an individual connector, such as when a 

nail pulls completely out of the framing and will allow the load capacity of the wall 

to be determined. 

3.3 T h e Framing B e a m Element 

The beam element used in this model to represent the frame members is a common 

two-dimensional beam element, with a linear displacement field in the axial direction, 

and a cubic displacement field for the deflections which are perpendicular to the beam 

axis. The beam is assumed to not deflect in the Z-direction (out-of-plane direction). 

Consider the beam element of length /, shown in Figure 3.1. The three degrees of 

freedom u, v, and 9, representing the displacements in the X- and Y - directions, and the 

counterclockwise rotation, respectively, are assigned to each of the nodes i and j. If it is 

assumed that the deformation of any point on the beam can be described by the 
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Figure 3.1: Framing Beam Element. 

displacements ub and , then these two displacements can be determined by the func

tions, 

ub = Ji(s)ubi + J4 (3.1) 

Wb = J2(s)vbi + J 3 ( 5 ) ^ + (̂fl)ufc,- + Ms)6bj (3.2) 

where, s is a local coordinate along the length of the beam starting at node i, 

- = 5(l + r) (3.3) 

r is a local coordinate that has a range of values from —1 at node i to +1 at node j, and 

Ms 

Ms 

Us 

J4(s 

Ms 

M^ 

= 1 .0 -5 / / 

= 1.0-3(s//) 2 + 2(s//)3 

= s-2s2/l-rs3/l2 

= s/l 

= 3(s/l)2 - 2 ( a / J ) 3 

= s 2 / l + s3/l2 

(3.4) 
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Equations 3.1 and 3.2 can be written in matrix form as, 

{d}b = [J}b {a}b 

where. 

{d}b = ub 

vb 

ubi 

ub] 

vbj 

> and, [J]* = 

Ms) 0 

0 Ms) 

0 Ms) 

0 

0 Ms) 

0 Ms) 

The strain matrix for the beam element is 

du I dx 

-zd2v I dx2 

This equation can be reformulated, using Equation 3.5 as 

{>}„ = 

where 

[B]b 

dMs) 

dx 

0 

dMs) 
0 0 

d2Ms) d2Ms) -z—-—-— —z-
da dx2 

dx 
0 —z-

0 
d2Ms) 

dx2 —z-

0 
d2Ms) 

dx2 

The stresses associated with the strains can be written as, 

{*}b = Eb{e}b 

where Eb is the modulus of elasticity of the material used for the beam. 

Now, the potential energy expression for one element is 

n f c •= Jv \ {*}b dV - I {e\T
h E {e0}fc dV 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

+ Jv.{e}f{°o}bdV- Jv{a}T
bWdV- TdS (3.11) 
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Substituting Equations 3.8 and 3.10 into Equation 3.11, yields 

U»=\^'{jyWl E [ B l d V ) { a } t - { ^ l { P } b (3-12) 

where the loads applied by an element to its nodes are 

{P}„ = jv[B]T
bE{e0}bdV- jv[B)T

b {a0}bdV + Jy[Jfi WdV + J^TdS (3.13) 

The first term in Equation 3.13 represents the loads due to initial strains, the second 

represents the loads due to initial stresses, the third represents the loads due to body 

forces, and the last term represents loads due to tractions on the element boundary. 

To find the governing equations of equilibrium, which occur when the potential energy 

is at a minimum, the first variation of the potential energy, Iii, is taken with respect to 

the displacements, {a]b. 

6nb = {Sa}^Jv[B]lE[B]bdv){a}b-{6a}l{P}b = 0' (3.14) 

Since virtual displacements, {Sa}b, are arbitrary, the equations of equilibrium are, 

V>(i>U = Jv{B}lE[B]b{a}b-{P}b = 0 (3.15) 

which can be written as 

^({a}b) = [k]b{a}b-{P}b = 0 (3.16) 
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[k]b is the beam element stiffness matrix and can be expanded as, 

EA 
I 

12EJ 
/ 3 

6EI 

SYMMETRIC 

AEI 
P 

-EA 
I 

EA 

-Y1EI -6EI 
I3 P 

0 
6EI 2EI 0 

12EI 
P 

-6EI 4EI 

(3.17) 

P I P I 

Since the lateral deformation of the beam is represented by a cubic function of s, 

and the axial deformation of the beam is represented by a linear function of s, the 

deformation will only be approximate if the beam is loaded with a distributed load along 

its length. For the few cases where this could create problems, such as a long member 

with a distributed load, the member can be subdivided into smaller beam elements to 

improve the analysis. 

It should be noted, that since the beam element is assumed to follow the small deflec

tion theory, and to be linear elastic, the secant and tangent stiffness matrices,[k3]b and 

[kt]b, for the beam element are the same as the stiffness matrix, [k]b. 
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3.4 B i—Linear Corner Connector 

The derivation of the corner connector element is essentially the same as the beam 

element derivation. This is possible because the connector can be thought of as a short 

beam element with a modulus of elasticity that changes, depending on the loading. The 

corner connector uses the load-deflection curve shown in Figure 3.2. 

P 

Figure 3.2: Corner Connector Load-Deflection Curve. 

The modulus of elasticity for the connector in tension is ET, and in compression it 

is Ec- Both of these values can be found from tests, or the modulus of elasticity of the 

framing material for compression perpendicular to grain could be used as the value of 

Ec- The cross-sectional area and moment of inertia of the connector can be adjusted, by 

changing the data, to give the appropriate stiffness in the rotational and axial directions. 

The equation for the tangent stiffness matrix of the corner connector will be the 

same as the equation for the beam element tangent stiffness matrix, Equation 3.17, with 

the exception that the modulus of elasticity will be changed to either ET or Ec for the 

connector. 



Chapter 3. Static Finite Element Model 32 

3.5 T h e Sheathing E lement 

The sheathing is modeled using the two-dimensional, orthotropic plate finite element, 

shown in Figure 3.3. This element has a three-dimensional displacement field, but the 

thickness can be removed by integrating over the Z-direction, leaving a two-dimensional 

physical form. Hence, z = 0 and the nodes will be located on the center plane of the 

element. 

AX 

„1 2 
—X 

Figure 3.3: Sheathing Plate Element. 

A cubic displacement field is required for compatibility of slopes between elements in 

the out-of-plane direction (Z-direction), and the same displacement field is desired in 

the in-plane (X- and Y-directions) to allow the bearing between elements to be modeled 

along part of the element edge. Therefore, a full cubic polynomial will be used to model 

the displacement fields in all three directions. These displacements will be defined as u, 

v, and w in the X-, Y-, and Z-directions, respectively. 
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3.5.1 Kinematic Relationships 

The principal geometry and loading for shear walls are two-dimensional, as shown in 
Figure 3.4. This has lead to previous models, assuming that the entire problem is a two-
dimensional problem. However, for thin sheathing materials, the out-of-plane deflections 
of the sheathing could have a marked effect on the stiffness and the strength. These 
bending deflections could lower the sheathing stiffness, and buckling of the sheathing has 
been observed in some walls. For this reason, the Z-direction deformations of the plate, 
along with the effects of large deflections, have been included. 

SILL PLATE 

STATIC LOADS 

STUD 

PLATE ELEMENT 

SOLE PLATE 

Figure 3.4: Loaded Shear Wall Configuration. 

The sheathing material used for the walls modeled in this study, will be either plywood 
or waferboard panels. Each panel of sheathing can be represented by the plate element, 
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P u 
z = 0 • X 
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Q u <Z~ 1 dw 
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Figure 3.5: Representation of Deflections in Plate Element. 

shown in Figure 3.3. Each element has 4 nodes, that are numbered locally 1-4 in a 

counter clockwise fashion, and will have dimensions AX, AY, and a thickness, t. 

Consider an arbitrary point P inside an element. When the wall is loaded, point P will 

undergo displacements u, v, and w in the X-, Y-, and Z-directions, respectively. When a 

finite element approximation is used, these displacements will be defined by a polynomial 

expression within each element. To ensure convergence of the numerical solution, and 

continuity of the displacements u, v, and w, the polynomial must be continuous. 

Consider Figure 3.5, which shows two positions in the X-Z plane, P and Q. Let point 

P lie on the mid-plane, z = 0, and point Q lie at a distance from the mid-plane, z ^ 0. 

Points P and Q have the same X- and Y-coordinates in the undeformed state. When 

loaded, point P undergoes displacements u and w, while point Q undergoes 
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(3.18) 

displacements u' and w' which can be determined from Figure 3.5 as 

. dw 
u = u — ZT—-

ox 

w' = w 

These equations make the following assumptions: 

1. Plane sections before bending remain plane after deformation. 

2. Changes in the thickness due to deformation are negligible, i.e. crushing does not 

occur. 

These assumptions can be made since shear deformations will be small, and the sheathing 

is not loaded in the out-of-plane direction. Similarly, the equation relating v' can be 

written as 

v ' = v - z ^ (3.19) 
dy 

The corresponding strains at point Q, including the second order effects due to large 

deflections, can now be calculated as follows: 

in the X-direction, 

du (d2w\ 1 fdw\2 

e«- = &-*U* + 2I&) (3-20) 

Elastic Theory Large Displacement Term 

in the Y-direction, 
dv d2w 1 / d w \ 2 . 

«". = a j - * V + 5 ( * J ( 3 - 2 1 ) 

and the shear in the X-Y plane, 

_ du dv d2w dw dw . . 

tp^~Yy^dx~2Zo~x~dy + dx"dy~ { i } 

Elastic Theory Large Deflection Term 
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Shear in the X-Z and Y-Z planes is neglected since the sheathing is thin, in relation 

to its in-plane dimensions. 

3.5.2 Stress-Strain Relationships 
Since plywood is an orthptropic material, it can be assumed that the sheathing ma

terial obeys linear elastic, orthotropic stress-strain relationships. These stress-strain 

relationships will be: 

E„ v„E. Plxu P'x 

C p,x c 

EPl vPl Ep. 
-«„ " " ^ ^ + - = ^ 2 - 6 ^ (3.23) <7D, = 

xy 

where, aplx and aply are the stresses in the X- and Y-directions, respectively, and o~plxy 

is the shear stress in the X-Y plane. Eplx and Epl are the average moduli of elasticity 

for the sheathing material in the X- and Y-directions, respectively. Gpl is the average 

shear modulus in the X-Y plane. vpi and vPlyx are the Poisson ratios giving the strain 

in the X-direction for a stress in the Y-direction, and the strain in the Y-direction for a 

stress in the X-direction, respectively. eplx, tply, and epl are the axial and shear strains, 

given by Equations 3.20-3.22, and 

The material constants Eplx, EPiy, G>,iy, V
P\XV > a n < ^ vPlux can be obtained by per

forming standard ASTM tests in the laboratory. The properties of plywood can also 
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be approximated using the following equations: 

VPX = 

t 

n 

t=l 
t 

(3.25) 

where Epl, vpl, and Gpl are the average modulus of elasticity, Poisson ratio, and shear 

modulus in the direction of interest, respectively. Ei, Vi, and are the modulus of 

elasticity, Poisson ratio, and shear modulus of the individual layer in the direction of 

interest, respectively. Here, U is the thickness of the individual layers, while t is the total 

thickness of the plywood panel, n is the total number of layers in the plywood panel. 

If the definitions 

P'x 

• and {ept} = < 
pin 

(3.26) 

are used, then Equations 3.23 can be written in matrix form as 

{*}„ = [£]„{«}„ (3.27) 

where, [D] is the material property matrix and contains the coefficients in Equa

tions 3.23. The matrix [D] will be, 

Ec 
Ec Plxu Plx 

C 

VPI Epi 
Plyx Ply 

c 

Ec 

C C 

G 
Plx 

(3.28) 
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3.5.3 Finite Element Approximations and Shape Functions 

Figure 3.3 shows a single finite element used to model the sheathing. The element 

is a plate element with dimensions AX and AY, and a local coordinate system (£,77) 

centered at point C, the center of the element. The global coordinates of point C are 

The local coordinate system is shown in Figure 3.6 and the coordinates of any point 

inside the element can be calculated as 

The sides of the element will have the coordinates £ = ± 1 and 77 = ± 1 as shown in 

Figure 3.6. 

(3.29) 
AY 

y = yc + ~Y~V 

AX 
* = 1 

4 3 

V 

Y 

u 
X 

Figure 3.6: Sheathing Plate Element. 

For the finite element approximation, the deflection fields u, v, and w will be assumed 

to be described by polynomial expressions in £ and 77. Each of the deflections will have 

four parameters at each of the four nodes. For the w deflection field, the parameters 
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will be w, - r — , — , and ^ at each node. The u and u directions will have similar 
ox oy oxoy 

parameters. Thus, there will be 12 degrees-of-freedom at each node, for a total of 48 

degrees-of-freedom per plate element. 

The polynomials used for all three displacement fields, along with the above degrees-

of-freedom, will ensure continuity of slope between elements. This is required to provide 

continuity of the bending moment and allow the intra-element bearing surface to be 

described with reasonable accuracy. 

The displacements of a point inside the plate element can be calculated as, 

= {«}„ 
vU,r,) = [MU,V)]pi{a}pi (3.30) 

™(t,ri) = [N({;,T])]pi{a}pi 
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Where, the element's degrees-of-freedom are assembled into a vector {a}P ( as follows 

dui I dx 

dui I dy 

d2ui I dxdy 

dv\ I dx 

dvi I dy 

d2vr I dxdy 

wx 

W P , = { dwx / dx \ (3.31) 

dwx I dy 

d2Wi I dxdy 

u2 

du2 I dx 

w4 

dw4 I dx 

dw4 I dy 

d2w4 I dxdy 

The variables u(£,n), u (£,?/), and w(£,r}) are the deflections at the point (£,T7) on the 

plate element, and [L (£, 77)] , [M (£,r?)]p i, and [N (£, n)]pi are vectors containing the 
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shape functions. The shape functions, [L (£, r,)]pi, can be identified from the following 

expression. 

t, \ " /l 3. • 9 ̂  3 1 . 3 ,3 

= U L ( 4 — 8 16 _ 8^ 8 _ 16 
_L * <r3 3

 3
 3 1 3\ 

+ 16* * ~ 16** + 8* J 
+aaT- U - 8 ^ 1 6 ^ - 1 6 7 ? - 8 e + 1 6 ^ 

, 1 ,3 3
 F3N , 1 A3 „ 3 1 (2„3 1 , 3 , 1 „?>\ 

+ 8* - T 6 ^ ' 7 + ^ 7 ? " 1 6 ^ " l o ^ +W) 
LduA (\ 3 • 3 , 1 3 , 2 1 2 

+ 6 W U " 16^ + 16^ " 817 + 16^ " 8 " 

+ ^3 " i3r) - £ V + eri3 - er,3 - (V3 + r?3) 

( l 3, 9 f 3 1 3 3 ,3 

<9u2 / 1 1 ' 3 , 3 1 2 3 , 2 

, , d u 2 '/l 3 ,' 3 , 1 3 . 2 1 , 1 ,3  

+b~dJ U + 16* " 16*" " 8" " 16** " 8 ' " 16* 

+e - ev - e ^ + + - <y - ^ 
/l 3, 9 , 3 1,3 3 ,3 

+^ 3 " 3 " T ^ 3 " 5"3) 
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+b 

du3 

du3 

dr] 

d2u3 

'd£dri 16 

( 1 1, 3 . 3 1 3 a 2 

V + 16* ' _ l 6 f " - 16* 1 + 16*'' ^KVS 

( 8 16* 
_3_ 
16 

> * ^ > 2 ^ 2 1 
8' 

+ l 6 ^ + l 6 € 77 ~ 16^ 77 

16 
_1_ 
16 

-e3 " ^ + * V + * V + * V " tf - 1/3) 

+u4 ( 
1 3, 9 , 3 l , . 3 , , 

+a d u 4 / l K 3 , 3 1 2 3 ,2 1,, ' 

_J_ ^ f 3 „ 1 c3„3 , 1 tf2„3 , 1 > 3 1 3 ^ 

+ T 6 ^ - l 6 ^ + 1 6 ^ + I 6 ^ ~ 16 7 7 J 
/ 1 3 , 3 , 1 3 , 2 1 2 

1-8 + i 6 * + 16*" " 8* " 1 6 ^ + 8 ? ? 

^ ( - i + e + - v + * 2 + ^ - iW - tf 
+v2 -e- ev+ev+e v - * y - tf+*3) 

+4r 
#77 

djdli 

(3.32) 

Similar equations can be written for v(£, 77) and u>(£,T7) from which [M(£,»7)] p j and 
[N {£,T))]pi can be identified. Equations 3.30 can be reformulated as 

{dU,v)}PI = [S]pl{a} 
PI 

(3.33) 

where 

t o ( { , ?/) ^ 

(3.34) 
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and 

[M({,v)] 

PI 

PI 
(3.35) 

The shape functions shown in Equation 3.32, along with similar ones that could be 

written for V(£,TJ) and w (£,77), will ensure convergence of the solution as the number 

of finite elements used to model a given problem increases, by satisfying the criteria 

for completeness. The shape functions in all three directions are conforming, that is 

they ensure continuity of the displacement function and its slopes along all four element 

boundaries. This is required for w since the second derivatives of w are contained in the 

expression for the strains, as shown in Equations 3.20-3.22. Only the first derivatives of 

u and v are required for the strains in the X and Y-directions, but the higher order de

flection fields will allow the intra-element bearing surface to be modeled more accurately. 

Zienkiewicz (1977) shows on how these shape functions can be found. 

In order to identify the components of the shape function vector, the following iden

tities must be taken into account: 

Axd( ) 
2 dx 

Ayd{) 
2 dy 

Ax Ay d2{ ) 
4 dxdy 

(3.36) 
dr, 

d2() 
didr. 
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3.5.4 Virtual Deformations 

Substituting the finite element approximations from Equations 3.30 into 

Equations 3.20-3.22, the expressions for the strains, results in 

-Ptx 

2 d[LU,n)}pi ^ _ 2 y d*[N(t,r,)]} 

Ax 

2 
Ax2 

d( " \AxJ di2 

T d[N((,r,)fpid[N((,r,)) 

{a} 
PI 

PI 

2 d[M{t,n)l 2 \2d2[N(^v)} 
Ay 

2 

dr) — z PI 

Ay 

j ,T d[N(t,y)]pid[N(^y)]pi f 

2 aZ ~ al ~ {«) dr) dr/ PI 

2 d[H{,V)] . 2 [M 
+ PI 

Ay drj ' Ax 

4 P[N{t,ri)), 
-2z 

d 

Ax Ay d£drj 

4 

{a} 
PI 

, , r d[N(t,y)]pld[NU,V)}p[ 

i J pi 

(3.37) 

Ax Ay 1 J p t d( dr) 

Equations 3.37 show that the strains in an element are a function of the nodal dis

placement vector, {a}pl, and is comprised of two components, a linear one, corresponding 

to the usual strain assumptions, and a quadratic one, corresponding to the large displace

ment assumptions. 

Since the solution to the problem will be based on the principle of virtual work, an 

equation is required to describe the virtual change in the strain produced by a virtual 
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-pix 

change in the nodal displacements is required. Let: 

[KX1 (£, n, C)] + [KX2 (t,n, Q] + [-MX U, r?)]] {a}pi 

'[KY1(t,ri,0] + [KY2{ttri,C)]+ [\MY d,V)\] { a } p i (3.38) 

tplxy = [{KXYr^nX^ + iKXY.i^^C^+llMXY^villia}^ 

where the matrices [KXJ, [KX2], [KYX], [KY2], [KXYX], [KXY2], [MX], [MY], and 

[MA"K] are given as: 

2 d[L(t,n)] 
[KXri^O] = 

[KX2(Z,n,()] = 

[KY2(t,V,0] = 

[KXY1(i,V,0] = 

[KXY2 (£,*,()] = 

[MX(t,r,,()] = 

[MY(t,v,Q] = 

[MXY(Z,V,()] = 

Ax di 
4* d2[N(j,n)] 

Ax2 dt2 

2 d[M(j,n)] 
Ay dr} 

Az d2[N(j,r))] 
Ay2 dr)2 

2 d[L(i,V)] , 2 d[M(t,n)] 
+ dr) Ay drj ' Ax 

8z d2[N(j,n)] 
Ax Ay d£dr} 

_ i _ r , T d[N(i,r,)]Td[N(j,V)] 
Ax2 W " di di 
4 , XT d[N(j,V)]Td[N(i,V)] 

— A y 2 1 Jp< 

A x A y W PI 

dr) drj 
d[N(i,V)]Td[N(i,r})] 

di drj 

d[N(t,r,)]Td[N{t,V)]  
+ dr) di 
[RXY(i,r))]T + [RXY(i,n)] 

(3.39) 

Now, the virtual change in the strains, given a virtual change in the displacements, 
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will be given by 

Seplx = [[KX, ((,V,()] +[KX2 0\ + [MX ((,*)]] {6a}pi 

6eply = [[KY, (£, V, Q] + [KY2 (£, V, Q] + [MY (£, r,)]] {6a}pi 

6eplxy = [[KXY1(t,r,,0] + [KXY2((,rl,0] + [MXY(t,r,)]]{6a}pi 

(3.40) 

3.5.5 Virtual Work Equations 

After substituting Equations 3.39 into Equations 3.37, the strain vector can be written 

as 
[KXx] + [KX2] 

[KY,] + [KY2] 

[KXY,] + [KXY2] 

{«>„ + 

I { < [MX] 

\ {< [MY] 

{< [RXY] 

or 
U}PI-[[Bo]pl + [B1]pi}{a}pi + [B2]pi{a}pi 

The virtual strain vector, {6t} , can be obtained from Equation 3.40 as 

[KX1] + [KX2] ' {a}T

pi[MX] ' 

[KY,] + [KY2] {&»}„ + « [MY] 

[KXYi] + [KXY2] _ {afpi [RXY] 

{6a} 
PI 

or 
{6e}pi = [[B0)pl+{B1]pi] {6a}pi + [B3]pi {6a}j 

(3.41) 

(3.42) 

(3.43) 

(3.44) 

[B0]pi, [Bi]pi, [B2]pt, and [ ^ 3 ] p | , are the strain-displacement matrices which contain 

the derivatives of the shape functions. Matrices [Bo]pi and [Bi]pi are defined in Equa

tions 3.45 and 3.46. The elements of matrices [B2]pi and [B3]pi can be found from 

Equations 3.41 and 3.43 in a similar manner. 
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If {P}Pl is the vector of applied loads, the principle of virtual work implies 

jv {6e}T
pi {a}pt dv - {6a}pi {P}pL - j f [S]pi {6a}pi {q} da = 0 (3.47) 

where, { t r } p i is given by Equation 3.27, {P} is a vector of loads applied at the nodes of 
the plate element, and {q} is a vector of distributed loads applied to the surface of the 
element, {q} is defined as 

distributed load in the X-direction 
{?} = \ distributed load in the Y-direction 

distributed load in the Z-direction 
v 

The integration in Equation 3.47 is carried out over the volume and surface area of the 
element. 

Substituting Equations 3.27, 3.42, and 3.44 into Equation 3.47, 

{Sa}T

pt{Jv [[BQfpi + [Bl)l + [B3]T
pi] [D]pi \[B0]pt + [Bx\n + [B2}p] {a}pt dv 

- {P)PL ~ JA [Sfpl {?} dA] = 0 (3.48) 

since {6a} is arbitrary, the equations of equilibrium are, 

* (w„) = X [D]»[Bo]"+[Bo]- [D]« [Bi]»+[Bo]» [D]» m> 
+ [Blfpt [D]„ [B0}pi + [Bi]T„ [D]n [B,]pi + [B^JDI, [B^ 

+ [Bs]T„ [D)pt [B0]pi + [B3fpi [D]pt [B^ 

+ [B3]T
pt [D)pi [B2}pi) {a}pidv - {P}pi = 0 

where, 
{P}PI = {P} ~ jA [S]T

PI M dA 

If the — z term is factored out of the matrix 

(3.49) 

(3.50) 

[BA = -z [BA] 
pi 

(3.51) 
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The integration in Z-direction can be carried out term by term as follows, 

y i ,1 ,t/2 Ax Ay 

Li J-i J-t/2 ~2 2 

1 y i rt/2 Ax Ay 

i J-i J-t/2 2 2 
{[Bo]T„ [D]„ [B4]p) (-z)dt drj dz = 

t/2 

d(drj = [0] 
-t/2 

ri ri ft/2 Ax Ay 

t/2 

di drj = [0] 
-t/2 

y l y l yt/2 Ax Ay 

/_! 7_! 7_t/2 ~2 2 

r1 y 1 Ax Ay 

^^{\B*]T
pi[D)pi[B2]p){-z)didndz = 

t/2 

-t/2 
di drj = [o] 

(3.52) 
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L L IZ T % [ D ] " W » ) { ~ Z ) D I D V D Z = 

f i / i Ax Ay / r D l r r n l r o 1 \ (~z)2 < / 2 <fy = [0] 
-t/2 

where, 

[A]P( = (3.53) 

and 

P / ] „ = 7 P « P l „ (3-54) 

t is the sheathing thickness and Ipl is the moment of inertia for a unit width strip of the 

sheathing in the direction of interest. 

Now, if Equations 3.52 are substituted into Equation 3.49, the resulting equation is 

* ({a}«) = L ̂ r1 ([Bo]- [A]*<[Bo]»+ [Bo]- lA1«m-
+ [B4]T

pt [Dj]pi [B4]pt + [B3]T
pi [Dt]pi [Bo]n 

+ [B3]T
PI [Dt]pi [B2}pi) {a}pi dA - {P}pi = 0 (3.55) 

This equation can be reformulated as 

= &]„{*}„-{P}» = 0 (3.56) 

where the secant stiffness matrix, [&s] p l , c a n be found as 

Ax Ay 
[ks]pl = I ^ ([Bo)T„ [Dt]pi [B0]„ + ml, [Dt]„ [B2]pi 

• + \BA\T
PI [DI]pi [B4]pi + [B3]T

pi [DT}PI [Bo)„ 

+ [Bz]T
pi [A]„ m„) dA (3.57) 
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Since, [52]p( and [B3]pi are dependent on the displacements {a}p|) the stiffness matrix, 

[fcs]pi, is also dependent on {a}pt. Therefore, the solution will have to be an iterative 

one. A Newton-Raphson method employing the tangential stiffness is used to solve the 

problem. 

If an initial trial solution, { f l i } p j , is found using Equation 3.55, and evaluating [ks]pi 

with {a} = {0} as 

MP = IK]-'{P} m (3.58) 
'Pl 

then, an improved solution can be obtained using a truncated Taylor series as 

* ««*«}«) - * (wj + ( ^ 7 ) ( 3 5 9 ) 

where {a„+i } p , = { a „ } p ( + {Aan}pi and 

(^) • ^ a ^ c w t ™ - ™ - ^ ^ ^ 
+ mT

n [Di]n [B4]pt + [B3]T
pt [Dt]n [B0]pi (3.60) 

+ [B3]l[Dt)pl[B,]pi){an+1}pidA) 

[kt] = the tangential stiffness matrix for the plate element. 

3.6 The Sheathing Connector Element 

The sheathing connector element models the material used to attach the sheathing 

to the framing of the shear wall. Traditionally, the connection has used common nails 

of sufficient length to provide the required strength for the connection. This connection 

has also been the weak link of the shear wall system. The predominant mode of failure 

has been the nails in this joint, either pulling out of the framing, or pulling through the 
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sheathing, or breaking. Yielding of the nails between the framing and sheathing, is also 

the main source of ductility for the wall system. The crushing of the wood fibers around 

the nail, the friction between the sheathing and framing, and yielding of the nails are the 

mechanisms for the wall to dissipate energy during loading. 

Today, new methods of constructing timber shear walls utilize screws, staples, and 

adhesives to hold the sheathing to the framing. These new connections vary significantly 

in their behavior, from the traditional common nails. In some cases, the new fasteners 

may change the mode of failure in a shear wall from the ductile failure of the sheathing 

nail to one that is brittle, such as a tension failure in the end stud of the framing. 

Since the sheathing connection has the most significant effect on the load-deflection 

and energy dissipating characteristics of the wall, it is important that it be modeled 

as realistically as possible. The following derivation of the connector element has been 

used to allow connections to be modeled as either a smeared line connector, such as an 

adhesive, or as a discrete connector, such as an individual nail. 

Figure 3.7 shows an exploded view of a shear wall with the plate and beam elements, 

along with spring connectors that represent the sheathing connection connectors used in 

the model. This figure shows the essentials of how timber shear walls are modeled in the 

program, S H W A L L . 

3.6.1 Geometry 

Figure 3.8a shows a sheathing element connected to a framing element. The sheathing 

element's nodes are numbered 1 to 4, and the beam element has nodes i and j. Assume 

points P and P' ave a pair of points with the same X-Y coordinates in the unloaded 

state, except point P is located on the plate element, and point P' is located on the beam 

element. 
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CORNER CONNECTOR 
E L E M E N T S 

FRAMING ELEMENTS 

FRAMING-SHEATHING 
CONNECTOR ELEMENTS 

Figure 3.7: Exploded View of Shear Wall Model. 

When the system is loaded, the relative displacement between points P and P' will 

represent the deformation of the connecting element at point P. Figure 3.8b shows two 

components of the connection deformation. Let Au and Av be the relative displacements 

of P with respect to P', parallel and perpendicular to the main axis of the beam element. 

The force required to produce this deformation will depend on the angle 0 and the load-

deformation characteristics of the connector. In general, there will also be components 

of deflection and force in the Z-direction (out-of-plane direction). 
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Y 

-X 

/ 

Au 

Av 

u 
a) Original Geometry b) Relative Deflection 

Connector 
p- Sheathing 

P' - — Framing 

c) Elevation of Connection 

Figure 3.8: Sheathing Connector Element Geometry. 

3.6.2 Deflections 

The connector element will not have any nodes of its own, but will use the nodes and 

the associated DOF of the two elements it connects. Therefore, the sheathing connector 

will have a total of 56 DOF, 6 for the beam element, and 48 for the plate element. The 

relative deflection of P with respect to P' can be found by calculating the deflection of 

each point, then subtracting the deflections of P' from P. 

The deflection of P' can be calculated using the local coordinate system shown in 

Figure 3.1 and Equation 3.5. The initial local coordinates of P' on the beam can be 
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calculated using the local variable s as, 

c , = + s cos a 

yP, = Vi + s sin a 

(3.61) 

solving for s 

s = — = — 
cos a sin a 

(3.62) 

The displacements upl and vpl can be calculated using Equations 3.5 as 

(3.63) 

Since the displacements, {d}* are oriented parallel and perpendicular to the beam's 
axis, they must be transformed to the plate element's coordinates as follows 

where 

{<*}„ = [T]{d}Pl = m[J(s)]b{a}b=[r(s)]b{a}l 

cos a sin a 0 0 0 0 
— sin a cos a 0 0 0 0 

0 0 1 0 0 0 

(3.64) 

0 0 0 cos a sin a 0 
0 0 0 — sin a cos a 0 
0 0 0 0 0 1 

The deflection wp, = 0, since the beam is assumed to not deflect in the Z-direction. 
The localized coordinates of point P can be found by reformulating equations 3.29 

2(xp - xe) 

(3.65) 

VP = 

Ax 

2(yP-yc) 
Ay 

(3.66) 
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The displacements u p , vp, and wp can now be found from Equations 3.30 as 

" P = [LUP,VP)]Pl{a}Pl 

vp = [MtiP,Vp)}pi{a}pi (3.67) 

[£(£ P,7? p)] p (, [ M ( ^ P ^ P ) ] P , 5
 a n d [ ^ ( ^ . ' J P ) ] , , a r e t h e shape functions for the plate, 

evaluated at the local coordinates, (£ p ,r? p ) . 

Now, the connection deformation at point P-P' can be calculated as 

(3.68) 

(3.69) 

Au = u p - upl 

Av = vp- vpl 

Aw = wp — wpl 

These equations can be written in a matrix formulation as 

Au = [L(P-P')}con{a}COn 

Av = [M(P-P')]con{a}co, 

Aw = [N(P-P')]con{a}con 
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where, 

[L(P-P')] con 

— Ji(s) COS OL 

—1/1(5) sin a 

0 
—J4{s) cos a 

—J4(s) sin a 

0 

(&M»7P)]pi cosa + [M ( £ p , 7 ? p ) ] p ( s i n a 

(3.70) 

[M (P - P% 

L2(s) sin a 
—L2(s) cos a 

£5(5) sin a 

—Ls(s) cos a 

[-•£'UPI'/P)]p1 s i n a - f [M ( £ P , r ; p ) ] p ( cos a 

(3.71) 

PI 

W o n = < 

{a} 
PI J 

(3.72) 
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0 
0 
0 

[N{P-P')\l 
0 

con (3.73) 
0 
0 

3.6.3 Connection Force 

The load-deflection curves used for the connector is shown in Figures 3.9. The curve 

shown in Figure 3.9a is used for the forces in the X-Y plane, while the curve shown in 

Figure 3.9b is used for the out-of-plane forces. Figure 3.9a is shown for the absolute 

value of the deflection. The load would be negative for a negative deflection. 

The force in the X-direction is initially modeled following the equation used by 

Foschi (1977), 

The curve used by Foschi is modified for deformations, |Au|, larger than | A u | m a x . The 

load capacity of the connector will decrease from the maximum load capacity according 

to the equation 

for |Au| < |Au max (3.74) 

\FU\ = (P0 + tf2 |Au| m a x ) 1-exp 
-K0\Au\ 

max ))\-K3(\Au\-\Au\max) 

for |Au| > lAulmax (3.75) 

until a load capacity of 0 is reached. 
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tan - 1 K« 

a) Curve for u and v Deflections 

J P 

Po "T ^ ^ ^ ^ 1 \ 
1 \ " — 7~ 

A/ \ tan 1 /i'o 
1 \r tan - 1 i f 3 

A/ \ tan 1 /i'o 
1 \ A 

tan"1 7^ 7 

NOTE: Variables are independent 
for each load direction. 

b) Curve for w Deflections (Out-of-Plane) 

Figure 3.9: Load-Displacement Curves for Non-Linear Spring Connector Between 
Beams and Plate Elements 

Similar equations can be written for the connector loads in the Y - and positive 

Z-directions. Deformations in the negative Z-direction would cause the plate element 

to bear on the framing. This possibility is accounted for in Figure 3.9b by the linear 

section of the curve in the negative load and displacement quadrant. The stiffness of the 

connector is changed in this case to a very high stiffness, to account for the additional 

stiffness of the sheathing bearing directly on the beams. The connector force in this case 
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can be calculated as 
Fw = K00Aw f o r A u x O (3.76) 

The high stiffness, K^, results in high forces that prevent the sheathing from deflecting 
into the region defined by the beam elements. The plate element would be more flexible 
in bending if these bearing forces were not accounted for. 

3.6.4 Energy Formulation of Stiffness Matrix 

The total potential energy associated with the deformation of the connector over the 
length of the beam element is 

Vo + IU I Au|) (l - exp ( Kpo
A"1) ) <*») - {P)\ du (3.77) 

To find the governing equations of equilibrium, which occur when the potential energy is 
at a minimum, the first variation of Equation 3.77 is performed with respect to {a}con. 

* n c o n = 8{a)ln fQ [L(P - P')]T ((Po + K2 \Au\) (l - exp ( " ^ " ' ) ) ) 
dlsig(Au)-6{a}ln{P}con = 0 (3.78) 

where, sig( A u) is the sign of the deflection. 
Changing coordinates and substituting Equation 3.69 

SUcon = {Sa)ln j [L ( P - P')]L ( P 0 + K2 \[L ( P - P%on {<z}con|) 
( l - e x p ( - ^ ^ ( P - p f ^ ^ ' ) ) 
sig\{L(P- P')]con {a}cJ dr) - {6a)ln {P} = 0 (3.79) 
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where, n is the connector density. Since {Sa}con is arbitrary, the equations of equilibrium 

are, 

* = J j\ i[L (P ~ P')\con (Po -K2\[L (P - P O L * {a}con|) 

sig\[L(P-P')}con{a}con\ds)-{P} = 0 (3.80) 

The problem is to find {a}con so that rp ({a}con) = 0. The same iterative process is 

used as for the plate element in Equations 3.55-3.59, where the initial solution can be 

made using, 

[*«Ji = j £ [L (P- P')]T
con K0 [L (P - P')]con dr (3.81) 

for the initial stiffness matrix, and 

( l - . « x p ( - A , ' " X ( f - i f > ' ~ W » l ) ) r f r 

+ Y / ' i [ i c - f ) L w + i f 1 | [ i ( f - n L W j ) 
^ { - ^ \ [ H P - p M M ^ y ( 3 8 2 ) 

The tangent stiffness of the connector, [&t]con, will be a 54 x 54 symmetric matrix. 

The secant stiffness matrix for the connector, [fc«]con, can be found from Equation 3.80 

as, 

[*.L» = j/-([ilf-nLW-if! I W f - f L W , J ) (3.83) 

The v and positive w directions will have similar equations. 



Chapter 3. Static Finite Element Model 63 

For the linear regions of the load-deflection curve, such as the negative deflection 

region for Au;, the total energy to deform the connector is, 

rAw ( rt nl \ 
U c o n = So [ L JF^dT - Won) dw (3.84) 

Following the same process as that used for the exponential region of the load-

deflection curve, 

l*.L» = ftLn = J j l {[N (P - P'))L Koo [N (P - P%on) dr (3.85) 

The equation for the stiffness matrices for the positive linear region is similar to 

Equation 3.85, except a stiffness equal to the stiffness at the maximum load replaces 

Koo. The slope, can not be used to calculate the element stiffness matrix because a 

negative stiffness would mean energy could be generated by loading the member, which 

would violate the laws of physics. 

Since the deflections of both the beam and the plate are cubic, a 4 point Gauss 

quadrature scheme is used to numerically integrate Equations 3.81, 3.83, and 3.85, when 

the connector is represented by a smeared line. 

3.7 The Sheathing Bearing Connector Element 

The sheathing bearing element, models the effects of two sheathing panels bearing 

on each other. This element is required to prevent adjacent elements from mathemat

ically overlapping each other. Models that have been previously proposed, have either 

taken this effect into account, by giving adjacent plate elements common nodes, or have 

neglected the effect altogether. 

Using common nodes between adjacent elements will overestimate the stiffness of the 

sheathing by not allowing the adjacent panels to move relative to each other, in the 
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direction perpendicular to the bearing. Models that neglect the effect of bearing will 

underestimate the sheathing stiffness, because the plate elements will be able to overlap 

each other with no resistance whatsoever. 

Since the sheathing has the largest effect on the stiffness of a shear wall, provided the 

fasteners are sufficient to transfer the loads from the framing, it is imperative that this 

connector element model the effects of bearing, while allowing movement perpendicular 

to the bearing direction. The added stiffness of staggered joints, that has been shown to 

be significant in tests of diaphragms and large shear walls, will be accounted for by this 

finite element. 

3.7.1 Geometry 

Figure 3.10 shows the configuration of the sheathing bearing element. The element is 

modeled as a series of one-directional springs, connecting the edges of the two adjacent 

plate elements. 

Tt-AAAA-f 
A y A y 

© © AX 

Y 

X 

I/n 

Figure 3.10: Sheathing Bearing Connector Element Configuration 



Chapter 3. Static Finite Element Model 65 

3.7.2 Deflections 

This bearing connector element will not have any nodes, but will use the nodes and 

associated degrees-of-freedom of the two plate elements that it joins. (This is the same 

method used for the sheathing connector, derived in Section 3.6 of this chapter.) If 

the connector were to have components of deflection in all directions, it would have a 

total of 96 degrees-of-freedom, 48 for each plate element connected. However, since the 

connector is only one-directional, 32 degrees-of-freedom are required, 16 for each plate 

element. 

The deflections of points i and j, shown in Figure 3.10, can be calculated using 

Equations 3.30 as 

(3.86) 

L (Z,l)j\pi{a}Pi2 

where, the subscripts Pll and P12 refer to plate elements 1 and 2 where, [L (f, r))]pi is 

evaluated at points i and j. 

The deflection for the connector between points i and j will then be 

Au^ = Uj-Ui 

Substituting Equations 3.86 into Equation 3.87, and rearranging 

Aucon = [L]ac {a}8C 

(3.87) 

(3.88) 

where 

ILL = a n d { ° } , c = < 

(°}p/2 

(3.89), 
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3.7.3 Connector Forces 

The force in the connector between points i and j can be found using the deflection 

calculated in Equation 3.88, and the load-deflection curve for the connector, shown in 

Figure 3.11. The force is 

F = KacAu (3.90) 

where, 

K.c w 0 for Au. , > 0 

Kac w for Autc < 0 

(3.91) 

These equations will prevent the two plate elements from overlapping, while allowing the 

plate elements to separate. 

J 

(Kac =• 0) ^ 

P 

^ I 

(K3C S oo) !/ 

Figure 3.11: Sheathing Bearing Connector Load-Deflection Curve. 

3.7.4 Virtual Work 

The potential energy of the connector can be calculated as 

I L = £ y*KscAuscdi?j - {P}scdu (3.92) 

V 
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Substituting Equation 3.88 into Equation 3.92, taking the first variation with respect to 

{a}sc, and setting the result equal to zero to find the minimum potential energy, 

* n , c = {Sa}T

ac ( [ [L)l Ksc [L]sc dy - {P}tc ) = 0 (3.93) 

changing coordinates 

*IIJC = {Safsc JjL&K.c MM^dr, - {P},c) = 0 (3.94) 

Since, {Sa}ac is arbitrary, 

(̂WJ = ^ / j ^ ^ [ ^ L { « L ^ - { ^ = 0 (3.95) 

This equation can be written as 

^({«U = [^U{«Lc-{/J}sc = 0 (3.96) 

where [A;a]SCi is the secant stiffness matrix. 

Finally, the tangent stiffness matrix is found by differentiating Equation 3.95 with 

respect to {a}sc. 

• & i ^ m M „ . ^ f j i & K „ l I i „ * , (3.97) 

A similar equation for a connector oriented in the Y-direction can be derived in the 

same manner as 

[kilcs^^JjMtKsc[M}scdt (3.98) 

The value chosen for the stiffness of the connector in compression must be large, relative 

to the stiffness of the connector in tension. However, if the stiffness is too high, the 

connection can cause local deformations in the plate element. These local deformations 

can result in the sheathing element buckling, and the global stiffness matrix for the wall 

becoming singular. The nodal deflections of the plate element can be monitored by the 

program user to see if the local deformations are significant or not. 
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3.8 Global System of Equations and Solution 

The element equations for the problem are assembled into the global system of equa

tions, using the direct stiffness method. A detailed description of the direct stiffness 

method can be found in most finite element books, such as Desai and Abel (1972) or 

Zienkiewicz (1977). Equations 3.16, 3.56, 3.80, and 3.95 are merged together to obtain 

the global system of equations for the problem as, 

where, 

and 

tf({«}») = [ * . ] « { < - W 

d{a) 

The arrays {a} and {P} will have the following form 

> 'and {P} = < 

{P} 

(3.99) 

(3.100) 

(3J01) 

(3.102) 
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The two stiffness matrices \Ks\n and [Kt], which are the secant and tangent stiffness 

matrices, respectively, will have the form 

[K] = 

Framing Stiffness 1 
+ 1 

Corner | 
Connector Stiffness | SYMMETRIC 

+ 1 
Sheathing 1 

Connector Stiffness 
1 

| Sheathing Stiffness + 

Sheathing | Sheathing Connector 

Connector Stiffness | Stiffness + 

| Sheathing Bearing 

| Connector Stiffness 

(3.103) 

The solution of the global system of equations will be an iterative process and will 

follow the steps listed below: 

1. Solve the equation 

{a}, = [K.]-* {P} 

where {a}1 is the initial solution for the displacements and [Ka]1 is the initial secant 

stiffness matrix that is calculated using {a} = {0}. 

2. Solve the equation 

where {a}n is the improved solution for the displacements, [Kt]n is the tangent 

stiffness matrix which is calculated using {a}n_x, and {R}n is the residual force 
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array which is calculated as, 

3. Check to see if the solution found is close enough to the true answer to satisfy the 

accuracy requirements. The program, SHWALL, uses the change in the displace

ments as the measure of accuracy. If the condition 

NDOF 

£ ( « 2 ) n - r 
1=1 

is satisfied, then the solution {a}n is considered to be accurate enough. If the 

accuracy condition is not satisfied, steps 2 and 3 are repeated. The variables 

NDOF and TOL represent the number of DOF and the allowable tolerance for 

the problem, respectively. The iteration process is continued until the solution is 

found within the accuracy requirements. 

3.9 Summary 

The numerical model, SHWALL, has been described along with the assumptions on 

which the model is based. Each of the five finite elements used by the model have been 

derived in detail, and the method used to combine the element equations into the global 

system of equations has been described. Finally, the Newton-Raphson method used to 

solve the global equations has been outlined. 

The improvements incorporated in SHWALL include: 

• The ultimate load capacity of the sheathing connector has been accounted for. This 

allows the ultimate load capacity shear walls to be predicted. 

• The effects of bearing between adjacent sheathing elements is modeled which im

proves the prediction of the wall stiffness. 

NDOF 
\ £ [ K 2 ) n " (« 2)„-i] < TOL ̂  
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• The connections between framing members is represented by a bi-linear element 

which allows the bearing between framing members to be modeled. 

• The out-of-plane bending effects of the sheathing are accounted for. While the 

out-of-plane bending is not important for the thicker sheathing sizes, it may be an 

important effect for thin flexible sheathing materials. 

The Newton-Raphson method used to solve the global equations is presented at the 

end of the Chapter. The model's accuracy is verified in Chapter 9, where the predicted 

load-deflection curve is compared to static shear wall test results, for both plywood and 

waferboard sheathed walls. 



Chapter 4 

Closed Form Mathematical Model 

for Steady State Response 

4.1 Introduct ion 

In an effort to facilitate the transition from static, one-directional analysis to dynamic 

earthquake analysis, an intermediate analytical model is presented in this chapter. The 

intermediate model is a closed form mathematical model that predicts the non-linear 

steady state response of timber shear walls, when subjected to harmonic excitations. 

Many non-linear structures exhibit hysteretic behavior due to either the presence 

of Coulomb friction or the elastoplastic behavior of the material. Figure 4.1 shows an 

idealized bi-linear hysteresis for a structure. If a structure exhibits hysteretic behavior, its 

load-deflection curves for cyclic loading will have a looping shape, as shown in Figure 4.1. 

The area contained within the loop represents the energy dissipated by the structure. 

The possibility of predicting the response of systems that exhibit bi-linear hysteresis 

was investigated by Caughey (1960). A similar analysis, using bi-linear hysteresis, was 

successfully used by Filiatrault and Cherry (1988) to investigate the effects of friction 

dampers on the steady state response of steel-framed buildings. In this chapter, the 

derivations used by Caughey and Filiatrault are extended to predict the steady state 

response of timber shear walls, when subjected to harmonic excitations, by modifying 

72 
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Load 

Deflection 

Figure 4.1: Bi-Linear Hysteresis for a Theoretical Structure. 

the hysteresis to represent the pinching characteristics of nailed timber structures. 

The ability to predict the responses of walls subjected to harmonic excitation would 

be helpful in estimating the structural integrity of buildings, for both new ones or those 

previously damaged during an earthquake. Not only does the steady state model give 

an indication of the natural frequency of walls, but it is also a quick method for es

timating the maximum displacement expected during future earthquakes. The future 

prediction would require that an estimate be made of the previous deflections the wall 

has experienced, as well as the predominant frequency and acceleration magnitude of 

future earthquakes. 

The governing assumptions are presented first, then the derivation of the model is 

given and the stability of the response of shear walls to harmonic excitation is dis

cussed. A structure that exhibits stable response is defined by most authors, such as 

Thomson (1981), as one that has a single value for the response to each excitation. In 

other words, the structure will not exhibit a jump phenomenon analogous to the jump 

phenomenon in buckling analysis. Finally, an example of the model is presented and the 



Chapter 4. Closed Form Mathematical Model for Steady State Response 74 

m 

i n ~ ~ i i — n r 

J u 1 1 u L 

x(t) 

m 
V cos uat 

base acceleration = ag cos ugt 

a) Shear Wall System b) Equivalent Oscillator. 

Figure 4.2: Equivalent Oscillator used to Represent Timber Shear Walls. 

bounds of the resonant frequency of shear walls are investigated. To verify its accuracy, 

Chapter 9 shows the comparison of the model's predictions to the test results. The pre

dicted response of the timber shear walls that are subjected to a variety of acceleration 

amplitudes is also discussed. 

4.2 Assumptions 

The closed form derivation requires that a few assumptions be made about the shear 

wall deflection and resulting hysteresis, in order to simplify the system. However, the 

resulting model will be used to predict the steady state response of full-scale shear walls, 
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by predicting the amplitude of the deflections for any given frequency and amplitude 

excitation. 

The following assumptions were made for this analysis: 

1. The shear wall is a single SDOF, non-linear oscillator. Many structures exhibit 

a similar steady state hysteresis to that of a nailed timber shear wall, therefore, 

a SDOF model can be easily adapted to other structures. Figure 4.2 shows this 

assumption pictorially. The displacement of the top of the wall relative to the base 

is represented by x (t). 

2. There is no viscous damping present. Therefore, the equivalent oscillator shown in 

Figure 4.2b does not include a dashpot. All of the energy dissipation is assumed 

to be due to the hysteretic characteristics of the spring. This assumption is made 

because most of the energy dissipation in nailed timber shear walls is due to yielding 

of the nails. 

3. The hysteresis loop of timber shear walls can be idealized, using six linear line 

segments. Figure 4.3 shows a typical hysteresis curve for a plywood sheathed shear 

wall, and Figure 4.4 shows the idealized hysteresis loop that will be used in this 

model. The dashed lines in the figures represent an envelope curve of the peak 

load and the solid lines represent the hysteresis loops. The individual slopes of 

each line segment represent the corresponding segment of the true hysteresis curve. 

While the hysteresis can be represented by more line segments to represent the true 

hysteresis, six line segments was found to be sufficiently accurate. 

4. While the load-deflection characteristic of shear walls is non-linear, the strength 

of the walls is assumed infinite. This assumption means the wall will not collapse 

due to loading or a displacement that is too high. The ultimate load capacity of 
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the walls was not included in the model at this time in order to keep the problem 

as simple as possible. 

5. The steady state response of any structure is harmonic, therefore, a cosine or sine 

function can be used to represent the motion. For this model, a cosine function is 

assumed. 

30 
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Figure 4.3: Typical Hysteresis Loop for Timber Shear Walls. 
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Displacement (mm) 

Figure 4.4: Idealization of Hysteresis Loop for Timber Shear Walls. 
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4.3 Derivation 

The derivation of the closed form mathematical model begins with consideration of 

Figure 4.2b. The equation of motion for the spring oscillator can be written as, 

mx (t) + K0F (x,p,t,a) = Vcosugt . (4.1) 

where, 

a = a constant representing the ratio of the load at zero deflection to the 

peak load for the hysteresis. 

x (t) = the displacement of the mass relative to the moving base. 

it (t) = the acceleration of the mass relative to the base. 

KQ = the initial stiffness of the wall. 

•p = | — mag\ = the absolute amplitude of the forcing function. 

cjg = the forcing function frequency, 

r = the time. 

m = the mass restrained by the shear wall, i.e. the mass of the system. 

F (x, p,t,a) = the hysteresis force per unit stiffness of the wall. This spring force 

is found using the idealized hysteresis curves, shown in Figure 4.4. 
The parameter, p, depends on the maximum displacement of the top of the wall, 

relative to the base of the wall, p is defined as, 

(P0 + K2x)(l-exp(-KQx/P0))  
M ~ K0x 

where, P 0, K2, K0, and a are found by testing full-scale shear walls in a static cyclic man

ner. The static cyclic test is conducted as described in Section 7.6.2, and the parameters, 

Po, -^o, a n d K2 are obtained using a least squares curve fitting routine to fit the equation 

for the numerator of Equation 4.2 to the test load-deflection curve. The parameter, a is 

found by calculating the ratio of the intercept load to the peak load for each test cycle. 
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By rearranging terms and using some variable substitutions, Equation 4.1 can be written 
as, . 

<PX(T) 

dr2 
+ F(x,n,t,a) = XSCOS(K,T) (4.3) 

where, 

AC = — (4.4) 

— 
V m 

T = U)0t 

_ V_ _ mag 

KQ KQ 

Equation 4.3 is solved using the method of slowly varying parameters, i.e. the variables 
change little during one cycle of motion. The solution is assumed to be of the form, 

x (r) = R (r) cos («T + <f> (r)) (4.5) 

where R(T) and <j>(r) are the slowly varying amplitude and phase. Then, 

^jll = x (T) = Rf (r) cos 9 - KR (r) sin 9 - <j>' (t) R (T) sin 6 (4.6) ar 
where, 

0 = rvr + <£(r) (4.7) 

If the system is assumed to be linear at any instant, then 

R'(r) cos 9- <f>'(T)R(T) sin 9 = 0 (4.8) 

Substituting Equation 4.8 into Equation 4.6 results in, 
dx (r) 

dr 
= x(r) = -KR(T)sm9 (4.9) 
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Differentiating with respect to r again, 

d2* ^ = x (r) = -K2R (r) cos 9 - KR' ( T ) sin 9 - KR (r) (r) cos 9 (4.10) 

Substituting Equation 4.10 into Equation 4.3, 

- KR! (T) sin 9 - KR (r) <!>'(T) cos 9-K2R{T) cos 9 

+F (R(T) cos 0, /J,T , a) = A%cos(0-<£(r)) (4.11) 

Multiplying Equation 4.8 by (Kcos.0), and Equation 4.11 by (sin#), then subtracting, 

results in the equation, 

- KR' ( T ) - K2R (r) sin 9 cos 9 + F (R ( T ) COS 0, /J, T , a) sin 0 = Xa cos (0 - ( T ) ) sin 0 

(4.12) 

Multiplying Equation 4.8 by (ft sin0), and Equation 4.11 by (cos#), then adding, results 

in the equation, 

- K R ( T ) <}>'(T) - K2R (r) cos2 9 + F(R(r) cos9, u,r, a) cos9 = 

Xs cos (9-<I>(T)) cos 9 (4.13) 

Since R(T) and <̂ (r) are slowly varying, Equations 4.12 and 4.13 can be integrated 

over one cycle, with the variables R (r) and <j> (r) being replaced with their average values, 

R and (f>. Therefore, integrating Equation 4.12, 

y2jr _ flit 

-KR' d9-K2R sin9 cos 9d9 
Jo Jo 

+ JJ F (Rcos9,p,T,o) sm9d9 = Xs jf * cos (9 - sin9d9 (4.14) 

or, 

- 2KR! + S (R) = X8 sin I (4.15) 

where, 

S(R) = 1- J*" F(R cos 9, p,r, a) sin 9d9 (4.16) 
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Integrating Equation 4.13, 

-KR<f>' [ * d6 - K2R f * cos2 OdO 
Jo Jo 

+ F^Rcos9,u,r,a)cos9d9 = XT J** cos {$ - $) cos 0d6 (4.17) 

or, 

where, 

- 2KR<J>' - K2R + C(R) = X, cos <f> (4.18) 

C{R) = - J 'F (^Rcos9,p,r,a)cos9d9 (4.19) 

The steady state response is obtained by setting R' and 9' equal to zero in Equa
tions 4.15 and 4.18. Therefore, 

S (Ro) — Xa sin <f>0 

C(Ro)-K2Ro = X3cos<f>0 

(4.20) 
(4.21) 

where, Ro and <f>o are the steady state amplitude and phase. Equation 4.20 can be 
rearranged as, 

<f>o = s i n - 1 S(Ro) 
X, 

(4.22) 

Substituting Equation 4.22 into Equation 4.21, 

'S(Ro) 
C (Ro) - K2R* = Xs cos sin 

- l = ± 1 -
1/2 

Xs (4.23) 

Rearranging terms and dividing both sides of Equation 4.23 by RQ results in 

K*=c(M± 
'Xs\2 f s (RQY 

,RQ) \ RQ 

1/2 
(4.24) 

This equation defines the frequency response function where, 
1 /'2ir 1 f** 

C (RQ) = - F (Ro cos 9, p, r, a) cos 9d9 
7T JO 

(4.25) 
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and 

S (Ro) = - / r F {Ro cos 0, p, r, a) sin 9d9 (4.26) 
7T JO 

Now, if Figure 4.4 is considered, and the variable substitution, x = RoCosO, is made, 

the integration required in Equations 4.25 and 4.26 can be carried out by integrating 

each segment of the hysteresis separately. The hysteresis force for each segment can be 

found from the following equations: 

For segment (1): 

x varies from Ro to RQ/2 

F(x, p, r, a) = 2px — pRo 

6 varies from 0 to TT/3 

F(RQ C O S 9, p, T, a) = 2pRo cos 9 — pRo 

For segment (2): 

x varies from RQ/2 to 0 

F(x, p, r, a) = 2apx — apRo 

9 varies from 7r/3 to 7r/2 

F(RQ C O S 9, p, T, a) = 2apRo cos 9 — apRo 

For segment (3): 

x varies from 0 to ^RQ 

F(x, p, T , a) = (1 — a)px — apRo 

9 varies from TT/2 to TT 

F(RQ cos 0, p, T, a) = (1 — a)pRo cos 9 — apRo 

For segment (4): 

x varies from — Ro to —Ro/2 

F(x, p, T , a) = 2px + pRo 

9 varies from w to 47r/3 

F(Ro cos 9, p, r, a) = 2pRo cos 9 + pRo 

For segment (5): 

x varies from —Ro/2 to 0 

F(x, p, T, a) = 2apx + apRo 

9 varies from 47r/3 to 37r/2 

F(RQ cos 9, p, T, a) = 2apRo cos 9 + apRo 
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For segment (6): 
x varies from 0 to Ro 

F(x, p, T, a) = (1 — a)px + apRo 

Now C (Ro) can be evaluated as, 
1 r / 2* 

0 varies from 37r/2 to 2-K 

F(RQ cos 0, p, T, a) = (1 — a)pRo cos 9 + apRo 

l r r2* l 
C(Ro) •= - / F (RQ cos 9, p, T , a) cos 9d9 

TT Uo 

C (RQ) = i | jT^ (2/*i2o cos 2 0 - /*i2o cos 0) d9 

+ / \2apRo cos 2 0 — apRo cos 0) d0 
A / 3 v

 / ' 

+ ^ ((1 - a) pRo cos 2 9 - apRo cos 0) d9 

r4*/3 . . 

-f J (2pRo cos 2 0 + pRo cos 0J d0 
/•3TT/2 . . 

+ / [2apRo cos2 9 + apRo cos 9) d9 

+ [2* ((1-a) pRo cos2 9 +apRo cos 9) d9 
/ 3 T T / 2 

carrying out the iteration results in, 
1 

C(Ro) = -
_ /„ sin29 . > /ii?o ^ + —z sin 0 

„ ( n sin 20 . > 
+ apRo 9 + — — - sin 9 

i r / 3 

0 

4TT/3 

T T / 3 

0 sin 20 
„ //0 sin 20 \ 

+ rt U + — 4 
+ sin0 

w / 2 

„ / sin 20 . ' + pRo 9 + — 1- sin0 

/ sin 20 > 
+ apRo 9 + ——— + sin 0 

4 r r / 3 

3 i r / 2 

4 T T / 3 

„ ((9 sin 20 \ (9 sin 20 
+ 2 + — ) - 2 + _ 4 -

— sin0 
2TT 

37T/2. 

(4.27) 

(4.28) 

file:///2apRo
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Evaluating this equation at the limits results in the equation, 

6x 
(4.29) 

In a similar way S (Ro) can be evaluated as, 

S(R*) = -1-±^fiR<> 

Substituting Equation 4.2 into Equations 4.29 and 4.30, 

, ( 7 - a ) 7 T - ( l - a ) 3 ^ ((Pp + KJRQ) (1 - exp(-KQRQIPQ)Y 

(4.30) 

C(Ro) = 
6TT 

,w.-(i±£)ps±* 
K0 

2Ro)(l-exp(-KoR<)/P0)y 
Ko 

Substituting Equations 4.31 and 4.32 into Equation 4.24, results in 

(4.31) 

(4.32) 

(7 - a) TT - (1 - a) 3\/3 
( ^ m ^ ( = T ) ) 

(4.33) 

This equation is the frequency response function (K vs i?o) f ° r timber shear walls. For 

particular values of P0, K0, K~2, a, and Xa, K2 can be found for specified values of RQ. 

Figure 4.5 shows the type of response curves produced if Equation 4.33 is graphed for 
( m a g \ 

various values of Xs = [-p^J- The response, Ro has been non-dimensionalized by 

multiplying by As shown in Figure 4.5, the response amplitude increases with the 
Po 

magnitude of the forcing function, X3. 

The effect of the forcing function frequency is also shown, with the peak response 

for each value of Xs representing the resonance condition. This shift in the resonant 

frequency is caused by the higher amplitude accelerations, inducing higher deflections of 

the shear wall. The higher deflections result in a lower overall stiffness which corresponds 
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Figure 4.5: Frequency Response Function Curves for Timber Shear Walls. 

to a lower frequency, provided the mass remains constant. Reason an ce will occur where 
K2 has a double root. This condition occurs when, i-^^ao—(-^)) 
or, 

KQRQ^ 

Multiplying both sides by and reversing sides, 
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Figure 4.6: The Left and Right Hand Sides of Equation 5.34. 

The above equation represents the resonant situation where, R^ is the resonant am

plitude for the deflection. By looking at Equation 4.35, one can see that the left side is 

a single-valued, increasing function of 
Po ' 

while the right side is a positive constant. 

If the two sides of the equation are plotted on the same graph, as shown in Figure 4.6, 

the system can be seen as always being stable, i.e., for each magnitude acceleration, 

there is only one resonant response. This implies that the deflection should not have an 

unbounded amplitude at resonance, for finite values of ag. 

The resonant frequency ratio is obtained by substituting Equation 4.34 into Equa

tion 4.33. 

K -
(7- < Z ) T T - (1- a)3\/3 

67T + 
RORQ KO 

- « p . ( - * S ) ) (4.36, 

Equation 4.36 can be reformulated as, 

K* = (7- a)ir- (1- 0 ) 3 ^ ' 
3 +9a RQ 

(4.37) 
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or, 

AC* = 
\ [ 3 +9a 

where, AC* is the resonant frequency ratio. 

(1 -a)* -(\-a)Zy/Z 
] (T?) (A) ™ 

4.3.1 Numerical Solution of Equations 

Equation 4.35 can be rewritten as, 

F (b) = C, (C2 + b) (1 - exp(-o)) - C3 = 0 

where, 

Ci = ( l + 3a) 
Ko 

2 

C3 = 2TT 

(I) 
b = 

Po 

(4.39) 

(4.40) 

Equation 4.39 can be solved using a Newton-Raphson iteration approach, as 

h h F ^ h O l = o0 — , = o0 — 
[C1(C2 + b0)(l-exp(-b0))-C3] 

(4.41) 
F' (b0) [Ci (1 - exp ( -60)) + Ci (C 2 + 60) exp ( -6 0 ) ] 

In order to solve Equation 4.42, an initial value of 60 is assumed and the equation is solved 

for bi. The value of 6X is then used as the next trial value for 6 0 and a new value for 61 is 

calculated. The process is repeated until the values of 60 and bx are acceptably close for 

the accuracy desired. The final value of bi can then be substituted into Equation 4.38 to 

determine the resonance frequency ratio, AC*. 



Chapter 4. Closed Form Mathematical Model for Steady State Response 88 

4.3.1.1 Numerical Example 

To make the solution process more clear, an example can be used. Assume the values 

for the variables of Equation 4.39 are as follows: 

Cx = 1.3 

C2 = 2.4 

C3 = 11.00 

(4.42) 

These values used for C\, C2, and C3 are based on values of Po, KQ, K2, and a for the 

timber shear walls used in the cyclic tests described in Chapter 8. 

An initial value of 1.0 was assumed for b0, and an error in the answer of 0.01 was 

deemed acceptable. Following the procedure presented above, Equation 4.39 can be 

solved. The values of b0 used in each iteration are shown in Table 4.1 along with the 

calculated values of bx. As shown in Table 4.1, the values of b0 and b, are sufficiently 

close after the 14th iteration, and the value of 6.07 is accepted as the correct resonance 
K RX 

amplitude ratio, b or ———. This value can now be substituted into Equation 4.38, and 
Po 

the resonant frequency ratio, K", is found to be 0.729. 

4.4 Bounds on Frequency Response 
K R* 

By considering Figure 4.6, one can see that the resonance amplitude ratio, —5~̂ > m ~ 
Po 

KQRX 
creases with the amplitude of seismic force, mag. For a very small mag, — - — is also 

Po 

small. If Figure 4.4 is considered, it can be seen that as the displacement, Po, ap

proaches 0, /J approaches 1. At the same time, a, approaches 0 and the stiffness of the 
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Table 4.1: Values of &o and b, for Each Iteration During the Solution of 
Numerical Example. 

Iteration # bo 61 
1 1.00 4.67 
2 4.67 5.09 
3 5.09 5.36 
4 5.36 5.54 
5 5.54 5.68 
6 5.68 5.78 
7 5.78 5.86 
8 5.86 5.92 
9 5.92 5.96 
10 5.96 6.00 
11 6.00 6.02 
12 6.02 6.04 
13 6.04 6.06 
14 6.06 6.07 

wall, (1 — a) p will approach p = 1. Therefore, 

Equation 4.43 implies, 
u>* JK0/m 

Nnax — - /—— 1 

(4.43) 

(4.44) 

met K RX 
For large -77̂ , —^—- is also large, and the hysteresis of Figure 4.4 will approach the Po ' Po 

shape shown in Figure 4.7. It can be seen, for RQ —* 00, p —• —. 
KQ 

K2 

If p = — is substituted into Equations 4.29 and 4.30, 
K0 

C{Ro) = 
( 7 - a ) 7 r - ( l -a)3v/3\ fK2RQ 

6TT 

and, 

(4.45) 

(4.46) 
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Figure 4.7: The Idealized Hysteresis Loop When Ro —* oo. 

Substituting into Equation 4.24, 

' ( 7 - a ) x - ( l -a)3\ /3\ (K-
67T 

Resonance occurs when the second term equals 0. Therefore, 

( 7 - a)ir - ( l -o)3>/5 (K. 
6TT 

(4.48) 

From the above derivation, the resonant frequency ratio, K*, will have values in the 

following range for any amplitude of excitation force. 

( 7 - a ) - ( l -a)3y/3K2 

6TT 
< K' < 1 (4.49) 
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4.5 Summary 

A closed form mathematical model, used to predict the steady state response of 

timber shear walls, subjected to sinusoidal base excitation, has been derived. Given a 

base acceleration magnitude and frequency, the model predicts the steady state response 

of shear walls. The stability of the solution was investigated along with the bounds on 

the response frequency and a numerical example was used to clarify the solution process. 

This mathematical model can be used to estimate the natural frequency (resonant 

frequency) of timber shear walls when subjected to various amplitude base excitations. 

Also, the peak displacements of shear walls subjected to earthquake excitations could 

be estimated, provided the predominant frequencies and amplitudes of the earthquake 

accelerations are known. 



Chapter 5 

D y n a m i c F i n i t e E l e m e n t M o d e l 

5.1 Introduct ion 

This chapter outlines the derivation of the dynamic time-step numerical model, 
D Y N W A L L , used to predict the behavior of timber shear walls subjected to random 
dynamic base accelerations, such as earthquakes. The model incorporates the static one-
directional loading model, S H W A L L , that was derived in Chapter 3, with a modification 
of the sheathing connector element. 

The assumptions for the model are outlined first. Equations for the time-step so
lution, the changes in the sheathing connector derivation, and energy balance are then 
derived. Finally, the entire solution process is summarized. The accuracy of the model 
is investigated in Chapter 9 where the predicted behavior of the model is compared to 
test results. 

5.2 Assumpt ions 

Since the static program, S H W A L L , is incorporated in this model, all the assump
tions pertaining to the derivation of S H W A L L are included in the derivation of the dy
namic model. In addition, assumptions regarding the hysteretic behavior of the sheathing 
connectors and dynamic behavior of the wall are made. The full list of assumptions is as 

92 
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follows: 

1. The beam element used to model the framing will not deflect out of the plane of 

the wall. The program is not intended for modeling the out-of-plane bending of 

the overall wall, and all the loads are applied in the plane of the walls. 

2. To satisfy the compatibility requirements for the axial displacements, the deflected 

shape for the beam element, parallel to the beam axis, is assumed to be linear. 

3. The in-plane deflected shape for the beam element, perpendicular to the beam 

axis, is defined by a cubic polynomial so that compatibility of slope is maintained 

between beam elements. 

4. Initial plane sections of the beam element are assumed to remain plane after defor

mations since the change in shear stress across the cross-section is assumed to be 

small. 

5. The beam material obeys linear elastic, homogeneous, stress-strain relationships 

and never reaches yield. This assumption is made since failure of the sheathing 

connector is the primary failure mode. Future improvements to the model can 

include failure of the framing. 

6. The plate element used to model the sheathing obeys linear elastic, orthotropic 

stress-strain relationships. The sheathing material should not yield, except if very 

stiff and strong sheathing connectors are used. Also, the element is orthotropic 

because plywood sheathing is an orthotropic material. 

7. Layered sheathing materials, such as plywood, will be modeled as a non-layered 

material having average material properties obtained from sheathing panel tests, 
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or derived using transformed sections. This assumption is used to simplify the 

sheathing element. 

8. The in-plane deflections of the plate element are affected by the bending deflections 

(large deflection theory). Making this assumption allows the buckling effect of thin 

sheathing panels to be modeled. 

9. The change in the thickness of the sheathing material due to deformations is neg

ligible, i.e. crushing of the material does not occur. Crushing of the sheathing has 

not been observed in any full size shear wall tests that this author is aware of. 

10. The effect of bearing between two adjacent sheathing elements is modeled by a bi

linear spring connector that prevents overlapping of the plate elements, but does not 

hinder separation. The relative movement parallel to the edge of the plate element 

is also not hindered by the spring connector. The bearing between sheathing panels 

is an important factor, affecting the stiffness of large diaphragms and shear walls. 

11. The connection between the sheathing and the framing is modeled as three in

dependent, non-correlated, non-linear spring connectors, with exponential load-

deflection curves. Foschi (1977) has shown that the exponential model represents 

nail connectors well. Also, the three independent springs allow for future simpli

fications by eliminating some deflection directions if it is shown not to effect the 

resulting predictions significantly. 

12. The spring connectors between the sheathing and the framing are modeled as having 

a maximum load. Then, as the deflection increases past the deflection corresponding 

to the maximum load, the load capacity decreases linearly to a value of zero. This 

accounts for the eventual total failure of an individual connector, such as when a 
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nail pulls completely out of the framing and will allow the load capacity of the wall 

to be determined. 

13. The sheathing connector element will follow the hysteresis, shown in Figure 5.1, 

which closely resembles the hysteresis obtained from connection tests . 

14. Accelerations are assumed to be constant during any time increment which will 

make the solution unconditionally stable. 

15. All the material properties of the structure remain constant during any time incre

ment. This implies that the tangent stiffness is used in this derivation; the stiffness 

will remain linear during the time increment, and can only change at the end of 

each time increment. As the time increment is reduced, the solution will approach 

the exact solution. The analysis using this solution must be performed twice to 

ensure that the error in the analysis is acceptable to the user. 

16. If the error in the sheathing connector element becomes too large, in any given time 

increment, the solution process will be repeated for that time increment, using a 

smaller time increment. Due to the tangent stiffness being used for this analysis, the 

residual forces in the connectors could become large and cause localized problems 

in the analysis. The accuracy criteria used is described in Section 5.4.3. 

17. The mass of the structure is assumed to remain constant for the entire solution, 

since the structural mass is not being consumed or changed in the process of re

sisting the loading. 

18. The viscous damping for the shear wall will be assumed to be proportional to the 
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mass of the structure, which will eliminate the need to update the damping matrix 

as the analysis progresses. 

Load 

Deflection 

Figure 5.1: Assumed Hysteresis Loop For Sheathing Connector Element. 

5.3 Step-by—Step Integration Equations 

One procedure for performing non-linear dynamic analysis is the step-by-step inte

gration procedure. This procedure was outlined by Clough (1975), and has been used by 

many researchers and design engineers to analyze structures that are required to resist 

dynamic loads. 

Consider the free-body diagram, shown in Figure 5.2. The forces are defined as: 
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Pit) 

fs(t) * 

Figure 5.2: Freebody Diagram of a General Object in Dynamic Equilibrium. 

fs{t) is the non-linear structural spring force, or the structural resistance force. 

/£)(£) is the non-linear force due to damping. 

fi(t) is the inertial resistance force of the structure. 

P(t) is the general dynamic loading on the structure. The loading force used in this 

analysis represents earthquake loading, plus the dead load of the structure. 

These forces are given by the following equations: 

//(*)• = [M] {&(*)) (5.1) 

fD(t) = [C]{u(t)} (5.2) 

fs(t) = [Kt]{u(t)} (5.3) 

P(t) = -{M}{I}ug(t) + {PDL} (5.4) 
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where, 

[M] = the mass matrix. The derivation of the mass matrix can be found in books on 

finite elements, such as those by Desai and Abel (1972), Zienkiewicz (1977), and 

Cook (1974). 

[C] = the damping matrix, which is mass-proportional, and is given by, 

' [C] = 2Rw r[M] (5.5) 

9£ = the damping ratio (the ratio of the desired damping to the critical damping for the 

fundamental frequency of the structure). 

ui = the fundamental frequency of the structure. 

[Kt] = the tangent stiffness matrix which is given by Equation 3.103. 

{/} = the influence matrix, which consists of l's and 0's, depending on whether the 

particular degree-of-freedom is directly effected by the ground accelerations. 

{PDL} — the vector of structural dead loads. 

If dynamic equilibrium is imposed at times, t and t + At, the resulting equations are 

[M] {u(t)} + [C] {«(<)} 

+ [Kt(t)]{u(t)} = -{M]{I}ug(t) + {PDL} (5.6) 

and 

[M] {il(t + At)} 

+ [C] {u(t + At)} + [KT(t)} {u(t + At)} = -[M}{I}Hg(t + At) + {PDL} (5.7) 
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Subtracting Equation 5.6 from Equation 5.7 results in the incremental equation of motion, 

[M] {Au(t)} + [C] {Au(«)} + [#«(*)] (MO) = - [A/] {/} Au,(t) (5.8) 

If the acceleration is assumed constant for the time step, At, and is to be the average 

value, then for t < r < t + At 

{ . ( t ) } _ {g («)} + {«(. + *)} ( 5 9 ) 

{u(r)} = {« (* ) } + / T { « ( r ) } d r (5.10) 

{U(T)} = {U(t)}+Jt
T{u(T)}dT (5.11) 

Carrying out the integration in Equations 5.10 and 5.11 for r = t + At, and rearranging 

{Au(t)} = {u{t + At)}-{u(t)} 

= Y <2 WO)+ <5-12> 

{Au(0} =. {u(* +A*)}-{"(*)} 

= At{u(t)} + ^-({u(t)} + {u(t + At)}) 

= A ? { i ( 0 } . + A t a p + 1 ^ ) ( 5 . 1 3 ) 

Rewriting Equations 5.12 and 5.13, 

{Au (*)} = At {il (t)} + 7 A * {Aii (t)} (5.14) 

and 

{Au•(*)} = At {u (t)} + (At)2 ( iHM + 0 {Au (<)}) (5.15) 
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where, 7 = 5 and 0 = \ This is the format commonly referred to as the Newmark-/? 

method, and is an adaptation of the procedure derived by Newmark (1962). 

If the variable {u (t)} is kept as the basic variable of the analysis, Equation 5.15 can 

be rewritten as, 

lM(t)) = i^m.im.ism (5,6) 
0 (At) 0At 23 

Substituting Equation 5.16 into Equation 5.14 and rearranging terms, results in 

{Au (t)} = At {il (t)} + - J L { A u (*)} - 1 {u (t)} - ^ {fi (*)} (5-17) 

Now, substituting Equations 5.16 and 5.17 into the incremental equation of motion, 

Equation 5.8, - ' • " 

f{Au(t)} {dotujt)} {u(t)}\ 
1 *\0{Atf pAt 20 J 

+ [C] {Ai {ii (tj) + 7 ^ {Au (*)} - j'{«(*)} " ^ ^ (*)}} 

+ [Kt(t)]{Au(t)} = -[M){I}Aug(t) (5.18) 

Rearranging Equation 5.18, 

_0{Atf 0At 

- [M] {/} Afi s (t) + [M] ( ~ ^ + 

7 A J. f...mi , 7 

/{fi(<) 

{Au(t)} = 

(<)} , {*(*)>' 

+ [C] {-At {fi(r)} + ^Ai { f i (0) +. j {fi(<)} 

This equation has the form of a linear system of equations, 

(5.19) 

K(t)} {An (t)} = {P(t)} (5.20) 

where, 

K(t)} = 
^ ? + ^AT + [ ^ ( 0 ] 

(5.21) 
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and 

(5.22) 

Equation 5.20 can be used to solve for Au(t), which can then be substituted into Equa

tion 5.17 to determine Au(t). Finally, the displacements and velocities, at the end of the 

time step, can be found as, 

Because the tangent, rather than the secant stiffness matrix, is used in this derivation, 

errors are introduced at the end of each time step. These errors are prevented from 

accumulating during the analysis by imposing the requirement that the initial conditions 

for the accelerations at each time step be found by imposing dynamic equilibrium. This 

means that {u (t + At)} must be found such that the equation, 

[M] {H (t + At)} + [C] {it (t + At)} 

+ [Kt(t + At)]{u(t + At)} = -[M]{I}ug(t + At) + {PDL] (5.25) 

{u(t + At)} = {u(t)} + {Au{t)} (5.23) 

and 

{u(t + At)} = {£(*)} + {Au (t)} (5.24) 

is satisfied. Solving Equation 5.25 for u(t + At) results in the equation, 

{u(t + At)} = [M] [{PDL} ~ [M] {1} ug (t + At) 

- [C] {it (t + At)} - [Kt (t + At)] {u (t + At)}] (5.26) 
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5.4 Hysteret ic Sheathing Connector E lement 

Der ivat ion 

The sheathing connector element derived in Section 3.6 is able to accurately model 

the behavior of the connector for static one-directional loading. However, the connection 

experiences many random load reversals during an earthquake. The connection is also a 

major source of energy dissipation due to its hysteretic behavior. It is therefore important 

that characteristics of the sheathing connector be modeled as closely as possible. 

Figure 5.3 shows the cyclic load-deflection curve for a shear wall, and Figure 6.14 

shows the cyclic load-deflection curve for a single nail connection. In comparison, it is 

evident that the behavior of the entire shear wall is governed by the hysteretic behavior 

of the individual nail connections. The particular hysteretic behavior nail connections 

causes the pinching of the hysteresis, as shown in Figure 5.3. The reduction of the area 

enclosed in the hysteresis loops represents a loss of energy absorbing ability and is typical 

of nailed timber structures. 

The dynamic, hysteretic connector has the same geometry and deflection calcula

tions as the static one-directional connector. These parts of the derivation are given in 

Sections 3.6.1 and 3.6.2. The derivation used in the dynamic model differs from the static 

model in the method of calculating the connection force and stiffness. Load-deflection 

curves for the static connector are used as envelope values for the peak load, and as the 

virgin loading curve for the dynamic connector. 

5.4.1 Connection Hysteresis Force 

In addition to the equations used to define the load-deflection curves of the sheath

ing connector in the static program, four equations are used to define the hysteresis 
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Figure 5.3: Typical Cyclic Load-Deflection Curve For a Timber Shear Wall. 

for reversing loads. Figure 5.1 shows the hysteresis loops for the connector, with four 

segments defined. Each segment, 1-4, is defined by an exponential equation, each us

ing four boundary conditions: the load-intercept Pi, the slope at zero displacement K4, 

the maximum displacement reached in either direction, U j or u2, and the corresponding 

maximum loads, Fi or F2- The first two boundary conditions ensure continuity and con

tinuous differentiability for the region between the two end points of the hysteresis loop, 

Ptl and Pt2. 

The force for segment 1 of the hysteresis loop, shown in Figure 5.1, is modelled 

following the equation 

F(u) = -Pi + K4u + (exp(aiu) - 1) for u > 0 (5.27) 
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where, 

The slope of the curve for segment 1 is given by 

F'(x) = K4 + a± exp(a1u) (5.29) 

Similar equations can be written for segments 2, 3 and 4. They are as follows, 

For segment 2: 

F(u) = - P a + # 4u-(exp(a 2|u|)-l) for u<0 (5.30) 

where, 
- F2 - IT 4U 2 + 1) 

a 2 = j—j I0--31; 

and 

F\x) = K4-a2exp(a2\u\) (5.32) 

For segment 3: 

F(u) = Px + K4u - (exp(a3\u\) - 1) for u<0 (5.33) 

where, 
a3=(Px-F2 + K4u2 + l) 

\u2\ 

and 

F'(x) = ii:4 + a3exp(a3|u|) (5.35) 
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For segment 4: 

F(u) = Pi+ K4u + (exp(c4u) - 1) for u > 0 

where, 
(Pi - - K4Ul + 1) 

a4 = — 
Ul 

and 

F' = K4 + 04 exp(a4u) 

5.4.2 Energy Formulation of Stiffness Matrix 

The only change to the stiffness matrix formulation is the addition of the hysteresis 

equations. The same derivation process, as shown in Section 3.6.4, can be followed with 

the resulting tangent stiffness matrix being given by 

lki}con = jJjL(P-P')]inF'(u)[L (5.39) 

This matrix used in the same way as the other element tangent stiffness matrices, 

derived in Chapter 3, and are merged using the procedures outlined in Section 3.8 to 

form the global tangent stiffness matrix, [Kt]. 

5.4.3 Error Checking 

Due to the use of the tangent stiffness for the connector stiffness, errors are introduced 

into the solution. The effect of these errors can be minimized by requiring that dynamic 

equilibrium be satisfied at the beginning of each time-step, when the initial conditions 

for the accelerations are calculated, using Equation 5.7. Satisfying dynamic equilibrium 

prevents the accumulation of the incremental error. The error in the connector force is 

applied to the structure in the next time step as part of the structural spring force. This 

(5.36) 

(5.37) 

(5.38) 
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residual has major effects in the analysis because the mass of the structure is placed 

primarily at the top of the framing elements in the wall. The plate elements representing 

the sheathing have very low mass when compared to the framing. The result is that 

the sheathing will have little inertial resistance compared to the framing. Therefore, the 

residual forces in the sheathing connectors will have a greater effect on the sheathing 

than on the framing displacements. Large displacements of the sheathing relative to the 

framing can result if the residual forces are too large. To prevent the residual forces in 

the sheathing connectors from becoming too large, the error in the calculated connector 

force is monitored. 

Consider the load-deflection curve, shown in Figure 5.4. Assume the connector has 

the deflection, u (t) force, P(t), and stiffness, K (r), at time, t, and an additional load, 

A P , is applied, increasing the applied load to PLOO.& Ai). The tangent stiffness 

method would determine the deflection of the connector to be tt (t + Ai), while calcu

lating the connector force as Peon (t + At). The resulting error in force is PETTOT, which 

is then incorporated into the calculation of initial conditions for the accelerations of the 

next time-step, when dynamic equilibrium is imposed. To minimize the residual force, 

two error conditions are checked, one for connectors with relatively low forces, and one 

for connectors with relatively high forces. The first condition is the error in force not be 

larger than a given percentage of the curve's intercept, Pint- Written in equation form, 

PError <INTOL (5.40) 
Pint 

where, INTOL is the allowable tolerance, given as a percentage. 

The second error condition is given as a ratio of the error, PError, and the calculated 

connector force, Peon (t + At), which must be less than a given tolerance. Written in 

equation form, 

PError < ETOL2 (5.41) 
P C O N (t + At) 
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(u„F,) 

Figure 5.4: Error Checking Parameters for Sheathing Connector. 

If both of the error conditions, given by Equations 5.40 and 5.41, are violated, the 

analysis is repeated for the time-step using a smaller time-step increment. The correction 

technique is repeated until either the error in the connector forces is within the tolerance, 

or the time increment reaches a minimum value. If the time increment is reduced to the 

minimum value, all error checking is ignored for one time-step. This is to prevent the 

round off error in the global equations from becoming too large. 

5.5 Energy Calculations 

Various authors, such as Belytschko (1978) and Mikkola, et al (1989), have described 

the usefulness of checking the energy balance as an indicator of the accuracy of the 
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solution. 

At the end of each time-step, the various components energy are calculated in order 

to track the amounts of energy being dissipated by the viscous and hysteretic damping, 

as well as the accuracy of the solution. 

Four energy components are calculated at the end of each time step in the program, 

D Y N W A L L . They are, 

1. Kinetic Energy, which is energy stored in the mass of the structure. 

2. Energy Dissipated by Viscous Damping, which is energy dissipated by mate

rial damping, and other sources not attributable to the hysteretic damping of the 

sheathing connectors. This is a continuously increasing value during the duration 

of motion. 

3. Strain Energy and Energy Dissipated by the Hysteretic Damping, which is 

a combination of recoverable and non-recoverable energy in the structure. This is 

a continuously increasing value during the duration of the motion and accounts for 

the energy stored in the structure as strain energy, and the energy dissipated by 

the hysteretic effects of the sheathing connectors. 

4. Energy Input to the Structure, which is energy input to the base of the wall due 

to motion of the base during the earthquake. This is also a continuously increasing 

value during the duration of motion. 

These energy values are summed up at the end of each time-step to determine whether 

the error in energy for the solution is within a given error tolerance. The derivation of 

various expressions for the energy components begins with the equation of motion, given 

by Equation 5.6. Pre-multiplying Equation 5.6 by {ii (t)} , and integrating from time 0 
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to time t yields, 

/ t {tt(0} T [Af ] {«(*) } ift 
Jo 
f{u{t)}T[C]{u{t)}dt 
Jo 

f {u (t)}T [K] {u (<)} dt = - f {u (t)}T [M] {/} ug (t) dt 
Jo Jo 

+ 
+ 

Since, 

and 

{u(t)} = 

{ « ( * ) } 

Equation 5.42 can be reformulated as 

/ {u(r).}T[M]{<zu(i)} 
JO 

/•{«(«)} T 

/ {«(<)}T[ci{du(0} 
JO 

W O ) 
di 

W ) } 
dt 

+ / {du(i)} T[/T]{u(i)} = - / { d U ( i ) } T [ M ] { / } t i f l ( i ) 
JO Jo 

integrating this equation, 

\{u{t)}T[M]{u(t)} 

+ r {u(t)}T[c]{du(t)} 
Jo 

+ / { « * « ( * ) } * [ * ] { « ( * ) } = / { d u ( i ) } T [ M ] { / } « f l ( i ) 
Jo Jo 

This equation has the form, 

£(t) + V(t) + U(t) = l{t) 

where, 

1 T 

JC (i) = - {ii (t)} [M] {ii (t)} = The kinetic energy of the system. 
2 
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/•{«(«)} j 
V(t) = ../. {u(t)Y [C]{du(t)} = The energy dissipated by viscous damping. 

Jo 

/•{«(<)} r 

£ / ( 2 ) = / {du(t)} [/C] {u (t)} = The energy stored as strain energy in the system 
Jo 

and the energy dissipated by hysteretic damping, combined. This term 

must be integrated from 0 displacement to {u (t)} because 

the hysteretic behavior causes the results to be path-dependant. 

X{i) = / {du(t)} [M] {1} ug (t) = The energy input to the structure. 
Jo 

These equations account for all of the sources of energy input into 

the structure and dissipated by the structure. Equation 5.47 

can be used to calculate the energy balance at the end of each time-step 

as described in the following section. 

5.5.1 Energy Balance 

The following equations are used in the program, D Y N W A L L , to calculate the 

different components of energy at the end of each time-step. 

U(t) = U(t-At) + ^([Ka(t-At)]{u{t-At)} 

+ [Ks(t)]{u(t)})({u(t)}-{u(tAt)}) • (5.48) 

= The strain energy, plus energy dissipated by the 

hysteretic sheathing connectors 
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V(t) = V\t- At) 

+| {{ii(t - At)} + {ii(t)}}T[C] {{u(t)} -{u(t- At)}} (5.49) 

= The energy dissipated by viscous damping 

J ( i ) = X{t-At) 

+\{{u(t)}-{u(t-At)}}T[M]{I}(ug(t-At) + ug(t)) (5.50) 

= The energy input to structure by earthquake 

These energy components are then added to calculate the error in the energy as, 

EERROR = U(t) + t:(t) + V(t)-l{t) (5.51) 

This error is then checked against the acceptable error, which is a percentage of the 

system's energies, and is given by 

TACEPT = ENTOL (JA (t) + K. (t) + V(t)) (5.52) 

If the error, EERROR, is greater than the acceptable error, TACEPT, the time-step 

increment for the analysis is reduced and the time-step repeated. 

The calculations are based on equivalent lateral forces, being applied to a rigid base 

structure, where the forces are representative of the seismic forces in a real structure. 

This formulation eliminates the rigid body translation energies from the calculation, and 

therefore, has the advantage of eliminating the ground displacement from the calculations. 

Neglecting these displacements does not usually cause significant errors in the frequency 

range of most structures. Uang and Bertero (1988) investigated the difference between 

the energy formulations for absolute and relative displacements. They found that for very 
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short period structures, the absolute displacement energy formulation should be used, 
while the relative displacement formulation should be used for long structures. However, 
for structures with fundamental periods between 0.3 and 5.0 seconds, Uang and Bertero 
found no significant difference between the two energy formulations. Since the shear 
walls tested in the study had natural periods within the 0.3 to 5.0 sec range, the relative 
energy formulation can be used. 

5.6 Summary of Time—Step Solution Process 

The individual changes made to the static one-directional numerical 
model, S H W A L L , have been outlined in the previous sections of this chapter. This sec
tion will outline the overall procedural steps used in my program, called D Y N W A L L , to 
solve the dynamic step-by-step integration problem. The steps followed in the program 
are: 

1. Read the data giving the structural information for geometry, material properties, 
etc. 

2. Calculate the mass matrix, [M]. 

3. Calculate the solution to the static problem of dead load applied to the structure. 
This solution is used as the initial conditions for the dynamic analysis. 

4. Calculate the damping matrix, [C], given by Equation 5.5. 

5. Calculate the tangent stiffness matrix, [Kt], for the structure in its deformed shape. 

6. Calculate the initial conditions for accelerations, {u(t)}, using Equation 5.26. 

7. Calculate the apparent stiffness matrix, [iff], using Equation 5.21. 
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8. Calculate the apparent load vector, {-PJ, using Equation 5.22. 

9. Solve Equation 5.20 for the incremental displacement vector, {Au(i)}. 

10. Using Equations 5.23 and 5.24, calculate the displacement vector, {u (i + Ai)}, and 

velocity vector, {u (i + Ai)}, at the end of the time-step. 

11. Using the conditions given in Equations 5.40 and 5.41, check to see that the error 

in the individual connector forces is not larger than an acceptable tolerance. If the 

error is too large, repeat steps 5 to 10, using a smaller time increment. 

12. Calculate components of the energy balance and check against accuracy tolerance, 

using Equations 5.51 and 5.52. Reduce the time increment size or stop program if 

error in energy balance is too large. 

13. Output results of time-step. 

14. Check elapsed time for whether or not the analysis has progressed to the requested 

time. If not, repeat steps 5 to 13, otherwise end analysis. 

The correlation with test data is examined in Chapter 9. 

5.7 Summary 

The non-linear, dynamic, numerical model, called D Y N W A L L , has been described, 

along with the assumptions on which the model is based. The changes required to convert 

the static, numerical model, S H W A L L , to the dynamic model have been derived, along 

with the step-by-step integration procedures being outlined. 
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D Y N W A L L is a general finite element model, with the ability to predict the de

flections of timber shear walls. By incorporating the model, S H W A L L , all of the im

provements made in Chapter 3 are also included in D Y N W A L L . These improvements 

include: 

1. accounting for the ultimate load capacity, 

2. the effects of bearing between adjacent sheathing panels, 

3. the ability to model a variety of connectors, 

4. representing the bearing and formation of gaps between framing elements, and 

5. the capability of representing general random dynamic loads. 

Possible improvements that could be made to the dynamic model, and the model's 

accuracy are examined in Chapter 9. The predicted displacements of the top of the wall, 

relative to the base is compared to dynamic shear wall test results, for both plywood and 

waferboard. The effects of the out-of-plane bending of the sheathing are also discussed 

in Chapter 9. 



Chapter 6 

C o n n e c t i o n T e s t s 

6.1 Introduction 

The strength and stiffness of nailed timber shear walls are mainly governed by the 

strength and stiffness of the connections between the timber members, rather than 

the properties of the members themselves. This characteristic of timber shear walls 

has been investigated and described by several researchers, such as Toumi and Mc-

Cutcheon (1977), and Foschi (1982). These investigations were primarily directed towards 

the one-directional static racking performance of the shear walls, with a few researchers, 

such as Falk and Itani (1988) studying the cyclic or dynamic performance. Virtually 

all of the experimental investigations have concentrated on the static, one-directional 

test for connections and shear walls, which does not adequately describe the structural 

behavior of shear walls. 

A testing procedure, for determining wall stiffness and strength for various wall con

figurations, has been described in the ASTM Standard E72-77 (1986). This procedure 

involves full-sized 2.4 m x 2.4 m (8 x 8 ft) wall panels, which makes the testing time 

consuming and expensive. An inexpensive method would be to perform representative 

tests to determine the load-deflection curves for the connections between the timber 

components. The results of the connection tests could then be used along with computer 

models, such as the two described in Chapters 3 and 5, to predict the full-sized wall 

115 
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performance. 

This chapter describes procedures, equipment, specimens, data analysis procedures, 

and results for tests of nailed connections. The tests were conducted in order to de

termine the parameters defining the load-deflection curves for the sheathing and cor

ner connections, which were used in constructing the timber shear walls described in 

Chapter 7. The results are presented in the form suitable for use in the programs 

S H W A L L and D Y N W A L L . 

6.2 E x p e r i m e n t a l Overview 

6.2.1 Objectives 

In order to obtain average load-deformation curves for use in modelling the full-

sized shear walls, two types of connections were tested. Tests were performed on the 

connection between framing and sheathing materials, and on the connection between 

the two types of framing members used for the stud and sole plate, or stud and sill 

plate of the wall. Studs are defined as the vertical framing members. The sole and sill 

plates are defined as the horizontal framing members at the base and top of the wall, 

respectively. Figure 3.7, shown on page 54, shows an exploded view of a shear wall with 

the locations of the various connectors shown. The sheathing connection usually consists 

of nails spaced sufficiently close to provide resistance to the racking loads applied to the 

wall. The corner connection consists of a steel angle and is used to prevent the framing 

members from separating when loaded. 

Three tests were performed to determine the characteristics of the sheathing connec

tion. These were 1) static one-directional tension, 2) static cyclic, and 3) "dynamic" 

cyclic tests. The procedure for each of these tests are described in Section 6.6. The 
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sheathing connection tests were repeated for each of the possible grain orientations and 

material combinations used in the full-sized wall tests described in Chapter 7. 

The corner connection test was used to determine the configuration that would result 

in the highest stiffness and strength, using the minimum amount of steel and to obtain the 

average stiffness for the resulting connection. This connection is required to transmit the 

entire design force in the cord to the sole plate without failing. Failure of this connection 

has been described by the Applied Technology Council (1981), and Soltis (1984) as 

one of the predominate modes of failure for many timber shear walls and diaphragms 

during earthquakes. Observed failures in wood-sheathed diaphragms and shear walls 

have invariably been caused by inadequate connection detailing, or improper installation. 

The design of the diaphragm itself is not sufficient if the connections at the load transfer 

positions are inadequate. Shear walls transfer the overturning moment to the horizontal 

diaphragm or foundation at the corners where the end studs are connected to the sill and 

sole plates. Failure of this connection results in the shear wall's deformation, changing 

from a racking to a rigid body rotation. These two types of deformations are shown in 

Figure 6.1. 

Table 6.1 gives a complete accounting of the type of tests performed and the number 

of replications used for each test. 

6.3 Testing Equipment 

The connection tests were performed using a hydraulic jack mounted to a Tinius 

Olson testing machine frame. The jack was controlled by an MTS 460 controller. This 

configuration is shown in Figures 6.2 and 6.3. 

The data was acquired digitally using an IBM-AT and a Scientific Solutions Lab-

Master 12 bit analog to digital converter. Displacements of the joint were measured 
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Table 6.1: Types of Connection Tests Performed and Number of Specimens. 

Test Sheathing Grain Orientation to Load Number of 
Type Type Sheathing Framing Specimens 

Sheathing Connects ?ns: 
Static 1-D Plywood Parallel Parallel .5 

Parallel Perpendicular 5 
Perpendicular Parallel 3 
Perpendicular Perpendicular 5 

Waferboard Parallel Parallel 4 
Parallel Perpendicular 4 

Perpendicular Parallel 5 
Perpendicular Perpendicular 4 

Static Cyclic Plywood Parallel Parallel 5 
Parallel Perpendicular 4 

Perpendicular Parallel 3 
Perpendicular Perpendicular 5 

Waferboard Parallel Parallel 5 
Parallel Perpendicular 4 

Perpendicular Parallel 4 
Perpendicular Perpendicular 3 

Dynamic Cyclic Plywood Parallel Parallel 4 , 
Parallel Perpendicular 4 

Perpendicular Parallel 4 
Perpendicular Perpendicular 4 

Waferboard Parallel Parallel 5 
Parallel Perpendicular 4 

Perpendicular Parallel 4 
Perpendicular Perpendicular 3 

Corner Connection N/A N/A N/A 5 
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O 
a) Racking Deflection 

Figure 6.1: Racking Versus Rigid Body Rotation Deflection. 

using Trans-Tek and Hewlett-Packard D C - D C displacement transducers. Loads were 
measured using a 5-metric ton M T S load cell. The data acquisition equipment is shown 
in Figure 6.4. 

6 . 4 Test Material 

The materials used in this study are employed in the construction of most timber 
residential structures in North America. 

6.4.1 Framing 

The framing material 1 consisted of 38 x 89 mm (2 x 4 in nominal) Spruce-Pine-Fir 
(SPF). The lumber, from Upper Fraser, British Columbia, was kiln dried, Standard and 
Better grade. The framing material was predominantly spruce. 

The moisture content (MC) of the framing material ranged from 9-14% MC, with an 
1 Supplied by the Council of Forest Industries of British Columbia (COFI) 

b) Rigid Body Rotation 
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Figure 6.2: Test Frame With Hydraulic Jack. 



Figure 6.3: MTS Controller Used To Control The Hydraulic Jack. 
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Figure 6.4: Data Acquisition Equipment. 
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average value of 11% MC, and a standard deviation of 0.76% MC. The moisture content 

was measured using a Delmhorst moisture meter, and the meter readings were corrected 

to actual moisture contents using the tables published by Bramhall and Salamon (1978). 

6.4.2 Sheathing 

Two types of sheathing were used in this study, plywood2 and waferboard3. The 

plywood used was 9.5 mm (3/8 in) A-5 Exterior CF BC 142 grade Canadian softwood 

plywood (CSP) sheathing4 and, the waferboard, which was 9.5 mm (3/8 in) solid exterior 

grade5 . 

6.4.3 Nails 

The nails used to make the sheathing connections were 8d or 63.5 mm (2.5 in) hot 

dipped galvanized common nails6. 

6.4.4 Screws 

Screws were used to attach the steel angles for the corner connections. Several dif

ferent types of screws were tried in various configurations, until one combination was 

found to change the failure mode from withdrawal of the screws to failure of the framing 

material. The final connection that was tested, used 4 x 38 mm (No. 8 x 1.5 in) dry wall 

screws7. 
2Supplied by the Council of Forest Industries of British Columbia (COFI) 
3Supplied by The Waferboard Association 
4 Produced by Crown Forest Industries Ltd. in Kelowna, British Columbia 
5Produced by Weldwood Canada Ltd. in Vancouver, British Columbia 
6SuppIied by Titan Steel and Wire Co. Ltd. , Surrey, British Columbia 
7Supplied by Grabber Industrial Products Ltd. , Vancouver, British Columbia 
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6.4.5 Steel Angles 

Steel angles were used to make the corner connection. Figure 6.5 shows the location 

of the steel angle in a typical test specimen. The steel angle iron used in the connection 

tests was 101.6 x 76.2 x 6.4 mm (4 x 3 x 1/4 in) hot rolled, mild structural steel8. 

Double 38 x 89 mm 
to Represent Stud 

Steel Angle . 
Single 38 x 89 mm (6 x 50 x 50 mm) 
to Represent Sill \ . 1 

300 300 

600 mm —» 

Figure 6.5: Corner Connection Test Specimen Configuration. 

6.5 Specimen Description 

6.5.1 Sheathing Connection Test Specimen 

The sheathing connection test was performed to obtain seven parameters which were 

used to describe the load-deflection curve of the nail connection between the framing 

and sheathing. These parameters are shown in Figure 6.6a and 6.6b. 

The sheathing connection specimens were constructed in four different configurations, 

as shown in Figure 6.7. The different configurations covered all possible combinations of 

Manufactured by Wilkinson Company Ltd., Vancouver, British Columbia 
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(a) Connector Load-Deflection Curve For Static 
One-Directional Movement And Envelope For 
The Hysteretic Curves. 

Figure 6.6: Sheathing Connector Load-Deflection Curve Parameters. 
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the sheathing face grain direction and framing grain direction. (While the waferboard 

does not have a predominant grain direction, the long dimension of the 2.4 m x 1.2 m 

(8 ft x 4 ft) panels was assumed to be the predominant grain direction for determining the 

specimen configuration so that comparisons could be made with the plywood sheathing.) 

The nails were driven by hand until the nail head was flush with the sheathing surface. 

To prevent the variable of overdriven nails from entering the problem, care was taken to 

ensure the face veneer of the plywood specimens was not penetrated by the nail head. 

Two 25.4 x 12.2 mm ( l x l / 2 in) stiffeners were attached to the plywood specimens with 

the configuration shown in Figure 6.7a. These stiffeners were used in order to prevent the 

plywood from buckling in compression during the cyclic tests. Once the finite element 

models are verified, they can be used to investigate the effects of overdriven nails or the 

use of other fasteners on the behavior of shear walls. This would allow the data base of 

useful fasteners to be expanded without the expense of full size shear wall tests. 

6.5.2 Corner Connection Test Specimen 

The corner connection was tested to determine the stiffness of the joint in tension. 

This parameter is used as the stiffness of the beam-to-beam connection in the computer 

models, S H W A L L and D Y N W A L L . 

The test specimen configuration used for the corner connection test is shown in Fig

ure 6.5. Some of the requirements for the corner connection were: 

1. The anchor bolt in the sole plate could be located a maximum of 200 mm (8 in) away 

from the double stud member. This relaxes the accuracy required when positioning 

the anchor bolts in the foundation. 

2. The connection would be assembled in a wall that had already been sheathed on 

one side. This allows less complicated construction methods to be used. 
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Indicates the Direction of the Long Dimension 
for Original Sheathing Panel 

25 x 25 x 250 mm 
(1 x 1 x 10 In) 
Stlffeners Attached Here 
For Plywood Specimens 

c) 

i . i i 

b) d) 

Figure 6.7: Sheathing Connection Test Specimen Configurations. 
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3. The connection must transmit the tension force in the stud framing element to the 

sole plate framing element. This requires the initial failure to occur in the framing. 

6.6 Test Procedure 

6.6.1 Sheathing Connection Tests 

Each of the three tests used to determine the load-deflection parameters for sheathing 

connection are described separately. All the tests used a minimum of three specimens 

for each configuration of the sheathing connection. 

6.6.2 Static One-Directional Tests 

The static one-directional tests were performed to determine the five parameters that 

define the load-deflection curve, shown in Figure 6.6a. The loading was displacement 

controlled. The specimen were loaded in tension, following a ramp loading pattern. 

The rate of loading was such that the time to complete failure of the specimen was 

between 5 and 10 minutes. This is in between the loading rates specified by the ASTM 

Standards E72-77 and E564-76 used for shear walls, and allows the results of the tests 

to be compared to previous work with confidence, that the load rate will not affect the 

results. The displacement pattern used for this test is shown in Figure 6.8a. 

Six signals were recorded during the testing; they were the load, jack displacement, 

and 4 DC displacement transducers (DCDT). The DCDT's were used to measure the 

displacement between the sheathing and the framing, and were positioned as shown in 

Figure 6.9. 
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Displacement 

Time 
a) Static One-Directional Test 5-10 minutes 

Displacement 
10 minutes 30 minutes 60 minutes 

Time 

b) Static Cyclic Tests 

Displacement 
20 sec. 1 minute 2 minutes 

Time 

c) Dynamic Cyclic Tests 

Figure 6.8: Typical Connection Test Displacement Patterns. 
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Deflections 
Measured 

Deflections 
Measured 

Arrows Indicate Locations of DC-DT 
to Measure Relative Displacement of 
Sheathing With Respect to Framing. 

Deflections 
Measured 

-55 1 / 
• \ 

1 It f i 
i Deflections 

Measured 

b) 

Figure 6.9: Locations of DC-DT's for Sheathing Connection Test Specimens. 

6.6.3 Static Cyclic Tests 

The two parameters of the hysteretic load-deflection curve, shown in Figure 6.6b 

were determined with the static cyclic test. These two parameters, the load intercept, 

P i , and slope at zero displacement, K4, are parameters required for the computer model, 

D Y N W A L L , described in Chapter 5. 

The connection test used the same specimen configurations as those for the static 

one-directional test, and are shown in Figure 6.7. The loading, however, followed a 

triangular sine wave displacement pattern, which is shown in Figure 6.8b. The connec

tion was tested by repeating the displacement pattern for four cycles, at three different 

maximum displacements. Each set of displacement cycles had a different period so as 

to maintain a uniform displacement rate equal to the rate used in static one-directional 

tests. Maintaining the same rate of displacement allows the results to be compared to 

previous work. Table 6.2 shows the displacements and respective settings used for this 
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Table 6.2: Sheathing Connection Test Displacements and Cycle Periods. 

131 

Test Type Number of 
Cycles 

Maximum 
Jack 

Displacement 
Cycle 
Period 

Static One-directional 1 N/A 5-10 minutes 
Static Cyclic 4 +/- 6.4 mm 

(+/- 0.25 in) 
150 seconds Static Cyclic 

4 +/- 12.7 mm 
(+/- 0.5 in) 

300 seconds 

Static Cyclic 

4 +/- 19.0 mm 
(+/- 0.75 in) 

450 seconds 

"Dynamic" Cyclic 4 +/- 6.4 mm 
(+/- 0.25 in) 

5 seconds "Dynamic" Cyclic 

4 +/- 12.7 mm 
(+/- 0.5 in) 

10 seconds 

"Dynamic" Cyclic 

4 +/- 19.0 mm 
(+/- 0.75 in) 

15 seconds 

test. 

6.6.4 "Dynamic" Cyclic Tests 

The "dynamic" cyclic tests were performed to determine if any of the parameters 

that were chosen to define the connection load-deflection curves, were dependent on load 

rate. The "dynamic" cyclic test followed the same displacement patterns as those used 

for the static cyclic connection tests, but with higher displacement rates. 

The term "dynamic" is used here to denote a loading rate 30 times faster than that 

used in the static test, as shown in Table 6.2. The displacements and respective cycle 

periods for this test are shown in Table 6.2. 
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6.6.5 Corner Connection Tests 

The corner connection tests were conducted as static one-directional tests. The load-

shown in Figure 6.8a. The specimen were loaded in tension until failure, and the load, jack 

displacement, and uplift of the sole plate framing member were recorded. Displacements 

of the jack and sole plate uplift allow the load-displacement curve for joint separation 

to be calculated and, consequently, the joint stiffness in tension can be determined. The 

loading rate was such that the time to failure for each specimen was between 5 and 10 

minutes. This is the same loading used for the static sheathing connection tests. 

ing was displacement-controlled, and used a ramp displacement pattern similar to that 

Drywall Screws 
(No. 8 x 38 mm) 

Sill Plate 

s Steel Angle 
(6 x 50 x 50 mm) 

Stud (Nailed 
Along Length) 

7 

Drywall Screws 
(No. 8 x 75 mm) 

Figure 6.10: Detail of Corner Connection. 

Various configurations were tested using different sizes and numbers of screws, and 
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different sized steel angles. The configuration was changed until the mode of failure in 

the specimen was failure of the sole plate framing member, rather than withdrawal of the 

screws or bending of the steel angle. The configuration chosen is shown is Figure 6.10 

and, consisted of a 51 x 51 x 6 mm ( 2 x 2 x 1 / 4 in) steel angle which was attached, 

using five 4 x 38 mm (No. 8 x 1-1/2 in) dry wall screws in each leg of the angle. Five 

connections, using this configuration, were then tested to determine the average stiffness 

of the connection. 

6.7 Results and Discussion 

The results of the connection tests are presented as average values and coefficients of 

variation (CV.) for each specimen type. In some tables there are cells listed as N/A, to 

indicate that either the data was not intended for calculating this parameter or, there 

were to few specimens remaining in the sample for the results to be credible. 

While using average values to draw conclusions helps smooth irregularities in the 

data, the C V . values give an indication of the data's dispersion. Most of the coefficients 

of variation are 0.20 or lower, but a few have relatively high values. The higher C.V.'s 

indicate the parameter will have high variability and could be cause for concern. However, 

most of the high coefficients of variation pertain to parameters which are slopes that are 

affected by the failure mode of the specimen. A higher variability in these parameters is 

expected since the specimens could fail in more than one mode. 

Another study conducted by Foschi (1982) used specimens of waferboard sheathing, 

Douglas-fir framing, an various nails, including 63 mm (3d or 2.5 in) galvanized nails. 

Foschi found no significant differences in the load-deflection parameters for different 

grain orientations. His findings add some credence to using average values for each of 

the parameters. 



Chapter 6. Connection Tests 134 

6.7.1 Sheathing Connection Tests 

6.7.1.1 S t a t i c O n e - D i r e c t i o n a l 

The static one-directional test data were analyzed using a least squares regression 

method to fit the equation, 

to the data, up to the peak load. The connection force is represented by Fcon, and A is 

the connection displacement. K0, K2, and P0 are the parameters shown in Figure 6.6a. 

The value, A m a x , represents the displacement at peak load, and was obtained directly 

from the load-deflection data. The descending slope of the load-deflection curve, follow

ing the peak value, was found by performing a linear regression using the data following 

the peak value. 

Figure 6.11 shows a typical load-deflection curve obtained from the static one-

directional test. The figure also shows the segments of data used to determine each 

of the parameters. The negative displacements, with an increase in load, that can be 

seen in the load-deflection curve, are the result of the specimen configuration and the 

averaging of four displacement measurements. These vibrations in the load-deflection 

curve were considered to be noise and were eliminated by using a least squares regression 

of the data. 

Tables 6.3 and 6.4 show average values and C.V.'s for the five parameters, KQ, K2, 

K3, P0, and A m a x for each configuration. The grain directions for the sheathing and 

framing are given with respect to the loading direction. 

One conclusion that can be made from the static one-directional test results is that 

there is no obvious pattern to the average values with respect to grain orientation. While 

(6.1) 
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Figure 6.11: Typical Load-Deflection Curve Obtained From The Static 
One-Directional Connection Test. 

this might be expected for waferboard, since it is more homogeneous in the way it is man

ufactured, plywood could have been expected to have a dependency on grain orientation. 

One reason plywood was expected to have this dependency is that it did tend to have 

different modes of failure, depending on the orientation of the face grain, with respect 

to the load direction. Plywood specimens with the configuration shown in Figure 6.7c, 

tended to fail either by the nail pulling out of the framing or tearing out sections near 

the edge of the plywood. When the face grain was oriented perpendicular to the load, 

the nail head usually broke through the first veneer, then pulled through the plywood, 

leaving a small hole. On the other hand, the waferboard specimens usually failed by 

pulling the nail out of the framing. Figures 6.12 and 6.13 show two of the typical failures 

that occurred in the sheathing connection tests. 



Figure 6.12: Typical Failure of Sheathing Connection Test Specimen. 
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Figure 6.13: Typical Failure of Sheathing Connection Test Specimen. 
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Table 6.3: Load-Deflection Parameters Obtained From The Static One-Directional 
Sheathing Connection Tests Using Waferboard Sheathing. 

Number Framing 
Grain 

Orientation 

. Sheathing 
Grain 

Orientation 

Value K0 

N/mm 
(lb/in) 

Po 
N 

(lbs) 

#2 
N/mm 
(lb/in) 

A m ax 
mm 
(in) 

K3 

N/mm 
(lb/in) 

4 Parallel Parallel Ave. 

C V . 

875 
(4994) 
0.11 

989 
(222) 
0.08 

31 
(177) 
0.34 

9 
(0.4) 
0.18 

-31 
(-178) 
0.21 

4 Parallel Perp. Ave. 

C V . 

980 
(5599) 
0.24 

1127 
(253) 
0.10 

22 
(127) 
0.41 

8 
(0.3) 
0.14 

-41 
(-236) 
0.56 

5 Perp. Parallel Ave. 

C V . 

885 
(5056) 
0.19 

1062 
(239) 
0.11 

44 
(250) 
0.68 

9 
(0.4) 
0.10 

-29 
(-163) 
0.44 

4 Perp. Perp. Ave. 

C V . 

753 
(4302) 
0.15 

937 
(211) 
0.09 

42 
(242) 
0.39 

8 
(0.3) 
0.15 

-33 
(-189) 
0.28 

Overall Average Values Ave. 

C V . 

874 
(4992) 
0.21 

1031 
(232) 
0.12 

35 
(202) 
0.60 

9 
(0.3) 
0.15 

-33 
(-190) 
0.45 

Since a dependency on face grain was expected, but was not obvious in the numerical 

results, the data for all the specimens were combined and ranked for each parameter. The 

results showed a slight dependency on the sheathing face grain orientation of plywood 

for only one of the parameters, K0, the initial stiffness. As a result, the average value 

for each sheathing grain orientation of plywood is shown at the bottom of Table 6.4. 

The difference between the two initial stiffness values is minimal and therefore an overall 

average is also given. 

There is little difference between the waferboard and plywood sheathing connections. 

The overall average values for Ko and K2 are higher for plywood than for waferboard, 

but the intercept value for waferboard is higher than for plywood. Figure 6.14 shows 

the average curves for plywood and waferboard sheathing connections, plotted on the 

same graph. The two curves show little difference in the initial deformations, but as 
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Table 6.4: Load-Deflection Parameters Obtained From The Static One-Directional 
Sheathing Connection Tests For Plywood Sheathing. 

Number of 
Specimens 

Framing 
Grain 

Direction 

Sheathing 
Grain 

Direction 

Value K0 

N/mm 
(lb/in) 

Po 
N 

(lbs) 

K2 

N/mm 
(lb/in) 

mm 
(in) 

K3 

N/mm 
(lb/in) 

5 Parallel Parallel Ave. 

C V . 

794 
(4531) 
0.21 

907 
(204) 
0.14 

39 
(224) 
0.27 

11 
(0.4) 
0.15 

-41 
(-234) 
0.58 

5 Parallel Perp. Ave. 

C.V. 

1195 
(6827) 
0.25 

910 
(205) 
0.23 

26 
(150) 
0.84 

7 
(0.3) 
0.41 

-27 
(-153) 
0.61 

3 Perp. Parallel Ave. 

C.V. 

1436 
(8201) 
0.24 

813 
(183) 
0.12 

76 
(432) 
0.18 

8 
(0.3) 
0.18 

-36 
(-204) 
0.32 

5 Perp. Perp. Ave. 

C.V. 

832 
(4750) 
0.20 

973 
(219) 
0.09 

50 
(285) 
0.13 

8 
(0.3) 
0.46 

-54 
(-308) 
0.54 

Overall One-Dimensional Tests Values 
N/A Parallel Ave. 

C.V. 

1034 
(5907) 
0.38 

N/A Perp. Ave. 

C.V. 

1014 
(5788) 
0.30 

N / A Overall Ave. 

C.V. 

1023 
(5841) 
0.34 

910 
(205) 
0.17 

45 
(255) 
0.49 

9 
(0.3) 
0.35 

-42 
(-240) 
0.70 

the deflection increases the plywood connection stiffness decreases more quickly than 

the waferboard connection. Also, the plywood connection's ultimate load capacity is 

slightly lower, and the capacity decreases more rapidly for the plywood connection. The 

differences between the two connection types is probably due to some of the plywood 

connection specimens failing by the nail heads pulling through the sheathing, while none 

of the waferboard specimens failed in this manner. 

The high coefficient of variation values shown for the parameter, K3, are due to the 

different modes of failure that occurred. Some specimens failed by the nails breaking 
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0 10 20 30 
Deflection (mm) 

Figure 6.14: Average Load-Deflection Curves Using Exponential Curve Parameters. 

while, others failed by the nails either pulling out of the framing or pulling through the 

sheathing. These differences do not appear in the data until after the peak load has been 

reached. Therefore, the C.V.'s for the parameters describing the load-deflection curve 

prior to the peak load are expected to. be lower than for those after the peak load has 

been reached. 

The discussion above shows that the connection properties are predominantly gov

erned by the material properties df the nails rather than by the timber materials used. 

However, as the connection load approaches the load capacity of the connection, a slight 

dependency on the sheathing material exists. 

The shape the nails have, after the test specimen has failed, iB another piece of 

evidence that indicates the nail material properties are the predominate influence on 

the connection performance. Figure 6.15 shows a few of the nails after being tested. 
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Figure 6.15: Nails After Connection Test Specimen Has Failed. 

The S-shape that they are bent into, indicates that substantial yielding of the nail has 

occurred. 

6.7.1.2 S t a t i c C y c l i c 

Five parameters were obtained from the static cyclic test of the sheathing connection. 

The parameters, K0, K2, and P0 were obtained by extracting data points representing 

sections of the load-displacement curve that were being followed for the first time during 

the test. A least squares regression analysis was performed, then used to fit the function 

given by Equation 6.1 to the data, up to the peak load value. The parameters, P, and 

A' 4, were found using a linear regression on the data between ± 2.5 mm ( ± 0.1 in) for 

the second through fourth cycles at each displacement. A typical load-deflection curve 
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* d Cycle Set 

2 n d Cycle Set 

K t Cycle Set 

I 1 1 1 1 1 r — — i 1 1 I i 1 1 1 1 1 1 1 1 1 
- 1 0 - 8 - 6 -4 -2 0 2 4 6 8 10 

Displacement (mm) 

Figure 6.16: Typical Load-Deflection Curve Obtained From The Static Cyclic 
Sheathing Connection Test. 

for a static cyclic test is shown in Figure 6.16. 

The average values and C.V.'s for each of these five parameters are shown in 

Tables 6.5-6.12, for each configuration. 

The envelope values shown in Tables 6.5-6.12 are less reliable than the ones from the 

static one-directional tests, shown in Tables 6.3 and 6.4. This is reflected in the higher 

values for the C.V.'s of each parameter and, is due in part to fewer data points being 

used to. fit the exponential curve, given in Equation 6.1. The most significant effect of 

this lack of data is seen in the initial stiffness. The load-deflection curve had very few-

points in the initial section. In some cases, this was due to the specimen being preloaded 

when placed in the testing frame, but the main reason was the higher displacement per 

data point recorded. Fewer data points were recorded for a given displacement in this 
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test due to the length of the test and the limited memory available in the data acquisition 

equipment. 

Despite these problems, similar conclusions to those drawn from the static one-

directional test data can be made about the parameters K0, PQ, a Q d K2. No infor

mation about the two parameters, A m o x and K3, can be found from the cyclic data due 

to the reversing of the displacements at locations that are different from A m a x . 

Tables 6.5-6.12 show a decrease in the value of K4, with the increase in cycle number. 

This is expected since the load at zero displacement for the cyclic loops of the test curve, 

Pi, shown in Figure 6.16, remains fairly constant. Therefore, if the hysteresis loop is 

to remain smooth, as the displacements get larger, the slope at zero displacement must 

become flatter. 



Table 6.5: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests. n> 

Waferboard Sheathing Connection Tests: 
Number Framing Sheathing Cycle Value •Ko Fo K2 Pi A'< 

Grain Grain Set. N/mm N N/mm N N/mm 
Orientation Orientation Number (lb/in) (lbs) (lb/in) (lbs) (lb/in) 

5 Parallel Parallel Envelope Ave. 

C V . 

1.116 
(6372) 

0.38 

848 
(191) 
0.15 

32 
(183) 
0.37 

N/A N/A 

li*. Ave. 

C V . 

N/A N/A N/A 176 
(40) 
0.06 

87 
(497) 
0.19 

2nd Ave. 

C V . 

N/A N/A N/A 181 
(41) 
0.12 

28 
(158) 
0.24 

3 r d Ave. 

C V . 

N/A N/A N/A 182 
(41) 
0.04 

12 
(67) 
0.30 

Average Ave. 

C V . 

N/A N/A N/A 177 
(40) 
0.08 

28 
(158) 
0.35 

4^ 
4*. 



OS 

Table 6.6: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). 

Waferboard Sheathing Connection Tests (Continued) 
Number Framing 

Grain 
Sheathing 

Grain 
Cycle 

Set 
Value /v'o 

N/mm 
Po 
N 

Ki 
N/mm 

Pi 
N 

KA 
N/mm 

Orientation Orientation Number (lb/in) (lbs) (lb/in) (lbs) (lb/in) 
4 Parallel Perp. Envelope Ave. 

C.V. 

1280 
(7310) 
0.22 

982 
(221) 
0.14 

27 
(154) 
0.49 

N/A N/A 

lit Ave. 

C.V. 

N/A N/A N/A 213 
(48) 
0.13 

94 
(540) 
0.40 

Ave. 

C.V. 

N/A N/A N/A 201 
(45) 
0.10 

26 
(147) 
0.20 

3rd Ave. 

C.V. 

N/A N/A N/A 188 
(42) 
0.02 

25 
(143) 
0.64 

Average Ave. 

C.V. 

N/A N/A N/A 195 
(44) 
0.02 

37 
(213) 
0.19 

o 



Table 6.7: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). 

Waferboard Sheathing Connection Tests (Continued): 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value Ko 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

# 2 

N/mm 
(lb/in) 

Pi 
N 

(lbs) 

KA 

N/mm 
(lb/in) 

4 Perp. Parallel Envelope Ave. 

C V . 

N / A N / A N / A N / A N / A 

Ave. 

C V . 

N / A N / A N / A 161 
(36) 
0.09 

26 
(150) 
0.53 

Ave. 

C V . 

N / A N / A N / A 174 
(39) 
0.06 

14 
(79) 
0.04 

3rd Ave. 

C V . 

N / A N / A N / A 143 
(32) 
004 

12 
(69) 
0.29 

Average Ave. 

C V . 

N / A N / A N / A 160 
(36) 
0.04 

17 
(100) 
0.25 

b 
n> 

g 

a? 
to 

CT5 
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Table 6.8: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). 

Waferboard Sheathing Connection Tests (Continued): 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value Ko 
N/mm 
(lb/in) 

Po 
•N 
(lbs) 

A'2 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

K4 

N/mm 
(lb/in) 

3 Perp. Perp. Envelope Ave. 

C V . 

N/A N/A N/A N/A N/A 

Ave. 

C V . 

N/A N/A N/A 133 
(30) 
0.17 

44 
(250) 
0.11 

Ave. 

C V . 

N/A N/A N/A 133 
(30) 
0.08 

18 
(105) 
0.32 

3rd Ave. 

C V . 

N/A N/A N/A 121 
(27) 
0.03 

18 
(105) 
0.33 

Average Ave. 

C V . 

N/A N/A N/A 133 
(30) 
0.05 

20 
(116) 
0.24 
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Table 6.9: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). g 
O 

Pjywood Sheathing Connection Tests (Continued 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

KA 

N/mm 
(lb/in) 

5 Parallel Parallel Envelope Ave. 

C.V. 

1553 
(8868) 
0.17 

829 
(186) 
0.09 

64 
(367) 
0.35 

N/A N/A 5 Parallel Parallel 

l £ l Ave. 

C.V. 

N/A N/A . N/A 216 
(48) 
0.14 

108 
(615) 
0.09 

5 Parallel Parallel 

2nd Ave. 

C.V. 

N/A N/A N/A 222 
(50) 
0.11 

43 
(245) 
0.22 

5 Parallel Parallel 

3rd Ave. 

C V . 

N/A N/A N/A 215 
(48) 
0.05 

22 
(127) 
0.60 

5 Parallel Parallel 

Average Ave. 

C.V. 

N/A N/A N/A 214 
(48) 
0.06 

31 
(178) 
0.44 

00 



Table 6.10: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). § 

Plywood Sheathing Connection Tests (Continued 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 
N/mm 
(lb/in) 

N . 
(lbs) 

A< 
N/mm 
(lb/in) 

4 Parallel Perp. Envelope Ave. 

C V . 

1408 
(8040) 
0.25 

831 
(187) 
0.16 

52 
(295) 
0.45 

N/A N/A 4 Parallel Perp. 

Ave. 

C V . 

N/A N/A N/A 190 
(43) 
0.08 

78 
(443) 
0.20 

4 Parallel Perp. 

2a<* Ave. 

C V . 

N/A N/A N/A 200 
(45) 
0.05 

28 
(159) 
0.26 

4 Parallel Perp. 

3rd Ave. 

C V . 

N/A N/A N/A 186 
(42) 
0.07 

14 
(81) 
0.42 

4 Parallel Perp. 

Average Ave. 

C V . 

N/A N/A N/A 191 
(43) 
0.06 

20 
(113) 
0.37 

4*. 
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Table 6.11: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). § 
o 
»—. 

, : . O 
Plywood Sheathing Connection Tests (Continued 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

K2 

N/mm 
(lb/in) 

Pi 
N 

(lbs) 

A'4 
N/mm 
(lb/in) 

3 Perp. Parallel Envelope Ave. 

C.V. 

N/A N/A N/A N/A. N/A 

Ave. 

C.V. 

N/A N/A N/A 162 
(36) 
0.16 

38 
(220) 
0.12 

2nd Ave. 

C.V. 

N/A N/A N/A 197 
(44) 
0:14 

13 
(72) 
0.15 

3rd Ave. 

C.V. 

N/A N/A N/A N/A N/A 

Average Ave. 

C.V. 

N/A N/A N/A 177 
(40) 
0.11 

22 
(123) 
0.31 

O 



Table 6.12: Load-Deflection Parameters Obtained From The Static Cyclic Sheathing Connection Tests (Continued). § 

Plywood Sheathing Connection Tests (Continued : 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

A'4 
N/mm 
(lb/in) 

5 Perp. Perp. Envelope Ave. 

C V . 

N/A N/A N/A N/A N/A 

Ave. 

C V . 

N/A N/A N/A 178 
(40) 
0.03 

37 
(211) 
0.20 

2a<( Ave. 

C V . 

N/A N/A N/A 197 
(44) 
0.16 

13 
(72) 
0.10 

3r-d Ave. 

C V . 

N/A N/A N/A N/A N/A 

Average Ave. 

C V . 

N/A N/A N/A 177 
(40) 
0.03 

14 
(78) 
0.21 
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If the values of the parameters P± and K4 for waferboard, shown in Tables 6.5-6.8, 

are compared to the same values for plywood, shown in Tables 6.9-6.12, three deductions 

can be made: 

1. The plywood average values are slightly higher for Pi and K4, with the exception 

of the values for frame grain orientation parallel with sheathing grain orientation 

perpendicular. , 

2. Values for the two parameters are more consistent with respect to grain orientation 

changes for plywood than waferboard, as indicated by the values for the C.V.'s. 

3. The lack of dependency on grain orientation again indicates that the performance 

of the connection is governed more by the nail material properties than by the 

timber material properties. 

6.7.1.3 "Dynamic" Cyclic 

The data reduction procedure of the "dynamic" cyclic connection investigation was 

identical to that used for the static cyclic tests. The results are summarized in 

Tables 6.13-6.20, and the load-deflection curves for the dynamic cyclic test are simi

lar to the static cyclic load-deflection curve, shown in Figure 6.16. 

Similar conclusions can be drawn from the "dynamic" cyclic test results, as those 

made for the static cyclic tests. The C.V.'s for each parameter are higher than the 

corresponding values for the static one-directional tests. This is again due to fewer data 

points being used to fit the exponential curve. There is little difference between nailed 

waferboard and plywood sheathing connections, as shown by the closeness of the values 

of the five parameters for each type of specimen. The exception is for the values of Pi 

and K4, which have higher values for plywood than for waferboard. An increase in the 

initial stiffness parameter, KQ, for the dynamic cyclic specimens is evident, and could be 
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Table 6.13: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests. § 
a o 

Waferboard Sheathing Connection Tests: 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

I<2 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

IU 
N/mm 
(lb/in) 

5 Parallel Parallel Envelope Ave. 

C.V. 

1305 
(7455) 
0.21 

1059 
(238) 
0.11 

32 
(182) 
0.10 

N/A N/A 5 Parallel Parallel 

1*' Ave. 

C.V. 

N/A N/A N/A 239 
(54) 
0.09 

82 
(471) 
0.34 

5 Parallel Parallel 

2n<! Ave. 

C.V. 

N/A N/A N/A 207 
(46) 
0.07 

27 
(157) 
1.03 

5 Parallel Parallel 

3r<f Ave. 

C.V. 

N/A N/A N/A 137 
(31) 
0.33 

9 
(53) 
0.58 

5 Parallel Parallel 

Average Ave. 

C.V. 

N/A N/A N/A 192 
(43) 
0.15 

31 
(176) 
0.55 

C n 
CO 



Table 6.14: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued), g' 
a 
o 

Waferboard Sheathing Connection Tests (Continued): 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 
N /mm 
(lb/in) 

P i 
N 

(lbs) 

K< 
N/mm 
(lb/in) 

4 Parallel Perp. Envelope Ave. 

C V . 

1337 
(7633) 

0.19 

1096 
(246) 
0.09 

34 
(194) 
0.24 

N / A N / A 

Ave. 

C V . 

N / A N / A N / A 209 
(47) 
0.05 

79 
(453) 
0.16 

2nd Ave. 

C V . 

N / A N / A N / A 208 
(47) 
0.04 

25 
(141) 
0.38 

3rd Ave. 

C V . 

N / A N / A N / A N / A N / A 

Average Ave. 

C V . 

N / A N / A N / A 205 
(46) 
0.06 

51 
(289) 
0.56 



Table 6.15: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). 

Waferboard Sheathing Connection Tests (Continued): 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value Ko 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

Ki 
N/mm 
(lb/in) 

N 
(lbs) 

KA 

N/mm 
(lb/in) 

4 Perp. Parallel Envelope Ave. 

C V . 

1 1 1 1 
( 6 3 4 6 ) 

0 . 1 6 

8 4 2 
( 1 8 9 ) 
0 . 1 8 

5 8 
( 3 3 0 ) 
0 . 3 2 

N/A N/A 4 Perp. Parallel 

I*' Ave. 

C V . 

N/A N/A N/A 1 8 4 
( 4 1 ) 
0 . 1 8 

1 1 5 
( 6 5 8 ) 
0 . 0 7 

4 Perp. Parallel 

2 a d Ave. 

C V . 

N/A N/A N/A 1 8 6 
( 4 2 ) 
0 . 1 3 

2 1 
( 1 2 3 ) 
0 . 1 1 

4 Perp. Parallel 

3 r < « Ave. 

C V . 

N/A N/A N/A 1 6 3 
( 3 7 ) 
0 . 2 8 

1 5 
( 8 5 ) 
0 . 1 5 

4 Perp. Parallel 

Average Ave. 

C V . 

N/A N/A N/A 1 7 5 
( 3 9 ) 
0 . 1 9 

2 3 
( 1 2 9 ) 
0 . 1 4 

fcj rb o 
g 

a? 
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Table 6.16: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). g 

a 
Waferboard Slieathing Connection Tests (Continued): 
Number Framing Sheathing Cycle Value A'o Po I<7 Pi IU 

Grain Grain Set N/mm N N/mm N N/mm 
Orientation Orientation Number (lb/in) (lbs) (lb/in) (lbs) (lb/in) 

3 Perp. Perp. Envelope Ave. 

C.V. 

971 
(5545) 

0.23 

972 
(219) 
0.13 

54 
(308) 
0.13 

N/A N/A 

Ave. 

C.V. 

N/A N/A N/A 199 
(45) 
0.18 

98 
(577) 
0.22 

Ave. 

C.V. 

N/A N/A N/A 204 
(46) 
0.17 

21 
(117) 
0.08 

3 r d Ave. 

C.V. 

N/A N/A N/A 200 
(45) 
0.22 

13 
(75) 
0.10 

Average Ave. 

C.V. 

N/A N/A N/A 195 
(44) 
0.20 

22 
(124) 
0.14 

Cn 05 
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Table 6.17: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). 

Plywood Sheathing Connection Tests: 
Number Framing Sheathing Cycle Value A'o Po A'2 Pi A 4 

Grain Grain Set N/mm N N/mm N N/mm 
Orientation Orientation Number (lb/in) (lbs) (lb/in) (lbs) (lb/in) 

4 Parallel Parallel Envelope Ave. 

C V . 

1332 
(7607) 

0.20 

986 
(222) 
0.13 

26 
(146) 
0.18 

N/A . N/A 

Ave. 

C V . 

N/A N/A N/A 224 
(50) 
0.12 

70 
(400) 
0.29 

2a<« Ave. 

C V . 

N/A N/A N/A 211 
(48) 
0.07 

29 
(163) 
0.22 

3 r d Ave. 

C V . 

N/A N/A N/A 192 
(43) 
0.07 

10 
(59) 
0.44 

Average Ave. 

C V . 

N/A N/A N/A 206 
(46) 
0.10 

28 
(158) 
0.40 

« 
o 

g 

CO 

Cn 
—I 
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Table 6.18: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). g 

o 
Plywood Sheathing Connection Tests (Continued : 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value Ko 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

K* 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

KA 

N/mm 
(lb/in) 

4 Parallel Perp. Envelope Ave. 

C.V. 

1214 
(6930) 

0.23 

1006 
(226) 
0.12 

38 
(216) 
0.52 

N/A N/A 4 Parallel Perp. 

1*« Ave. 

C.V. 

N/A N/A N/A 187 
(42) 
0.12 

89 
(507) 
0.34 

4 Parallel Perp. 

2nd Ave. 

C.V. 

N/A N/A N/A 177 
(40) 
0.18 

36 
(206) 
0.79 

4 Parallel Perp. 

Ave. 

C.V. 

N/A N/A N/A 138 
(31) 
0.51 

9 
(49) 
0.51 

4 Parallel Perp. 

Average Ave. 

C.V. 

N/A N/A N/A 173 
(39) 
0.10 

36 
(203) 
1.09 

• Cn 
OO 
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Table 6.19: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). 

Plywood Sheathing Connection Tests (Continued : 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 

Ki 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

iu 
N/mm 
(lb/in) 

4 Perp. Parallel Envelope Ave. 

C V . 

923 
(5273) 
0.10 

972 
(218) 
0.04 

45 
(255) 
0.59 

N/A N/A 4 Perp. Parallel 

l i ' Ave. 

C V . 

N/A N/A N/A 188 
(42) 
0.09 

94 
(535) 
0.06 

4 Perp. Parallel 

2nd Ave. 

C V . 

N/A N/A N/A 198 
(45) 
0.07 

19 
(111) 
0.18 

4 Perp. Parallel 

3rd Ave. 

C V . 

N/A N/A N/A 174 
(39) 
0.11 

13 
(76) 
0.33 

4 Perp. Parallel 

Average Ave. 

C V . 

N/A N/A N/A 187 
(42) 
0.09 

24 
(139) 
0.11 

? 
b 
o> 
o 
o 
S3 

tf 
to 

Cn 
to 



Table 6.20: Load-Deflection Parameters Obtained From The Dynamic Cyclic Sheathing Connection Tests (Continued). g 

Plywood Sheathing Connection Tests (Continued : 

Number Framing 
Grain 

Orientation 

Sheathing 
Grain 

Orientation 

Cycle 
Set 

Number 

Value A'o 
N/mm 
(lb/in) 

Po 
N 

(lbs) 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

KA 

N/mm 
(lb/in) 

4 Perp. Perp. Envelope Ave. 

C V . 

907 
(5177) 
0.09 

1010 
(227) 
0.20 

45 
(259) 
0.70 

N/A N/A 4 Perp. Perp. 

I'-' Ave. 

C V . 

N/A N/A N/A 189 
(42) 
0.16 

94 
(535) 
0.11 

4 Perp. Perp. 

Ave. 

C V . 

N/A N/A N/A 201 
(45) 
0.13 

18 
(104) 
0.20 

4 Perp. Perp. 

Ave. 

C V . 

N/A N/A N/A 134 
(30) 
0.44 

8 
(46) 
0.45 

4 Perp. Perp. 

Average Ave. 

CV . 

N/A N/A N/A 182 
(41) 
0.15 

24 
(139) 
0.42 
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attributed to the change in load rate but, there were also less data points to use in fitting 

the exponential curve. The lack of close data points to use in the curve fitting is a more 

likely cause for the higher values for KQ. 

No pattern to the values for P, and K4 is well defined, other than the decrease in the 

slope, K4, with increase in cycle peak deflection. The same results were seen in the static 

cyclic test results. The lack of dependence on grain orientation for all of the parameters, 

again, indicates that the connection properties are more dependent on the nail properties 

than the sheathing or framing material properties. 

6.7.1.4 Overall Comparison 

With the exception of the initial stiffness, KQ, no significant difference in the values 

for the parameters is obvious, either with respect to grain orientation or load rate. The 

difference in the initial stiffness for load rate is probably due to the process of fitting the 

exponential curve, given by Equation 6.1, to very few data points. The reason for fewer 

data points being used is that the cyclic tests lasted a longer time than the static one-

directional test. The longer time for testing dictated that fewer samplings of data points 

be taken for a given deflection because of the memory limitations of the data acquisition 

system. 

Since there does not appear to be any significant difference in the results of the three 

tests, the data was averaged over all three tests. The results of this averaging is given in 

Tables 6.21 and 6.22. 

There appears to be a trend for the initial stiffness, K0, to be slightly higher for loading 

parallel to the grain than for loading perpendicular to the grain of the framing. At the 

same time,the slope, K2,seems to be lower for the same grain orientation. As shown in 

Figure 6.14, there is no significant difference in the exponential increasing section of the 

load-deflection curve. The variables, KQ and K2, are asymptotes for the exponential 



Table 6.22: Overall Average Load-Deflection Parameters Obtained From The Sheathing Connection Tests 
For Plywood Sheathing. 

Plywood Sheathing Connection Test Overall Average Values: 
Number Framing Sheathing Value A'o Po r<2 A m o r r<3 Pi 

Grain Grain N/mm N N/mm N N/mm N N/mm 
Orientation Orientation (lb/in) (lbs) (lb/in) (in) (lb/in) (lbs) (lb/in) 

Parallel Parallel Ave. 1219 901 44 11 -41 207 48 
(6959) (203) (253) (0.4) (-234) (46) (272) 

C.V. 0.33 0.14 0.50 0.15 0.58 0.23 0.75 
Parallel Perp. Ave. 1320 915 39 8 -27 180 42 

(7536) (206) (220) (0.3) (-153) (40) (241) 
C.V. 0.30 0.19 0.62 0.41 0.61 0.22 0.85 

Perp. Parallel Ave. 1039 904 58 8 -36 183 38 
(5932) (203) (330) (0-3) (-204) (41) (215) 

C.V. 0.24 0.12 0.46 0.18 0.32 0.13 0.87 
Perp. Perp. Ave. 853 983 49 8 -54 182 34 

(4872) (221) (277) (0.3) (-308) (41) (196) 
C.V. 0.18 0.13 0.37 0.46 0.54 0.18 0.92 

Overall Average Values Ave. 1182 920 50 9 -42 193 41 
(6750) (207) (258) (0.3) (-240) (42) (236) 

C.V. 0.33 0.16 0.53 0.35 0.70 " 0.21 0.84 



Table 6.21: Overall Average Load-Deflection Parameters Obtained From The Sheathing Connection Tests y 
For Waferboard Sheathing. 

o' 
Waferboard Sheathing Connection Test Overall Average Values: 
Number Framing 

Grain 
Orientation 

Sheathing 
Grain 

Orientation 

Value A'0 

N/mm 
(lb/in) 

Po 
N 

(lbs) 

A'2 

N/mm 
(lb/in) 

N 
(in) 

A'a 
N/mm 
(lb/in) 

Pi 
N 

(lbs) 

IU 
N/mm 
(lb/in) 

Parallel Parallel Ave. 

CV. 

1102 
(6292) 
0.30 

939 
(211) 
0.16 

30 
(172) 
0.30 

9 
(0.3) 
0.18 

-31 
(-178) 
0.21 

191 
(43) 
0.19 

47 
(270) 
0.80 

Parallel Perp. Ave. 

CV . 

1199 
(6847) 
0.25 

1068 
(240) 
0.12 

28 
(158) 
0.41 

8 
(0.3) 
0.14 

-41 
(-236) 
0.56 

205 
(46) 
0.04 

51 
(290) 
0.35 

Perp. Parallel Ave. 

CV . 

992 
(5665) 
0.22 

943 
(212) 
0.18 

56 
(320) 
0.38 

9 
(0.3) 
0.10 

-29 
(-163) 
0.44 

171 
(38) 
0.19 

38 
(218) 
1.03 

Perp. Perp. Ave. 

CV . 

847 
(4835) 
0.24 

952 
(214) 
0.11 

47 
(270) 
0.29 

8 
(0.3) 
0.15 

-33 
(-189) 
0.28 

184 
(41) 
0.25 

45 
(255) 
0.81 

Overall Average Values Ave. 

CV . 

1062 
(6067) 
0.29 

983 
(221) 
0.15 

38 
(217) 
0.48 

9 
(0.3) 
0.15 

-33 
(-190) 
0.45 

189 
(42) 
0.19 

46 
(260) 
0.82 

co 
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curve and therefore, interact to form the full curve. When two curves have the same 

values for Ko and P 0, but different values for K2, the curve with the lower value of K2 

would change slope at a lower value and, more quickly than the other. If the curves have 

different initial stiffnesses and their values of K2 differ in the opposite direction, the two 

curves could be very similar when compared overall, as shown in Figure 6.14. 

There does not appear to be any significant difference in the values of Po, Pi, or K4. 

Therefore, all the values have been averaged to obtain values for each of the parameters 

irrespective of grain orientation. These overall average values, are shown at the bot

tom of Tables 6.21 and 6.22, will be used in the computer programs, S H W A L L and 

D Y N W A L L . 

The initial stiffness, KQ, and slope, K2, of the plywood connection are slightly higher 

than for a waferboard connection, but the C.V.'s for each of the values indicate the 

difference may not truly exist. There is no significant difference in any of the other 

parameters. 

6.7.2 Corner Connection Tests 

The programs, S H W A L L and D Y N W A L L , model the corner connection with a 

linear elastic element. Only the average stiffness of the connection in tension is required 

from the test results. This variable will be used as the stiffness of the model's element. 

Therefore, a linear regression analysis was performed, using the data up to the peak load 

value. The reason the linear regression can be used for all the data, up to the peak value, 

is that the load-deflection curve for a typical test shows little non-linearity up to the 

ultimate load capacity of the connection, as shown in Figure 6.17. 

The five values obtained for the connection stiffness in tension have an average value 

of 1244.37 N/mm (7105.88 lb/in) and a coefficient of variation of 0.22. Noise in the 
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Figure 6.17: Typical Load-Deflection Curve Obtained From The Corner 
Connection Test. 

displacement transducer signal, at times, caused the deflection to decrease for an increase 

in load. The linear regression analysis smooths the curve and minimizes the effect of the 

noise in the signal. 

6.8 S u m m a r y 

The test equipment, procedures, specimen configurations, analysis procedures, and 

results for the connection tests have been presented in this chapter. The average values 

for the parameters defining the load-deflection curves for the sheathing connection and 
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the corner connections are given in a form readily usable in the programs S H W A L L 

and D Y N W A L L . It has been shown that the sheathing connection parameters are not 

dependent on the grain orientation of either the framing or the sheathing components of 

the connection. This is due to the connection performance being primarily governed by 

the nail properties, rather than the timber properties. 



Chapter 7 

Full-Size Shear Wall Test 

Descriptions and Procedures 

7.1 Introduction 

The design procedures for timber shear walls, specified by the current design codes for 

Canada and the United States, are based on the results of static one-directional racking 

tests of 2.4 x 2.4 m (8 x 8 ft) shear walls (described in the ASTM E72-77 (1986) test 

procedure). However, these tests are expensive, and they do not load the specimen in 

a manner representative of an earthquake. Therefore, a different test is proposed that 

loads the test specimen in a fashion representative of earthquakes. 

This chapter describes a) the test equipment, materials used to construct the spec

imens, and the procedures followed in performing five different tests of full-size shear 

walls, and b) the methods used to analyze the test data. The tests performed were: 

1. Static one-directional racking (similar to the ASTM E72-77 test), 

2. Static cyclic racking, 

3. Sinewave frequency sweeps, 

167 
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4. Free vibration, and 

5. Dynamic earthquake simulation tests. 

The results of these tests will be correlated with predictions from the three numerical 

models developed in this thesis. Conclusions about the behavior of timber shear walls 

subjected to dynamic loads will be drawn, and the results of these tests will be discussed 

in greater detail in Chapter 8. 

7.2 T e s t E q u i p m e n t 

7.2.1 Earthquake Table 

An earthquake simulation table was used to load the walls in all but the free vibration 

test. This equipment consists of a 3 x 3 m (10 x 10 ft) aluminum table, supported on 

four pin-pin columns. The table is moved back and forth in one horizontal direction 

by a hydraulic jack, which is controlled by an MTS controller and Digital Equipment 

PDP-11/04 computer. Any one-directional displacement or acceleration record can be 

reproduced, allowing for a large variety of tests. 

7.2.2 Steel Four-Hinged Frame 

A steel frame was built to provide the vertical support for an inertial mass of 4,545 kg 

(311.3 slugs), but was designed so that it had no lateral resistance. The frame, shown in 

Figures 7.1 and 7.2, did not restrict lateral movement of the inertial mass in the vertical 

plane of the wall. Figure 7.1 shows the frame being raised into the vertical position. The 

figure shows how the frame is hinged in each corner to allow free lateral movement. In 

Figure 7.2, a shear wall is shown mounted in the frame and ready to be tested. The wall 
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is required to provide full lateral support to the frame and concrete mass at the top of 

the frame during the tests. 

Figure 7.1: Test Frame being Raised into Vertical Position. 

The testing frame was also designed so that vertical loads could be applied to the 

wall specimens representing structural dead load. Figure 7.3 shows a wall with a full 

dead load applied. Vertical loads are applied by suspending two weights over pulleys at 

the top of the wall and a structural steel tube, attached to the top of the wall, spreads 

the vertical load along the wall. These weights are free in the vertical direction, but are 

restrained from swinging. The vertical load can be easily varied, allowing shear walls 

representing either partition or bearing walls to be tested. Any ratio of vertical load to 

inertial load can be used. 
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Figure 7.2: Test Frame with Wall Specimen in Place for Testing. 

The inertial mass used in these tests represented the upper two stories of a three-

storey, North American-style apartment building. The intent was to test the wall spec

imens in a manner where the loading was representative of that which the ground floor 

wall of an apartment building would experience during an earthquake. Framing plans 

for various apartment buildings were reviewed, and the average mass and tributary area 

was determined for the top two stories of the structures. The mass9 used in these tests 

was approximately the equivalent mass found for a 2.4 m (8 ft) length of shear wall. 
9The amount of mass required was determined using the advise of CY. Loh Associates Ltd., an 

engineering firm that has designed many apartment buildings in the Greater Vancouver area, British 
Columbia. 
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Figure 7.3: Wall Specimen with Dead Load Applied. 

7.2.3 Reaction Column 
A column was erected at one side of the four-hinged test frame, as shown in Fig

ure 7.4. The "reaction" column was used to restrain the top of the wall during static 

one-directional and static-cyclic racking tests. As shown in Figure 7.4, an arm, consist

ing of structural tubing and a load cell, was attached to the reaction column, at one end, 

and attached to the test frame at the other end. This arm was attached to the test frame 

at the same height as the top of the wall. Pinned connections were used at both ends of 

the arm, to prevent bending stresses from affecting the load cell readings. 
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Figure 7.4: Reaction Column with Arm Including Load Cell Attached to 
Testing Frame. 
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7.3 D a t a A c q u i s i t i o n 

Two computers, an IBM compatible AT computer and a Digital PDP-11/04, were 

used simultaneously to record data during the experiments. The AT computer used a 

Techmar analog-to-digital converter, and the PDP-11 used a custom-designed analog-

to-digital converter to record the data. A common trigger switch started both data 

acquisition systems, and the earthquake table simultaneously. Between 1 and 21 signals 

were recorded during each of the shear wall tests. Details of the variables monitored 

during each test, are given in Section 7.6. 

A variety of instruments were used to measure the variables of interest during the 

tests. The instruments were used as follows: 

• Trans-tek and Hewlett-Packard DC-DC displacement transducers were used to 

measure the in-plane displacements of wall components, both absolute and relative. 

• Bourne and Ohmite Type-A potentiometers were used to measure the in-plane 

displacements of the top of the wall, and out-of-plain movement of the sheathing, 

mid-span between the studs. 

• The displacement transducer, located inside the hydraulic jack, that moved the 

table was used to measure the displacement of the base of the wall, i.e. earthquake 

table. 

• A 20,000-lb Baldwin-Lima-Hamilton load cell was used to record the racking loads 

at the top of during static tests. 

• Statham accelerometers were used to measure the accelerations at the base of the 

wall, top of wall, and inertial mass locations. 
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7.4 T e s t S p e c i m e n M a t e r i a l s 

7.4.1 General 

The materials used to construct the shear wall specimens were the same as those used 

to construct the connection test specimens described in Chapter 6. The detailed descrip

tions for the framing, sheathing, nails, screws, and steel angles are given in Section 6.4. 

7.4.2 Steel Hold—Down Connections 

One connection was required to anchor the bottom of the end studs (cords) to the base 

of the test frame, described in Section 7.2.2. Figure 7.5 shows one of these connections, 

and how it was used to anchor the corner of the wall to the base. These connections 

were required for the wall to perform in a racking fashion. If the hold-down connections, 

or something similar, are not used the shear wall will deform by rotating essentially 

as a rigid body. When loaded, the sole plate usually separates from the end stud and 

causes the forces, due to the overturning moment, to be concentrated in the corner of the 

sheathing. The tension force in the end stud must be transferred across the framing joint 

at the base of the stud by the few nails in the corner area of the sheathing. Finally, nails 

connecting the sheathing to the framing begin to fail in the lower corner of the wall, and 

failure progresses along the row of nails attaching the sheathing to the sole plate. This 

will continue until the wall fails, by either collapsing due to high deflection at the top, 

or breaking into two parts along the sole plate. 

The connection used in these tests consists of a 75 x 200 x 6 mm (3 x 4| x | in) 

mild steel plate, welded to a 12 mm (0.5 in) mild steel rod. The plate is attached to the 

bottom of the double end stud, using 26 - 4 x 76 mm (No. 8 x 3.0 in) drywall screws. 

The rod passed through the inside of a structural tube at the base of the wall, and a 
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Figure 7.5: Hold-Down Connection Configuration. 

|-in thick steel washer and double nut were then threaded onto the steel rod. The 

nuts were tightened to anchor the corners of the wall's framing to the base of the test 

frame. This connection was used only to resist the tension forces in the studs due to 

the overturning moment. An additional four |-in diameter bolts were used to transfer 

the shear forces along the bottom and top of the wall. The uplift forces, due to the 

overturning moment in the end studs, will be smaller for longer walls. The hold-down 

connections, therefore, would not be as important a consideration for longer walls, as it 

would be in the short walls used in the test. 

7.5 W a l l S p e c i m e n C o n f i g u r a t i o n 

All the shear wall specimens tested were 2.4 x 2.4 m (8 x 8 ft). The sheathing was 

attached, using 63 mm (8d or 2.5 in) galvanized common nails spaced from 50 mm (2 in) 

to 152 mm (6 in) on the perimeter of each sheathing panel, and either 152 mm (6 in) or 

305 mm (12 in) along the interior studs of each sheathing panel. Figure 7.6 shows the 

configuration used for most of the specimens. The framing is shown using dashed lines, 
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while the sheathing is shown with solid lines. The locations of the corner, and hold-down 

connectors are also indicated. These two types of connectors are attached to the framing 

only and did not restrict the movement of the sheathing panels. 

All wall specimens were sheathed on one side only, and the studs were attached to the 

header and sill framing members by nailing through the header or sill plate into the end-

grain of the stud, using 2-76 mm (lOd or 3 in) common nails. The asymmetry, due to 

the sheathing being applied on one side, did not cause any problems because the wall was 

restrained by steel tubes at the top and bottom of the wall. These steel tubes prevented 

any twisting of the wall. The parameters that were changed in various specimens were 

the sheathing nail spacing, sheathing type, and sheathing panel orientation. Each of 

these variables are discussed, together with the results, in Chapter 8. 

7.6 T e s t P r o c e d u r e s 

7.6.1 Static One-Directional Tests 

The static one-directional tests were conducted according to the ASTM E564-76 

Standard (1986). The test consisted of displacing the base of the wall 130 mm (5 in) 

relative to the top of the wall in one direction. The steel frame was anchored to the 

reaction wall, at the same height as the top of the wall specimen. Movement of the 

top of the wall was prevented, causing the wall specimen to be forced into a racking 

configuration. The duration of each test was 5 minutes, which is between the load rates 

specified for the ASTM E72-77 and E564-76 shear wall tests, with the data being sampled 

every 0.5 seconds. The displacement pattern used in the static one-directional tests is 

shown in Figure 7.7a. 
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Figure 7.6: Typical Configuration of Framing, Sheathing, and Connections 
Used in Full-Size Shear Wall Tests. 
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Figure 7.7: Displacement Patterns Used in Static Shear Wall Tests. 

The wall is loaded in racking, similar to both the ASTM E72-77 or ASTM E564-

76 tests. Like the ASTM E564-76 Standard, these tests do not require a tie rod to 

prevent uplift of the framing. The tie rod used in the ASTM E72-77 test forces the 

wall framing to deform as a parallelogram; this is how a section from a long wall would 

perform. Walls that are short in the horizontal direction must resist the relatively high 

overturning moments prevented by use of the tie rod. Therefore, the decision was made 

to eliminate the tie rod during this study and force the test specimen to perform as 

a short, high shear wall. This requires the hold-down connections to resist the entire 

overturning moment as would be the case for a wall that is part of a building. 

The hold-down connections used in these tests would also be required if a shear wall 

of similar dimensions were used in an apartment building. The overturning moment 

must be resisted in addition to the lateral shear force, and in order for the tension force 

developed in the end studs to be effectively transferred to the foundation of the structure 
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(or to the floor in the case of upper stories), the steel connectors must be used. The 

elimination of these anchors renders the shear wall incapable of effectively resisting the 

lateral loads experienced during an earthquake because the wall will no longer deform 

in a racking manner. Rather, a rigid body rotation will be the predominant motion and 

little or none of the lateral or overturning loading will be transferred to the foundation. 

A total of 16 signals were recorded during the static one-directional racking exper

iments. Eight' of these measurements pertained to variables oriented in the plane of 

the wall, while the other 8 pertained to variables oriented out of the plane of the wall. 

Figure 7.8 shows a shear wall specimen with the locations of the various measurements 

taken. 

The in-plane variables monitored were: 

1. The load at the top of the wall. 

2. Displacement of the base of the wall. 

3. Uplift of the sheathing at each bottom corner of the wall. 

4. Uplift of each of the doubled end studs. 

5. Uplift of each end of the sole plate. 

6. Separation of each of the top corners of the framing. 

The following out-of-plane variables were monitored: 

7. The sheathing deflection at each of the four corners of the wall specimen. 

8. The sheathing deflection at each mid-span location between the studs, at mid-

height levels on the wall. 
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Figure 7.8: Location of Variables Measured During Static One-Directional Tests. 
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In order to correct the load reading for the P-delta effects of the inertial mass, a test 

without a wall specimen was conducted for the static one-directional test. The resulting 

correction curve can then be subtracted from the test load-deflection curves to find the 

true load applied to the wall at any deflection, as shown in Figure 7.9. The P-delta 

effect causes an error in the load recorded because, as the columns of the test frame are 

moved out of plumb, the horizontal component of the force in the column is measured 

by the load cell. The correction curve, shown in Figure 7.9b, begins with a load at zero 

deflection due to the load cell having an offset to the reading. The load is actually zero 

but, the load cell is reading a load. All of the loads must be corrected by the value of 

the offset. 

7.6.2 Static Cyclic Tests 

The static cyclic tests were used to determine the hysteretic behavior of shear walls. 

The tests were similar to the static one-directional tests, in that the wall was loaded in 

a slow racking fashion. The top of the frame was attached to the reaction wall, and the 

base of the wall was then displaced following a triangular sinewave pattern, as shown in 

Figure 7.7b. The displacement rate used for these tests was the same as that used in the 

static one-directional tests. This resulted in a test duration of 45 minutes, where the 

data was sampled every 6 seconds. 

Four signals were recorded during the static cyclic tests. The variables measured are 

shown in Figure 7.10. All of the variables monitored pertained to the in-plane motion 

of the wall. 

A test was performed without a wall specimen to correct the load readings for the 

P-delta effects of the inertial mass. The resulting curve correction was then subtracted 

from the test load-deflection curves, as was done for the static one-directional tests. 
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Figure 7.9: Steps Used to Correct the Load-Deflection Curves for the Static Tests. 
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Figure 7.10: Location of Variables Measured During Static Cyclic Tests. 
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7.6.3 Free Vibration Tests 

Free vibration tests were conducted to determine the initial and final fundamental 

periods of the overall structure. Other authors, such as Falk and Itani (1986), have 

investigated the natural frequencies of wall, floor and ceiling diaphragms. However, most 

of these investigations concentrated on the natural period for the diaphragms themselves. 

While this information is helpful, the results have little bearing on the performance of 

the diaphragm when the mass of the supported structure is involved, because of the 

combined effect that determines the natural period of a structure. 

After the wall specimen had been mounted in the test frame, the free vibration tests 

were conducted . The fundamental period determined included the effects of the lateral 

stiffness of the wall, and full inertial mass of the testing frame. It is believed that the 

results of this test are representative of the behavior of shear walls when they are integral 

parts of the larger structures. 

The procedure followed for the free vibration tests consisted of disconnecting the 

restraining arm to the reaction column, and then allowing a 95 kg (6.5 slug) mass impact 

the testing frame at the same height as the top of the wall. The natural frequency 

for the wall and test frame system was determined from the accelerations that were 

recorded during and after the impact. The accelerometer, used to measure the pertinent 

accelerations, was located at the top of the wall, at the opposite end from where the 

impact mass hit the frame. The testing frame was not attached to the reaction column, 

thereby requiring the wall specimen to provide full lateral stiffness for the test frame. 

The results of this test give an indication of how much the shear wall stiffness de

teriorates when damaged during an earthquake. The future response could also change 

significantly. If the natural period shows a large shift in natural period, due to damage, 

the future response could also change significantly. 
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7.6.4 Sine Wave, Frequency Sweep Tests 

The sine wave frequency sweep tests were performed to get an indication of the 

steady-state response of timber shear walls. The test results are used to verify the closed 

form analytical model derived in Chapter 5, which in turn can be used to investigate the 

steady-state response of the walls for different wall configurations. 

Table 7.1: Frequency and Corresponding Base Accelerations for Sine Wave Tests. 

Specimen # 1 Specimen # 2 
Frequency Base Acceleration Frequency Base Acceleration 

(Hz) (g) (Hz) (g) 
1.00 0.100 3.50 0.099 
1.25 0.100 3.20 0.101 
1.60 0.103 2.85 0.101 
1.90 0.101 2.50 0.097 
2.00 0.101 2.20 0.101 
2.20 0.101 2.00 0.101 
2.50 0.097 1.90 0.100 

During the sine wave tests, the frame was not attached to the reaction wall, thereby 

requiring the wall specimen to provide all the lateral support to the test frame and 

inertial mass. The base of the wall was then displaced in a sine wave pattern, with peak 

base accelerations being approximately 0.1 g. Accelerations at the top of the wall were 

monitored and the test was stopped as soon as a steady state condition was reached and 

maintained for three to five cycles, to prevent the nails from failing due to fatigue. The 

test was repeated for each of the frequencies, shown in Table 7.1, with the displacements 

being adjusted in order to maintain the peak base acceleration at 0.1 g. 

Using one wall specimen for more than one test can cause problems. The wall will 

be damaged during the first test and would give erroneous results for the subsequent 

experiment. The damage of the wall is not always visible. Nails can be loosened or 



Chapter 7. Full-Size Shear Wall Test Descriptions and Procedures 186 

broken without damaging the sheathing surrounding the nail, which makes detection 

almost impossible. However, these problems are unlikely to have affected the results of 

the tests conducted as part of this thesis. Each wall specimen was first tested, using low 

amplitude displacements. Higher amplitude displacements were used for each subsequent 

test. The results for tests conducted after resonance had been achieved were not used. 

Also, the steady state behavior is governed by the maximum displacement achieved. 

Therefore, the first tests would not adversely affect the subsequent tests, because the 

specimen was subjected to increasing displacements with each test. 

Five signals were recorded during the sine wave tests, each being sampled at 0.01 sec 

intervals. Figure 7.11 shows the location of the various instruments used to measure each 

variable. The measurements recorded were: 

1. Displacement of the top of the wall. 

2. Displacement of the base of the wall. 

3. Accelerations at the top of the test frame, i.e. inertial mass. 

4. Accelerations at the top of the wall. 

5. Accelerations at the base of the wall. 

Two walls of each sheathing material were tested, for a total of four walls. The two 

wall specimens of each type were required in order to trace the response curves accurately. 

A typical set of frequency response curves, predicted by the closed-form model, is shown 

in Figure 4.5 on page 85. The deflection increases, as the frequency of base accelerations 

approaches the resonance frequency for the structure. Timber shear walls do not behave 

elastically, and therefore, the stiffness and response of timber shear walls are governed 

by the largest previous deflection. The resonance frequency of the shear walls must be 
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Figure 7.11: Location of Variables Measured During Sinewave, Frequency Sweep Tests. 
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approached from both lower and higher frequencies in order to follow the true response 

curve. For this reason, two walls for each sheathing type were tested, as shown in 

Table 7.1. Specimen #1 was tested starting with a frequency of 1.00 Hz and increased to 

2.50 Hz, while Specimen #2 started with a frequency of 3.50 Hz and decreased to 1.90 Hz. 

If the entire frequency range were to be used to test one wall specimen, the response of 

the wall after resonance has occurred would not be indicative of steady state conditions 

in an undamaged wall, due to the large displacements incurred during resonance. The 

results of this test are presented in Section 9.3. 

7.6.5 Earthquake Tests 

7.6.5.1 Background 

The earthquake tests used in this study were designed to investigate the accuracy 

of the predictions made by the numerical model, D Y N W A L L . All numerical models 

should be verified with experimental tests to ensure the predictions are correct. Without 

these verifications, the subsequent use of the model could be highly suspect. Therefore, a 

variety of tests were used to compare predictions of the model with test results. The test 

specimens used were varied by changing the sheathing type and nail spacing to represent 

different wall strengths. The numerical model, D Y N W A L L , was used to predict the 

dynamic response of test specimen, and test results were then compared to the prediction 

of the program in order to check the accuracy of the prediction. 

In addition to verification of the model, the earthquake tests were used to investigate 

the following seven topics: 

1. Response of timber shear walls to dynamic loadings, similar to those expected in a 

structure during an earthquake. 
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2. The appropriateness of allowing equivalent design values for shear walls using wafer-

board and plywood, as is done in the United States. 

3. The accuracy of the design loads used in the building codes for Canada and the 

United States. 

Effects of nail spacing on stiffness and strength. 

The strength and stiffness of a timber shear wall after being damaged during an 

earthquake. 

The effect of dead load on the dynamic response. 

The effect of the orientation of the sheathing. 

The earthquake test used an inertial mass at the top of the frame to load shear walls 

in the same way the mass of the top two floors of an apartment building would load 

the ground floor walls. The base of the wall was displaced according to the acceleration 

records of actual earthquakes. The accelerations were transmitted by the wall to the 

mass at the top of the frame, just as the accelerations of the ground are transmitted to 

the upper stories of a building during an earthquake. The load experienced by the wall 

is directly proportional to the accelerations transmitted to the inertial mass. Therefore, 

this test includes the effects of the damage received by the wall. The effects of the damage 

include the degrading stiffness, lengthening natural period, and possibly loss of strength 

for the wall specimen. 

In previous investigations, the effects of change in stiffness and natural period on the 

loading, experienced by the wall during a test, have been neglected. Most of the tests 

have required shear wall specimens to react at the frequency of loading by attaching the 

loading device to the top of a wall specimen, while the bottom is rigidly anchored. This 

4. 

5. 

6. 

7. 
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may lead to erroneous findings, since the fundamental frequency of timber shear walls 

will change as they are damaged. The effect of changes in natural frequency could be to 

lower the load requirements of the wall by effectively insulating the inertial mass from 

high accelerations. 

The earthquake test used in this study includes all of the effects of change in stiffness, 

natural frequency, and possibly, strength. The test is, therefore, representative of the 

loading shear wall elements experience in structures subjected to earthquakes. The results 

will be more representative of the response of timber shear walls to earthquake loading, 

than if some other tests were used. 

7.6.6 Procedure 

The walls were subjected to two earthquake events. In the first, the base of the 

wall was displaced according to the acceleration record of an earthquake, with the peak 

base acceleration equal to the full amplitude originally recorded. Since most of the wall 

specimens survived the first earthquake without being significantly damaged, the test 

was repeated after scaling the base acceleration record to 150% of the amplitude of the 

original record. The higher amplitude acceleration was used in an effort to subject more 

of the specimens to their ultimate capacity. The higher intensity earthquake had a peak 

acceleration of 0.3 g, which was the largest acceleration that the test frame could safely 

be used for. The scaling of the acceleration amplitude was accomplished by simply 

multiplying the magnitudes of recorded earthquake record by a scalar number, such 

that the peak acceleration of the resulting record equalled the desired value. The time 

parameter of the acceleration was not changed, only the magnitude of the accelerations. 

No repairs were made to the shear wall specimens between earthquakes, but each wall 

was inspected to note any visual damage sustained. 
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Two earthquake records used were: 

1. The S69E component of the July 21, 1952 Kern County, California earthquake, 

riecorded in the basement of the Taft High School, was used for most of the tests. 

The decision to use this earthquake record was made after consulting with various 

authorities in the field of earthquake engineering. This earthquake includes a wide 

band of frequencies, and would therefore be capable of exciting many frequencies 

in the wall. The earthquake's duration is almost quite long compared to most 

earthquakes, which makes it potentially more damaging. It is understood that no 

future earthquake will be the same as any of the ones from the past, but in an effort 

to give the reader some reference to reality, a significant earthquake from the past 

was used. 

2. The other earthquake used was the N21E component of the February 9, 1971 

San Fernando earthquake. This earthquake record was chosen so the numerical 

model, D Y N W A L L , could be verified using two earthquakes having different fre

quency contents. The San Fernando earthquake is a relatively short earthquake, 

containing a narrow band of frequencies. 

Twenty-one signals were recorded, and each channel was sampled at 0.01 sec intervals 

for the duration of each earthquake. The locations where each of these variables were 

measured on a typical wall specimen are shown in Figure 7.12. The variables monitored 

in the plane of the wall were: 

1. The Displacement at the top of the wall. 

2. Displacement at the base of the wall. 

3. Separation of the framing joint at each of the top corners of the wall. 
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4. Sheathing uplift at each of the bottom corners of the wall. 

5. Uplift of each of the end studs. 

6. Uplift of each end of the sole plate framing number. 

7. Acceleration at the base of the wall. 

8. Acceleration at the top of the wall. 

9. Acceleration at the top of the frame where the inertial mass is located. 

Variables monitored perpendicular to the plane of the wall were: 

10. The sheathing displacement at each of the corners of the wall. 

11. Sheathing displacement at mid-span between the studs, mid-height on the wall. 

A minimum of two specimens and a maximum of four were tested for each configu

ration of sheathing type and nail density. An overview of the different tests is presented 

in Section 8.1. 

The static one-directional and the static cyclic test data were recorded using analog 

filters before it was converted to digital form. A few signals did not show significant 

noise levels, and consequently the raw data could be used. Analog filters, with a cut-off 

frequency of 60 Hz were used for the static tests. These filters were required to essentially 

eliminate the noise from the electrical supply and did not shift or damp the signal, since 

the sampling rate was slow enough to allow the signal intensity, being recorded, to settle. 

7.7 D a t a A n a l y s i s P r o c e d u r e s 

7.7.1 Static Tests 
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Figure 7.12: Location of Variables Measured During Earthquake Tests. 
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Two relations were used to verify the numerical model, S H W A L L : (a) load versus 

racking deflection of the wall's framing, and (b) the out-of-plane defection of sheathing 

versus racking deflection of the framing. The deflection of the base is equivalent to 

racking deflection because the top of the wall was restrained by the reaction column and, 

therefore, did not move. Figure 7.13 shows a typical load-deflection curve obtained in this 

manner. The load-deflection curve was corrected in order to eliminate the P-delta effects, 

by subtracting the curve obtained from the test run without a wall specimen. Figure 7.9 

shows the steps used to correct the load-deflection curve. Figure 7.9a shows a typical 

load-deflection curve as originally recorded. Figure 7.9b shows the load-deflection curve 

of the test run without a wall specimen. To obtain the correct load-deflection curve, the 

curve in Figure 7.9b is subtracted from the curve in Figure 7.9a. The resulting corrected 

curve is shown in Figure 7.9c. 

Racking Deflection of Framing (mm) 

Figure 7.13: Typical Load Versus Racking Deflection Curve for a Static 
One-Directional Test. 

A curve representing the out-of-plane deflection of sheathing versus racking deflection 
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Figure 7.14: Typical Out-of-Plane Deflection Versus Racking Deflection Curve 
for a Static One-Directional Test. 

of the framing can be obtained by plotting data for one of the potentiometers, used to 

measure the sheathing out-of-plane deflection, against data record for the base of the wall 

deflection. Figure 7.14 shows a typical out-of-plane deflection versus racking deflection 

curve obtained from test data. The negative deflection shown in the curve is due to the 

nails used to attach the sheathing to the framing, failing towards the end of the particular 

test used for this example, and the sheathing deflection changing from moving away from 

the framing to bearing on the framing. The particular point of measuring was located 

midway between the studs and, therefore, negative displacements are possible. Positive 

deflections represent separation of the framing and sheathing. 

The results of the static one-directional and Btatic cyclic tests axe presented, and 

discussed in Sections 8.2 and 8.3, respectively. 
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7.7.2 Digital Filtering Method 

Due to the higher sampling rate used to record data during the dynamic tests, the 

digital signal had to be filtered to eliminate background noise in the signal. This was 

accomplished using digital filtering techniques. Various techniques for digital filter

ing are available, and detailed theories can be found in many books such as those by 

Bendat (1971) and Kanasewich (1975). The method used for this study utilized the Fast 

Fourier Transform (FFT) to transform data records into the frequency domain and filter 

the data using a low pass filter to eliminate the high frequency noise. 

The procedure used to eliminate the noise is illustrated in Figure 7.15. Figure 7.15a 

shows a typical record for the displacement at the top of the wall, as it was originally 

recorded. The recorded signal was then transformed from the time domain, into the 

frequency domain, as shown in Figure 7.15b, using a FFT. A low pass filtering window 

was made to have an amplitude of 1.0 for all frequencies below a cut-off frequency, and 0 

above the cut-off frequency. The cut-off frequency used was twice the highest frequency 

of significant peaks of transformed data signal, determined from Figure 7.15b. To avoid 

a numerical problem known as a ripple effect, a cosine bell curve was used to smooth the 

transition from a value of 1.0 to 0 in the filtering window. The resulting filter window is 

shown in Figure 7.15c. 

The frequency signal of the data (Figure 7.15b) was then multiplied by the filter 

(Figure 7.15c) to produce the filtered signal in the frequency domain, shown in Fig

ure 7.15d. This frequency signal is finally transformed back into the time domain, using 

the Inverse Fast Fourier Transform (IFFT). The resulting record is the filtered record of 

displacements. 

Figure 7.16 shows the effect of the filtering process. In Figures 7.16a and 7.16b, re

spectively, 10-second portions of the raw and filtered data records are shown. The filtered 
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Figure 7.15: Digital Filtering Procedure. 
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displacement signal plotted over the unfiltered signal is also shown in Figure 7.16c. As 

demonstrated by Figure 7.16, the filtering process smooths the data signal by eliminat

ing the higher frequency oscillations, which are considered to be noise introduced into 

the recorded signal by a variety of unrelated sources. It is also important to note that 

the filtered data does not show any phase shift due to the filtering process. All of the 

dynamic test data was filtered using this method. 

7.7.3 Free Vibration Tests 

The free vibration data was analyzed to obtain only the initial and final natural 

periods. This was accomplished by reading the times for acceleration record periods, 

which would be equal to the natural period of the testing system, including the wall and 

inertial mass. Figure 7.17 shows a typical filtered acceleration record for the free vibration 

test. The period of this wall is approximately 0.6 seconds (frequency of 1.67 Hz). The 

results of these tests are presented and discussed in Section 8.4. 

7.7.4 Sine Wave Tests 

The sine wave tests yielded, as a parameter of interest, the steady state amplitude of 

the deflection at the top of the wall relative to the base of the wall, i.e. racking deflection 

of the shear wall. This is obtained by subtracting the base deflection data, from the 

record for deflection at the top of the wall. 

The steady-state deflection is defined as the peak relative displacement that is re

peated after the accelerations at the top show a steady-state behavior. The accelerations 

at the top of the wall were monitored during the tests, and when the amplitude of the 

acceleration record was repeated for at least three successive cycles, it was assumed that 
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Figure 7.16: Comparison of a Filtered and Unfiltered Displacement Record. 
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Figure 7.17: Typical Acceleration Record for a Free Vibration Test of an Undamaged 
Shear Wall. 

a steady-state condition had been reached. Figure 7.18 shows a typical displacement 

record for the sine wave tests, with the steady-state deflection indicated. 

7.7.5 Earthquake Tests 

Three topics investigated, using data recorded during the earthquake tests were: 

1. Conclusions were made based on relative deflections, which required the difference 

between two data records be determined. The two recorded signals involved were 

first filtered, using the procedure described in Section 7.7.2, then one signal was 

subtracted from the other to determine deflections at the top of the wall relative 

to the base. The separation of framing joints at the bottom of the wall was also 
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Figure 7.18: A Typical Racking Displacement Curve for a Sine Wave Test. 

determined in this way. 

2. The time histories measured and derived variables were investigated. The measured 

time history of a variable was obtained by filtering the recorded signal to eliminate 

high frequency noise. These variables included uplift of the end studs and out-of-

plane displacement of the sheathing. 

The time history of the load was obtained by filtering the acceleration record for 

the top of the frame, where the inertial mass is located. This signal was then 

multiplied by the value of mass to determine the load history. The load at the 

top of the wall could then be found using statics. Figure 7.19 shows a free-body 

diagram of a column for the testing frame. If moments are summed about the base 

of the column, the resulting equation is 

£ M = 2.9 * P H - 2.4 * P T 0 P O F W A L L = 0 (7.1) 

where, PJJ is the horizontal load at the top of the column and .FrOP OF W A L L * S 

the load resisted by the wall. 
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Figure 7.19: Free-Body Diagram of Testing Frame Column. 

Solving for Pp/OP OF WALL' 

2.9 
*TOP OF WALL = 2A * PR (7.2) 

Using Equation 7.2 and the desired time history of the load at the top of the frame, 

the time history of load applied to the top of wall can be obtained. 

3. Peak values of one Or more of the measured or derived variables were also examined. 

These are obtained directly from filtered or derived data records. 

The results of the earthquake tests are presented and discussed in Section 8.6. 
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7 . 8 S u m m a r y 

The test equipment, materials used to construct the shear wall specimens, and the 

procedures followed in performing each of five test types of full-size shear wall specimens 

have been described. The tests included were: 

1. Static one-directional racking, 

2. Static cyclic racking, 

3. Free vibration, 

4. Sine wave frequency sweep, and 

5. Earthquake. 

The shear wall specimens were 2.4 x 2.4 m (8 x 8 ft) in size, and were considered to be 

full scale specimens. 

The methods used to analyze data obtained from each test were also described, to 

allow the reader to compare the different methods. However, no conclusion about the 

performance of shear walls has been attempted in this chapter. The results of the analysis 

and subsequent discussion are given in Chapter 8. 



Chapter 8 

Full-Size Shear Wall Test Results 

8.1 I n t r o d u c t i o n 

The test results for the five types of shear wall tests, described in Chapter 7, are 

analyzed and discussed in this Chapter. "Full-size" shear walls, 2.4 x 2.4 m (8 x 8 ft), were 

used for all of the tests, and the construction techniques used are described in Sections 7.4 

and 7.5. Each test will be presented separately, along with pertinent discussion. Some of 

these results are used, in Chapter 9, to verify the numerical accuracy of the three models 

derived in Chapters 3, 4, and 5. 

A section of general discussion on the behavior of timber shear walls follows the last 

individual test discussion. This section is intended to correlate the results of individual 

tests together, and to try to draw conclusions on the usefulness and deficiencies of each 

type of test. The discussion also relates to the overall performance of shear walls, rather 

than to just one type of loading. 

A total of 20 waferboard and 22 plywood sheathed shear walls were tested in conjunc

tion with this thesis. Table 8.1 presents an overview of the tests, including what tests 

were performed, how many specimens were used for each test, and their configurations. 

The table also shows whether dead load was applied or not, and which earthquake record 

was used. 
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Table 8.1: Overview of Full Size Shear Wall Tests. 

Sheathing Sheathing Nail Spacing Dead Load Earthquake Number of 
Type Orientation Peri meter/Field Applied Record Used Specimens 

mm / mm (in / in) kN (lb) 
S tat i c 0 ne- D i rect ion al: 
Waferboard Vertical 100/150 (4/6) 0 0 N/A 3 
Waferboard Vertical 100/150 (4/6) 44.5 10,000 N/A 1 

Plywood Vertical 100/150 (4/6) 0 0 N/A 3 
Static Cyclic 
Waferboard Vertical 100/150 (4/6)* 0 0 N/A 2 

Plywood Vertical 100/150 (4/6) 0 0 N/A 2 
Sine wave: 
Waferboard Vertical 100/150 (4/6) 0 0 N/A 2 

Plywood Vertical 100/150 (4/6) 0 0 N/A 2 
Earthquake: 
Waferboard Vertical 100/150 (4/6) 0 0 Kern Cnty. 4 

100/150 (4/6) 44.5 10,000 Kern Cnty. 3 
50/150 (2/6) 0 0 Kern Cnty. 2 
150/150 (6/6) 0 0 Kern Cnty. 2 
300/300 (12/12) 0 0 Kern Cnty. 1 

Plywood Vertical 100/150 (4/6) 0 0 Kern Cnty. 4 
100/150 (4/6) 44.5 10,000 Kern Cnty. 2 
50/150 (2/6) 0 0 Kern Cnty. 2 
150/150 (6/6) 0 0 Kern Cnty. 2 
300/300 (12/12) 0 0 Kern Cnty. 1 

Horizontal 100/150 (4/6) 0 0 Kern Cnty. 2 
Vertical 100/150 (4/6) 0 0 San Fernando 2 

Free Vibration: 
The free vibration tests were performed on test specimens for other tests 
before and after the test was complete. 
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8.2 S t a t i c O n e — D i r e c t i o n a l T e s t s 

A total of seven shear walls were tested, according to the static one-directional pro
cedures presented in Section 7.6.1. Four of the walls were sheathed with waferboard and 
three walls were sheathed with plywood. A l l the specimens were constructed with their 
sheathing panels oriented with the long dimension of the panels in the vertical direction 
(parallel to the studs). The nails used to attach the sheathing were spaced at 100 mm 
(4 in) on the perimeter, and 150 mm (6 in) along the interior stud. 

4 0 -

LO
AD

 
(k

N
) 

o 
o 

W Plywood Sheathed Wall T a i l 
JJ Waferboard Sheathed Well Test 

• • ] f 
v | i i — i i 1—r—i—r—r—|—I I—i—•—|—i i i—I | I I I I | I I—i i ) 

0 20 40 60 80 100 120 

DISPLACEMENT (mm) 

Figure 8.1: Load-Deflection Curves Obtained From The Static One-Directional Shear 
Wall Tests. 

Figure 8.1 shows the load-deflection curves for the seven test specimens. The peak 
loads and corresponding displacements of each of the walls are shown in Table 8.2. Fig
ure 8.1 shows the initial stiffness of the waferboard sheathed walls (dashed lines) was 
marginally higher than the initial stiffness of the plywood sheathed walls (solid lines). 
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This is due to the higher stiffness and density of the waferboard panels. The plywood 

sheathing panels were significantly more flexible than the waferboard, especially in the 

direction perpendicular to the face grain of the panel (the 1.2 m (4 ft) direction of the 

panel). This difference in flexibility, between the two types of sheathing, is also evident 

for the out-of-plane deflection. 

Figure 8.1 and Table 8.2 show that the average peak load for plywood walls is higher 

than the average peak load for waferboard walls. It can also be seen that the correspond

ing displacement for plywood walls is higher than that for waferboard walls. However, if 

the coefficients of variation for peak load of each type of shear wall are considered, it is 

found that the difference in load capacity between the two types of construction is not 

significant. Therefore, it can be concluded that there is little difference in load capac

ity between plywood and waferboard sheathed walls, while the stiffness of waferboard 

sheathed walls is marginally higher than that of plywood sheathed walls. 

Out-of-plane displacements of the sheathing panels were monitored in eight locations; 

the four corners of the wall and between each of the studs (at center of span and mid-

height of the wall). There was virtually no movement of the corners of sheathing. This 

lack of movement was expected since the number of nails in the corners of each sheathing 

panel was quite high, and the framing would support the sheathing in both directions. 

The peak displacement recorded in any one of the out-of-plane corners was 0.25 mm 

(0.01 in). The out-of-plane movement of sheathing between the studs was higher than 

in the corners, but the amount of displacement was not significant. Table 8.3 shows 

peak values for the displacements between studs, recorded during the tests. As Table 8.3 

shows, the plywood sheathing deflections are higher than the corresponding waferboard 

deflections. Also, it can be seen that these deflections are all less than the thickness 

of sheathing. It can be concluded that buckling of sheathing is not a major factor in 

determining the strength or stiffness of shear walls, when using plywood or waferboard 



Chapter 8. Full-Size Shear Wall Test Results 

Table 8.2: Peak Load and Corresponding Deflection for Static One-Directional 
Shear Wall Tests. 

Specimen Peak Load 

kN (lbs) 

Corresponding 
Displacement 
mm (in) 

Dead Load 
Applied 

k N (lb) 

Waferboax 
WS-11 
WS-12 
WS-13 
WS-14 
Average 
C V . 

d Sheathed Spe 
28.6 (6430) 
33.8 (7598) 
31.2 (7014) 
33.8 (7600) 
31.8 (7160) 
0.07 

cimens: 
62 (2.5) 
77 (3.0) 
74 (2.9) 
81 (3.2) 
74 (2.9) 
0.10 

0 (0) 
44.48 (10000) 

0 (0) 
0 (0) 

Plywood S 
PS-1 
PS-2 
PS-3 
Average 
C V . 

heathed Specin 
30.4 (6835) 
33.5 (7531) 
36.5 (8206) 
33.5 (7524) 
0.07 

lens: 
78 (3.07) 
86 (3.37) 
89 (3.52) 
84 (3.32) 
0.06 

0 (0) 
0 (0) 
0 (0) 

Note: WS indicates waferboard specimen and static 
one-dimensional test. 

PS indicates plywood specimen and static 
one-directional test. 
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sheathing of 9.5 mm (3/8 in) thickness or more. 

The rest of the variables monitored showed that the framing joints did not separate, 

and that the framing was anchored securely to the base. The largest displacement mea

sured for the separation of either of the top corner framing joints was 0.6 mm (0.02 in). 

This displacement occurred in the joint at the top of the wall nearest the restraining arm 

on the frame. This joint was loaded in tension during all the tests, and would therefore be 

the location expected to have the largest separation of the two top corners. The average 

displacement of this joint was 0.4 mm (0.016 in), which is negligible. 

The sole plate uplift (both sides) were all, essentially, zero. However, the compression 

end stud uplift did show significant displacements during the static one-directional tests. 

In every test, the sole plate was crushed underneath the end stud that was in compression. 

The largest displacement recorded for the downward movement of the end stud was 

4.1 mm (0.16 in), with an average displacement of 2.8 mm (0.11 in). Although this 

displacement does not seem large, it was significant in that the hold-down anchor at 

this location was loosened. These connections may become slack during the dynamic 

reversing loading during an earthquake, which would affect the overall stiffness of the 

wall. The dynamic behavior of the wall would also be affected significantly. 

Finally, if the shape of the curves shown in Figure 8.1 are compared to the shape of 

load-deflection curves for the individual nail connection, shown in Figure 6.11, it can be 

seen that the two types of curves are very similar. The exponential equation, 

F = ( P 0 + # 2 A ) ( l - e x p ( - ^ ) ) (8.1) 

was fit to the load-deflection data for each wall specimen, as has been done for the 

connection tests. Table 8.4 shows the resulting parameters K~o, K~2, and Po for each 

wall. As shown in Table 8.4, the initial stiffness for waferboard sheathed walls is higher 

than that for plywood sheathed walls. This information supports the conclusion that the 
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Table 8.3: Out-of-Plane Displacements of Sheathing, Mid-height and Midway 
Between Studs. 

Specimen 
East Edge 

mm (in) 

Location and 
East Inside 
mm (in) 

Displacement 
West Inside 
mm (in) 

West Edge 
mm (in) 

Waferboar 
WS-11 
WS-12 
WS-13 
WS-14 
Average1 

d Sheathed W 
2 (0.1) 
2 (0.1) 
1 (0.0) 
1 (0.0) 
1 (0.1) 

alls: 
-2 (-0.1) 
-1 (-0.0) 
-0 (-0.0) 
-0 (-0.0) 
1 (0.0) 

-2 (-0.1) 
-2 (-0.1) 
2 (0.1) 
-3 (-0.1) 
2 (0.1) 

2 (0.1) 
0 (0.0) 
-2 (-0.1) 
3 (0.1) 
2 (0.1) 

Plywood S 
PS-1 
PS-2 
PS-3 
Average1 

heathed Walls 
-1 (-0.0) 
5 (0.2) 
-1 (-0.0) 
2 (0.1) 

1 (0.0) 
3 (-0.1) 
0 (0.0) 
2 (0.1) 

-5 (-0.2) 
7 (0.3) 
-9 (-0.4) 
7 (0.3) 

5 (0.2) 
-3 (-0.1) 
10 (0.4) 
6 (0.2) 

NOTE: Positive displacements indicate the sheathing 
displacing away from framing. Negative displacements 
indicate the sheathing displacing into the framing. 

1. The average is calculated on absolute values of peaks since 
the direction of the displacement is random and does 
not change the effect. 
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Table 8.4: Exponential Curve Parameters Fit to Static One-Directional Test Data. 

Specimen I 

kN/mm (lbs/in) 

Envelope Value 
Po 

kN (lbs) 

3 

K2 

kN/mm (lbs/in) 

Waferboar 
WS-11 
WS-12 
WS-13 
WS-14 

d: 
2.0 (11600) 
2.1 (11900) 
1.6 (9400) 
1.7 (9800) 

22.7 (5100) 
18.7 (4200) 
15.1 (3400) 
13.3 (3000) 

0.1 (400) 
0.2 (1400) 
0.3 (1600) 
0.3 (1700) 

Plywood: 
PS-1 
PS-2 
PS-3 

1.1 (6400) 
2.1 (12000) 
1.2 (6600) 

16.9 (3800) 
11.6 (2600) 
14.2 (3200) 

0.3 (1700) 
0.2 (1200) 
0.2 (1400) 

waferboard panel's higher density and stiffness provide higher initial stiffness to the wall. 

8.3 S t a t i c C y c l i c T e s t s 

The static cyclic tests were conducted to obtain information about the hysteretic 

behavior of shear walls. The procedure followed, and the locations of the various variables 

monitored during the test, are described in Section 7.6.2. 

Figure 8.2 shows a typical load-deflection curve obtained from the static cyclic test 

of a shear wall. A few observations can be made from Figure 8.2. The first observation 

is that the curves seem to be contained within an envelope of similar shape to the static 

one-directional curves, shown in Figure 8.1. When the sections of the curve, where the 

wall is being loaded for the first time (the proposed envelope) are extracted, and then 
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Displacement (mm) 

Figure 8.2: Typical Load-Deflection Curves Obtained From The Static Cyclic Shear 
Wall Tests. 

used to fit parameters for the exponential curve (shown in Equation 8.1), the resulting 

parameter values are close to those found for the static one—directional shear wall tests. 

The calculated values for the three parameters for each wall are shown in Table 8.5. When 

these values are compared to those found for the static one—directional test, shown in 

Table 8.4, it can be seen that there is little difference in the parameters. The value 

of P0, for specimen WC-2, is higher than the corresponding value for the other three 

specimens. This is due to the shape of the envelope curve for this specimen being flatter 

near the top of the curve than the other three specimens. However, the overall shape 

of the envelope curve for WC-2 was similar to the curves for the other three specimens. 

It can be concluded that the static one-directional racking test gives a good indication 

of the envelope of maximum load capacities for timber shear walls. It is also noted that 
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the characteristic of plywood walls having a lower initial stiffness, KQ, than waferboard 

walls, is again borne out by these results. 

Table 8.5: Exponential Curve Parameters, Fit to Static Cyclic Test Data 

Specimen I 
KQ 

kN/mm (kips/in) 

Envelope Value 
Po 

kN (kips) 

3 

K2 

kN/mm (kips/in) 

Waferboar 
WC-1 
WC-2 

d: 
2.1 (11800) 
2.1 (11800) 

18.7 (4200) 
29.4 (6600) 

0.3 (1700) 
0.1 (700) 

Plywood: 
PC-1 
PC-2 

1.8 (10100) 
1.8 (10200) 

18.2 (4100) 
17.8 (4000) 

0.3 (1800) 
0.3 (1700) 

NOTE: WC indicates waferboard specimen and static 
cyclic test. 

PC indicates plywood specimen and static 
cyclic test. 

The load capacity of shear walls decreases as the number of cycles increases for a 

given displacement. Table 8.6 shows the peak load values for each of the cycles in SI 

units, while Table 8.7 contains the same information in Imperial units. As can be seen 

in Tables 8.6 and 8.7, the load capacity for the wall does not decrease much for the 

±12.7 mm (±0.50 in) displacements. However, the load capacity of the wall decreases 

an average of 7% during the cycles to ±25 mm (±1.0 in), and 18% during the cycles to 

±51 mm (±2.0 in). The drop in load capacity is believed to be due to a number of related 

factors. As the wall is racked in a cyclic fashion, the galvanized nails tend to damage the 
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wood surrounding it, causing a lower contact pressure between the nail and the wood on 

successive cycles to the same displacement. During the larger displacement cycles, the 

galvanized nails were observed to work their way out of the framing in an incremental 

fashion. The nails almost seemed to be pulled out a set amount during each cycle. As 

the nails were being withdrawn, there would be less length of the nail in the framing to 

resist the applied forces. Some of the nails that experienced large deformations, broke 

towards the end of the test. This left fewer nails to resist the loading. These three factors 

are the major causes of loss in load capacity of the wall for cyclic loading. 

Another observation is that the load intercept values of the curve, shown in Figure 8.2, 

increase as the peak displacement of the cycles increase. It is also noted that the load at 

zero displacement (intercept) remains fairly constant during the cycles at any given peak 

displacement. The characteristic of having a constant intercept at any given displacement 

is expected since the same behavior was observed during the cyclic connection tests, 

described in Chapter 6. However, the increase in the intercept value was not expected. 

When the deformation of shear walls is investigated further, the increase can be accounted 

for. As a shear wall deforms, nails located in the corners of sheathing panels deform 

more than nails at the mid-point, along the edges of the sheathing panel, as shown in 

Figure 8.3. For small racking deformations, only the nails located in the corners of each 

sheathing panel are deformed enough to force the nails into hysteretic behavior. The 

nails away from the sheathing panel corners would behave more or less elastically during 

small racking deformations. As racking deformations increase, more nails along the edges 

of the panel, close to the corners, become deformed enough to cause inelastic behavior. 

This means more nails would follow the hysteresis curves and would have a non-zero 

load intercept. The sum of all the individual nail load intercepts would equal the load 

intercept of the wall. Therefore, even though individual nails have a constant intercept 

value, the wall would have a load intercept that would depend on the magnitude of 
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Table 8.6: Peak Loads for Each Cycle of Static Cyclic Tests (SI Units) 

Specimen Peak Loads at ±13mrn Peak Loads at ±25mm Peak Loads at ±51mm 
Positive Negative Positive Negative Positive Negative 

(kN) (kN) (kN) (kN) (kN) (kN) . 

Waferboard: 
WC-1 13.6 -13.5 24.3 -25.2 33.0 -32.2 

13.2 -12.8 24.4 -24.0 29.2 -29.2 
12.9 -13.1 23.5 -23.3 26.9 -27.3 
12.9 -13.3 23.0 -22.6 25.4 -25.8 

WC-2 11.1 -12.3 25.9 -26.2 31.8 -32.6 
12.3 -12.3 23.8 -25.4 29.6 -28.7 
12.8 -12.7 24.2 -23.3 25.9 -27.7 
12.5 -11.4 24.6 -23.7 26.1 -24.5 

Plywood: 
PC-1 11.2 -11.0 21.7 -22.1 (See -30.5 

10.9 -11.3 21.2 -21.6 Note -25.9 
11.0 -10.8 21.4 -20.5 Below) -24.7 
11.4 -10.9 20.0 -20.0 -24.9 

PC-2 11.4 -10.8 22.4 -22.1 30.9 -30.3 
11.2 -11.3 21.9 -22.0 28.8 -28.8 
10.7 -10.8 20.2 -20.4 25.9 -26.7 
10.9 -11.3 21.2 -21.2 26.9 -26.7 

N O T E : The ±51mm values for specimen PC--1 have been omitted because the 
tension cord for the wall failed during the second cycle. This caused the 
loads to be very small in the positive direction. 
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Table 8.7: Peak Loads for Each Cycle of Static Cyclic Tests (Imperial Units). 

Specimen Peak Loads at ±0.5in Peak Loads at ±1.0in Peak Loads at ±2.0in 
Positive Negative Positive Negative Positive Negative 

(lbs) (lbs) (lbs) (lbs) (lbs) (lbs) 

Waferboard: 
WC-1 3057 -3026 5474 -5671 7426 -7240 

2978 -2870 5476 -5400 6566 -6575 
2899 -2949 5286 -5244 6057 -6145 
2900 -2988 5168 -5086 5703 -5792 

WC-2 2496 -2767 5833 -5901 7157 -7337 
2769 -2769 5361 -5705 6657 -6450 
2887 -2848 5445 -5235 5828 -6219 
2807 -2573 5520 -5318 5874 -5509 

Plywood: 
PC-1 2522 -2469 4880 -4972 (See -6851 

2443 -2548 4769 -4857 Note in -5828 
2483 -2430 4808 -4617 Table -5561 
2561 -2456 4490 -4503 8.6) • -5602 

PC-2 2564 -2426 5039 -4973 6941 -6819 
2526 -2545 4929 -4935 6481 -6467 
2407 -2527 4532 -4584 5812 -6001 
2449 -2546 4771 -4778 6050 -5998 
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racking displacement. 

217 

Framing 

Figure 8.3: Deformation Patterns for Racking Displacement of Typical Shear Wall. 

Finally, it should be noted that the shape of the load-deflection curves for cyclic shear 

wall tests, shown in Figure 8.2, resemble the cyclic connection test load-deflection curves, 

shown in Figure 6.14. This indicates that the nail connection characteristics govern the 

wall's load-deformation characteristics. 

8.4 Free-Vibration Tests 

A free-vibration test was conducted on nineteen wall specimens to find the change 

in natural frequency of the wall and test frame system during other tests. The test was 

performed before and after each wall was tested using either the sinewave, frequency 

sweep or earthquake tests. Table 8.8 shows the results of the free-vibration tests. All of 
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Table 8.8: Initial and Final Fundamental Frequencies for Shear Walls 

Specimen Nail Fundamental Frequency Percent Comments 
Density1 Initial Final Change 

(mm / mm) (Hz) (Hz) (%) 
Plywood S inewave Tests: 

PSI-1 100 / 150 3.5 N/A 
PSI-2 100 / 150 3.5 1.4 59 

Waferboard Sinewave Tests: 
WSI-1 100 / 150 3.7 1.8 51 
WSI-2 100 / 150 3.6 3.3 8 

Plywood Earthquake Tests: 
PEQ-8 50 / 150 3.1 N/A 
PEQ-9 50 / 150 2.9 2.1 28 
PEQ-10 150 / 150 3.0 2.6 13 
PEQ-12 150 / 150 3.1 2.8 10 
PEQ-13 300 / 300 1.9 N/A 
PEQ-14 100 / 150 3.5 2.9 17 (2) 
PEQ-15 100 / 150 3.5 2.7 23 (2) 
PEQ-16 100 / 150 3.4 3.0 12 (3) 
PEQ-17 100 / 150 3.2 2.5 22 (3) 

Waferboard Earthquake Tests: 
WEQ-7 100 / 150 4.3 3.0 30 
WEQ-8 100 / 150 4.1 1.9 54 
WEQ-9 50 / 150 3.5 2.7 22 
WEQ-10 50 / 150 3.2 1.3 59 
WEQ-12 150 / 150 3.1 N/A N/A 
WEQ-13 300 / 300 3.2 N/A N/A 
1) The nail spacing is given as (Perimeter / Field Spacing). 
2) All the sheathing was attached to the walls with the long 

direction of the panels oriented in the vertical direction 
(parallel to the studs) except these. These two specimens had 
the sheathing applied horizontally with blocking at the panel edges. 

3) All the tests used the 1952 Kern County, California earthquake 
except these two. The 1971 San Fernando earthquake was 
used for these two specimens. 

NOTE: PSI = plywood specimen and sinewave test 
WSI = waferboard specimen and sinewave test. 
PEQ = plywood specimen and earthquake test. 
WEQ = waferboard specimen and earthquake test. 
N/A = indicates that the test results were not available. 
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the walls had sheathing applied with the long dimension of the panel oriented vertically 

(parallel to the studs), except for two plywood specimens. The two exceptions, specimens 

PEQ-14 and PEQ-15, had the sheathing applied horizontally and were fully blocked. The 

1952 Kern County, California earthquake record was used in all but two of the earthquake 

tests. The two exceptions were tested using the 1971 San Fernando, California earthquake 

record to briefly investigate if different earthquake records would significantly affect the 

response of the shear walls. 

As can be seen in Table 8.8, the fundamental frequency of the wall specimens changes 

substantially during the various tests. While these tests are very limited in the number of 

specimens, and construction of walls that were used varied significantly, the premise that 

timber shear walls are ductile structural elements is confirmed. The minimum change in 

the fundamental frequency was 10% and the maximum change is about 60%. The walls 

with N/A for the final fundamental frequency are walls that totally collapsed during 

testing and, therefore, would not have a final fundamental frequency. 

Historically, timber buildings have performed very well, and these results are an 

indication of why they have been able to perform as well as they have. Timber shear 

walls behave in a ductile manner and should, therefore, perform well when subjected to 

earthquakes and other dynamic loading. The shift of the fundamental frequency is an 

indication of the ductile behavior. As the wall yields during an earthquake, it's stiffness 

is reduced. The reduction in stiffness translates to a lower fundamental frequency. Lower 

fundamental frequencies will help reduce the loading experienced by the upper stories of 

a timber structure because fewer frequencies contained in the base acceleration record 

will be transmitted to the upper floors by the wall. Table 8.8 also shows that the shift 

in the fundamental frequency is not influenced by the nail density. 



Chapter 8. Full-Size Shear Wall Test Results 220 

8.5 Sine wave Frequency Sweep Tests 

The sine wave frequency sweep test was conducted on four shear wall specimens. The 

results were used exclusively to verify the accuracy of the steady state model, therefore, 

the results are included in Section 9.3, rather than here. The reader is referred to Sec

tion 9.3, the Numerical Verification of the Closed Form, Steady State Model, for the 

results and discussion of the test results. 

8.6 Earthquake Tests 

A total of 25 walls were tested using the earthquake simulation test procedure, de

scribed in Section 7.6.5. Eleven of the specimens were sheathed with waferboard and 

14 of the walls were sheathed with plywood. The first topic to be investigated during 

this test was to see if the hold-down connections, located at the base of each of the end 

studs, prevented the overturning moment from lifting the bottom corners of the wall away 

from the base. Tables 8.9 and 8.10 show the peak values of the uplift recorded during 

the tests. The maximum value of uplift for any type of wall, on either end stud, and 

during any magnitude earthquake was 1.6 mm (0.06 in). This deflection has negligible 

effect on the relative deflection of the top of the shear wall compared to the base, and 

it can therefore be concluded that the connections used to anchor end studs to the base 

performed adequately. 

Another deflection that indicates whether the wall specimens deformed in a racking 

fashion or not, is the separation of the framing joints at the top corners of the wall. As 

shown in Tables 8.9 and 8.10, the largest top corner joint separation measured during 

any of the tests was 0.5 mm (0.02 in) which indicates that the steel angles performed 

well. Together, the end stud uplift and top corner joint separation measurements, give 



Table 8.9: Peak Values of Measured Displacements. 

Table for Kern County Earthquake with Peak Base Acceleration = 018g 
Sheathing 
Type and 

Orientation 

Dead 
Load 

Applied 

Nail Density 
Perimeter/Field 

mm/mm (in/in) 

East End Stud 
Uplift 

mm (in) 

West End Stud 
Uplift 

mm (in) 

East Top Corner 
Sepe ration 

mm (in) 

West Top Corner 
Seperation 

mm (in) 

Sheathing 
Out-of-Plane 

Deflection 
mm (in) 

Waferboard 
Vertical No 50/150 (2/6) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 1 (0.0) 

Vertical No 100/150 (4/6) 1 (0.1) 1 (0.0) 1 (0.0) 0 (0.0) 1 (0.1) 

Vertical Yes 100/150 (4/6) 1 (o.i) 1 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 

Vertical No 150/150 (6/6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.1) 

Vertical No 300/300 (12/12) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (01) 
Plywood 
Vertical No 50/150 (2/6) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 4 (0.1) 

Vertical No 100/150 (4/6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 4 (0.2) 

Vertical Yes 100/150 (4/6) 1 (0.0) 1 (0.0) 0.0 (0.00) 0.0 (0.00) 4 (0.2) 

Horizontal No 100/150 (4/6) 0 (0.0) 0 (0:0) 0 (0.0) 0 (0.0) Not Measured 

Vertical No 150/150 (6/6) 0 (CO) 0 (0.0) 0 (0.0) 0 (o.i) 3 (0.1) 

Vertical No 300/300 (12/12) 0 (0.0) 0.6 (0.0) • 0 (0.0) 1 (00) 2 (0.1) 



Table 8.10: Peak Values of Measured Displacements. 

Table for Kern County Earthquake with Peak Base Acceleration = 0.30g 
Sheathing 
Type and 

Orientation 

Dead 
Load 

Applied 

Nail Density 
Perimeter/Field 

mm/mm (in/in) 

East End Stud 
Uplift 

mm (in) 

West End Stud 
Uplift 

mm (in) 

East Top Corner 
Seperation 

mm (in) 

West Top Corner 
Seperation 

mm (in) 

Sheathing 
Out-of-Plane 

Deflection 
mm (in) 

Waferboard 
Vertical No 50/150 (2/6) 1 (0.0) 2 (0.1) 1 (0.0) 0 (0.0) 1 (0.0) 

Vertical No 100/150 (4/6) 2 (0.1) 1 (0.0) 1 (0.0) 0 (0.0) 1 (0.1) 

Vertical Yes 100/150 (4/6) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 2 (0.1) 

Vertical No 150/150 (6/6) Colapsed 

Vertical No 300/300 (12/12) Colapsed 

Plywood 
Vertical No 50/150 (2/6) 1 (0.1) 2 (0.1) 0 (0.0) 0 (0.0) 3 (0.1) 

Vertical No 100/150 (4/6) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 4 (0.1) 

Vertical Yes 100/150 (4/6) 1 (0.1) 1 (0.0) . 0 (0.0) 0 (0.0) 3 (0.1) 

Horizontal No 100/150 (4/6) 1 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) Not Measured 

Vertical No 150/150 (6/6) Colapsed 

Vertical No 300/300 (12/12) Colapsed 
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a clear indication that the displacements of the top of the wall relative to the base can 

be considered as racking deformations. This is the desired deformation pattern for shear 

walls since rigid body rotations are eliminated, and the maximum energy dissipation will 

occur. Shear walls in most timber buildings in North America will deform in a manner 

somewhere in between the desired racking deformations and rigid body rotation. This 

is due to hold-down anchors often not being used, and the floor, ceilings, and adjacent 

walls are relied on to provide anchorage for the end studs. 

One of the variables that was initially thought to be an important factor in describing 

the dynamic behavior of timber shear walls was the out-of-plane deflections of sheath

ing. During some of the tests, the sheathing appeared to be moving in the out-of-plane 

direction. Which led to the question of out-of-plane bending causing a loss of stiffness 

or strength in the wall, as is the case in some other structural stability problems. These 

tests have shown that this is not the case for timber shear walls that are sheathed with 

9 mm (3/8 in) plywood or waferboard. Tables 8.9 and 8.10 show the peak out-of-plane 

displacements measured for each type of wall construction. As can be seen from the two 

tables, the plywood sheathing deflected more than the corresponding waferboard sheath

ing. This is due to the stiffness perpendicular to the face grain of the plywood being so 

much lower than for waferboard. However, as can be seen from Tables 8.9 and 8.10, the 

largest peak out-of-plane displacement measured was 4.3 mm (0.17 in). This displace

ment is equivalent to approximately half the sheathing thickness which can be considered 

small, and does not significantly affect the in-plane performance of the wall. It can, there

fore, be concluded that out-of-plane deflections of 9 mm (3/8 in) and thicker sheathing 

is not an important consideration for design purposes. 

It should be noted that for the three variables, end stud uplift, top corner separation, 

and out-of-plane deflection of the sheathing, there does not appear to be any dependency 

on intensity of the earthquake. There also does not appear to be any dependency on 
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sheathing type, except for the out-of-plane deflection of sheathing as was discussed 

above. Finally, neither the orientation of sheathing nor the application of vertical dead 

loading to the frame had any effect on any of the displacements measured. 

Since virtually all previous studies of shear walls that have been carried out by other 

researchers have recorded the racking load applied to the shear wall specimens, a method 

for calculating the load that each wall specimen was subjected to during these tests was 

desired. In order to accomplish this, the acceleration record at the top of the frame, 

where the inertial mass was located, was analyzed to determine the peak acceleration 

recorded. Tables 8.11 and 8.12 show the peak accelerations recorded for each type of 

wall construction. As can be seen, the walls with the higher nail densities produce higher 

peak accelerations of the inertial mass for both types of sheathing. 

The higher accelerations experienced by the densely nailed walls are due to a direct 

correlation of wall stiffness with the nail density. The walls, with a perimeter nail spacing 

of 51 mm (2 in), are much stiffer than the walls with a spacing of 300 mm (12 in) and, 

therefore, attract higher loads. The correlation between nail density and wall stiffness is 

shown in Tables 8.13 to 8.16. As can be seen in Tables 8.13 and 8.14, the peak deflection 

of the top of the wall relative to the base, for walls with a nail spacing of 300 mm (2 in) 

around the perimeter is between 2| to 3 times higher than for walls with a nail spacing 

of 51 mm (2 in) around the perimeter. As the intensity of the earthquake is increased 

from 0.18 g to 0.30 g, the effect of the nail spacing becomes more evident. As can be 

seen in Tables 8.15 and 8.16, walls with a 300 mm (12 in) perimeter nail spacing deflect 

approximately 7 times as far as the walls with a 51 mm (2 in) perimeter nail spacing. 

Peak accelerations can be converted to the load applied to the top of the wall using the 

method described in Section 7.7.5. The loads that correspond to the peak acceleration 

recorded for each wall specimen configuration are shown in Tables 8.11 and 8.12. As can 

be seen, in Tables 8.11 and 8.12, these loads are also dependent on nail density, with 



Table-8.11: Peak Acceleration of Top of Frame and Force at Top of Wall. 

Table for Kern County Earthquake with Peak Base Acceleration = 0.18g 
Sheathing Nail Density Dead Peak Acceleration Coeficient of Load at Failure 
Type and Perimeter/feild Load Max. Min. Ave. Variation Top of Wall Occur 

Orientation m m / m m in/in Applied g g g kN (lbs) 
Waferboard: 

Vertical 50/150 2/6 No 0.44 0.33 0.40 0.11 26.2 (5901) No 

Vertical 100/150 4/6 No 0.37 0.29 0.34 0.05 22.1 (4961) No 

Vertical 100/150 4/6 Yes 0.36 0.29 0.33 0.08 21.5 (4828) No 

Vertical 100/150 4/6 Yes/No 0.37 0.29 0.34 0.07 22.1 (4961) No 

Vertical 150/150 6/6 No 0.27 0.22 0.24 0.08 15.7 (3538) No 

Vertical 300/300 12/12 No 0.18 0.15 Onl> ' 1 Specimen 10.7 (2404) Yes 
Plywood: 
Vertical 50/150 2/6 No 0.43 0.35 0.39 0.07 25.4 (5716) No 

Vertical 100/150 4/6 No 0.36 0.28 0.31 0.08 21.5 (4840) No 

Vertical 100/150 4/6 Yes 0.32 0.31 Onl> r 1 Specimen 19.0 (4276) No 

Horizontal 100/150 4/6 No 0.32 0.28 0.30 0.04 18.7 (4215) No 

Vertical 100/150 4/6 Yes/No 0.36 0.28 0.31 0.07 21.5 (4840) No 

Vertical 150/150 6/6 No 0.26 0.24 0.24 0.04 15.3 (3450) No 

Vertical 300/300 12/12 No 0.18 0.15 Onl> r 1 Specimen 10.9 (2442) Yes 



Table 8.12: Peak Acceleration of Top of Frarhe and Force at Top of Wall. 

Table for Kern County Earthquake with Peak Base Acceleration = 0.30g 
Sheathing Nail Density Dead Peak Acceleration Coeficient of Load at Failure 
Type and Perimeter/feild Load Max. Min. Ave. Variation Top of Wall Occur 

Orientation m m / m m in/in Applied g g g kN (lbs) 

Waferboard: 
Vertical 50/150 2/6 No 0.58 0.45 0.53 0.10 34.5 (7765) No 

Vertical 100/150 4/6 No 0.42 0.35 0.40 0.08 25.0 (5628) No 

Vertical 100/150 4/6 Yes 0.41 0.34 0.39 0.07 24.1 (5415) No 

Vertical 100/150 4/6 Yes/No 0.42 0.34 0.39 0.07 25.0 (5628) No 

Vertical 150/150 6/6 No 0.35 0.26 0.30 0.13 20.8 (4670) No 

Vertical 300/300 12/12 No 0.11 0.05 Only 1 Specimen 6.3 (1418) Yes 

Plywood: 
Vertical 50/150 2/6 No 0.49 0.29 0.38 0.23 28.7 (6457) No 

Vertical 100/150 4/6 No 0.42 0.35 0.39 0.06 24.9 (5606) No 

Vertical 100/150 4/6 Yes 0.41 0.40 Only 1 Specimen 24.1 (5425) No 

Horizontal 100/150 4/6 No 0.41 0.37 0.38 0.04 24.2 (5434) No 

Vertical 100/150 4/6 Yes/No 0.42 0.35 0.39 0.05 24.9 (5606) No 

Vertical 150/150 6/6 No 0.37 0.28 Only 1 Specimen not Failed 21.6 (4862) Yes 

Vertical 300/300 12/12 No 0.13 0.06 
1 
Only 1 Specimen 7.4 (1673) Yes 
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Table 8.13: Peak Displacement of Top of Wall Relative to the Base (SI). 

Table for Kern County Earthquake with Peak Base Acceleration = 0.18g 
Sheathing Nail Density Dead Peak Displacement Coefficient Failure 
Type and Perimeter/field Load Max. Min. Ave. of Occur 

Orientation mm/mm Applied mm mm mm Variation 
Waferboard: 

Vertical 51/150 No 19 9 13 0.27 No 

Vertical 100/150 No 18 14 16 0.09 No 

Vertical 100/150 Yes 17 14 15 0.07 No 

Vertical 100/150 Yes/No 18 14 15 0.09 No 

Vertical 150/150 No 21 13 18 0.17 No 

Vertical 300/300 No 49 40 Only 1 Specimen Yes 
Plywood: 

Vertical 51/150 No 19 18 18 0.02 No 

Vertical 100/150 No 18 12 15 0.10 No 

Vertical 100/150 Yes 17 15 Only 1 Specimen No •.-

Horizontal 100/150 No 18 14 16 0.08 No 

Vertical 100/150 Yes/No 18 12 15 0.09 No 

Vertical 150/150 No 20 14 18 0.14 No 

Vertical 300/300 No 57 40 Only 1 Specimen Yes 
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Table 8.14: Peak Displacement of Top of Wall Relative to the Base (Imperial). 

Table for Kern County Earthquake with Peak Base Acceleration = 0.18g 
Sheathing Nail Density Dead Peak Displacement Coefficient Failure 
Type and Perimeter/field Load Max. Min. Ave. of Occur 

Orientation (in/in) Applied (in) (in) (in) Variation 
Waferboard: 

Vertical (2/6) No (0-7) (0.3) (0.5) 0.27 No 

Vertical (4/6) No (0.7) (0.5) (0.6) 0.09 No 

Vertical (4/6) Yes (0.7) (0.5) (0.6) 0.09 No 

Vertical (4/6) Yes/No (0.7) (0.5) (0.6) 0.07 No 

Vertical (6/6) No (0.8) (0.5) (0.7) 0.17 No 

Vertical (12/12) No (1.9) (1.6) Only 1 Specimen Yes 
Plywood: 

Vertical (2/6) . No (0.7) (0.7) (0.7) 0.02 No 

Vertical (4/6) No (0.5) (0.6) 0.10 No 

Vertical (4/6) Yes (0.7) (0.6) Only 1 Specimen No 

Horizontal (4/6) No (0.7) (0.6) (0.6) 0.08 No 

Vertical (4/6) Yes/No (0.7) (0.5) (0.6) 0.09 No 

Vertical (6/6) No (0.8) (0.6) (0.7) 0.14 No 

Vertical (12/12) No (2.2) (1.6) Only 1 Specimen Yes 
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Table 8.15: Peak Displacement of Top of Wall Relative to the Base (SI). 

Table for Kern County Earthquake with Peak Base Acceleration = 0.30g 
Sheathing Nail Density Dead Peak Displacement Coefficient Failure 
Type and Perimeter/field Load Max. Min. Ave. of Occur 

Orientation mm/mm Applied mm mm mm Variation 
Waferboard: 

Vertical 51/150 No 27 22 24 0.09 No 

Vertical 100/15Q No 28 23 25 0.09 . No 

Vertical 100/150 Yes 26 20 22 0.09 No 

Vertical 100/150 Yes/No 28 20 24 0.11 No 

Vertical 150/150 No 212 57 97 0.67 Yes 

Vertical 300/300 No 190 36 Only 1 Specimen Yes 
Plywood: 

Vertical 51/150 No 28 21 24 0.14 No 

Vertical 100/150 No 38 22 28 0.21 No 

Vertical 100/150 Yes 37 33 Only 1 Specimen No 

Horizontal 100/150 No 31 25 28 0.07 No 

Vertical 100/150 Yes/No 38 22 29 0.18 No 

Vertical 150/150 No 146 74 103 0.27 No 

Vertical 300/300 No 200 36 Only 1 Specimen Yes 
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Table 8.16: Peak Displacement of Top of Wall Relative to the Base (Imperial). 

Table for Kern County Earthquake with Peak Base Acceleration = 0.30g  
Sheathing Nail Density Dead Peak Displacement Coefficient Failure 
Type and Perimeter/field Load Max. Min. Ave. of Occur 

Orientation (in/in) Applied (in) (in) (in) Variation 
Waferboard: 

Vertical (2/6) No (1.1) (0.9) (1.0) 0.09 No 

Vertical (4/6) No (1.1) (0.9) (1.0) 0.09 No 

Vertical (4/6) Yes (1.0) (0.8) (0.9) 0.09 No 

Vertical (4/6) Yes/No (1.1) (0.8) (0.9) 0.11 No 

Vertical (6/6) No (8.4) (2.2) (3.9) 0.67 Yes 

Vertical (12/12) No (7.6) (1.4) Only 1 Specimen Yes 
Plywood: 

Vertical (2/6) No (1.1) (0.8) (1.0) 0.14 No 

Vertical (4/6) No (1.5) (0.9) (1.1) 0.21 No 

Vertical (4/6) Yes (1.5) (1.3) Only 1 Specimen No 

Horizontal (4/6) No (1.2) (1.0) (1.1) 0.07 No 

Vertical (4/6) Yes/No (1.5) (0.9) (1.1) 0.18 No 

Vertical (6/6) No (5.7) (2.9) (4.1) 0.27 No 

Vertical (12/12) No (7.9) (1.4) Only 1 Specimen Yes 
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higher nail densities producing higher loads. This can also be attributed to the concept 

of ductility that is used in earthquake engineering. 

Ductility is the ability to yield and sustain load. This leads to reduced loads during 

earthquakes, i.e., the more a structure is able to yield, the lower the loads it will expe

rience. It is, therefore, not surprising that the more ductile wall specimens experienced 

lower loads than the stiff ones that had high yield strengths. The idea of ductility also 

accounts for failure in that a structure is supposed to yield, but not fail. As can be seen 

in Tables 8.11 and 8.12, some wall specimens with 300 mm (12 mm) nail spacing did 

not survive the 0.18 g earthquake, and none of the walls with a perimeter nail spacing 

of 150 mm (6 in) or greater survived the 0.30 g earthquake. This validates the concept 

that while timber shear walls are ductile, they must be designed to have a minimum 

load capacity. This concept is one of the primary criteria that is used in formulating 

structural design codes for earthquakes. 

There are a couple more observations that should be made regarding the information 

shown in Tables 8.11 to 8.16. The orientation of the sheathing (vertical or horizontal) 

does not appear to affect the performance of the shear walls, as long as the wall is fully 

blocked and nailed uniformly on the perimeter of each sheathing panel. (Unblocked shear 

walls were not investigated in this study.) 

There appears to be no difference in the performance of shear walls sheathed with 

waferboard or plywood: While the maximum peak displacement for each of the sheathing 

types show some difference during a 0.30 g earthquake, the average peak displacements 

are essentially the same. 

These results imply that any panel material could be used for sheathing as long as it 

can prevent the nail head from pulling through the sheathing. The sheathing material 

also must have a minimum rigidity so as to transmit and develop the full shear capacity 

of the nails or other connectors. This leads to the possibility of products utilizing plastics 
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or composites of various materials being used as panel products, as long as they meet 

the minimum performance criteria of being able to transfer the shear loads in the nails. 

It should be noted that all of the wall specimens tested had deflections that would 

cause substantial architectural damage. However, as will be discussed in Chapter 10, all 

but the walls with a perimeter nail spacing of 300 mm (12 mm) performed within the 

standards set by the American Uniform Building Code (UBC) for a 0.18 g earthquake. 

All of the walls with a perimeter nail spacing fo 100 mm (4 in) or smaller performed 

within the UBC standard for a 0.3 g earthquake. 

The peak acceleration of inertial mass (i.e. load at the top of the wall) and the 

displacement of the top of the wall relative to the base, were essentially the same for 

both walls tested using the San Fernando earthquake, as those observed for the specimens 

tested using the Kern County earthquake. The maximum peak relative displacement of 

the top of the wall was 22.0 mm (0.87 in) and the peak acceleration at the top of the 

frame was 0.37 g for tests using the San Fernando earthquake. The corresponding peak 

load applied to the wall was 22 kN (4971 lb). Even though the peak base acceleration 

for the San Fernando earthquake was 0.35 g, and the peak base acceleration for the Kern 

County earthquake was 0.18 g, the relative deflection of the top of the wall and peak 

acceleration at the top of the frame were only slightly higher for the San Fernando tests. 

This illustrates that peak ground acceleration is not the only factor that influences the 

effects of earthquakes. The duration and frequency contents also affect how buildings 

will respond. The San Fernando earthquake had a duration of 35 seconds with the strong 

motion essentially finishing after 15 seconds, while the Kern County earthquake had a 

duration of 54 seconds with the strong motion finishing after approximately 35 seconds. 

Also, the frequency content of the San Fernando earthquake is concentrated between 4.0 

and 7.0Hz, while the Kern County earthquake has strong motion in a frequency range 

from about 1.5 Hz to 5.0 Hz. These two factors make an earthquake, similar to the one 
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in Kern County, capable of causing more damage for a given intensity. The frequency 

content of the Kern County earthquake includes the range of natural frequencies of the 

timber shear wall system so that the resonance frequencies will be excited, and the 

duration of strong motion is longer, which means the structure must resist the motion 

longer. 

The final topic to be discussed is the change in natural frequency of the wall system. 

It was shown by the free vibration test that the natural frequency, or fundamental period, 

of the shear wall changed during any given test. Shear walls were observed to have lower 

stiffnesses at the end of the tests than they had at the beginning. The change was due to 

the shear walls sustaining damage during the test. The shift in the wall's stiffness affects 

the frequency content of the accelerations transmitted to the upper stories of a building. 

In order to illustrate this, 5-second sections of the acceleration records for the base and 

top of the wall, as shown in Figure 8.4, were used. The Fourier spectrum of each section 

of the records was calculated as shown in Figure 8.5. The two spectra are plotted on the 

same axis in order to show that the accelerations are amplified for the frequencies close 

to the natural frequency of the wall specimen (2-4 Hz), while all the frequencies above 

and below this range are not transmitted from the base of the wall to the upper stories 

well. A series of these plots, using 5-second successive sections of time, illustrates the 

effect of the change in the natural frequency of the wall. 

A different method to show the effect of the wall's natural period, would be to plot 

the ratio of the amplitudes at each frequency in the spectrum. This type of plot, shown 

in Figure 8.6, shows how much the accelerations at each frequency are amplified or de-

amplified. Any frequency with an amplification factor greater than one is amplified, 

while an amplification factor less than one indicates that the particular frequency is not 

transmitted by the wall to the upper stories well. The bounds of amplified frequencies 

for each 5-second segment of time are plotted in Figure 8.7. Figure 8.7 shows the effect 
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b) Acceleration Record for the Top of the Wall Specimen 

Figure 8.4: Typical Acceleration Records for the Base and Top of Wall. 
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Figure 8.5: Fourier Spectra for Acceleration Records Shown in Figure 8.4. 

of change in natural frequency of the wall on the frequency content of accelerations 

transmitted to the upper stories. Notice that the band of frequencies transmitted and 

amplified by the wall system becomes narrower as the upper bound changes. This is due 

to the natural period of the wall becoming longer as the wall is damaged. All of the wall 

specimens exhibited this behavior with the stiffer walls (ones with higher nail densities) 

showing less change, and the softer walls (walls with lower nail densities) showing more 

of the effect. 

While the effect of the narrowing band width for transmitted and amplified frequencies 

is described here in qualitative terms only, the behavior is important. As the first floor 

shear walls are damaged, the fundamental frequency of the structure lengthens and the 

building is subjected to fewer and fewer high frequency accelerations. This indicates 

that if the upper stories of the building can be designed such that they are not severely 

damaged during the first part of the earthquake, they should experience lower loads as 
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Figure 8.6: Plot of Amplification Factors versus Frequency. 
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Figure 8.7: Plot of Amplified Frequencies versus Time. 
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the earthquake progresses. Caution should be exercised in extrapolating this conclusion 

too far. While the concept does occur to some extent, one should also realize that the 

excitation is random in nature. This means that the structure is being excited in many 

frequencies simultaneously. Resonance, meanwhile, is a phenomena that usually occurs at 

one frequency. Therefore, catastrophic events that lead to failure are not likely to occur. 

The deflections would be larger if the natural period was excited, than if the natural 

period of the structure was either higher or lower than the frequency range containing 

the majority of the acceleration activity. 

8.7 General Discussion of Results 

This section is intended to tie the information gained from each of the shear wall tests 

together in an effort to understand the overall behavior of timber shear walls. Each test is 

also discussed in order to point out the pros and cons. Hopefully, with this information, 

future studies will better utilize the different tests. 

Two variables, previously thought to be important, have been shown to not affect the 

behavior of shear walls significantly. The experimental investigation showed that there is 

little or no difference between shear walls sheathed with plywood or waferboard. Both the 

static and dynamic deflections were essentially equivalent for loads in the range expected 

during earthquakes. The small differences between the two types of walls became evident 

only when loads close to the ultimate capacity of the walls were applied. While plywood 

sheathing did show higher out-of-plane deflections than waferboard sheathing, the peak 

displacements were not significant and the out-of-plane deflection had no effect on the 

in-plane performance of the shear walls. 

The earthquake test results, and the predictions made with D Y N W A L L , show that 

the density of the sheathing nails is the number one variable governing the behavior 
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of shear walls. The more densely the sheathing was nailed, the stiffer the wall became. 

Walls with higher nail densities also experienced higher loads during the earthquake. The 

correlation between stiffness and load magnitude is similar to other types of structures, 

where the more ductile structures are designed for lower earthquake loads. 

Each test was useful in investigating the behavior of shear walls, which were subjected 

to a particular type of loading. However, none of the tests give enough information to 

predict the behavior of shear walls subjected to a variety of loads. The static one-

directional test was useful for comparing the maximum capacity and initial stiffness of 

shear walls. Results of the static test are useful when comparing different sheathing 

materials or methods of attaching the sheathing to the framing. However, the static 

one-directional test does not give any information about the dynamic or cyclic behavior 

of shear walls. 

The static cyclic test conducted as part of this study provided information about the 

hysteretic behavior of shear walls. The energy dissipating ability of timber shear walls is 

dependent on the shape and size of the hysteresis, since the area enclosed by the loops is 

a representation of the energy dissipated. Therefore, information on the shape of the hys

teresis is helpful in determining the damping characteristics of the walls. If the pinching 

of the hysteresis for nailed shear walls could be changed so that the hysteresis loop was 

larger in size, the response of overall structure to earthquakes would be improved, due 

to the increased energy dissipation. The hysteresis would also be helpful for comparing 

various sheathing connectors for their ability to sustain large loads and deflections, while 

dissipating energy. The loops of the cyclic load-deflection curves are contained within 

the envelope of the static load-deflection curve, therefore, the combination of the static 

cyclic and static one-directional tests would be useful. Some of the problems associated 

with the static cyclic test are associated with the deflection pattern used. An accurate 

indication of the maximum load capacity of shear walls cannot be obtained, because the 
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deflections used for each set of cycles may not correspond to the ultimate load capacity. 

The static cyclic test is also less severe than the earthquake or sinewave tests, because 

the maximum load is reached only once, on the first cycle to each displacement. The 

subsequent cycles do not load the wall as high because of the damage done to the nails. 

The free-vibration tests provided information about the natural frequency of the wall 

system being tested. It could also be used to give an indication of how much the wall was 

damaged during one of the other shear wall tests. As the wall was damaged, the natural 

frequency changed to a lower and lower frequency. The natural frequency can be used as 

an indication of the wall's stiffness because the frequency is directly proportional to the 

square root of the wall stiffness. This test was not useful for any other purpose, however, 

and would be dependent on the amount of mass used as inertial mass. Therefore, the 

free vibration test can only supplement the other shear wall tests. 

The sine wave frequency sweep test, while not presented in this chapter, did provide 

an indication of the natural frequency of the wall test system. Information about the 

wall's response to excitations at frequencies different from the natural frequency is also 

obtained. If the test were repeated for different amplitude excitations, the load capacity 

of the wall could also be found since the load is directly proportional to the inertial 

mass and accelerations. The one topic not covered by this test is the effect of random 

excitations, such as those experienced in an earthquake. 

Finally, the earthquake test used in this study was a representative test that could 

be used to gain information about the response of timber shear walls to earthquakes. 

The shear wall was loaded in a fashion representative of the loading walls of a timber 

structure would experience during an earthquake. The test allowed the inertial mass to 

be adjusted to represent any type of structure. Vertical loads could also be adjusted to 

represent any type of wall. Wall specimens were also loaded to high loads multiple times 

during the test, rather than once or twice as would be the case in the other tests, because 
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inertial mass is free to move. It is believed that this test was useful in studying the true 

response of shear walls to the random dynamic loads of earthquakes. 

There are, however, some shortcomings to the earthquake test. First, the ultimate 

load capacity of the shear walls was not usually reached during full-scale earthquakes. 

The walls, if designed properly for the earthquake, will have a strength sufficient to 

withstand the loads experienced. Second, because of the random nature of the loading it 

was hard to gain any detailed information about the natural frequency of wall, hysteresis, 

etc.. The energy dissipation could be calculated using the various displacements and 

accelerations measured, but it would be difficult to get any reliable information about 

the strength or stiffness of shear walls. 

As can be seen from this discussion, each test procedure has its good and bad points. 

Each test is useful for investigating particular aspects of shear walls. However, no one 

test can be considered to be the "best" test, and researchers will have to continue to pick 

which of the tests will reveal the most information pertinent to their particular study. 

8.8 Summary 

The results of four different types of shear wall tests for full-size specimens have 

been presented and discussed. It has been shown that each test gives information about 

the behavior of timber shear walls, but none of the tests provide enough information to 

completely describe the behavior of shear walls subjected to a variety of loadings. 

Static one-directional test results showed that there is little or no difference in the 

behavior of shear walls sheathed with plywood or waferboard. The out-of-plane deflec

tion of the sheathing was also shown not to adversely affect the in-plane performance of 

timber shear walls of 9.5 mm (3/8 in) thickness and higher. 

The static cyclic shear wall tests showed that the hysteresis for the nailed shear walls 
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was contained in an envelope, represented by the static one-directional load-deflection 

curve. Free-vibration tests were used to monitor the change in natural period, due to 

damage received during loading. 

The results of earthquake tests show that there is little difference between plywood 

and waferboard sheathed shear walls. The earthquake results also indicated that the 

orientation of the sheathing has no effect on the wall's performance, as long as it is fully 

blocked. Evidence was presented to illustrate that the peak ground acceleration was not 

the only factor affecting the potential damage due to earthquakes. The earthquake's 

frequency content and duration also were important. 

The discussion of each test was followed by a general overview of the useful points 

and failures of each type of test. No attempt was made to compare the test results with 

the model predictions in this chapter. A discussion of the accuracy of the three models 

is presented in Chapter 9. 



Chapter 9 

Verification of Mathematical 

Models 

9.1 Introduction 

Verification of the numerical accuracy of all finite element or closed-form mathemat

ical models is required before the predictions can be used with confidence. To ensure 

that the three models presented in this thesis accurately predict the behavior of timber 

shear walls, comparisons with other models and test results have been made. These 

comparisons are presented in this chapter. 

The individual models are investigated separately, beginning with the static 

one-directional finite element model, SHWALL. The closed form model, FREWALL, 

is then presented, followed by the dynamic finite element model, DYNWALL. Com

parisons between the derived models and other mathematical models were made when 

possible. Predictions for full-size shear walls are then compared to the test results pre

sented in Chapter 8. 

242 
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9.2 Static One-Directional Model 

The numerical accuracy of the static one-directional finite element model was checked 

in two ways. First, the beam and plate elements, used in this model, were checked for 

their accuracy in predicting the deformations of framing and plates. The accuracy of the 

entire model was subsequently checked by comparing the predicted racking behavior of 

shear walls with the results of the full size shear wall tests, presented in Section 8.2. 

9.2.1 Plate Element Accuracy 
In addition to the usual checks made to verify the correctness of the plate ele

ment (such as Eigenvalue checks of the stiffness matrix, patch tests, cantilever plate 

problems, etc.), the element was checked for accuracy using a problem presented by 

Timoshenko (1968) and Brebbia and Connor (1969). The problem consists of a square 

plate, supported on all four edges by fixed supports, and loaded out-of-plane with a 

distributed load. Symmetry boundary conditions, as shown in Figure 9.1, were used 

to model the problem as a quarter plate. The results presented by Brebbia are for a 

quarter plate model using 9 elements instead of 4. The comparison between the three 

solutions is shown in Figure 9.2. As can be seen from Figure 9.2 the plate element used 

in the program, S H W A L L predicts the behavior of the plate quite well. The difference 

between the prediction by Brebbia's model and the plate element used in S H W A L L can 

be attributed to the difference in the number of degrees-of-freedom and displacement 

fields used for the two elements. The prediction from Timoshenko is a closed form math

ematical solution and should be closer to the exact solution. Based on this comparison, 

the plate element derived in Section 3.5 was deemed to be acceptable for use in modeling 

the plywood and waferboard sheathing panels used for timber shear walls. 
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Figure 9.1: Finite Element Mesh used to Model a Fixed-Fixed Plate. 

9.2.2 Comparison to Test Results. 
The final check on the accuracy of the model, S H W A L L , was made by comparing the 

predicted load-deflection behavior of the shear walls to the results of the full size shear 
wall tests presented in Section 8.2. The in-plane load-deflection curves of the framing 
were compared for both plywood and waferboard sheathed walls. The results presented 
in Figure 8.1 are again shown in Figure 9.3, along with the model's prediction of the 
wall behavior. As can be seen from Figure 9.3, the model predicts the average of load 
deflection curves for each type of sheathing quite well. The difference in the stiffness 
between the plywood and waferboard sheathed walls is again shown in the predictions 
made by the model. One will also notice that the model's predictions are more stiff 
than the test results. The higher stiffness can be attributed to the models failure to 
account for the crushing of the framing sole plate under the end stud in compression. 
The boundary conditions used to model the effects of the hold-down anchors, at the base 
of each of the end studs, interfered with the bi-linear corner connector element used to 
model the crushing effects. In every one of the static shear wall tests, the framing sole 



Chapter 9. Verification of Mathematical Models 245 

Figure 9.2: Comparison of Predicted Center Deflection of Plate with Distributed Load. 

plate was crushed under the end stud that was loaded in compression. Failure to model 

this deflection causes the deflections at any load to be under estimated. 

A second important prediction that must be checked is the ultimate load capacity 

of the two shear walls. Table 9.1 shows the ultimate load capacity, for plywood and 

waferboard sheathed shear walls, as predicted using S H W A L L . The average ultimate 

load capacities for the static one-directional shear wall tests are also shown in Table 9.1. 

As shown, the model underpredicts the average load capacity of plywood sheathed shear 

walls by 6%, and overpredicts the load capacity of waferboard sheathed walls by 4%. 
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Figure 9.3: Comparison of Model's Predicted Load-Deflection Curves with Test Results. 

Considering the variability in the ultimate load capacity of the test walls, the predictions 

made by SHWALL were accepted as being accurate. 

The final check on the model's accuracy was made by comparing the predicted out-of-

plane deflection of the sheathing with those measured during the tests. SHWALL was 

not able to predict these deflections very well. Due to the finite element used to model 

the sheathing, not including an initial imperfection, a "small" out-of-plane load had to 

be applied to the sheathing element. The out-of-plane force was used to cause an initial 

curvature in the sheathing element. The resulting P-delta effects make the in-plane forces 
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Table 9.1: Comparison of Predicted Versus Test Ultimate Load Capacity 

SHEATHING 
TYPE 

PREDICTED 
LOAD 

kN (lbs) 

AVERAGE TEST 
LOAD 

kN (lbs) 

PERCENT 
ERROR 

PLYWOOD 
WAFERBOARD 

31.6 (7100) 
33.4 (7500) 

33.6 (7560) 
32.0 (7200) 

6 
4 

produce out-of-plane deflections. The out-of-plane deflections were, therefore, highly 

dependent on the magnitude of the "small" initial loading and would vary significantly, 

depending on the amplitude of the applied load. The out-of-plane deflections were 

shown to be insignificant during the testing, therefore, failure to accurately predict the 

out-of-plane deflection of the sheathing was not considered to be serious. 

In light of the above discussion, the finite element model, S H W A L L , is considered 

to be capable of accurately predicting the in-plane behavior of timber shear walls. While 

the out-of-plane behavior is not predicted well by the model, it is not considered to be 

a serious failure. The model is general in its formulation and, can therefore be used to 

model virtually any type of shear wall configuration. However, to increase the efficiency, 

the model should be simplified to eliminate the out-of-plane degrees-of-freedom. Simpli

fications should increase the speed of the simulation by a factor of 2, or more. Removing 

the out-of-plane deflections of the sheathing will eliminate one-third of the number of 

equations. The speed of the solution is approximately proportional to the number of 

equations squared, therefore, the speed of the simulation should increase by more than 

a factor of 2. 



Chapter 9. Verification of Mathematical Models 248 

9.3 Closed Form Steady State Model 

Four wall specimens were tested to verify the numerical accuracy of the closed form 

mathematical model for steady state response, derived in Chapter 4. Four walls were 

required so that the resonance frequency could be approached from both higher and 

lower frequencies. The response of timber shear walls is dependent on the maximum 

previous deflection, and since the maximum deflection occurs at resonance, the resonant 

frequency must be approached from both higher and lower frequencies. The walls were 

not used after the resonance condition had been reached because the damage sustained 

during resonance would affect the subsequent tests. Results from the tests are shown in 

Table 9.2. The steady state response shown in Table 9.2 is the relative deflection of the 

top of the wall specimen with respect to the base of the wall. Values shown in the column 

headed K, are calculated values of the non-dimensional frequency response ratio, defined 
KQPVQ 

by Equation 4.4. Finally, the values shown in the column, with the heading, —-—, are 
"o 

the non-dimensional amplitude ratios. 

If the non-dimensional results, shown in Table 9.2, are plotted against each other, 

along with the model's predicted frequency response function, it can be seen that the 

model predicts the steady state behavior of shear walls quite well. Figure 9.4 shows a 

comparison between the steady state response predicted by the model and the response 

recorded during the tests using plywood sheathing. The agreement between the model 

and the test results is good for frequency ratios near resonance. However, for the fre

quency ratios below 0.5 and above 1.2 the model is not as accurate. The discrepancies 

between the model and the test at low and high frequency ratios is probably caused 

by errors in measuring the low amplitude displacements. Displacements of the top-of-

the-wall were measured using a potentiometer, with a measurement range of ±1505 mm 

( ± 6 in). Therefore, the resolution of the device is not high enough to measure small 
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Table 9.2: Steady State Response of Shear Walls 
Base Steady State 

jy r> 

Specimen Acceleration Response K 
Po 

Frequency 
(Hz) (mm) (in) 

Plywood: 
PSI-1 1.00 6 0.3 0.34 1.54 

1.25 6 0.2 0.43 1.45 
1.60 6 0.2 0.55 1.38 
1.90 10 0.4 0.65 2.40 
2.00 24 1.0 0.69 4.99 
2.20 14 0.6 0.76 3.27 
2.50 8 0.3 0.86 1.81 

PSI-2 3.50 8 0.3 1.20 1.85 
2.85 10 0.4 0.99 2.26 
2.50 13 0.5 0.86 3.01 
2.20 17 0.7 0.76 3.99 
2.00 19 0.8 0.69 4.45 
1.90 28 1.1 0.65 6.61 

Waferboard: 
WSI-1 1.00 3 0.1 0.32 0.85 

1.25 3 0.1 0.40 0.84 
1.60 4 0.1 0.51 1.21 
1.90 4 0.2 0.61 1.31 
2.00 4 0.2 0.64 1.37 
2.20 14 0.6 0.70 4.80 
2.50 7 0.3 0.80 2.26 

WSI-2 3.50 3 0.1 1.12 1.13 
3.20 6 0.2 1.02 1.93 
2.80 8 0.3 0.89 2.91 
2.50 14 0.5 0.80 4.72 
2.20 18 0.7 0.70 6.16 
2.00 19 0.7 0.64 6.45 
1.90 19 0.7 0.61 6.39 
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displacements accurately. 
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Figure 9.4: Comparison of Steady State Model's Prediction and Test Results for Plywood 
Sheathed Walls. 

Figure 9.5 shows a comparison between the model's predicted frequency response 

and test results for waferboard sheathed walls. As can be seen, the agreement between 

the model's prediction and the test results is quite good for the entire range of test 

frequencies. The improved agreement between the low and high frequency ratio tests for 

the waferboard tests is due to a higher excitation voltage being used for the potentiometer. 

The higher excitation voltage increased the change in voltage output for a given deflection, 

thereby, increasing the effective resolution of the instrument. 
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Figure 9.5: Comparison of Steady State Model's Prediction and Test Results for Wafer-
board Sheathed Walls. 

If the two types of walls are to be compared, the response amplitude, Ro, must be 

used rather than the response amplitude ratio, KQRO/PO- The load-deflection curves for 

plywood and waferboard sheathed walls have different values for the parameters, Ko and 

Po, therefore the response amplitude ratio cannot be used for comparisons. Figure 9.6 

shows the predicted steady state response of plywood and waferboard sheathed walls for 

various amplitude base accelerations. The curves are shown for acceleration amplitude 

increments of 0.5 g, from 0.05 g to 0.35 g. As can be seen, for low amplitude accel

erations, the response of the walls is essentially the same, with the plywood sheathed 
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wall having a slightly higher resonance frequency ratio. As the amplitude of the base 

acceleration increases, the plywood wall begins to have a higher response amplitude than 

the waferboard sheathed walls, and the resonant frequency response ratios approach the 

same value. The difference in the predicted resonance response between plywood and 

waferboard sheathed walls at 0.35 g is 16 mm (0.64 in) or 20%. 

Haaonaat 
Ftaquaney Bans* 

0.0 0.5 1.0 1.5 

Frequency Response Ratio (/c) 

Plywood Sheathed Walls 
Waferboard Sheathed Walls 

Figure 9.6: Comparison of the Predicted Steady State Responses for Plywood and Wafer-
board Sheathed Walls. 

The difference in the response between the plywood and waferboard sheathed walls 

can be explained by their difference in stiffness. The loading frequency used for these 
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predictions is assumed to be constant, while the wall's natural frequency changes de

pending on the amplitude of the displacement. Once a steady state condition has been 

reached, for a particular loading, all the parameters describing the wall's response remain 

constant. Now, if Figure 9.3 is considered, it can be seen that for any given load, the 

plywood walls deflect further than the waferboard walls. The same behavior is shown in 

the predicted steady state response, because plywood walls are less stiff than waferboard 

walls. 

Finally, F R E W A L L assumes the walls can sustain both infinite deflections and in

finite loads. The predicted deflections of 75 mm (3 in) and more could not be sustained 

in reality and are shown for theoretical considerations only. 

9.4 Dynamic Shear Wall Model 

Three accuracy checks were performed to verify the numerical model, D Y N W A L L ' s 

ability to predict the dynamic behavior of timber shear walls. The program was checked 

against the static model and another dynamic finite element analysis modelto verify 

that the deflections were being predicted correctly. The hysteretic connector loops were 

checked to verify that the shape of the hysteresis was correct. Finally, the model's predic

tions were compared to the test results of full size shear walls, subjected to earthquakes, in 

order to ensure that the model could predict the deflections of a real structure accurately. 

9.4.1 Comparison with Static Model 
Since the static finite element model, S H W A L L , is essentially contained within 

the dynamic model, D Y N W A L L . The dynamic finite element model was used to pre

dict the static load-deflection curves for plywood and waferboard sheathed shear walls. 

The deflections for two configurations, used in the static model's verification, shown in 
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Figure 9.3, were again predicted using D Y N W A L L . Comparing the predictions made 

by the two models showed no differences in the load-deflection curves. It was therefore 

concluded that the changes made to the sheathing connector, for modeling the hysteretic 

behavior, did not alter the model's ability to predict the static behavior of timber shear 

walls. 

9.4.2 Time-Step Integration Accuracy Check 
Two comparisons were made to check the accuracy of the time-step integration scheme 

used in D Y N W A L L . First, a predicted time history for deflection made with D Y N 

W A L L was compared with the one from the program D R A I N 2 D . D R A I N 2 D is a 

well known and tested dynamic finite element analysis program, which was written at 

the University of California, Berkeley. The program, D R A I N 2 D , was used as a bench

mark because of its wide acceptance in the field of dynamic structural analysis. The three 

member frame, shown in Figure 9.7, was used to compare the predicted displacements 

from the two programs. A harmonic base acceleration was used to excite the structure. 

When the predictions from each of the models were compared, there was no difference 

in the predicted displacement time histories. This was expected, since both programs 

used the same finite element representation for the beam elements. Based on the results 

of this comparison, the accuracy of the beam element was judged acceptable for both 

S H W A L L and D Y N W A L L . 

The second check that was made on the accuracy of the time-step integration scheme 

was to compare D Y N W A L L ' s prediction of the fundamental period for a cantilevered 

plate with the Eigenvalue solution for the same problem. The model's prediction of the 

fundamental period was calculated using the predicted time history of deflections for a 

three element cantilevered plate after being subjected to a short duration step function 
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Three Member Rigid Frame 

////////////////////////////// -* *-
Harmonic Base Excitation 

Figure 9.7: Three Member Frame Used to Check Time-Step Integration. 

as a base acceleration. The average period of ten successive deflection cycles was used 

as the predicted fundamental period, which was compared to the lowest Eigenvalue for 

the problem. The model's prediction of the fundamental period was 1.69 x 10 - 2 seconds 

and the Eigenvalue solution resulted in an fundamental period of 1.66 x 10 - 2 seconds, 

the difference between the two predictions is 1.8% which was judged to be an acceptable 

error for numerical modeling. 

9.4.3 H y s t e r e t i c Shea th ing C o n n e c t o r 

The hysteretic behavior of the sheathing connector was checked by monitoring the 

load and deflection of one connector during the analysis of a shear wall subjected to a 

harmonic base excitation. The load deflection curves for the connector were then plotted 

to see if the shapes of the hysteresis loops were similar to the ones used to derive the 

connector element, shown in Figure 6.1. The hysteresis of the connection monitored is 

shown in Figure 9.8. As can be seen in Figure 9.8, the dynamic model's representation 

of the hysteresis loops results in the desired pinched shape typical of nailed connections. 
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Therefore, it was assumed that the model of the hysteretic connector was correct. 

9.4.4 Comparison with Test Results 

The final check on the accuracy of the dynamic model's predictions was made by 

checking the predictions with the results of the earthquake tests presented in Section 8.6. 
The program, D Y N W A L L , was used to predict the time history for the in-plane deflec

tion of the top of the wall relative to the base for 10 wall specimens. These predictions 

were then compared with the test results for each of the specimens simulated. The base 

acceleration record used for each simulation was the base acceleration record that was 

recorded during the shear wall test. 

Two comparisons were made between the predictions made with D Y N W A L L and 

the test results. The frequency content of the deflections was compared to ensure that 

Load 

Deflection 

Figure 9.8: Hysteresis Loops for Connector in Shear Wall. 
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they were predicted correctly. The technique that was used is described by Ewins (1984), 

is used for checking models using modal analysis methods. The Fourier spectrum of 

the prediction and test displacement records was calculated, then a linear regression 

was performed using the frequency value of each major peak in the predicted deflection 

spectrum as an X-value, and the frequency value of each major peak in the spectrum of 

the test results as a Y-value. If the prediction of the frequency content were perfect, the 

linear regression would result in a slope of 1:1 and a coefficient of fit of 1.0. Figure 9.9 

shows a typical comparison of the frequency contents for two displacement records. The 

results for the comparisons are shown in Table 9.3. As can be seen, the program predicts 

the frequency content of the deflections very well with an average slope of the linear 

regression analysis equal to 0.997 and an average coefficient of variation of 0.999. 

The accuracy of the predicted displacement time-histories was checked by comparing 

the prediction with the earthquake test results. Figure 9.10 shows the displacement time 

histories for the first 10 seconds of one of the earthquake tests. The model's predic

tions of the time-history is shown in Figure 9.10a, and the corresponding experimental 

time-history is shown in Figure 9.10b. The two records are plotted on the same axes 

in Figure 9.10c. As can be seen, the model predicts the peaks in the displacement 

record quite well. In order to evaluate the model's ability to predict the deflections, a 

quantitative method of comparing the two time-histories was employed. The correlation 

coefficient for the amplitudes of each of the peaks in the time-histories was used for 

this purpose, with the results of this comparison being shown in Table 9.3 . While the 

correlation between the predicted displacements and the measured displacements is not 

perfect, an average correlation coefficient of 0.907 is considered to be quite good. The 

use of average load-deflection parameters for the nails and the neglecting of the crushing 

of the sole plate accounts for most of the error in the prediction. Some additional sources 

of error are: 1) the residual error of the connector force, resulting from using the tangent 
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Figure 9.9: Test versus Predicted Frequencies in the Displacement Records. 

stiffness as was discussed in Section 5.4.3, 2) the unavoidable round-off error that occurs 
in all numerical calculations, and 3) the errors due to the approximate nature of the 
finite element method. 

In light of the above discussion, it was concluded that the dynamic finite element 
model, D Y N W A L L , predicted the in-plane dynamic behavior of timber shear walls 
quite well. The problems encountered in modeling the out-of-plane sheathing deflections 
using the model, S H W A L L , were also encountered using D Y N W A L L because the same 
plate element is used to model the sheathing in both programs. Since the out-of-plane 
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Table 9.3: Results of Accuracy Verification for D Y N W A L L 

Specimen 
Nail Spacing 

(Perimeter / Field) 

mm/mm (in/in) 

Freque 
Lineal 

Slope 

ncy Content 
• Regression 

C.V. 

Peak Displ. 
Time-Histories 

Correlation 
Coefficient 

Earthquake 
Record 
Used 

Plywood: 
PEQ-8 
PEQ-3 
PEQ-3 
PEQ-16 
PEQ-10 

51/152 2/6 
101/152 4/6 
101/152 4/6 
101/152 4/6 
152/152 6/6 

0.99 
1.00 
1.00 
1.00 
1.00 

0.969 
0.999 
0.999 
0.999 
1.000 

0.887 
0.894 
0.927 
0.919 
0.922 

o.is-g1 

O.lSg1 

O.SOg1 

0.35g2 

O.lSg1 

Waferboard: 
WEQ-8 
WEQ-4 
WEQ-4 
WEQ-10 
WEQ-10 

51/152 2/6 
101/152 4/6 
101/152 4/6 
152/152 6/6 
152/152 6/6 

1.00 
1.00 
1.00 
1.00 
0.99 

0.999 
0.997 
0.999 
i.ooo 
0.995 

0.888 
0.869 
0.877 
0.943 
0.994 

o.isg 1 

O.lSg1 

0.30ga 

O.lSg1 

O.SOg1 

AVERAGE 1.00 0.999 0.907 

1) Kern County, California Earthquake Record was Used. 
2) San Fernando, California Earthquake Record was Used. 

deflection of the sheathing has been shown by the full size wall tests to not be important, 

the failure to predict these deflections was not seen as a significant failure. 
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9.5 Proposed Simplifications and Improvements to 

Models. 

The programs, S H W A L L and D Y N W A L L , have been used to show that many 

of the variables they model do not significantly influence the behavior of timber shear 

walls. Eliminating these variables will reduce the computation time and memory required 

to simulate the behavior of the walls. Reducing the memory required to simulate the 

displacement will also allow the models' capabilities to be expanded. The following 

simplifications and improvements are recommended: 

1. Eliminate the modeling of the out-of-plane deflections of the sheathing. It has 

been shown that the out-of-plane deflections do not significantly affect the in-

plane behavior of nailed timber shear walls. Therefore, this simplification will not 

affect the models' abilities to predict the racking behavior of shear walls. The 

number of equations required to model the shear wall will be reduced by more than 

30%, which will increase the execution of the program by more than a factor of 2. 

2. Simplify the shape functions used to model the sheathing. The cubic displacement 

field used for the element derived in this thesis was used because the bearing be

tween adjacent elements was modeled as a line of spring connectors. If the bearing 

connectors were located only at the nodes, the plate element could be modeled as a 

quadratic, or even a linear element. While this simplification would further reduce 

the execution time and memory requirements, the effect of the substitution would 

have to be investigated to ensure that the true in-plane behavior of the plates is 

modeled accurately. For example, some sheathing materials may have a low in-

plane shear modulus, which would require that the shear deformation be modeled 

accurately. 
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3. The extreme simplification would be to model the sheathing as rigid plate elements, 

and the framing as rigid beam elements, with pinned ends. This extreme simpli

fication would neglect any deformations other than the yielding of the sheathing 

connectors, and would therefore be limited to predicting the overall wall response. 

4. The ability to calculate the member forces can be added to the program. The force 

calculation was not included in these models, because the memory requirements 

would have exceeded the computer's available memory. The simplifications, given 

above, would eliminate the memory problem. The ability to predict the member 

forces would provide an economical method of investigating the connections used 

in shear walls, eventually leading to a rational design process. The possible change 

in failure modes, due to the use of adhesives or other new fasteners, can also be 

studied. 

5. After the above simplifications have been made, the new model can be used to 

perform reliability studies for the dynamic behavior of shear walls, by adding such 

algorithms as the Rachwitz and Fiessler algorithm. 

Each of the above simplifications and improvements will have to be checked to ensure 

that they will not cause unacceptable errors in the predictions made. This can be accom

plished by either comparing the predictions with those made, by using either S H W A L L 

or D Y N W A L L , or by making comparisons directly with test results. 

9.6 Summary 

The accuracy of the three numerical models derived in this thesis has been verified 

using a number of comparisons to other models, and the results of full size shear wall 

tests. Each of the models was shown to predict the in-plane behavior of timber shear 
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walls quite well. However, none of the model's were able to predict the out-of-plane 

deflection of the sheathing well. This was not seen as a significant failure, since the test 

results presented in Chapter 8 indicated that the out-of-plane deflection of the sheathing 

was not an important factor, in either the static or dynamic behavior of timber shear 

walls. 

Simplifications and improvements to the models presented in this thesis are proposed. 

The proposed simplifications will reduce the memory requirements, and the execution 

time for the programs. The improvements will expand the capabilities of each of the 

programs and make them useful for investigating a wide variety of topics. 



Chapter 1 0 

Design and Construction of Timber 

Shear Walls 

10.1 Introduction 

The Canadian and American earthquake design codes for timber structures are cur

rently being scrutinized and changed. In some cases, the earthquake design of timber 

structures is being given serious consideration for the first time. The number of timber 

buildings that are being designed by engineers is increasing. The resulting structures 

have changed to the point that the historical record of the good performance can no 

longer be justly expected to continue. This chapter is intended to give an overview of the 

design requirements for three of the current or recent design codes for North America, 

along with the proposed 1990 National Building Code of Canada. 

The discussion of the various design codes, and comparisons between the requirements 

of these codes and the performance observed during tests, or predicted by the model, 

D Y N W A L L , are presented. D Y N W A L L is used to compare the performance of three 

wall configurations. The three walls considered are: 

1. The 2.4 x 2.4 m (8 x 8 ft) wall specimen used for the shear wall experimental study. 

2. A hypothetical 4.8 x 2.4 m (16 x 8 ft) wall. 

264 
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3. A hypothetical 2.4 x 4.8 m (8 x 16 ft) shear wall. 

Comparing these three walls provides information about the effect the dimensions have 

on the response of the wall. 

Three construction details that are considered to be critical to the performance of 

timber shear walls are also discussed. These are: 1) the hold-down connection, 2) 

coiner connection, and 3) sheathing nails. 

1 0 . 2 Present Design Procedures 

10.2.1 O v e r v i e w of C o d e s 

This study is oriented toward the type of timber structure commonly used for apart

ments in North America, and the three prominent design codes used in North America 

are included in this section. These are: 

1. The 1985 National Building Code of Canada (1985 NBCC), In addition, the pro

posed 1990 NBCC and accompanying Canadian Standards Association CAN/CSA-

086.1-M89, Engineering Design in Wood (Limit States Design) (199.0 NBCC/CSA) 

are investigated. 

2. The 1976 Uniform Building Code (UBC), and 

3. The 1988 Recommended Lateral Force Requirements and Tentative Commentary 

by the Seismology Committee, Structural Engineers Association of California. 

(SEAOC). 

The ASTM E-72 static racking test for shear walls, and the idea of ductility are 

two subjects the design codes reviewed in this section have in common. When the 
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design codes were originally written, the technology required to perform dynamic tests 

was not available and numerical models for shear walls had not been developed. Static 

racking tests were used to obtain as much information as possible about the wall system. 

The response of timber buildings during earthquakes was deduced from the racking test 

results, along with engineering experience. The codes that are currently followed for 

designing timber buildings in North America were written to include the information 

obtained from this process. 

Figure 10.1: Illustration of Ductility Concept. 

The important concept included in the building codes is that a structure that is 

designed and built, according to the requirements of the code, should be able to resist 

moderate earthquakes without major damage and severe earthquakes without collapsing. 

To achieve this, the idea of ductility is incorporated into the building codes. Ductility 

is defined as the deflection of a structure at ultimate load divided by the structure's 



Chapter 10. Design and Construction of Timber Shear Walls 267 

deflection at yield. The concept of ductility, as used in earthquake design is illustrated 

in Figure 10.1. It is assumed in earthquake design that the structure will deflect an 

amount, AE/Q, which depends on the initial natural period and the design spectrum, 

but is independent of the yield strength of the structure. A stiff structure will have a 

lower AE/Q than a less stiff structure. The structure could be designed to sustain this 

deflection and not yield, but it would have to resist very large loads, and the resulting 

design would be uneconomical to construct. Structures are designed, instead, to yield at 

a lower load, Pyjei(]i and have the reserve ability to deflect enough to sustain the required 

deflections. The ductility demand for the structure is ^ g / ^ . Design codes recognize that 

different building materials and structural systems have differing abilities to sustain large 

deflections after yielding. Therefore, a ductility factor is used to determine the design 

load. This factor varies from high values for ductile structures, such as steel frames, to 

low values for nonductile structures, as is unreinforced masonry. Nailed timber shear 

walls are considered ductile structures, and deserve fairly high ductility factors as has 

been done in the 1990 NBCC/CSA codes. 

All of the design codes included in this investigation indirectly incorporate the concept 

of ductility by calculating the seismic force, using equations of the general form, 

V = vSKlFW (10.1) 

where, 

V — the lateral seismic force at the base of the structure. 

v = a velocity ratio that represents the magnitude of the peak acceleration of the earth

quake. 

S = a seismic response factor which accounts for the effect the natural period of the 

structure has on the response. 
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K = a coefficient that accounts for different types of structures, their associated ductility, 

and energy damping. 

I = a coefficient that accounts for the importance of a structure. Important structures, 

such as hospitals are given a higher value than others because they will be required 

to survive most earthquakes and remain functional. 

F = a coefficient that accounts for the variability of the soil conditions and how the soil 

transmits the earthquake accelerations. 

W = the weight of the structure. 

Some of the newer codes, such as 1990 NBCC/CSA, have rearranged the terms to use 

a different factor instead of the coefficient, K. The new factor overtly embodies the 

ductility associated with the structure type and becomes a denominator in calculating 

the seismic force. All of the codes basically calculate the design loads in the same manner, 

as will be seen in the following discussion. 

When designing for other loads, such as wind or gravity, the objective is to reduce the 

probability that the actions (moment, shear, etc.), resulting from the loads will exceed 

the structural resistance or capacity. This is achieved by multiplying the design loads, 

V (generally a large load with a high return period) by a load factor, A, to account for 

the variation in load as well as other uncertainties; and by multiplying the structural 

resistance, R, by a capacity reduction factor, Q, which accounts for the variation in the 

resistance. The design earthquake specified by the Canadian code has been chosen so 

that the probability of excedience is 10% in the 50 year expected life of the structure. The 

structural resistance specified by the code will depend on the material used to construct 

the structure. The load factor, A, is greater than one while the resistance factor, Q, is less 

than one. If QR > AV, the desired result is achieved. This is illustrated by Figure 10.2. 
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Figure 10.2: Load and Strength Distributions. 

The value of g used by the newer design codes was obtained by numerical conversions 

of the allowable stress design codes. When Foschi's (1982) investigation of shear walls 

and diaphragms was used as part of the evidence to allow waferboard sheathing to be 

considered, as an equivalent to plywood sheathing for the United States design codes, a 

factor of safety of 3 was incorporated into the design tables. (The ultimate load capacity 

for shear walls was divided by 3 to determine the allowable design capacity presented 

in the code.) As reported by Adams (1987), the original plywood design tables also 

incorporate a minimum factor of safety of 3.0. When the codes changed from working 

stress design format to the limit states design format, the value used for g was calibrated 

so that structures designed using either code would be expected to have approximately 

equal performance. The resistance factor, g, that has been derived for timber shear walls, 

in 1990 NBCC/CSA is 0.7. However, this value does not have any reliability analysis as 

a basis, and it is purely a numerical conversion of the previous deterministic design code. 
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Seismic design deals with an entirely different set of objectives. As was shown in the 

discussion of Figure 10.1, the structural resistance is always reached in a major earth

quake. The structure will yield and the question is no longer how strong the structure 

is, but rather what will the ductility demand be. The design codes used in Canada and 

the United States specify a level of base shear which already includes a probability of 

excedience corresponding to probability of exceeding the specified ground motion. If the 

structural resistance is inadvertently made low, the ductility demand will be higher than 

expected. Conversely, if the resistance is too high, the ductility demand will be lower, 

but the higher "yield" load of the structure will always be reached. 

For reasons of convenience when combining the seismic probabilities with those of 

other loads, as well as to conform with the past practices in design, the seismic loads 

have generally been reduced by the load factor before being presented in the design code. 

When using the previous design codes, the designer multiplied the seismic load presented 

by the code by the factor A — 1.5, along with the other types of loads involved in the 

design. Therefore, the designer would simply convert the design load back to the average 

value of the design earthquake, rather than the correct value being presented in the first 

place. 

The proposed 1990 NBCC/CSA will be one of the first codes to abandon this ap

proach, and present the actual yield level base shears in the codes. The value for A, for 

seismic design, will also be reduced to a value of 1.0 to indicate the average design base 

shear is being presented as the characteristic load. 

To reiterate, the base shear experienced by the structure during an earthquake will 

be equal to the average value of the.yield.resistance. If the design is properly executed, 

XV = gR (10.2) 
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or 
XV 

R= = Pyieid (10.3) 
Q 

where, A = 1 for the 1990 NBCC. 

How does R relate to the average value of the yield resistance? For some structural 

materials and systems, the characteristic value of resistance, R, is the average strength. 

For concrete the characteristic strength is the average strength, while steel design uses a 

value based on the minimum strength of coupon tests. For most aspects of timber design, 

the characteristic resistance is the 5th percentile strength. Thus, the average value of 

yield resistance, Y, for timber engineering would be given by 

y = CR= — (10.4) 
Q 

For most materials, £ = 1.0, and for most aspects of timber design, £ > 1.0. The higher 

value of £ used for timber construction accounts for the different characteristic strength 

presented. For shear walls £ = 1.0, since their characteristic resistance is the average 

resistance. 

Equation 10.4 would be sufficient if timber shear walls behaved in the elastic-plastic 

manner assumed by the design code. However, timber shear walls begin to behave non-

linearly at very low loads when compared to other structures. The actual behavior is as 

shown in Figure. 10.3. Another factor, ^",is required to convert the nominal yield resis

tance, Pyieid-, to the resistance at the expected ductility demand, Pwaii- Multiplying CR 

by J- essentially changes Pyieid to a value equal to the true load the wall experiences. The 

new value of Pyieid will result in the design load-deflection curve shown in Figure 10.4. 

The factors, £ , g, and J- can be combined into the single resistance factor, <j>, for use in 

design, but have been kept separate until now .for illustrative purposes. The following 

discussion will assume the factors are combined and will be called <f>, and Equation 10.2 
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Figure 10.3: Load-Deflection Curves for Design Code and Shear Wall, 

will be assumed to have the form, 

All of the design codes use tables to determine the load capacity of the shear walls. 

Design tables for the United States were produced by the American Plywood Association 

(APA) (revised, 1978). Equivalent tables for Canada were produced by the Council of 

Forest Industries (1979), these are essentially soft conversions ofthe APA tables to metric 

units. The APA tables are based on the ASTM E-72 shear wall test, and therefore, 

present the design capacity of shear walls for various sheathing thicknesses, nail sizes, 

and nail spacing that were obtained from the static racking test. As discussed earlier, the 

shear strengths presented in the APA tables, incorporate a minimum factor of safety of 

3.0. One reason Foschi (1982) chose 3.0 as the factor of safety for the waferboard studies, 

was to prevent the deflections from becoming large. The high factor of safety effectively 

AV = 4>R (10.5) 
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Figure 10.4: Correct Load-Deflection Curves for Design Code. 

reduces the walls ductility demand, and thereby requires the wall to resist larger loads. 

The final design of shear walls for all of the codes, is essentially determined by cal

culating the design shear per length of wall, then consulting tables to deterrnine the nail 

and sheathing thickness requirements to resist the load. The design capacity of shear 

walls is assumed to be directly proportional to the length of the wall in all four design 

codes. This assumption has been shown to be valid for static loads by tests performed 

by Patton-Mallory, et. al. 1984). 

10.2.2 Comparison of Codes to Model Predictions and Test 
Results 

A shear wall of the same dimensions as the test specimens used in this study 

(2.4 x 2.4 m (8 x 8 ft)) was designed using each of the four design codes. The design 
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peak base acceleration used was 0.2 g (the same as the 1952 Kern County earthquake 

used for the shear wall tests), which is also the design acceleration for the Vancouver 

area of British Columbia. A structural weight of 53kN (12,000 lbs.) was used so that the 

design would represent a wall equivalent to those studied during the experimental and 

analytical section of this thesis. 

All four design codes, investigated in this thesis, required the same shear wall config

uration for the given design parameters. The shear wall designed, consisted of 9.5 mm 

(| in) sheathing with 62 mm (2̂  in or 8 d) common nails spaced at 100 mm (4 in) around 

the perimeter and 152 mm (6 in) along the interior studs of each sheathing panel. While 

it is interesting that all four design codes require the same final design, it should not be 

surprising. All of the codes have some tie to the Uniform Building Code and the design 

tables published by A PA. The resulting design corresponds to one of the test specimen 

configurations used, both in the static and earthquake shear wall tests. The response 

expected by the design codes can therefore be compared to the test results to see if the 

design is conservative or not. 

10.2.2.1 Se i s m i c L o a d s 

The seismic forces, assumed to be acting on the structure by the design codes, ranged 

from 6.7 N to 9.6 kN (1510 lb to 2160 lb), as shown in Table 10.1. Peak shear loads 

imposed on the walls during the earthquake tests are also shown in Table 10.1. As can 

be seen, the loads recorded during the tests are much higher than the design loads. The 

average peak load recorded for the 100 mm (4 in) perimeter, 150 mm (6 in) field nail 

spacing was between 2.2 and 3.2 times the design loads required by the codes. However, 

the design load , V, is not the value that should be compared to the test results because, 

the factors A and c6 have not been included. 



Table 10.1: Comparison of Design Loads and Deflections with Test Results. 

Design Minimum Peak Shear Load Factored Test/Factored Design Peak Displacement 
Code Seismic for Earthquake Tests Yield Load Drift for Earthquake Tests 

Force Waferboard Plywood Load Waferboard Plywood Waferboard Plywood 
SI Units 

kN kN kN kN mm mm mm 
.1985 NBC 6.7 22.1 21,5 10.1 2.19 2.13 12 18 18 
1976 UBC 7.5 11.3 1.96 1.90 12 

1988 SEAOC 7.3 11.0 2.01 1.95 12 
1990 NBC/CSA 9.6 13.7 1.61 1.57 48 

Imperial Units 
lb lb lb lb in in in 

1985 NBC (1510) (4961) (4840) (2265) 2.19 2.13 (.48) (0.69) (0.70) 
1976 UBC (1680) (2520) 1.96 1.90 (.48) 

1988 SEAOC (1650) (2475) 2.01 1.95 (.48) 
1990 NBC/CSA (2160) (3090) 1.61 1.57 (1.92) 
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Equation 10.3 shows that the value, would be the average yield resistance, Pyieid, 

shown in Figure 10.1. (The variable, <j>, has been substituted for g.) The load, Pyieid would 

be expected during an earthquake. The value of ^ for the 1990 NBCC/CSA design code 

is shown in Table 10.1 as the factored yield load. The factored yield loads shown for the 

1985 NBCC, 1976 UBC, and 1988 SEAOC are the values of AV, since, an allowable load 

was used for these codes. Loads experienced during the earthquake should not exceed 

the factored yield load. As can be seen in Table 10.1, the loads recorded during the 

earthquake tests were 1.9-2.19 times higher than the factored yield load for the working 

stress design codes. The factored yield load for the 1990 NBCC/CSA was also exceeded 

by a factor of 1.57-1.61. While the recorded loads are higher than the expected design 

loads, they are not so high as to cause failure of the wall. The factor of safety for the 

walls can be calculated by dividing the peak loads obtained for the static one-directional 

test, shown in Table 8.1, by the peak shear loads obtained from the earthquake tests. 

The factor of safety, calculated in this manner, is about 1.6 rather that the 3.0 assumed 

in the APA design tables. As can be seen from Table 10.1 and the above discussion, 

the shear walls may be over loaded but, at the same time they do have sufficient reserve 

strength to avoid collapse. What is desired is to have the walls yield while, the rest of 

the structure remains elastic. This can be accomplished with the present design code if 

the design procedure for connections would be addressed separately. 

The difference between the load expected by the codes, and those observed during the 

experimental study, can be explained by the fact that nailed connections in timber do not 

behave elastically. As discussed above, the earthquake code is based on the assumption 

that the structure will behave perfectly elastic up to the yield load, Pyietd, then change 

to be perfectly plastic. The difference in the behavior is illustrated in Figure 10.3. The 

load-deflection curve on which the design codes are based, is again shown in Figure 10.3, 

as it was in Figure 10.1. The shape of a load-deflection curve for a timber shear wall is 
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also shown in Figure 10.3. As can be seen, the timber shear wall starts to yield at very 

low deflections and continues to follow this non-linear load-deflection curve to higher 

loads than the Pyieid expected by the design codes. 

Underestimation of the expected forces by the design code will have a serious im

plication on how timber structures perform during earthquakes. The objective of the 

earthquake engineering is to design for the capacity of the structure, and the design code 

assumes that this capacity will be realized during the earthquake. If the stiffness and 

forces in one or more of the structural elements are underestimated, the adjoining struc

tural elements will not be designed for the correct loads. This is because the design of the 

adjoining elements assumes the low loads used to design the shear wall. In turn, these 

adjacent elements may be required to resist much higher loads than they were designed 

for and as a consequence will fail. Many of the failures observed in timber structures af

ter earthquakes are anchorage failures. The anchoring connections are designed to resist 

the loads expected by the design code, while the loads experienced by the structure are 

much higher. This suggests that the value used for the resistance factor, <j>, should be 

decreased to account for the loads being higher. If the 1990 NBCC/CSA code is used, 

and Equation 10.1 is rearranged to the form, 

XV 
<j>> — (10.6) 

then the proper value of <j> can be determined. Using values for A, V, and R, of 1.5, 

9.6 kN, and 21.8 kN, respectively, the value of 4> would be 0.66. The value of R used 

in this calculation is the average of the peak loads recorded during the earthquake tests 

for the waferboard and plywood sheathed walls combined, The proper value of <f> would 

change the assumed load-deflection curve to that shown in Figure 10.4 which would more 

representative of the loads experienced in structures during an earthquake. In turn, this 

would produce more reliable designs for connections and more compatibility between the 
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design codes for the different materials. 

To account for the weak walls that will be constructed from time to time, the proposed 

value of 0.7 could be used for <j> as long as a different value of <f> were used for the design 

of connections. Different values of <f> are used in the design of concrete where, the beams 

are designed to yield and the columns remain elastic. The same process could be used in 

timber where, a value of 0.7 or higher would be used when designing shear walls and a 

low value of <f> would be used for designing connections. This would make the shear walls 

the weak link in the structure which would yield while, the rest of the structure remains 

elastic. 

The factor of safety and how it is incorporated into the above analysis can be examined 

by rearranging Equation 10.5 into the form, 

XV 
R=^- (10.7) 

The ultimate capacity of the wall, RULT, must be greater than R for the wall to be 

capable of sustaining the loads generated during an earthquake. The wall will always 

yield, and will always have to resist a force of magnitude R. In equation form, the safe 

design would be, 

R=^~<RVLT (10.8) 
9 

Incorporating the factor of safety into Equation 10.8 results in, 

RuLT = fs(R) = fs(^j (10.9) 

Recall that the APA design tables use a minimum factor of safety of 3.0. Therefore, 

R U L T = 3.0RAPA (10.10) 

where, RAPA is the design shear strength of the wall as presented in the design tables. 

Combining Equations 10.9 and 10.10, and rearranging the terms results in the following 
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equation. 

3.0/ <f> 
(10.11) 

Equation 10.11 shows how the factor of safety could be adjusted to any desired value. 

If the value of fs is chosen as 3.0, the resulting design shear, RAPA, would be the value 

currently presented in the APA tables. Any value of fs can be chosen, depending on the 

level of safety desired. The resulting value for RAPA will also change. 

The variable, <fr, is not effected by the factor of safety. The yield load for the wall will 
XV 

remain , and the value of 4> should be determined using experimental and analytical 
results. The connections used to attach the shear wall to the adjacent structural elements 

should be designed to resist the yield load R not the factored design load, XV. One reason 

the connection between the shear wall and the adjacent structural elements fail could be 

that they are designed to resist the design shear load rather than the yield load for the 

wall. In addition to using 0.70 for <f>, it is recommended that a discussion of the proper 

design procedure for the connections be included in the commentary of the design code. 

10.2.2.2 Deflections 

A second check on the design codes was made to see if the inter-storey drift requirements 

of the various design codes were met by the design wall. The purpose of this requirement 

is to prevent excessive architectural damage during moderate earthquakes. The deflection 

requirements of the NBCC and both codes for the United States are more restrictive than 

the proposed 1990 NBCC/CSA, with the maximum allowable drift being 0.005 times the 

wall height. The UBC code, however, makes an exception in that it allows higher drifts, 

provided it can be shown that the larger deflections do not adversely affect the structural 

integrity of the building. Exceeding the maximum drift requirement necessitates that 

the designer check to ensure that the P-A effects at the higher deflections will not cause 



Chapter 10. Design and Construction of Timber Shear Walls 280 

the structure to collapse. The 1990 NBCC/CSA code is the most liberal in its require

ments, with the maximum drift being limited to 0.02 times the wall height. Allowable 

design drifts are shown in Table 10.1 for each of the design codes. Designers will have 

more leeway in designing for higher ductilities with the higher allowable drift for the 

1990 NBCC/CSA. 

Peak displacements recorded during the earthquake tests are shown in Table 10.1 

for the walls with 100/150 mm (4/6 in) nail spacing. If these deflections are compared 

to the maximum allowable drifts for each design code, it can be seen that only the 

1990 NBCC/CSA code is strictly adhered to. The UBC and SEAOC codes would also 

accept these deflections since, the wall is still able to sustain the shear loads. The 

deflection required for the 1985 Canadian code was exceeded by 50%, and the code 

makes no allowance for accepting the higher deflections. While the deflections recorded 

during the experimental study may seem quite large, a visual inspection of the shear 

wall specimens, after the tests were finished, revealed little or no visual damage. It is, 

therefore, believed that the only architectural damage would be in the form of cracks in 

the wall finishes, broken windows, etc., and the change in the proposed 1990 NBCC/CSA 

to accept the larger deflections is justified. 

As can be seen from the above discussion, the design codes investigated in this chapter 

assume seismic lateral loads that are unconservative. The loads observed during the 

earthquake shear wall tests and predicted by the finite element model, D Y N W A L L , were 

significantly higher than those used for design purposes. The resistance factor proposed 

for the 1990 NBCC/CBC code is acceptable if a new design procedure for connections 

is presented. A high resistance factor for designing shear walls and a low resistance 

factor for designing connections would help guarantee that the shear wall would yield 

and the connections would remain elastic. The deflection requirement of the 1985 NBCC 

is the only deflection requirement exceeded by the test specimens. However, since this 
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requirement is to be relaxed in the 1990 NBCC/CSA code, it is not a significant problem. 

10.3 Other Investigations 

10.3.1 Effects of Using Adhesives 
The model, D Y N W A L L , was used to check the effect of using adhesives to attach 

the sheathing to the framing. Recently, there has been an increase in interest for us

ing adhesives to reduce the deflections and increase the strength of timber shear walls. 

However, none of the North American design codes have addressed this issue. Adhesives 

will significantly reduce the ductility of timber shear walls, but will also increase the 

load requirements. The New Zealand (1976) design code did address the use of adhesives 

by increasing the factor for ductility by 20%, i.e. reducing the ductility demand, which 

effectively increases the design loads by 20%. 

To investigate the effects of adhesives, the same earthquake record was used, as in 

all of the material parameters for the sheathing and framing were the same as that used 

to model a waferboard sheathed wall in Chapter 9. Only the load-deflection parameters 

used for the sheathing connectors were changed to represent adhesives. The connector 

parameters were obtained from tests conducted by Dr. T. P. Cunningham Jr. (1988) at 

the APA Testing Laboratory in Tacoma, Washington. The parameters used to model 

the adhesive connection were, K0 = 11628 N/mm (66400 lb/in), P0 = 10230 N (2300 lb), 

K2 = 4728 N/mm (27000 lb/in), A m o x = 3.2 mm (0.125 in), J<3 = -6830 N/mm (-

3900 lb/in), A = 330 N (75 lb), and I<4 = 5810 N/mm (33200 lb/in). 

The maximum displacement predicted for a 0.2 g earthquake was 13 mm (0.50 in) 

which is approximately equal to the maximum drift allowed by the current design codes. 

Predicted peak acceleration at the top of the wall was calculated by differentiating the 
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predicted displacement time history twice, and the base shear was be calculated by 

multiplying the peak acceleration by the mass. The predicted peak base shear was 34 kN 

(7640 lb), which is close to the average ultimate strength of 35.5 kN (7990 lb) for the 

waferboard shear walls, tested in the static one-directional tests. Excedience of the 

strength for framing or sheathing was not checked because the model does not predict 

forces. As the shear wall loads become higher, there is a distinct possibility of the failure 

mode changing from the ductile failure of the nails to a brittle failure of the framing or 

sheathing material. The change in predicted loads are also much higher than the 20% 

increase incorporated in the New Zealand code. 

Adhesives were investigated to show that their use has a significant influence on the 

resulting structures performance. These results should be reviewed with the following in 

mind: 

1. D Y N W A L L uses an exponential curve to model the load-deflection curve of the 

adhesive, which in fact is almost linear until very high loads are reached. Therefore, 

the parameters for the exponential curve were difficult to fit to the connection test 

data, and the resulting prediction is close to the limit of the theory. The adhesive 

may be better modelled by a quadratic or even a linear equation. 

2. The differentiation of the displacement record to find the peak acceleration and 

corresponding forces, introduces some error in the results. 

Before adhesives can be included in the design codes, a few full size shear wall tests 

should be conducted to verify that the predictions made using either of the models, 

S H W A L L or D Y N W A L L , are accurate. Once the models are verified, they can be 

used to determine the strengths and ductility for the various construction configurations. 

The appropriate ductility factors and design tables could also be determined. 
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10.3.2 Effects of Aspect Ratio 

Three walls are compared in this section to show the effect of changing the dimensions 

of the wall on the response. D Y N W A L L was used to model the following walls: 

1. A 2.4 x 2.4 m (8 x 8 ft) wall which was identical to one of the walls modeled in 

Chapter 9 ("standard" wall). 

2. A 2.4 x 4.8 m (8 x 16 ft), (2.4 m long by 4.8 m high) wall ("high" wall). 

3. A 4.8 x 2.4 m (16 x 8 ft), (4.8 m long by 2.4 m high) wall ("long" wall). 

A l l of the walls were modeled as having 38 x 89 mm (12 x 4 in) studs, spaced at 600 mm 

(24 in) centers and waferboard sheathing. The walls were modeled as being blocked and 

having a nail spacing of 100 mm (4 in) around the perimeter of the sheathing panels 

and 150 mm (6 in) along the interior studs. The mass for all three walls was 21.9 k N / m 

(1500 lb/ft) and the Kern County earthquake was used as the base acceleration record. 

Figure 10.5 shows the displacements of the "high" wall during the first 8.0 seconds of 

the earthquake. As can be seen, the displacement is not proportional to height. The peak 

displacements of the top of the wall (4.8 m height) is greater than twice the displacement 

at the mid-height (2.4 m level). When the peak displacements are considered, the top 

of the wall displaces an average of 2.2 times what the mid-height displacements. When 

the vertical displacements of the end studs at the same two heights and at the same 

times are investigated, the vertical displacement of the top of the wall is found to be an 

average of 1.3 times the mid-height deflection. Together, these two deflections show that 

the "high" shear wall begins to deflect in bending, as well as shear. The bending effects 

are negligible in the 2.4 m (8 ft) high walls. Figure 10.6 shows the difference in the two 

deflected shapes. 
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Figure 10.5: Displacement Records for 4.8 m (16 ft) High Wall. 

The effect of constructing a long horizontal wall was also investigated using D Y N 

W A L L . Figure 10.7 show the displacement records for the first nine seconds of the 

earthquake. All of the displacement predictions are for a height of 2.4 m (8 ft). Com

paring the deflection for the standard and long walls reveals that the two displacements 

follow approximately the same frequency pattern, with the displacements of the long 

wall usually being smaller than for the standard wall. The frequency content for the two 

records would be expected to be close if the equation for the fundamental frequency is 

examined. The fundamental frequency, u>, is given by, 

u> = (10.12) 

where, K is the structural stiffness and m is the mass. The long wall has twice the 

mass and approximately twice the stiffness of the standard wall, since it is two times as 

long as the standard wall. If both the stiffness and mass of Equation 10.12 are doubled, 
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Figure 10.6: Bending versus Shear Deflection. 

the natural frequency, u> remains the same. The natural frequencies calculated for the 

two walls by D Y N W A L L were 2.95 Hz for the standard wall and 3.2 Hz for the long 

wall. The increase in the natural frequency of long wall indicates that the stiffness is not 

directly proportional to length, but rather increases at a rate faster than the length. The 

additional stiffness is due to adjacent sheathing panels bearing on each other. 

The phase shift that is evident towards the end of the record is partly due to the 

difference in fundamental frequencies for the two walls. The higher deflections that the 

standard wall experiences will also cause it to accumulate more damage, which will in turn 

cause the fundamental frequency to change more for the standard wall than for the long 

wall. The combination of beginning with a lower natural frequency and accumulating 

more damage during the earthquake will make the standard and long walls' natural 

frequencies move farther apart. 



Figure 10.7: Displacement Records for Standard and Long Walls. 
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10.4 Construction Details 

Problems associated with the individual details of timber shear wall construction have 

been neglected by researchers in the past. Design codes have attempted to provide the 

designer with methods that ensure the problems will be addressed. The experience gained 

through the modelling and testing of the shear walls during this study have highlighted 

three main details of shear walls that merit special discussion. In addition, the above 

discussion has shown that the loads experienced by the connections are probably higher 

than the design code expects. Therefore, it is important that the design of timber shear 

walls include special consideration of the following three details. 

10.4.1 Hold-Down Connection 

One of the most important construction details in timber shear walls is the hold-down 

connection used to anchor the end studs of the wall and resist the overturning moment. 

The earthquake tests of full size shear walls showed how important these connections 

can be. The first couple of trial shear wall specimens did not have any anchorage for 

the end studs, only bolts located between the studs were used to resist the base shear. 

As a result, localized failures occurred at the bottom corners of the walls and the end 

studs separated from the sole plate. The wall then tried to resist the earthquake by rigid 

body rocking rather than racking and deflections of the top of the wall relative to the 

base were 2.5 to 4 times larger than those measured for equivalent walls with hold-down 

anchors. 

One of the few people that has investigated this detail was Polensek (1986). He 

showed that by increasing the sheathing nail density in the corners of shear walls, the 

overall deflection of the walls could be reduced for static one-directional loadings. To the 

knowledge of the author, no research has been performed to investigate the effects of load 
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reversal on the connection. However, the importance of the connection has been shown 
in other investigations, such as the ones on shear walls by Stewart (1987) and braced 
frames by Dean (1987). This connection is also considered to be one of the important 
details for shear walls by Dean et. al. (1989). 

Timber Framing 
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Drywall Screws —_ [V.V. 

,12mm Rod .VnV. : 
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Steel Tube Base 
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Figure 10.8: Hold-Down Connection Configuration. 

The connection used in this study is shown in Figure 10.8. This is probably one of 
an infinite number of possible solutions for anchoring the end stud to the foundation (or 
floor system for walls not at ground level). Whatever the designer decides to use for 
anchoring the end studs, the connection must be strong enough to transfer the tensile 
forces to the next structural component, be it the floor system or foundation. It must 
also be stiff in order to prevent the end stud from lifting away from the foundation. The 
importance of this connection decreases as the length of the shear wall increases. In long 
walls, the forces in the end studs are separated by a greater distance, thereby reducing 
force required to generate an equivalent couple. Also, as the length of the wall increases, 
the dead weight of the structure will help counter the overturning moment. 
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10.4.2 Corner Connection 

Like the hold-down connection discussed in the previous section, the connection used 

to tie the end studs to the sill plate in the framing, has not been given much consideration. 

The most common solution used to ensure the top corners in the framing members 

remain connected is to count on the sheathing to transfer the loads across the joint. 

While this might be sufficient for longer walls, where the forces due to the overturning 

moment are not as high, the sheathing cannot usually restrain the joint from separating 

in shorter walls. Some form of strap or angle iron is usually required for this joint, but 

many designers neglect checking the connection to see if extra strength is required. The 

connection used in the tests, performed as part of this study, is shown in Figure 10.9. The 

angle iron was sufficient for the loads experienced in these tests and the joint integrity 

was maintained. 

Drywall Screws 

(No. 8 x 75 mm) 

Figure 10.9: Corner Connection Configuration. 
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10.4.3 Sheathing Connectors 

As discussed in Chapters 3 and 6, the fasteners used to attach the sheathing to the 

framing are an important detail that governs the strength and stiffness of timber shear 

walls. Nails are the most common fastener, but screws, staples, and adhesives are also 

used. Many of the fasteners are being used in shear walls without relevant tests being 

performed to verify their suitability for resisting dynamic loads. The fasteners supplied 

for this purpose also show a wide variability in their yield strengths for each type and, 

because of the large number of different fasteners, the strength and stiffness of shear walls 

can also show a large variability. 

All of the design codes investigated in this study recognized the relation between 

strength and the nails used to attach the sheathing, by specifying the required nail 

size and spacing required to achieve the design load capacity. However, according to 

Dean et. al. (1989), the current New Zealand code goes one step further by restricting 

the length of the nail allowed to a maximum of 5 times the sheathing thickness. This is 

because it has been observed that partial withdrawal of the nails enhances the ductility 

of the wall. 

While many carpenters and contractors will argue against what they consider to be too 

many nails in shear walls, it is important that inspectors ensure the design nail spacing 

is adhered to and that the nails are not overdriven. Overdriving the nails damages the 

sheathing by forcing the head of the nail to penetrate the face of the sheathing, thereby, 

reducing the strength of the connections. Lower nail densities and overdriving of the 

nails translate directly to lower load capacities and stiffness. Another observation that 

has been made is that the nails must be spaced in a uniform pattern around the perimeter 

of each sheathing panel. If the nails are spaced more closely on one side of a panel, the 

center of rotation for that particular panel is shifted toward the denser nail pattern. This 
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leads to premature failures along the less dense nail line. 

With the introduction of new methods for fastening the sheathing in shear walls, the 

load-deformation characteristics of walls might be altered significantly. Adhesives reduce 

the ductility of the shear walls, which will require the walls to withstand higher loads. 

Other fasteners, such as staples, may increase the ductility or reduce the strength of 

shear walls when compared to nails. As additional methods of fastening the sheathing are 

introduced, continued use of the ASTM racking test for determining the design capacities 

of the various fastener systems becomes not only unrealistic and expensive, but could 

also provide incorrect information about the dynamic performance of the resulting walls. 

The hysteretic characteristics and ductility under reversing loads must be determined in 

order to obtain a reasonable prediction of the dynamic characteristics. Only after this 

information is found can values be assigned to the pertinent factors in design code, with 

confidence that the resulting designs will be safe. 

The previous discussion of these three construction details illustrates that designing a 

shear wall is more than a simple matter of finding the load capacity for the shear wall in 

a design table. To ensure the final structure will perform properly, the connection details 

must be given sufficient attention, both in design and construction. The discussion also 

illustrates the need for further research to improve the understanding of the effects that 

changes to the construction of shear walls will have. 

10.5 Summary 

The design requirements of four design codes were investigated in this chapter, with 

the results indicating that the design loads required by these codes are lower than those 

observed in tests. This could cause failures in timber structures, especially in the adjoin

ing structural elements since they will be designed assuming the lower loads. The shear 
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walls have been shown to have the reserve capacity required, but connections and other 

structural components may not. When compared to the loads recorded during tests and 

predicted using the model, D Y N W A L L , the peak loads were found to be between 1.6 

and 3.2 times higher than the design loads. The assumption of perfectly elastic-plastic 

behavior made by the codes when shear walls exhibit non-linear behavior throughout 

the load range is the main reason for the difference. A reduced factor of safety is cal

culated for the allowable stress design codes, based on the static racking test results 

presented in Chapter 8. The resistance factor, (j>, proposed for 1990 National Building 

Code of Canada, and accompanying CSA-086.1-M89 Standard was found to be accept

able. However, it is also recommended that the new code specify a design procedure for 

the hold-down connections that would guarantee the connections remain elastic. The 

allowable inter-storey drift for the 1985 NBCC was also exceeded by the tests but, since 

the deflection requirement is being relaxed in the 1990 code, and the other two design 

codes allow for higher deflections, it was not considered to be important. 

The effects of underestimating the design load on the resulting structure's performance 

were discussed. It was shown that, while the timber shear wall will be capable of resisting 

the higher loads observed in tests, the adjoining elements, such as anchor connections to 

the foundation, could fail because the design codes allow these connections and structural 

elements to be designed for the lower loads. This could be one of the reasons why many 

of the observed failures of timber structures occur at the anchorage connections during 

earthquakes. 

Different sized walls were investigated to determine the effect of length and height 

on the response of timber shear walls to earthquakes. It was found that the natural 

frequency of shear walls increases with the length of the wall at a rate higher than the 

linear relation for strength. It was also shown that the shorter wall will experience 

higher deflections and be damaged more than the long wall, and leads to a widening 
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of the difference in natural frequencies for the two walls. Relatively high, narrow walls 

were shown to be influenced by bending, as well as shear deformations. The bending 

deformations resulted in peak deflections at the top of a 4.8 m (8 ft) wall to be 2.3 times 

as large as the deflections at mid-height. 

Three of the most important construction details were also discussed. These were: 

1) the hold-down anchor, 2) the corner connection, and 3) the sheathing fasteners. In 

all three cases, it is believed that further research is required to develop sound design 

procedures for the two framing connections and for any new sheathing fastener system. 

It should also be pointed out that all of the present design codes are primarily based on 

experiments that used one type of nail (bright common), manufactured by one manu

facturer. Considering that this connector is the most important item governing the load 

capacity, stiffness, and ductility of shear walls, and the high variability between manu

facturers,, it is important that a simplified model be developed to allow the current test 

results to be expanded to include the other manufacturers and types of nails. 



Chapter 11 

Conclusion 

11.1 Summary and Conclusions 

This thesis has addressed the topic of timber shear walls from several perspectives, 

using experiments and numerical modelling. The background to the topic was discussed 

and the pertinent research to-date reviewed, then three numerical models were developed. 

The three numerical models were: 

1. S H W A L L , a general finite element model capable of describing the static load-

deflection behavior of timber shear walls. 

2. F R E W A L L , a closed form mathematical model capable of describing the steady 

state dynamic behavior of shear walls. 

3. D Y N W A L L , a general finite element model which uses a time-integration pro

cedure to predict the load-deflection behavior of timber shear walls, subjected to 

random base accelerations, such as those experienced during earthquakes. 

Following the derivations of the numerical models, the procedures used and the results 

from tests of connections and full size shear walls were presented. Results from the 

connection tests were used as data for the two finite element models. Results from the 

full size shear wall tests were used to verify the accuracy of the numerical models and to 
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gain an understanding of the dynamic behavior of shear walls. Finally, the design and 

construction methods that are currently used in North America were discussed. Results 

of the full size shear wall tests and predictions from the numerical model were used to 

check the adequacy of the design codes. 

The conclusions and accomplishments of this study are as follows: 

1. The numerical model, S H W A L L , is capable of accurately predicting the load-

deflection behavior of general timber shear walls, subjected to static one-directional 

loads in the plane of the wall. The model is capable of predicting the ultimate load 

capacity of waferboard and plywood sheathed walls within 4% and 6%, respectively. 

2. The closed form mathematical model, F R E W A L L , predicts the steady state re

sponse of timber shear walls loaded by harmonic base excitations. When compared 

to test results for a qualitative assessment of its accuracy, the prediction of the 

steady state response of nailed shear walls is quite accurate. 

3. The numerical model, D Y N W A L L , is capable of predicting the time-history of 

the dynamic displacements for timber shear walls subjected to random dynamic 

base accelerations. Predictions of the frequency content of the displacement time-

history, and the displacement records have average correlation coefficients of 0.99 

and 0.91, respectively when compared to test results. 

These three models can be used to predict the general behavior of shear walls. Simplified 

models can eventually be used to design the shear walls as components of buildings, 

investigate the design codes in detail, and conduct reliability studies. The model does 

not restrict the shear wall configuration to be investigated, as long as the load-deflection 

characteristics of the various connections and material properties for the sheathing and 

framing can be determined. 
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Some additional observations and conclusions are: 

1. The results from all of the shear wall tests indicated that out-of-plane deflections 

of sheathing are insignificant for 9.5 mm (3/8 in) and higher thickness. This result 

provides direction for the first simplifications to be made to the two finite element 

models developed in this thesis. The elimination of the out-of-plane DOF will 

reduce the required computation time by more than 50%. 

2. Comparisons between the results from sheathing connection tests, and full size 

shear wall tests, along with experience from modelling, indicate that the fasteners 

used to attach the sheathing to the framing govern the load capacity, stiffness, and > 

ductility of timber shear walls. The literature review revealed very little research 

has been done to investigate the effects of different fasteners on the overall response 

of timber shear walls to different loadings. 

3. It was shown that the deflections would be significantly lowered by using adhesives 

and, the loads experienced by the walls during an earthquake would be significantly 

increased. It is also postulated that the use of adhesives may be detrimental to the 

dynamic response of shear walls because of the 

(a) loss in ductility, 

(b) increase in accelerations transmitted to other parts of the structure, and 

(c) the possibility of shifting the failure mechanism from the ductile failure of the 

nails, to a brittle failure in the framing or shear through the thickness of the 

sheathing. 

4. Since a major portion of the test results, on which the design codes of North 

America are based, is from test specimens constructed using nails that are no 
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longer manufactured, the two finite element models presented in this thesis provide 

a practical method of extending the current data base to include nails manufactured 

by other companies. Also, shear walls constructed with other methods of attaching 

the sheathing, such as adhesives, screws, or staples can be investigated. 

5. The current North American design codes and proposed 1990 National Building 

Code of Canada, have been shown to underestimate the design shear load for a 

0.2 g earthquake. A detailed investigation of the design code is beyond the scope 

of this study, but the results of comparisons made indicate that the design codes 

specify design shears significantly lower than those recorded during earthquake 

tests of full size shear walls. The resistance factor of 0.70 is recommended for 

nailed timber shear walls, and should be included in the 1990 National Building 

Code of Canada. However, it is also recommended that a design procedure for the 

hold-down connections be specified. The resistance factor for connections should 

be low to ensure that they will remain elastic. 

6. The factor of safety for the working stress design codes for North America has been 

shown to be approximately 1.6 rather than the 3.0 previously assumed. 

7. It was found that 1985 NBC code restrictions for inter-storey drift were exceeded 

during the earthquake tests of full size shear walls. The other three North American 

design codes requirements were met by the shear wall specimens tested and the 

numerical model predictions. 

8. Deflections of high, short walls were shown to be influenced by bending behavior 

as well as shear. Shear deformations were shown to be governing deflected shape 

for short, long walls. 

i 
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9. Longer walls were shown to deflect less than shorter walls, which indicates that 

shorter walls would receive more damage during an earthquake. 

10. The hold-down connections used to anchor the end studs of shear walls have been 

shown to be one of the critical details. These connections decrease in importance 

as the length of the wall increases, because the overturning moment will be higher, 

leading to large tensile forces in the end studs of shorter walls. It is recommended 

that these connections be designed to remain elastic. 

11. The.corner connections used to keep the top corners of the framing from separating 

are required for shorter walls and become less important as the length of the wall 

increases. Like the hold-down anchors, this is because the overturing moment has 

less effect on a long wall than a short wall. 

12. The larger deflections observed during shear wall tests using the Taft earthquake, 

then observed during tests using the San Fernando earthquake, showed that peak 

acceleration alone is not a good indicator of the damage potential of earthquakes. 

Rather, the duration and frequency content of the earthquake must also be consid

ered. 

13. No significant difference was observed in the dynamic response to earthquakes for 

waferboard and plywood sheathed walls. Both test results and the predictions of 

the dynamic model indicated that the dynamic response of walls sheathed with 

these two sheathing materials are essentially the same. 

14. The steady state resonance response of plywood sheathed walls was predicted to 

be significantly higher than waferboard sheathed walls for accelerations of 0.15 g 

and higher. The two types of shear walls were predicted to respond approximately 

the same to harmonic accelerations below 0.15 g. 
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15. An investigation of the stability of the steady state response of shear walls showed 

there to be no jump phenomenon associated with the steady state response of nailed 

walls. This study also showed that unbounded response to resonant frequency 

accelerations will not occur, and catastrophic failure due to resonance phenomenon 

is not expected. 

16. The theoretical bounds of the resonant frequency ratio, AC* for timber shear walls, 

using nails to secure the sheathing were determined to be, 

( 7 - . ) - 0 - . ) » ^ < K . < 1 - ( 1 L 1 ) 

where, a is the load at zero displacement for the hysteresis, K2 is the yielded 

stiffness, and KQ is the initial stiffness for the wall. 

17. There is no significant difference between the performance of waferboard and ply

wood sheathed shear walls up to loads approximately 50% of the ultimate static 

load. For higher loads plywood sheathed walls have a lower stiffness than wafer-

board sheathed walls, causing the plywood sheathed walls to deflect more. Wafer-

board shear walls will have lower material damage during an earthquake, while 

plywood shear walls will possible experience lower loads due to their higher ductil

ity. The difference, however, will be small. 

11.2 Future Research 

The results of this study have shown the need for further research to investigate a 

number of different topics pertaining to timber shear walls. Many of the problems could 

be solved, at a significantly reduced expense, by using simplified versions of the two 
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finite element models presented in this thesis. Some of the topics that research should 

be directed towards are: 

1. A reliability study of timber shear walls should be conducted to help move the 

present design codes from the deterministic procedures currently used, to proce

dures based on probability theory and capacity design. 

2. The dynamic response of timber shear walls, constructed using different methods of 

attaching sheathing to the framing should be investigated to ensure that changes are 

not detrimental. Different fastening techniques, such as adhesives, could increase 

or decrease the ductility, strength, and stiffness of shear walls. The failure mode 

could also be changed from the ductile failure of the nails to a brittle failure of the 

framing or sheathing. Experimental and analytical information about the strength, 

ductility, and stiffness of shear walls, using the different fasteners, are required to 

assign values to the pertinent factors used in design equations. Nails from different 

manufacturers, as well as screws, staples, and adhesives should be included in the 

study in order to verify that each of the connectors are effective. 

3. The response of shear walls to a wide range of earthquake excitations should be in

vestigated, either experimentally or analytically. The analytical investigation would 

be less expensive, and therefore easier to include a larger number of earthquake 

records in an investigation. It has been shown in this study that peak acceleration 

alone is not a good indicator of the damage potential of earthquakes. Rather, the 

duration and frequency content of the earthquake must also be considered. 

4. The results of this and future studies should be extended to include other types of 

dynamic loading, such as hurricane and other wind loadings, and blast loading. 
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These are some of the answers that are required before significant improvements to 

the design and utilization of timber shear walls can be made. A l l of these topics could 

utilize simplified versions of the finite element models proposed in this thesis to reduce 

the time and expense of the investigations. The results of this thesis provide a solid base 

of experimental results and analysis, representative of the type of loading experienced 

during earthquakes. 
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