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To apply accurate procedures of structural analysis
that are now available, the behavior of nailed joints in
light-frame wood buildings under long-term loads needs to
be studied. Such a behavior can best be evaluated by
testing specimens under constant loads, which requires
relatively simple testing arrangements. To provide for a
practical use of the constant-load test results,
theoretical models were developed that predict the
behavior of nailed joints under varying loads that are
subjected to wood structures in service.

Existing models and principles were used to develop
five new general models, all of which account for the
nonlinear viscous-viscoelastic behavior of nailed joints.
The models incorporated the modified superposition
principle and strain hardening principle. Heaviside
function and Fourier series were also incorporated to
describe varying loads that can be either discrete or
mathematically defined continuous function.

To develop experimental data needed for the

formulation and verification of the models developed,



joints made of Douglas-fir lumber, plywood and 6d nails
were tested under four constant and four varying loads.
The experimental data for constant loads were used to
formulate specific theoretical models which were further
modified for varying loads. The comparison between the
predicted and the corresponding test results shows a very
good agreement for all the specific models. The models
that include the modified superposition principle are the
most accurate and the simplest to apply to nailed joints
under discrete load functions. Fourier series
representation of varying-load functions shows a great
potential for practical applications, because it can
represent the service loads more accurately than the
discrete approximation. l

The specific models presented are limited to the type
of joints used in this investigation. Other types of
joints need to be tested under constant loads to develop
appropriate equations that describe their creep behavior

under varying loads.
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PREDICTION MODELS FOR
CREEP BEHAVIOR OF NAILED JOINTS

BETWEEN DOUGLAS-FIR LUMBER AND PLYWOOD
I. INTRODUCTION

In light-framed wood buildings, nailed joints connect
framing and sheathing elements into a composite structural
systenmn. Important characteristics of composite behavior
are 1load sharing between elements of various stiffnesses
andvpartial composite action between framing-lumber and
sheathing materials. These two characteristics have
recently been incorporated into theoretical analysis of
walls (32,33,34) and floors (35,37). However, the methods
have not been applied practically on a wide scale,
partially because the behavior of nailed joints under
long-term loading lacks definition. Thus, deformation of
nailed joints under long-term loading or creep should be
studied. Theoretical models and procedures are needed to
predict creep under varying load from the data obtained
from constant-load tests. This investigation is aimed at
developing and verifying such models. The models
investigated are Five-element Model (5-E), Modified Five-
element Model (M5-E), Viscous-viscoelastic Model 1
(V-VE1l), Viscous-viscoelastic Models 2 (V-VE2), and

Viscous-viscoelastic Model 3 (V-VE3).



1.1. Justification

In the actual environment, structural wood systens
are under loads that are caused by gravity, winds,
earthquakes and humans. The response of structural
wood systems to these loads often is nonlinear and very
complicated to define. Therefore, current design
procedures for wood structures use simplified assumptiqns.
For example, wood-stud wall system is represented by a
set of identical, independent beams/columns. Such a
representation does not account for load sharing among
studs and partial composite action between wall coverings
and studs. However, procedures were recently developed
that consider load sharing and composite action in wall
and floor systems (31,32,33,34,36). In order to apply
these procedures, load-duration and creep effects on
physical properties of lumber, sheathing materials and
joints needed to be defined.

Load-duration behavior of lumber has been extensively
studied (7,16,38). Similar studies have been also
conducted on various types of composition boards (6,25,28,
29,30,31). On the other hand, studies on load-duration
behavior of joints are only few (15,17,23,36), even though
nailed joints are the most common type of joints in wood
constructions. Therefore, studying creep behavior of
nailed joints is essential in improving the existing

design of wood structures.
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The composite action between wood frames and wall
coverings is a substantial factor in overall strength and
stiffness of light-framed wood buildings (36). The degree
of composite action depends on the stiffness of joints
which decreases under long-term loads. Therefore, long-
term behavior of nailed joints should be known before the
composite action can be included into a design procedure
that gets approved by building codes.

Most studies on creep behavior of nailed joints have
been limited to the behavior under constant loads, because
constant loads are easy to apply in testing. However, the
actual service loads on wood buildings are not constant
but vary with time. Long-term varying loads are very
difficult and expensive to apply in the 1laboratory,
because each load change usually requires time-comsuming
manual manipulation by research personnel. Furthermore,
complexities are introduced by variation in material
properties. A testing program that would include all the
major materials and loads is not practical due to a
prohibitively large number of specimens.

A practical alternative is offered by testing under
constant loads, because they require simple arrangements
and procedures. Thus, if creep behavior under varying
loads could be predicted from the data of tests under
constant loads, much time and money would be saved in
evaluating the behavior of wood system under varying

loads. One such a model had been developed and
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demonstrated the possibility of predicting the long-term
performance of nailed joints under varying loads (36).
The model was developed and verified for increasing load
function only. Therefore, it needs to be developed and
verified for decreasing load functions. Furthermore,
additional models which are more general, easy to use and
perhaps more accurate are needed, because the model
accuracy may depend on the type of joints and load

functions.

1.2. Objectives

The overall objective was to theoretically model
creep behavior of nailed joints. The specific objectives

were @

1. To evaluate the feasibility of existing
theoretical concepts to model creep behavior of
nailed joints,

2. To modify the most promising existing concepts
and develop theoretical models and computer
programs that accurately predict creep of nailed
joints under varying load functions, and

3. To assess the accuracy of the models and
computer programs by physical testing of typical

nailed joints.



IT. LITERATURE REVIEW

Wood has long been recognized and studied as a
viscoelastic material. Most sheathing materials in U.S.
housing construction are wood-based and, thus, can be
regarded as viscoelastic. A few viscoelastic models have
been developed to study the creep behavior of wood and
wood-based materials, but studies on creep of nailed
joints are scarce and strictly experimental (17,23). Only
one example of theoretical modeling was found in the
literature (36); its significance was in demonstrating the
feasibility of using viscoelastic model for creep of
nailed joints.

Next, the most important existing viscoelastic models
are first introduced and then studied for ©possible
applications to nailed joints. The models are four-
element, three-integral representation and viscous-

viscoelastic models.

2.1. Four-element model

The four-element or Burger's model is one of the most
widely used mechanical models for viscoelastic materials.
The basic elements of this model are spring and dashpot
which represent elasticity and viscosity, respectively.
Combinations of springs and dashpots can represent the

behavior of many materials quite accurately. The simplest



combination that has one spring and one dashpot in series
is the Maxwell model (Figure 2.l1a) and the Kelvin model
with the spring and dashpot in parallel (Figure 2.1b). The
Maxwell model simulates the instantaneous elastic
displacement and recovery. The Kelvin model shows the
delayed elasticity. But neither of these two models can
describe the behavior of viscoelastic materials.

The simplest model that does describe the
viscoelastic behavior successfully is a four-element
model (Figure 2.2) which is a combination of Maxwell and
Kelvin model. 1Its constitutive equation can be derived
from the strain response of the model under constant

load :

e(t) = 6/E1+<5/E2{1—EXP(-E2t/ nz)}+' ot/ n, (2-1)

in which € (t) = strain as a function of time, t; 0 =
stress; E, and E, = spring stiffnesses; and n;, andn, =
dashpot viscosities. In four-element model, the first,
second and third term represent instantaneous elastic,
delayed elastic and viscous strain, respectively.

There are several procedures for evaluating
parameters of the four-element model. For instance,
Moslemi (27) applied such a model to describe creep
behavior of hardboard under static ramp loading. He
divided the total creep into three parts : instantaneous

elastic, delayed elastic and viscous strain. The



(a) (b)

Figure 2.1. Maxwell (a) and Kelvin model (b).
(E = spring stiffness, n = dashpot
viscosity)



Figure 2.2. Four-element or Burger's model.



constitutive equation developed by him under load function

P(t) = At was :

€ (t) = At/E+[At/E+A nI/EZ{EXP(-Et/ n,)-1}1+

At?/2n, (2-2)

in which all symbols were defined earlier. In this model,
the stiffness of both springs should be equal.

Szabo and Ifju (38) applied a four-element model to
describe creep of wood beams under stresses due to
moisture adsortion and desorption. They obtained the
parameters of the constitutive equation by assuming that
the slope of strain-time curve of specimens under constant
load remained constant after t > 120 hours.

Pierce et al. (6,28,29,30) found the constitutive
equation of the four-element model for chipboard by

employing constant-load tests :

e (t) = B +B,{1-EXP(-B,t) }+B, t (2-3)

in which B,, B,, B, and B, are the parameters obtained by

o 1
nonlinear least square curve fitting of experimental data.
The model was applied to study the influence of moisture
content, stress (6,29,30) and temperature (6) on creep of
chipboard.

Pierce et al. (31) modified equation (2-3) to describe

the nonlinear viscosity of chipboard. They replaced the
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linear dashpot in the Maxwell model by a nonlinear dashpot
(Figure 2.3) in which the viscosity was expressed as a
power function of time. The corresponding constitutive
equation has five parameters, among which B and B are

nonlinear :
€ (t) = By+B,{1-EXP(-B,t) }+B,t" (2-4)

Again, nonlinearleast squares curve fitting was employed
toget Bi, i=1,...,5.

Thus, the existing investigations demonstrate that
four-element model can successfully predict creep of wood
and wood-based materials. Therefore, it was expected to

be also successful to predict creep of nailed joints.

2.2. Three-integral representation

Multiple-integral representations have been widely
used to predict the behavior of viscoelastic material,
such as plastic, under long-term lqads (8,11,12,26,27).
One form is a three-integral representation which has been
recognized as the one that provides adequate exactness and
simplicity in representing nonlinear viscoelasticity. 1In
deriving three-integral equations for continuous load
functions, Findley et al. (11) applied first, a continuum
mechanics approach and then, a modified superposition

principle, both of which gave this expression :



ni(t)

Figure 2.3. Nonlinear four-element model.
( n, (t) = viscosity of nonlinear dashpot)

11
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ct

e (t) = SO F, (t-2,) &(2,)dZ,+

fg F, (t-Z,,t-2,) 6 (2, §(2,)dz dZ,+

- N~
ct

O Mo

fg f:; F, (t=Z ,,t=2 ,,t-2 ) 6(2,) 6 (Z,)
& (2,)dz dz az, (2-5)

in which 2,, 2, and Z, = arbitrary time points between

2
zero and t; ¢ (t) = derivative of stress with respect to
t; and F,(t), F, (t) and F,(t) are known as Kkernel
functions (8,11,12), which represent the time-dependent
properties of material and can be derived by testing
specimens under constant stress.

For constant stress, equation (2-5) becomes (11,24,

26,36) :
e (o,t) = F (t)o +F ,(t) 0® +F ,(t) ¢’ (2-6)

in which F, (t), F,(t) and F, (t) are the same kernel
functions as those in equation (2-5).
Several investigations (8,11,12,24,26,27) have shown

that kernel functions can be expressed as power functions:

Fi(t) = Fi +Fi (t) (2-7)

+
where Fi° = constant; Fi (t) power function of time
obtained from constant load tests; and i = 1,2, 3.

In equation (2-5), q, F, and.Faare functions of one,

two and three variables, respectively. Numerous tests are
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required to evaluate these functions and no one has
determined all the functions that are required for any
material under all possible stress conditions (11).
Findley et al. (11,12) developed three simplified forms
that can be evaluated from tests under constant loads.

First is the product form :

F,(t-2,,t-2,) = [F, (t-2, )F, (t-2,)] (2-8)

Fa(t-zllt_zzlt—za) = [Fa (t_zl )Fa (t-Zz)F3(t-Z3)] (2-9)

Second is the first additive form :

F,(t-2,,t-2,) = F, (2t-2, -Z,) (2-10)

F,(t-2,,t-Z,,t-2,) = F, (3t-2, -2,-2,) (2-11)

and third is the second additive form :

F,(t-2,,t=2,) = 1/2[F,(t=2,)+F,(t=2Z,)] (2-12)
F,(t-2 ,t-Z,,t=-2,) = 1/3[F, (t=-2,)+F (t-2,)+

F, (t-2,)] (2-13)

These forms of kernel functions were applied successfully
to several man-made materials such as plastic (11,12) and
nailed joint (36).

An alternative to these forms is the modified
superposition principle which was developed on the basis

of the Boltzmann superposition principle for linear
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materials (11). Because of its importance, it is

discussed in detail next.

2.2.1. Modified superposition principle (MSP)

MSP was developed by Findley et al. (8,11]) to
describe the nonlinear behavior of viscoelastic materials,
such as plastic (8,12,26), aluminum (9,10,19,20) and
stainless steel (3,4,5,24).

The development was based on the Boltzmann linear
superposition principle which is illustrated in Figure
2.4. The creep displacement in Figure 2.4b can be
obtained by resolving the loading stress function (Figure
2.4a) into two constant stresses shown in Figures 2.4c
and 2.4e and then, superimposing the corresponding creep
displacements shown in Figures 2.4d and 2.4f. However,
this principle can be used for linear materials only (11).

MSP is a nonlinear superposition of creep
displacements as illustrated in Figure 2.5. Varying
stresses in Figure 2.5a are resolved into two stresses
shown 1in Figures 2.5c and 2.5e. Superposition of
resulting creep displacements in Figures 2.5d and 2.5f
produces the creep displacement in Figure 2.5b under
stress function shown in Figure 2.5a.

For stepwise stresses, MSP can be expressed as the

following sum(1l1l) :
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Figure 2.4. Boltzmannn superposition principle;(a) stress
function, (b) strain-time curve, (c) first
step in stress function, (d) strain under the
first step, (e) second step in stress
function, and (f) strain under the second
step.
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Figure 2.5. Modified superposition principle; (a) stress
function, (b) strain-time curve, (c) first
step in stress function, (d) strain under
the first step, (e) second step in stress
function, and (f) strain under the second
step.
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e (t) = JIL[£( o, ,t-t )-£( o, ,t-t )], >t (2-14)

where ¢ = strain; N = number of stressing steps:; o, =
stress level for i = 1,...,(N-1); and f( o ,t) = creep
function. For continuous stress functions, the strain can
be expressed as an integral form, that is, as an addition
of an infinite number of infinitesimal steps of stress

(11) :

. 9f(0(2),t-2) do(2)
e(t) =/ daz (2-15)
3 o(2) daz

where Z is the integration variable identified in equation
(2-5) .

For instance, if a creep function is obtained by a
three-integral form under constant load (equation(2-6)),
then the creep displacement under varying stress function
in Figure 2.5a can be obtained from equations (2-6) and

(2-14) :

€ (t)

£( 0o, t-to)+£( 0, ,t=-t,)-£( 0o, t-t )

F, (t-to) 0 o+F ,(t-to) 0d® +F, (t-to) 0 o+
F,(t-t,) 0, +F ,(t-t, ) 0,2 +F, (t-t,) 0> -

F,(t-t,) 0, =F ,(t-t; ) 0,% -Fy(t-t;) 0.} (2-16)

The equations obtained by MSP can be used to

represent creep under varying-stress functions.
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Originally, three-integral representation in equation
(2-5) was proposed to represent creep under arbitrary
stress functions. However, it is practically impossible
to get the kernel functions in equation (2-5). Therefore,
MSP provides a viable alternative in expressing the creep

of nailed joints under varying stress.

2.3. Viscous-viscoelastic model

Most of the existing works have concentrated on creep
of materials that have the same instantaneous displacement
and recovery. However, there are many materials,
including nailed joints, which do not fully recover the
instantaneous displacement upon unloading. For such
materials, the viscous-viscoelastic model developed by
Findley et al. (3,4,5,9,10,19,20) is very useful.

The basis for this model is in subdividing the total

creep strain into five components :

€t = €¢ + €p+Epy + ENVF Ege (2-17)

where ¢, = total strain; ¢, = instantaneous elastic
strain which is time-~independent and recoverable; € =
instantaneous plastic strain which is time-independent and

nonrecoverable; € and eyy = positive and negative

PV
viscous strains, respectively, which are time-dependent

and nonrecoverable; and ¢4, = delayed elastic strain
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which is time-dependent and recoverable. This concept
was applied to develop theoretical models in this study.
In experiments, Findley et al. used viscoelastic
materials, such as stainless steel (3,4,5) and aluminum
(9,10,19,20), in which the instantaneous recovery was the
same as the instantaneous displacement. Thus, they
assumed that the instantaneous plastic strain was zero.
For total creep strain, they employed a power function :

€ = € +€t% = e+ Eyp+ € (2-18)

+

in which €° and € are parameters obtained from tests;

€ and eyy are expressed as one term that is time-

pv
dependent nonrecoverable strain, e,; and g4 is expressed
as time-dependent recoverable strain, eygp. Three-integral

representation was then applied to express the total

creep :
€, = F 10 +F 202 +F30°
+
= (F{ +F 3 (t))0 +(F§ +F; (t))o® +
+
(F§ +F 3 (t))d® (2-19)
where F; = F} +F;f(t), i=1,2,3, are kernel functions; and

F { and Ff are parameters obtained from experiments.

1
Findley et al. postulated that ¢y and ¢, are
functions of the same power of time, n. Therefore,

equation (2-18) becomes :
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€ = €g +BtD +MtD (2-20)
where B and M are experimental coefficients of recoverable
and nonrecoverable strain terms, respectively. Equation
(2-20) is often written as :

€ = €g +tM(R+1)t1™ (2-21)

where R = B/M. By comparing equations (2-18) and (2-21),

expressions for eyp and ¢, can be written as :

EVE {R/(R+1) } et t0 (2-22)

ey = {1/(R+1)) et & (2-23)

Expression for time-dependent strain, F( o), follows from

equations (2-18) and (2-19) :

et £ = F(o) = FH(t) 0 +FF (t)o? +F}(t)o? (2-24)

Findley et al. found that no strain was developed under
the stress less than certain limit. To incorporate this
concept into the model, they further introduced the creep

limit, o *, into equation (2-24) :

F(o) = FI(t)( o-0 *)+F1(t) (0 -0 *)2+

FI(t)( o-o %) (2-25)
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Next, Findley et al. applied MSP to recoverable
strain of equation (2-22) and strain hardening principle
to nonrecoverable strain of equation (2-23). The result
was the expression for creep under varying loads. The
constitutive equation for e __ under three-step increasing

VE
loads was found to be (19) :

ey (£) = {R/(R+1)}[F( o1){t = (t-t1)" )+
F( 02) {(t=t1 ) =(t-t2)" }+

F( 03) (t-t,)" 1, t>t, (2-26)
where F(o ) is the same as in equation (2-25).
2.3.1. Strain Hardening principle (SHP)

Many theories have been proposed to predict the creep
rate in terms of other variables than stress (13). Among
those, SHP has been the most successful (8,11,13). 1In
SHP, strain rate is expressed as a function of strain and

stress.

The basis of SHP is the postulation that the creep
under constant stress can be represented by a function of
stress and time (13), the simplest form of which is :

e =aAg t" (2-27)

where A, n and m are constants. Differentiating equation
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(2-27) gives the strain rate :
de/dt = ¢ = mA o ™! (2-28)

Expression for time variable, t, can be obtained by
imposing 1/m power on both sides of equation (2-27) and

solving for t :
t = (e)l/m/@aop/m (2-29)

which is then substituted into equation (2-28) to obtain :

1/m.m-1

Ty (2-30)

de sat = mAac® [ e/ (a o
or

[ /™D m1ge = (ad® H™at (2-31)

Integrating both sides of equation (2-31) yields :

/™= r (ag® ) Tar (2-32)
Therefore,
e = [ f (ad™ )" (2=-33)

Findley et al. (4,5,9,10) applied this principle to
the nonrecoverable strain of equation (2-23) to get the
expression for the nonrecoverable viscous strain under

three-step increasing load :
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(1/(R+1) }[{F( 01 )} t0) +(F( 02 )}/ (ot 1)+
1/n

™
]

+H{F(o0s )} M-t )1" , t>t, (2-34)
The expression for the total creep under three-step
increasing load is the sum of equations (2-26), (2-34) and
the instantaneous elastic strain at the time of interest.
The prediction of this viscous-viscoelastic model agreed
closely with the experimental data for aluminum (9,10,19,

20) and stainless steel (3,4,5).
2.5. Creep and stiffness of nailed joints

There have been many studies (1,14,15,17,22,23,36) on
the strength properties of nailed joints, but only a few
(17,23,36) have dealt with creep of nailed joints.

Jenkins et al. (17) studied creep-related stiffness
loss of nailed joints between Douglas-fir stud and
plywood. They approximated the stiffness of nailed

joints, Kj, by the secant modulus :

Ky (P, t) = (Bj~Py_1)/[S ¢(P,t5)

-S (P, tj-; )1 (1b/in) (2-35)

where s = total creep; P = load; t = time; and j-1 and
j = successive intervals defining the secant modulus. The
major problem with this study was the use of linear

superposition for creep curves under constant loads to get
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creep under increasing loads by employing the assumption
that creep behavior of nailed joints is linear. Another
limitation was in restricting the study within the effect
of increasing loads only.

Polensek (36) developed a theoretical model which can
be used to predict creep of nailed joints under increasing
loads from the data of constant load tests. He fitted the

data to power functions :

Sc = at® (2-36)
in which Sc = creep slip; a and n = constants obtained
from experiments; and t = time. Mack (25) used the same

power function. Polensek employed the three-integral
representation, equation (2-6), to represent the creep

under constant load :
S(t) = F; (t)P+F ,(t)P %+F, (t)P° (2-37)
where S(t) = creep slip; P = load; and Fi(t) = Kernel

functions for i = 1,2,3. The corresponding equation for

stepwise load is :

S(t) = .I_ (AP )F,(t-t )+

[
[\nek=Inc}=}

[e]

n
j—z-o(APi) (APj)F z(t-ti ,t-tj )+

8 e

n n
tEoiloZSAP ) (AP ) (AP I Fy (t-t, ,t-t, ,t-t ) (2-38)
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where APi,j,k = step size in stepwise load.

To approximate the two- and three-variable kernel
functions in equation (2-38), Polensek employed the
product and two additive forms which were discussed in
Section 2.2. In applying these approximations to nailed
joints, he found that any of these three forms gives the

accurate predictions of creep slip under increasing loads.
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ITI. THEORETICAL PROCEDURE

It was not known at the beginning of this
investigation whether the existing viscoelastic models for
wood and wood-based materials can be directly applied to
nailed joints. Therefore, several models for materials,
such as plastic and aluminum, were studied for possible
application to nailed joints. Three of the most promising
models were the four-element, three-integral and viscous-
viscoelastic model, but they did not include all the
mechanisms of nailed joint behavior. Therefore, the three
models were modified in this investigation, which produced
five new models : Five-element, Modified Five-element and
Viscous-viscoelastic Model 1, 2 and 3. This chapter

describes the development of each of these models.

3.1. Theoretical principles

The theoretical procedure employed in this study is
summarized in Figure 3.1. Five models were developed from
the existing models and concepts. To modify the models
for varying loads, two approaches were chosen, one based
on MSP and SHP, and the other on MSP only. The
developments included three load functions : discrete
function, Heaviside function and Fourier series. Among
those three, discrete load function was used in both

approaches, while the other two were used in Approach 2
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Figure 3.1. Theoretical procedure.
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only. The developed models were then applied to specific
load functions to get the corresponding expressions for
the creep slip. The basic ideas incorporated into

modeling are introduced first.
3.1.1. Basic concepts

It is often convenient to divide the time-dependent
behavior of viscoelastic materials into instantaneous
elastic, delayed elastic and viscous component. The first
two components are recoverable but the third is not.

Past investigations have shown that wood and wood-
based materials are viscoelastic materials (6,7,16,22,28,
29,30,38). Nails are made of common steel which is also
viscoelastic material. Therefore, it may be postulated
that nailed joints between lumber and sheathing material
also behave viscoelastically. However, crushed wood
around embedded nails introduces additional complexity.
Preliminary testing in this investigation showed that the
time-dependent behavior of nailed joints could not be
described accurately by any of the existing viscoelastic
models. For instance, Figure 3.2 illustrates a typical
behavior of nailed joints under long-term load. The
instantaneous recovery upon unloading, DG = BC, is much
less than the instantaneous slip, AC, while the
instantaneous displacement and recovery are the same for

viscoelastic materials.
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Figure 3.2. Typical creep curve of nailed joints.
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In this investigation, three useful assumptions have
been adopted. The first is that the instantaneous and
delayed elastic displacement are totally recoverable. The
second states that the plastic and viscous displacement
are not recoverable. The third assumption reasons that
because only elastic displacement is totally recoverable,
the elastic displacement-versus-time curve should be the
same as the recoverable displacement-versus-time curve.
Thus, the total slip of nailed joints can be divided into
four components, which are similar to the division
introduced in the viscous-viscoelastic model discussed in
Chapter 2.

In this study, the total slip is visualized as a
combination of components that can be explained physically
and represented mathematically (Figure 3.2). As mentioned
before, the instantaneous elastic slip, BC, is the same as
the instantaneous recovery, DG, and time-independent. The
delayed elastic slip,CEF, is equal to the delayed
recovery, GLK, and time-dependent. The rest in the
instantaneous slip, AB, is plastic, time-independent and
nonrecoverable. Under constant load, the instantaneous
plastic slip is developed immediately upon loading and
remains constant during loading and unloading period. The
rest of total creep slip, CDE, is viscous, time-dependent
and nonrecoverable. Therefore, the total creep slip,
ACDI,can be divided into four components which are the

instantaneous elastic, BCFH, instantaneous plastic, ABHI,
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delayed elastic, CEF, and viscous slip, CDE.

The components in Figure 3.2 are similar to those
employed by Findley et al. (3,4,5), whose model lacks the
instantaneous plastic displacement. However, in nailed
joints, the instantaneous plastic slip due to compressed
damages of wood fibers around the nail is significant and
must be included.

The models developed in this study consist of four
components described above, which are connected in series

and may be added to give the total creep slip :

St = Se + Sp + S4e + SV (3-1)

where S = total creep slip; Se = instantaneous elastic
slip; Sp = instantaneous plastic slip; S, = delayed

elastic slip; and Sv = viscous slip.

3.1.2. Application of MSP to nailed joint (MMSP)

MSP discussed in Section 2.2 was proposed by Findley
et al. (8) for materials having the same instantaneous
displacement and recovery. In their model, the
instantaneous plastic displacement was assumed to be zero,
and all the creep displacement was assumed to be
recoverable. Thus, the same equation was used to describe
both creep displacement and recovery. However, in nailed

joints, the instantaneous plastic slip is larger than the
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instantaneous elastic slip and the viscous slip is not
recoverable (Figure 3.2). Therefore, MSP can be applied
to elastic slip but not to total creep slip.

In viscous-viscoelastic model, Findley et al.(3,9,19)
employed MSP and SHP for recoverable and nonrecoverable
displacements, respectively. The same method was employed
in this study and is refered to as Approach 1. However,
the predictions by Approach 1 were smaller than the
experimental data because the viscous slip predicted by
SHP was too small. Thus, a further modification was
carried out, which resulted in modified MSP or MMSP, and
refered to as Approach 2.

Mathematically, MMSP was accomplished as follows. 1In
Section 2.3.1, equation (2-33) defined the viscous

displacement predicted by SHP as :
ev=1[/ (ac" Fmazqm (3-2)

Under stepwise load function, equation (3-2) becomes : -

™
<
I

[(A0D )M/ Me, 4 (ach /T, —ty)+. .4
1

(A o)) /m(t-tN_l)]m , >ty (3-3)

where N = number of steps. The properties of m power

are :
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(A+B+C+...)™ < a, = o and >q if m<1l, m=1 and

m>1, respectively in which o = A"+B"+C™... (3-4)

In equation (3-3), m is always less than one. Therefore,

the maximum value of equation (3-3) equals :

ev = [ fz (A o )Umdz]m
< [Adp (t, )™ +A0] (& -t;)" +...+

Aoyt (t=ty 1) "1, >t (3-5)

In Approach 2 for nailed joints, the maximum value of
equation (3-5) was used to define the viscous slip, Sv, in
which load, P, and slip, S, replace stress, ¢ , and
strain, ¢ . Figure 3.3 graphically illustrates this
approach. The load function in Figure 3.3a is composed of
two steps. Under each step, the creep slip is divided
into two parts, the recoverable and nonrecoverable slip.
For the recoverable slip, Sr, MSP can be applied as shown
in Figures 3.3c¢c and 3.3d. For the nonrecoverable slip,
Sn, the maximum value of equation (3-5) is used, which can
be justified as follows. Upon unloading Po at time t;,
the instantaneous plastic slip, Sp, is recovered and the
viscous slip, Sv, remains constant (Figure 3.3e). Upon
loading P; at time t, , the instantaneous plastic and
viscous slip are developed (Figure 3.3f). Finally,
combining all four graphs, Figures 3.3c, 3.3d, 3.3e and

3.3f, gives Figure 3.3b which is the total SIip, S+ under
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Figure 3.3. MMSP for nailed joints; (a) Load function, (b)
slip under load function (a), (c) recoverable

slip in the first step,

(d) recoverable in

the second step, (e) nonrecoverable slip in
the first step, and (f) nonrecoverable slip

in the second step.
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load function in Figure 3.3a. Thus :

St = Sr(Po,t—to)+Sr(P1,t—tl)—Sr(Po,t—t1)+Sp1+

Sv(Po,t, -to)+Sv (P, ,t-t, ), t>t, (3-6)

Approach 1 and Approach 2 involve assuming that the
stepwise decreasing load is the same as the stepwise
increasing load acting in the opposite direction to the
existing load and having magnitude of the maximum load
just before unloading minus the actual load, that is, it
is assumed as compressive force. It is further assumed
that the compressive force induces elastic displacement or
recovery only until the compressive force exceeds the
existing load. By applying MSP to this compressive force,

the recovery upon partial unloading can be calculated.
3.1.3. Stiffness loss due to creep

An additional concept must be included in the
modeling of nailed joints. Previous studies (17,36) have
shown that the stiffness of nailed joints decreases with
creep magnitude. However, any specific definition of this
effect has not been reported. The experimental data of
this study showed that the creep-related stiffness loss
affects the recovery under stepwise decreasing load.
Therefore, the effect of stiffness loss should be included

in the creep modeling.
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In this study, the stiffness of nailed joint will be
defined by the secant slip modulus, that is the ratio of
total load to the corresponding slip. For instance, if
the load function in Figure 3.4a is applied to nailed
joints, the creep slip curve becomes that shown in Figure
3.4b and the corresponding load-slip curve becomes Figure
3.4c. If load P, is applied instantaneously, the
instantaneous slip will be Sa. However, under the load
function in Figure 3.4a, the slip is developed as much as
S (Figure 3.4b). The differeﬁce, Sc, between S; and Sa
is the delayed creep slip developed under the stepwise
load shown in Figure 3.4a.

The stiffness of nailed joints in Figure 3.4c may be
defined by the slope of line OA when P 1is applied

instantaneously :
Ka = P, / Sa (3-7)

where Ka = stiffness or slip modulus of nailed joints
under instantaneous loading. When the stepwise increasing
load function (Figure 3.4a) is applied, the slope of line

OB in Figure 3.4c gives the slip modulus of nailed joints:

Ks =P, / S, = P, / (Sa + Sc) (3-8)

where Ks = slip modulus of nailed jonts under stepwise

loading. Therefore, the stiffness reducing factor, Rs, is
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Figure 3.4. Stiffness loss due to creep in nailed joints;
(a) load function, (b) slip under 1load
function (a), and (c) load-slip curve of
nailed joints under load function (a).
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the ratio of Ks to Ka :

Rs = Ks / Ka=8a/ St =S5a/ (Sa + Sc) (3-9)

Factor Rs depends on the shape of the load function and
the duration of each step.

Under the decreasing stepwise loading, the recovery
is affected by creep under each load step. The recovery
rate is slowed because of creep acting opposite to
recovery. The testing showed that the recovery under
stepwise unloading was much less than the recovery under
instantaneous unloading. Therefore, it was assumed in the
modeling that, upon stepwise unloading, the recovery is
reduced as much as the stiffness reducing rate under the
reversed stepwise loading. For example, the following
procedure would account for the stepwise decreasing load
function in figure 3.5a. First, the stiffness loss under
the reversed load function in Figure 3.5b and the
corresponding stiffness reducing factor would be
determined by equations (3-6) through (3-9) (Figure 3.5c).
Then, the reduced recovery (dot line in Figure 3.5d) would
be calculated by multiplying the stiffness reducing factor
to the slip recovery obtained by MSP. In the experimental
part of this study, it was shown that, in nailed joints,
the recovery under partial unloading was almost
negligible. Thus, the stiffness reducing factor was

applied only to the complete unloading step at the end of
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Figure 3.5. Recovery under stepwise decreasing load; (a)
decreasing load function, (b) reversed
increasing load function, (c) load-slip curve
under load function (b), and (d) slip-time
curve under load function (a).
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the decreasing load function. The recovery predicted by

this procedure agreed well with the experimental data.

3.2. Theoretical models

The development of the five new models are discussed

next.

3.2.1. Five-element Model (5-E)

As mentioned before, the four-element model is too
simple to represent the creep behavior of nailed joints.
Therefore, a concept of nonlinear viscosity, originally
introduced by Pierce et al. (31), was added to the four-
element model. Specifically, a nonlinear dashpot with
variable flow rate replaced the single linear dashpot in
four-element model (Figure 2.3). This was accomplished by
expressing the viscosity of the nonlinear dashpot as a

power function of time :

n

n () = at (3-10)
in which n; (t) = nonlinear viscosity of dashpot as a
function of time, t, and a and n = constants obtained from
experiments. Expressing the relation between load, P, and

viscous slip, Sv, as :
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P = mi(t) (dSv / dt) (3-11)

and integrating gave :

Pt = n, (t)Sv (3-12)

Sv

Pt / n;(v) (3-13)

Finally, the substitution of equation (3-10) into (3-13)

resulted in :

Sv

Pt / at? apth (3-14)
where A = 1/a and M = 1-n.

However, such a model did not have the component
describing the instantaneous plastic displacement, so that
it still could not describe the behavior of nailed joints.
Thus, a new element for the instantaneous plastic slip was
added to the nonlinear four-element model. The result was
the Five-element Model (5-E) which is shown in Figure 3.6.
The new element, refered to as a nonlinear time-hardening
element, describes the nonlinear instantaneous plastic
slip upon loading and becomes a rigid element immediately
after the instantaneous slip takes place and remains
constant until the load increases.

The plasticity of the nonlinear time-hardening
element, 1y (P), was assumed to be a power function of

load. Therefore, its load-slip relation was found to be :
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Figure 3.6. Five-element Model.
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Sp = BP" (3-15)

where B and m are constants obtained from experiemnts.
Now, the constitutive equation for Model 5-E could be

written :
S, = P/E, +P/E, [1-EXP{-(E2/ N, yt}]1+apt? +BD" (3-16)

where E , E, n, , A, B, M and m are parameters determined
from experimental data.
Under constant load, equation (3-16) can be further

simplified to give :
S = A, +A,{1-EXP(-A,t)}+A, tM +aA, (3-17)

where A,, A,, A, A,, A; and M are parameters obtained
from the constant load tests. To apply this method, a set
of different parameters is needed for each load level,
which make Model 5-E difficult to apply to practical

problems.
3.2.2. Modified Five-element Model (M5-E)

In applying Model 5-E, it is not practical to
evaluate and use several sets of coefficients for various
load levels when predicting the creep slip under varying

load. Thus, Model 5-E was modified to allow its
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application with only one set of coefficients for all the
load levels. The new model is refered to as the Modified
Five-element Model (M5-E).

Tests have shown that the instantaneous elastic and
viscous slip of nailed joints are not linear with respect
to load. To include the nonlinearity of the instantaneous
elastic slip, the linear single spring in Model 5-E was
replaced by a nonlinear single spring (Figure 3.7). The
stiffness of the nonlinear spring was assumed to be a
power function of the load. Thus, the load-slip relation

in this spring could be expressed as follows :
Se = B, P! (3-18)

where B, and N, are constants obtained from experiments.

The viscosity of nonlinear dashpot in Model M5-E, n;,
was assumed to be the power function of both 1load and
time to include the nonlinearity :

n, (t) = bp & (3-19)

where b, 2 and m again are constants obtained from

experiments. Then, the load-slip relation was derived

similarly to the procedure described in Section 3.2.1 :

sv = B, pN2¢Ns (3-20)
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where B,, N, and N, are constants obtained from
experiments.

The constitutive equation of Model MS5-E was obtained
by incorporating these modifications into equations (3-16)

and (3-17), which resulted in :
S, = BiP 4B ,P(1-EXP(-Bjt) }+B, P 2t"® +BsP * (3-21)

in which B, B,, B, B, Bs, N, N,, Ny and N, are
parameters obtained from the results of constant load
tests. In Model M5-E, nonlinearity of the instantaneous
elastic and viscous slip is included. Therefore, equation
(3-21) can be employed for all load levels with only one

set of parameters.
3.2.3. Viscous-viscoelastic Model 1 (V-VEl)

The three integral representation describing
nonlinear viscoelastic behavior of materials cannot be
directly applied to represent the time-dependent behavior
of the material showing the instantaneous plastic
displacement. Therefore, another approach was selected
for nailed joints. It was based on equation (3-1) that

defines the slip as a sum of four components :

S¢=8Se + Sp + Sge + SV (3-22)
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which can also be expressed as a sum of two components,

recoverable, Sr, and nonrecoverable slip, Sn, where :

Sr = Se + Sy (3-23)

Sn

Sp + Sv (3-24)

In nailed joints, the shapes of the curves of
equations (3-23) and (3-24) are similar to the shape of
the curve representing viscoelastic creep behavior.
Therefore, it was possible to analogize that the three-
integral representation could be used for both Sr and Sn

as follows :

Sr = F, (t)P+F,(t)P*+F, (t)P (3-25)

Sn

Fy (£)P+Fs(t)P%+Fs ()P (3-26)
where F j(t), i=1-6, are kernel functions obtained from the
results of constant load tests. Thus, the total slip

equaled :

S¢

Sr + Sn = F, (t)P+F,(t)P%+F, (t)P +

F, (t)P+F5(t)P2+F, ()P (3-27)

Equation (3-27) will be called the Viscous-viscoelastic

Model 1 (V-VE1).
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3.2.4. Viscous-viscoelastic Model 2 (V-VE2)

Model V-VE2 consiéts of three-integral representation
for recoverable slip and power functions for
nonrecoverable slip. Thus, equation (3-25) was first
applied to define Sr and then, equations (3-15) and (3-20)

were used to define Sp and Sv, respectively, to give :
2 3 N2 . Nj Ny
St = F1(t)P+F, (£)P°+ F3 (t)P°+B4P 't "+BsP (3-28)

Equation (3-28) is a combination of Models M5-E and V-VEl
and refered to as the Viscous-viscoelastic Model 2

(V-VE2) .
3.2.5. Viscous=-viscoelastic Model 3 (V-VE3)

This is another combination of Models M5-E and V-VEl.
In Model V-VE3, power functions are used to express the
recoverable slip and the nonrecoverable slip is defined by
the three-integral representation. Thus, using the first
two terms in equation (3-21) to define Sr and equation

(3-26) to define Sn gave :

S, = B,P" +B,P{1-EXP(-Bst) }+

F 4(t)P+Fs (t)P2+F ¢ (t)P? (3-29)

This equation is refered to as the Viscous-viscoelastic
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Model 3 (V-VE3).

3.2.6. Model applications to varying load

To predict the creep of nailed joints under varying
load, further modifications of the models developed were
needed. In this investigation, two modification concepts,
identified as Approach 1 and Approach 2, which were
previously introduced in Section 3.1, were used to further

modify the models.

3.2.6.1. Application of Approach 1

Table 3.1 summarizes the models modified according to
Approach 1. Each model is divided into two parts,
recoverable and nonrecoverable slip, to apply MSP and SHP,
respectively, as given in Table 3.1 in which equations

(3-30) through (3-33) are defined as follows :

Sr = B, PV+B,P{1-EXP(-Bst)} (3-30)
Sr = F; (t)P+F, (t)P%+F 4(t)P? (3-31)
Sn = B pN2t Niyp, p N (3-32)
Sn = F, (t)P+Fs(t)P%+F ¢(t)P} (3-33)

Approach 1 could not be applied to Model 5-E which is
discrete, because Approach 1 requires the integration of

Heaviside function that is not possible for Model 5-E.
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Table 3.1. Numbers identifying equations whose sum
defines the models developed by Approach 1.

Equation No. for

Basic part Modification part Loading part

MOdel "-------_---------"“"‘-"--____‘_—--------(;)- ----- z"b-)-
Sr Sn sg s S S

M5-E 3-30 3-32 3-34 3-37 or 3-38 3-49 3-51
V-VE1l 3-31 3-33 3-34 3-45 or 3-46 3-50 3-51
V-VE2 3-31 3-32 3-34 3-37 or 3-38 3-49 3-51
V-VE3 3-30 3-33 3-34 3-45 or 3-46 3-50 3-51

(a) Slip under the four-step increasing load function in
figure 3.4a.
(b) Slip under the three-step decreasing load function

in figure 3.5a.
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By applying equation (2-18) of MSP to the recoverable
slip in equations (3-30) and (3-31), the recoverable slip

under stepwise load, s, was obtained :
N=1 '

sd = [I [Sr(Pi,t-ti)-Sr(Pi_1,t-ti)], t>ty (3-34)
where Sr is given by equation (3-30) for Models M5-E and
V-VE3 and by equation (3-31) for Models V-VEl1l and V-VE2,
and N = number of steps.

The nonrecoverable slip under varying load, S8&, for
Models M5-E and V-VE2 was obtained by applying SHP to

equation (3-32) as follows. Equation (3-32) was

differentiated first :
dsn/dt = B,N; pr2gNe~D) (3-35)
and solved for time :

Nz)ll/Ns

t = [(Sn-BsP ")/ (B,P (3-36)

Substituting equation (3-36) into equation (3-35) and

integrating gave :
N
s = BsP '+ /& (B,P 2}/ Mat M (3-37)

which, under stepwise load function, became :
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1 1
s¢ = BsP'* +[ (B, Polilz Mook, +(B, B2 )N (t,-t )+

ce o+ (B, B2, yNa et o t>t, (3-38)

SHP was applied to equation (3-33) to obtain the
nonrecoverable slip under varying load, Sé, for Models V-
VEl and V-VE3. This was made possible by having the same
power of time in all the kernel functions in equation

(3-33) as follows :

F,(t) = Fg + ER" (3-39)

Fs(t) = Fg + RR® (3-40)

Fe(t) = Fg + BR™ (3-41)
where F,, Fg, F;, F-:, F:, F: and m are parameters obtained
from constant 1load tests. Finally, equation (3-33)
became :

‘ m
Sn = (FP+F2P2+FP’)+(F P+F P2+F P¥)t

G1(P) + G,(P)t" (3-42)
which was again solved for time :

t = [{Sn=G,(P)}/G (P) /™ (3-43)
and differentiated to give :

dsn/dt = mG, (P)t{™1) (3-44)



Substituting equation (3-43) into equation (3-44) and

integrating the result yielded :
m_. m
& = G1 (P)+[ fL (G, (P)) " dt] (3-45)
which under stepwise load function equaled :

53 = G, (Py-1)+[(G, (Po) /™, +(G, (B ) }/™ (t,-t )+

... +{G, (PN_l))l/m(t—tN_l)]m , B>t No (3-46)

The total creep slip under varying load, Ss, is the

sum of Ss' and ss? :

Ss = ss' + ss (3-47)

As discussed in Section 3.1.2, the decreasing load was
considered as the compressive load acting in the opposite
direction to the existing load, so that MSP could be
applied in the same way as for increasing load. Thus, the

total slip under decreasing load function was found to be:
Ss = Smax - Ss' (3-48)

where Smax = maximum slip before unloading and ss is
given by equation (3-34). The stiffness reducing factor,
Rs, was applied to the last step of the load function as

discussed in Section 3.1.3.
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Next, the total creep slip was evaluated for the
four-step increasing load function defined in Figure 3.4a
and the three-step decreasing load function defined in
Figure 3.5a. The results are shown in Table 3.1 in which

equations (3-49), (3-50) and (3-51) are given as follows :

Ss = Sr(Po,t-to)+Sr(P:1,t-t1)-Sr(Po,t-t1 )+
Sr(Pz,t-tz)-Sr(P1,t-t2)+Sr(f3,t-ta)-
SE(P 2, trt ) +Bs pY*+[ (B4 Po TZ)@ (t1-to) +
(By P2 N (ta-t )+ (BuP2?) ¥ (1 —ta)+

~ N
(B, P )3 (t-t; )] %, t>t , (3-49)

Ss = Sr(Po,t-to)+Sr(P;,t-t:1)-Sr(Po,t-t1 )+
ST (P 5, t—t 2) =Sr(P;,t-t, ) +Sr (P 3 t-t 35) -
ST(P 2, t-t 5) +G 1(Ps)+[ (G2 (Po) }/™(t1 ~to)+
(G (P1) 1™t =t 1) +(G2 (R )}/ Tt s-to )+

(G2 (P2) ) Mt-t 1™ , tot, (3-50)

Ss = Smax-Sr(AP,,t-t,)-Sr (AP, + AP, ,t-t2 )+
Sr(AP,,t-t,)-Rs[Sr(Pj,t-t ;) -

Sr(AB +AR ,t-t; )], t>t, (3-51)
3.2.6.2. Application of Approach 2
In Approach 2, MMSP is applied to the total slip.

Thus, MSP was applied to the recoverable slip and for the

nonrecoverable slip, the procedure described in Section
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3.1.2 was used. The general expression for Approach 2

under stepwise 1load function was derived from equation

(3-6) :
. .
Ss = i;i‘[Sr(Pi,t—ti)-Sr(Pi_l,t—ti) +Sp(Py_1) 1+
N=1
oSV (Pt —t )+SV(By | -t ), t>t, | (3-52)

To use this equation in the models, the model
constitutive equations should be divided into three parts,
the recoverable, Sr, instantaneous plastic, Sp, and
viscous slip, Sv. The definition for each part of the
models is given in table 3.2 in which equations (3-53)

through (3-61) are defined as follows :

Sr = A,+A, {1-EXP(-A t)} (3-53)
sr = B,PV! +B,P{1-EXP(-B, t) } (3-54)
Sr = F,(t)P+F, (t)P>+F,(t)P?3 (3-55)
Sp = A, (3-56)
Sp = BP* (3-57)
Sp = F,P+E P2+E Pp3 (3-58)
sv = a,th (3-59)
sv = B, P2 tNs (3-60)
sv = (Fip+rtp2+rTps )" (3-61)

Equation (3-52) of Approach 2 was applied to all five
models where Sr, Sp and Sv are defined by equation numbers

given in Table 3.2. For decreasing load, MSP was applied



Table 3.2.

(a)

(b)

M5-E

V-VE1

V-VE2

V-VE3

56

Numbers identifying egquations whose sum
defines the models developed by Approach 2.

Basic part Modification Loading part
part

N s
3-53 3-56 3-59 3-52 3-62 3-51
3-54 3-57 3-60 3-52 3-62 3-51
3-55 3-58 3-61 3-52 3-62 3-51
3-55 3-57 3-60 3-52 3-62 3-51
3-54 3-58 3-61 3-52 3-62 3-51

Slip under the four-step increasing load function in

figure 3.4a.

Slip under the three-step decreasing 1load function

in figure 3.5a.
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to the recoverable slip only. Consequently, equation
(3-48) also can be used for deceasing load in which Sr is
given in Table 3.2.

For instance, the total creep slip under load
functions in Figures 3.4a and 3.5a were evaluated as
described above and is presented in Table 3.2 in which

equation (3-62) is defined by :

Ss = Sr(Po,t-to)+Sr (P, ,t-t; )-Sr(Po,t-t,)+
Sr(Pz,t-tz) -Sr(P1 ,t_tz )+Sr(P3,t-t 3) —
Sr(P,,t-t;)+Sv(Po,t;-to)+Sv(P,;,t -t )+

SV(P,,t -t,)+Sv(P; ,t-t; )+Sp(P3), t>t, (3-62)

3.3. Representation of load functions

In Section 3.2.6, the models were modified under
discrete loads. These discrete loads can be represented
by a equation using Heaviside step function or Fourier
approximation. In this Section, two modification ideas
for the models are discussed. Two ideas are the
applications of Approach 2 with the load functions
represented by Heaviside function and Fourier

approximation, respectively.

3.3.1. Stepwise load function represented by Heaviside
function

The procedure described in Section 3.1 is a discrete
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analysis in which the load function is not defined as a
continuous equation. Stepwise varying load is not
continuous, but it can be expressed as a continuous
equation in terms of Heaviside unit step function (11,18).
The application of Heaviside and Dirac delta function to

the models developed is presented next.

3.3.1.1. Difinition

Heaviside unit step function (Figure 3.8a) is defined

by (11) :

1 if t > a
H(t-a) = 12 if t = a (3-63)

0 if £t < a

where t = time and a = constant.
Dirac delta function (Figure 3.8b) is defined as

follows (11,18) :

® if t = a
§(t-a) = { (3-64)
0 if t # a
and
;Y (tma)at = 3T (t-ayat =1 (3-65)

Dirac delta function actually is the derivative of

Heaviside unitstep function :
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H(t-a) §(t-a)

—_— 8

(a) (b)

Figure 3.8. Heaviside unit step function (a) and Dirac
delta function (b).



d{H(t-a)} / dt = H(t-a) = G(t-a)

60

(3-66)

The integral of Heaviside and Dirac delta function has

following properties :

( o if

1/2 if

/7 H(t-a) &(t-b)dt ={ 0 if
1 if

0 if

. . 1/ (N+1)
2 tH(t-a)lY s(t-a)at = {
0

where a, b and N are constants.

3.3.1.2. Application

a>b

a=pb, azo0

a=b, a<o0

a<b, bx0

a<b, b<O
if a>o0
if a<o

(3-67)

(3-68)

Because it was expected that the results of this

procedure were similar to the results of discrete analysis

described in Section 3.1, the application was performed

for load function 7 only. The resulting models were then

modified by Approach 2.

For period A, the load function of Figure 3.9 is :

P(t)=PoH(t-to) =

Po if t>to

{ 0] if t<to

(3-69)
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Load function 7.

Figure 3.9.
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where Po = load in the first step and to = initial time of
the first step. The load function in period A and B of

Figure 3.9 equals :
P(t) = PoH(t-to) + AP, H(t-ti) (3-70)

where P; = Po + AP, = load level during the second

step. By repeating this procedure for all steps, the

overall load function equals :

P(t) = PoH(t-to)+ AP, H(t-t; )+ AB H(t-t,)+
A PyH(t-t, )- AR H(t-t,)- AP,H(t-ts)-

A PyH(t-t; )-PoH(t-t ;), t>t, (3-71)

where P, = Po+ AP, +AP, = load level during the third step;
P, = Po+ AP, + AP,+AP; = load level during the fourth step;
and t ; = initial time of each step for i = 0,1,...,7.
Equation (3-52) of MMSP could be rewritten for
stepwise increasing-load function to give :
N=
Ss = igi [Sr(B ,t-t )-Sr(P;_; ,t-t )+Sp(P;)-
N=2
SP(Py 1)1+ (I SVI(R sty —5)+
SV(Py_j,t=t g_1), B>ty (3-72)
The first four terms in this equation are the expression
for MSP and can be represented by an integral formfor a

continuous load function. Thus, equation (3-72) became :
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Sss = [L[ 3{Sr(P(z),t-z)}/3P(z) +
d{Sp(P(2))}/dP(z)}] P(z)dz+

N=2
izoSV(Pi,ti+l_ti)+SV(PN_l ,t-t N_l) ’ t>t N-1 (3-73)

The integrals in equation (3-73) were solved by direct
integration. The remaining terms in equation (3-73) were
solved in the same way as discussed in Section 3.2.6.
Model 5-E was not employed because it could not be
integrated. Therefore, only the remaining models were

modified by this procedure.
3.3.1.2.1. Modified five-element Model (M5-E)

Model MS5-E was divided into three components
represented by equations (3-53), (3-56) and (3-59). By
employing equations (3-53) and (3-56), the integrals in

equation (3-73) were expressed as :

sd

s BN P(2)1'TH4B,(1-EXP(~B, (t-2)) }+

BsN, Pz} 1) B(z)dz

B,N s& {P(z)M"1P(z)dz+B, s§P(z)dz-
B, /5 EXP(-B, (t-z))P(z)dz+

BN, /5 {P(2)}*"1P(z)dz (3-74)

in which load function, P(t), was given by equation (3-69)

and its derivative, P(t), equalled :



64

P(z) = Po S (t)+ AP, § (t-t )+ AP, & (t-t,)+
AP §(t-ta)- AP, & (t-t, )= AP, § (t-t;)~-

AP, 8(t-ts)-Po §(t-t,) (3-75)

Next, equation (3-74) was solved for each step of load
function 7 by substituting equations (3-71) and (3-75)
into equation (3-74), and by applying equations (3-65),
(3-66) and (3-67).

The second and third terms in equation (3-73) were

expressed by applying equation (3-59) :
N=2 N N
s = [T B Pj’ (tisy1-tj) 4By 2 (t-ty-1 ) (3-76)

Creep slip during the loading part of load function 7 is a
combination of equations (3-74) and (3-76). For example,

the creep slip in period D of Figure 3.9 was found to be :

Ss = B [PO" +N; {(P1)V ' THAR + (B, ) AR +(m ) gy 1+
B, [P3;-{POEXP(-B; (t-to))+ A P,EXP(-B; (t-t; ))+
A P,EXP(-B; (t-t; ))+ APJEXP(-B; (t-t3)) ]+

B [Po™ +N, { (P1 ) lap +(p, 471

AP+ (B )Nk_lAPa}]'*‘
4[Po™? (t,-tof? +PY? (t,-t; ' +PN2 (t,-t, ]V +

P2 (t-t,)V? ], t <t<t, (3-77)

The solution for the unloading portion was based on
the basic assumption that the decreasing load could be

considered as a compressive force applied in the opposite
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direction to the existing load. The compressive-force
function, Pc(t), and its derivative, Pc(t), were derived

as

Pc(t) = A PyH(t-t,)+ AP,H(t-ts)+ AP H(t-t)+
PoH (t-t; ) (3-78)
Pc(t) = A By S(t-t,)+ AP, &(t-t )+ AP; 8 (t-ts)+

Po § (t-t; ) (3-79)

For unloading, MSP can be applied, because only

recoverable slip is related to unloading steps. Thus :

ta{Sr(QJZ),t-z)} .
Ss = Smax-Rs[ [ —-===—c-———cm—-- Ps(2z)dz], t>ts (3-80)

in which Smax = maximum slip at time t4 before unloading;
Rs = stiffness reducing factor; and Sr = recoverable slip
defined by equation (3-53). As suggested in Section
3.1.3, stiffness reducing factor, Rs, was applied only at
the end of the last step. The integration in equation
(3-80) can be solved either directly or numerically. For
example, the creep slip for period H of Figure 3.9 was

found directly to be :

Ss = Smax - Rs[B; [ AP, +N, (( AR + AB 71 ap,+

( APy+ AP+ AP )N 1AR + (P, N1 7 1Po]+B, [P,-
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{ AP3EXP(-B; (t-t, ))+ APLEXP(-B; (t-ts))+

A P ]_EXP(_B3 (t-te ) )+POEXP(_B 3(t-t 7) ) }] ] (3-81)
3.3.1.2.2. Viscous-viscoelastic Model 1 (V-VE1l)

Model V-VEl1l is composed of three parts which are
represented by equations (3-54), (3-57) and (3-60). MMSP
and the corresponding equation (3-73) were applied to
Model V-VE1. The integrals in equation (3-73) were

written as :

sst = fLF (t-z)P(z)dz+2 SSF.(t-z)P(z)P(z)dz+
3 /5 Fy (t-2) (P(2) F P(z)dz+

& {Fy° +2Fs° P(z)+3F¢° (P(2) Y )P(z)dz (3-82)

The load function, P(t), and its derivative, P(t), were
defined by equation (3-71) and (3-75), respectively.
Equation (3-82) can be integrated either directly or
numerically. The rest terms in equation (3-73) were
determined as :

_ Nz2 + 2 + 3 m
Ss? = iéo(FL‘ Pi+F5 Pl +Fg Pi )(t i+l_ti) +

+ + +
(Fy By_p +Fs PR_1+Fg PR 1) (t-ty_1 J, t>tyo1 (3-83)

Adding equation (3-82) to equation (3-83) gave creep
slip under load function 7 for Model V-VEl.

Next, Model V-VE1l and equations (3-82) and (3-83)
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were used to evaluate the slip for period D of Figure 3.9.

The resulting equation was found to be :

Ss = F; (t)Po+F; (t-t,) A P1+F 1 (t=-t,) AR +F; (t-t; ) AP;+
F, (t) P& +2F ,(t-t; )Py AP+2F 5(t-t )P, AP, +
2F ,(t-t ;) P; A P;+F, (t)PJd +3F ;(t-t,) P2 AP +
3F ,(t-t ,)P,2 AP,+3F,(t-t;)P ;2 AR +F,° P3+
2F ¢ (P? +P, A P,+P, AP, +P; AP,)+3Fg (Pd+
P,2 AP, +P,2 A P,+B,2 AP ) +(F T Po+F? PS +
FI Po®)t® +(FY p+Ft P2 +8 P} ) (t,-t )%+
(F, P,+F§ B} +Ff P§ ) (ta-t, '+

(Ff P,+FT P +Ff P} ) (t-t,)", t>t, (3-84)

For unloading, decreasing loads were again regarded as a
compressive forces. The bases for determining the slip
under unloading function were the force function and its
derivative given in equations (3-78) and (3-79). For MSP,
the resulting equation was identical to equation (3-80) in
which Sr was given by equation (3-54).

The same development was also applied to period H in

Figure 3.9. The total slip was found to be :

Ss = Smax - Rs[F, (t-t,) AP;+F,(t-t;) A P,+F,(t-% )AR +
F, (t=t, )Po+F ,(t-t ,) AP 2 +2F ,(t-t ) (AR, +AP, ) AP, +
2F, (t-t; ) ( AP+ AP,+ AP,) AP1+2F ,(t-t ;)P; Po+
F3 (t-ty) A P} +3F; (t-ts)( AR + AR )2 AP,+

3F, (t-t; ) ( AB + AB + AR )2 AP+
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3F;(t-t7)B% Po], t>ts (3-85)

Models V-VE2 and V-VE3 are combinations of Models
M5-E and V-VEl. The corresponding total slip could be
easily obtained from equations (3-74), (3-76), (3-82) and
(3-83) following the procedure of Section 3.2.6.2, but the

development was not carried out in this dissertation.

3.3.2. Continuous load function represented by Four@er

series
Next, a procedure was developed for loading
represented by continuous functions. Such a procedure
offers advantages when the load is difficult to be
represented by a simple equation that is easy to
integrate. The development was based on a Fourier series
approximation, because such an approximation can easily be

used for varying-load functions.

3.3.2.1. Definition of Fourier approximation

Fourier series approximation of load function P(t) is

a trigonometric series defined by (18) :

Fp(t) = (1/Tp)/ ,°P(t)dt+
£, [(2/Tp) (/P P(t) cos(int)dt}cos (lnt)+
1=

(2/Tp) { /PP(t)sin(int)dt)sin(iwt) ]

AO+i§l[Ai cos(inwt)+ Bi sin(iot)] (3-86)
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where P(t) = load function; Tp = period; and w = 27 /Tp.

To illustrate such a procedure, Fourier series
approximation was applied to load function 7 of figure
3.9. First, load function 7 was divided into two parts
(Figure 3.10), part a consisting of a constant load of 60
lb and part b consisting of stepwise varying load which
was load function 7 minus 60 1lb.

Part b which shows odd periodic extension by dot line
in Figure 3.10 was approximated by a Fourier sine series

(18). In this case, equation(3-86) was valid, in which :

Ao = 60
Ai =0

Bi = (2/Tp) /. PP(t) sin(iot)dt

(2/Tp) fiPP(t) sin (2iT /Tp)t dt (3-87)

For load function 7, t7 is 14 days or 20,160 minutes and
Tp is 28 days or 40,320 minutes, for which equation (3-87)

was found to be :

Bi = -(1/i7 ) [P {cos(2i n/7)+cos(6iT /7)+
cos(8iT /7)+cos(12i T /7)=cos(iT /7))~
cos(5im /7)=-cos (91 7 /7)-cos(13im /7) }+
B, {cos(31i T /7)+cos(5im /7)+cos (91 W /7)+
cos(11li m/7)-cos(2i ™ /7)-cos(4itT /7)-
cos(10i m/7)-cos(12iT /7) }+P, {cos(4im /7)+

cos(10i m/7)-cos(3im/7)=-cos(11li 7/7)}] (3-88)
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Figure 3.10. Division and odd periodic extension of load
function 7 for Fourier approximation.
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After having defined all the coefficients, load function 7

was fully defined :
Fp(t) = Ao+ i°§lei sin(iwt) (3-89)

In programming, "i" was selected to be 20, because
preliminary calculations showed that 20 assures

convergence at sufficient accuracy.
3.3.2.2. Application of Fourier approximation

Next, Fourier sine series was applied to the models
developed and the models were modified by Approach 2. For
varying load, MMSP was represented by equation (3-73) in

which the derivative of the load function equalled :
Fp(t) = izliji cos (int) (3-90)

Model 5-E could not be used in this procedure because it

is discrete.
3.3.2.2.1. Modified five-element Model (M5-E)

Model M5-E can be divided into three parts that are
associated with equations (3-53), (3-56) and (3-59). The
general expression for MMSP under continuous load function

was found to be equation (3-73), in which the integrals
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equalled

ss' = B N; /5 (Fp(z))" Fp(z)dz+
B.[/5 (1-EXP(-B, (t-z))}Fp(z)dz]+

B Ny /5 (Fp(z)) " Fp(z)dz (3-91)
The remaining terms in equation (3-73) were expressed as :

N=2 N N
ss? = ;21 BuFP 2 (tiq-ty) o+

N N
B, Fpy2; (E-t ;)0 , >ty (3-92)

For continuous load function, the viscous slip was
obtained by equation (3-92). The total slip under load
function 7 was expressed by a Fourier series as a
combination of equations (3-91) and (3-92). When
a numerical method is used to solve equation (3-91),
equations (3-91) and (3-92) should both have the same step
size.

Next, the unloading part of the function was

expressed by :
Fc(t) = Fmax - Fp(t), t>tmax (3-93)

where Fc(t) = unloading part of the equation; Fmax =
maximum load at time tmax; and Fp(t) is defined by
equation (3-89). The derivative of equation (3-93)

equalled :
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Fc(t) = -Fp(t), t>tmax (3-94)

where fp(t) was defined by equation (3-90).
Next, MSP was applied to the unloading part of the

function in which the recoverable slip was defined as :

Ss = Smax -Rs[fzmagt 3Sr(Fc(z),t-z)/ 3 Fc(z) }Fc(z)dz |
_ _ t 1-13
= Smax - Rs[B;N; ftmax{Fc(z)}“ Fc(z)dz+
B [ftmagcl-EXP(-B s(t-2)) }Fc(z)dz]], t>tmax (3-95)
where Smax = maximum slip at time tmax and the other
symbols were previously defined. The integration of

equation (3-95) can be carried out either by direct or
numerical method. As before, the stiffness reducing

factor, Rs, was applied to the last step only.
3.3.2.2.2. Viscous-viscoelastic Model 1 (V-VE1l)

Model V-VEl1l is divided into three parts that were
defined by equations (3-54), (3-57) and (3-60). Again, the
slip under varying load was defined by equation (3-73) of
MMSP in which the integrals equalled :

ss = /5 B (t-z)Fp(z)dz+2 /L F, (t-z)Fp(z)Fp(z)dz+

3/g Fa(t-z) {Fp(2)}? Fp(z)dz+ [{ (F; +2F Fp(z)+

3F: {Fp(z)}? }Fp(z)dz (3-96)
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where Fp(t) and Fp(t) were given by equations(3-89) and
(3-90), respectively. The remaining terms in equation

(3-73) were found to be :

Nz2 _ + + + m
s€ = I (F, Fp;+Fs FP; +F s Fp; ) (t i41-ti) +
+
(F 4 Fpy_; +Fs Fpg_; +Fs Fpy_;) (t=tg_; )Y

t>tyn-1 (3-97)

Equation (3-97) 1is a discrete approximation of a
continuous load function. The sum of equations (3-96)
and (3-97) gives the total slip under load function 7
approximated by Fourier series. When equation (3-95) is
evaluated by a numerical integration, it is convenient to
use the same step size for both, equations (3-96) and
(3-97) .

For unloading, the force function and its derivative
were expressed by equations (3-93) and (3-94),
respectively. When MSP was applied, the total slip

became :

Ss = Smax -Rs[ftmagc 9Sr(Fc(z),t-z)/ 3 Fc(z) }Fc(z)dz

Smax - Rs[ f;mx}?1 (t-z) Fc(z)dz+
t - .
Zkaasz(t 2)Fc(z)Fc(z)dz+

3f§maxF3(t—z){Fc(z)}2 Fc(z)dz] (3-98)

Again, equation (3-98) can be evaluated by direct or

numerical integration. The stiffness reducing factor, Rs,
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was applied to the last step only.

Models V-VE2 and V-VE3 can be easily obtained from
equations (3-91), (3-92) and (3-95) for Model M5-E and
from equations (3-96), (3-97) and (3-98) for Model V-VEL.
However, these derivations were not presentated in this

dissertation.
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VI. EXPERIMENTAL PROCEDURE

To formulate and verify the models developed, creep
experimental values are required for nailed joints under
constant and varying loads. Therefore, a testing study
was carried out, which included the most common joint type
in building construction. The joint type selected was

nailed joint between framing member and plywood sheathing.

4.1. Joint specimens

Material selection and joint specimen construction

are introduced in this section.

4.1.1. Material selection

Douglas-fir lumber of nominal size 2-by 4-inches was
selected as representative framing member. Initially, 350
12-inch long pieces of lumber were cut from studs left
over from another project at the Forest Products
Laboratory, Oregon State University. The pieces
containing too much pith, checks, splits or knots were
excluded because these defects could produce joints that
were not typical of the overall statistical population.

The sheathing material consisted of 3/8-inch thick
Douglas-fir plywood of sheathing grade, because it

represented commonly used sheathing materials in
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construction stock. It was selected from 4-by 8-foot
panels bought in a local lumber yard. In the laboratory,
sections of 4-by 15-inches were cut from the panels. The
sections having weak adhesion, checks, splits and knots
were excluded, because they would not produce typical
joints.

Next, the materials were stored in a conditioning
room at l1l2-percent equillibrium moisture content (EMC)
with forced air circulation until they reached EMC. Their
moisture content were checked periodically by an electric
moisture meter to monitor their equilibration.

Six penny galvanized box nails were selected to make
joints, because this type is commonly used in wall
construction. The length and diameter of the nail are 2.0
in. and 0.98 in., respectively. The nails having a crushed

head, shank or extremely rough surface were excluded.

4.1.2. Evaluation of specific gravity

Specific gravity is often visualized as an easily
measured property of wood, which is closely related to
other mechanical properties. Therefore, it was evaluated
for all 350 pieces of lumber selected.

In this investigation, specific gravity was based on

the volume at 12 % moisture content and evaluated by :

SG = Ww / (1.12 V) (4-1)
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where Ww = weight of wood and V = volume of wood at 12-
percent moisture content. In equation (4-2), moisture
contents of all pieces of lumber were assumed to be 12-
percent and the volumes were obtained by measuring the

thickness, width and length of each piece.

4.1.3. Evaluation of elastic bearing constant

Elastic bearing constant is related to the stiffness
of nailed joints. It is defined as the elastic spring
modulus for the wood under the nail and expressed in psi
per inch of wood deformation. In nailed joint, the wood
can be visualized as a foundation and the nail as a beam.
Under small deflection, the nail and the wood behave
elastically. Therefore, the elastic spring constant of
wood is important in indicating the stiffness of nailed
joints.

The elastic bearing constant depends on the testing
method and the equation of calculating it. In this
investigation, elastic bearing constants were evaluated by
the modulus of subgrade reaction of soil foundation (2),
because it was suitable for nailed joints and relatively
easy to test. 1In this method, the elastic bearing

constant is defined by :

Ko =g/ y (lb/ind) (4-2)
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where Ko = elastic bearing constant; g = stress in wood
(lb/in?); and y = deflection under nail (in.). For nailed
joints, q equals :

qQq=P /A (4-3)

A=DL (4-4)

in which P = 1load (1b):; A = contact area between nail and

wood (in.); D = diameter of nail (in.); and L contact
length between nail and wood (in.). The contact length,

L, was obtained by :

L =1In - Lp (4-5)

where Ln = length of nail (in.) and Lp = thickness of
plywood (in.). Substituting equations (4-3), (4-4) and

(4-5)into equation (4-2) resulted in :

Ko = P / [yD(Ln-Lp)] (lb/ind) (4-6)

in which P, y, D, Ln and Lp are variables measured in
experiments.

The testing arrangement for the elastic bearing
constant is shown in Figure 4.1. The nails were placed on
the cross section of the lumber pieces and compression

load parallel to the grain was applied. A steel loading
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1 Steel loading
block

——Nail

; ,._:‘;'“‘ 3/8"
b—2.0"t—~

= ——Lumber

12"

Figure 4.1. Testing arrangement for evaluating elastic
bearing constant.
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block was used to apply load to the nail. The contact
length of the nail equalled the actual penetrating length,
that is the length of nail minus the thickness of plywood.
In Figure 4.1, the tests were performed on four corners (*
marks) of each section of lumber and the average of four

was taken as the elastic bearing constant of that section.

4.1.4. Specimen construction

The specific gravity and elastic bearing constant
were the basis for selecting 25 lumber sections used for
nailed joints specimens. The specific gravities and
elastic bearing constants of 350 lumber sections are shown
in Figure 4.2. These histograms were assumed to represent
the Douglas-fir lumber. The average was 0.45 for specific
gravity and 183,929 1b/in} for elastic bearing constant.
The 25-specimen lumber sample was selected from 350
sections, so that the histograms of this sample matched
those in Figure 4.2. The average for the 25-specimen
sample was 0.45 for specific gravity and 185,693 1lb/in’
for elastic bearing constant. Furthermore, the selected
lumber specimens were checked visually to assure that they
were free of defects.

Nailed joints were constructed by hammer-driving
until the stud and plywood made firm contact and the nail
head was flat with the surface of the plywood.

Each of 25 lumber and plywood specimens was used
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Figure 4.2. Distribution of specific gravities and
elastic bearing constants of Douglas-fir
lumber specimens.
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eight times, once for each of eight load functions, to
reduce the variation in material properties. After
testing each nailed joint, the nail was carefully pulled
out, and a new joint was assembled by hammer-driving a new
nail into the plywood and lumber at the point one inch
apart from the previous nailing point. The framing
members were used four times on each narrow edge (Figure
4.3) and the plywood sections were used eight times
(Figure 4.3). The reuse of lumber and plywood to make new
specimen was expected to minimize the variation in creep
readings for the eight load functions due to material

variability.

4.2. Testing arrangement

The nailed-joint specimens (Figure 4.4) were the same
as those developed in an earlier investigation (17,22).
The type selected introduces almost pure shear and has
considerably less moment than the joint in the ASTM
testing arrangement (17,22). Steel straps were used to
connect specimen to the frame supporting at the top and to
the weight at the bottom in Figure 4.4.

In constant-load tests, dial gauges were used to
monitor the creep slip instead of linear variable
differential transformers (LVDTs). To compensate the
difference in measuring instruments between constant-and

varying-load tests, the measurements of the dial gauges
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Figure 4.3. Douglas-fir lumber and plywood specimens used
in testing.
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Figure 4.4. Testing arrangement for varying-load tests;
A = LVDT, B = string to LVDT core, C =
stud and D = plywood.
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and LVDTs were calibrated by one vernier caliper. The
readings were taken visually at intervals of 1, 2.5, 5,
10, 20, 30, 60, 120, 246, 480, 1440 minutes and daily
afterwards.

In varying-load tests, LVDTs were used. They were
connected to l4-channel analogue input box (A in Figure
4.5) which had eight AC-LVDT and six DC-LVDT channels.
The signals were then sent to a 21X-micrologger (B in
Figure 4.5) which was used to collect data at a
preprogrammed scanning rate of one second for the first
two hours and 30 minutes afterwards. Finally, the data
were stored on cassette tapes by a tape recorder (C in
Figure 4.5) which was connected to the 21X-micrologger.
The data on the cassette tapes were recovered by an IBM
microcomputer for the analysis.

The loads were applied and removed by a small lifting
device that was made specifically for this testing (Figure
4.6). The device minimized the jerk and vibration which

could develop during the loading and unloading processes.
4.3. Testing procedure

All the tests were performed in the conditioning room
at l1l2-percent EMC, because the behavior of nailed joints
under load is affected by the change in EMC. During the
tests, checking the dry and wet bulb temperatures showed

that EMC varied between 11.5 % and 12.5 %, which is within
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Figure 4.5. The arrangement for data acquisition system;
A = 16 channel analogue input box, B = 21 X-
micrologger, C = cassette tape recorder.



Figure 4.6.

Loading and unloading device.
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the acceptable limits.
4.3.1. Load functions

The eight load functions employed in the tests are
defined in Figures 4.7 (constant-load functions) and 4.8
(varying-load functions). The load range between 60 and
120 1lb was selected,.because this range represents the
load which can be applied to the wall in the actual
environment. The varying-load functions were selected to
include loading, unloading, increasing, decreasing and
cyclic loading, because these are basic patterns of the

actual loads developed by several natural occurances.
4.3.2. Description of constant-load tests

In constant-load tests, sets of two or three
specimens were loaded in series to reduce the time and
space required for the testing. Therefore, the specimens
at the top had six and those at the middle had three more
pounds of weight than those at the bottom. The test
results were corrected for this over-loading by using
piecewise-linear interpolation to bring the slip to the
target 1load. Piecewise-linear interpolation was
sufficient because of the small corrections involved.

The loading schedule in this tests is given in Table

4.1. The specimens were tested in 10 series sets, among
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LOAD (LBS) LOAD (LBS)
2@
59
14 TIME (DAY) 14 TIME (DAY)
Load function 1 Load function 2
LOAD (LBS) LOAD (LBS)
120 [
1680 r
14 TIME (DAY) 14 TIME (DAY)
Load function 3 Load function 4

Figure 4.7. Constant-load functions used in testing to
develop data needed to form the models.
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LORD (LBS) LORD (LBS)

—
198 +— 1@ | —
5@ T sg |
4 18 TIME (DAY) 7 14 TIME (DRY)
Load function 5 Load function 6
LOAD (LBS) LOAD (LBS)
108+ 100 +
L
58 + 53 +
7 14 TIME (DAY) 10 TIME (DAY)
Load function 7 Load function 8

Figure 4.8. Varying-load functions used in testing to
develop data for model verification.
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which the first five sets had three specimens and the
remaining five had two specimens. The specimens in two or
three sets were simultaneously subjected to the same load
function. The tests were run with all four load functions
simultaneously to reduce the potential variation in the
room conditioning.

After the loads were removed, the recovery was
measured for one week. Among 25specimens, five were
subjected to more dynamic load than others due to the
unexpected mistakes during the loading processes and
showed much more instantaneous slip than the specimens
which had only static loads. Therefore, the results of
those five were excluded from the analysis, and varying-
load tests were also conducted with the other 20

specimens.

4.3.3. Description of varying-load tests

Ten specimens were tested with only one specimen in
each set. In Table 4.1, test No. 5, 6, 7 and 8 were
scheduled for the first ten specimens and were the same as
test No. 9, 10, 11 and 12 which were scheduled for the
remaining ten specimens. Load functions 5 and 8 took 10
days and load functions 6 and 7 took 14 days to complete
and the recovery was measured for one week afterwards.

The loading or unloading was accomplished with the

help of a lifting device to assist with the gradual
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Table 4.1. The assignment of load-function numbers
(defined in Figures 4.7 and 4.8) in the
testing schedule.

Test Test The No. of load function used
in the specimen groups 1 - 10
type No. 1 2 3 4 5 6 7 8 9 10
Constant 1 1 1 1 2 2 3 3 3 4 4
load 2 -3 3 3 4 4 1 1 1 2 2
test 3 2 2 2 1 1 4 4 4 3 3
4 4 4 4 3 3 2 2 2 1 1
5 5 5 5 6 6 7 7 7 8 8
Varying
6 7 7 7 8 8 5 5 5 6 6
load
7 6 6 6 5 5 8 8 8 7 7
test
8 8 8 8 7 7 6 6 6 5 5
9 5 5 5 6 6 7 7 7 8 8
10 7 7 7 8 8 5 5 5 6 6
11 6 6 6 5 5 8 8 8 7 7
12 8 8 8 7 7 6 6 6 5 5
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application and minimize the jerk. The partial loading
and partial unloading were performed manually.
Preliminary tests showed that the device reduced the

loading and unloading jerk.

4.3.4. Procedure of comparing experimental and
theoretical data
To compare the theoretical predictions with the
experimental data, the square of the correlation
coefficient, R , and the sum of the squares of errors,

SSE, were calculated, which are defined as follows :

(.2 (5-8) (5*-8% 17
R® = =l N — (4-7)
[ 2,(s-B)2 I (5%-5%)% ]
SSE = igl(s-s %) 2 (4-8)

where S = experimental data; S = mean of experimental
data; S * = predicted data; S* = mean of predicted data;

and N = number of observations.
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V. RESULTS AND DISCUSSION

To develop and verify the workable models of the
theoretical concepts introduced in Chapter 3, experimental
observations for creep of nailed joints under constant and
varying loads were needed. This chapter describes the
formulation and verification of the workable models for
nailed joints tested in Chapter 4. The models can predict
the behavior of nailed plywood-to-wood joints under any

type of loading function.
5.1. Experimental results

This section contains the results of testing

described in Chapter 4.
5.1.1. Creep under constant load

The raw data obtained from the tests under constant
loads of Chapter 4, which ére the mean values of 20
specimens, are given in Appendix B.1l. The graphs that are
based on the data in Appendix B and presented in this
chapter were drawn by an IBM PC/XT microcomputer and
TEKTRONICS graphic plotter using the software developed in
another FRL study in the Forest Products Department.

The mean time-slip traces from these data are shown

in Figure 5.1. Under 60-1b load, the delayed slip and
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Figure 5.1. Creep of nailed joints under constant-load
functions.
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Table 5.1. Recoverable slip of nailed joints under
constant-load functions.

Creep slip (0.001 in.) under
constant load (1lb)

Time(min.) 60 80 100 120
0.0 0.5 1.1 1.7 2.7
1.0 0.5 1.2 1.7 2.7
2.5 0.5 1.2 1.8 2.8
5.0 0.5 1.2 1.8 2.8
10.0 0.5 1.2 1.9 2.9
20.0 0.5 1.2 1.9 2.9
30.0 0.5 1.2 1.9 2.9
60.0 0.5 1.2 1.9 2.9
120.0 0.5 1.3 1.9 2.9
240.0 0.6 1.3 2.0 2.9
480.0 0.6 1.3 2.0 3.0
1440.0 0.6 1.3 2.0 3.1
2880.0 0.6 1.4 2.1 3.1
4320.0 0.6 1.4 2.1 3.1
5760.0 0.6 1.4 2.1 3.2
7200.0 0.7 1.5 2.2 3.2
10080.0 0.7 1.5 2.2 3.2
12960.0 0.7 1.5 2.2 3.2
15840.0 0.7 1.6 2.2 3.3

20160.0 0.7 1.6 2.2 3.3
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Table 5.2. Nonrecoverable slip of nailed joints under
constant-load functions.

Creep slip (0.001 in.) under
constant load (1lb)

Time (Min.) 60 80 100 120

0.0 0.4 1.0 2.9 6.4
1.0 0.5 1.0 3.2 7.4
2.5 0.5 1.1 3.3 7.6
5.0 0.5 1.1 3.4 8.0
10.0 0.5 1.1 3.4 8.2
20.0 0.5 1.2 3.6 8.6
30.0 0.5 1.2 3.7 8.8
60.0 0.5 1.3 3.9 9.2
120.0 0.5 1.3 4.0 9.6
240.0 0.5 1.3 4.1 10.1
480.0 0.5 1.3 4.3 10.5
1440.0 0.5 1.6 4.9 11.5
2880.0 0.6 1.8 5.5 12.6
4320.0 0.6 2.0 5.7 13.3
5760.0 0.6 2.1 5.9 13.8
7200.0 0.6 2.1 6.1 14.4
10080.0 0.6 2.3 6.6 15.1
12960.0 0.7 2.5 7.1 15.8
15840.0 0.7 2.6 7.4 16.2

20160.0 0.8 2.7 8.0 17.6
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even the total slip‘were negligible. However, it
increased as the load level increased. Under 120-1b load,
the delayed slip was almost twice the magnitude of the
instantaneous slip.

The slip recovery was relatively small compared to
the slip under loading. The slip recovered immediately
after unloading was about 1/2 to 1/3 of the instantaneous
slip. At 60 and 80 1lb, the immediate slip recovery was
close to 1/2 of the instantaneous slip. The delayed
recoverywas negligible for all four load levels.

The total slip under each load was divided into four
components : Se, S4ge , Sp and Sv which are defined in
Chapter 3. The four components are given in Table 5.1 for
recoverable slip and in Table 5.2 for nonrecoverable slip.
Three components : Se, Sp and Sv display nonlinear
relationship with the load. The experimental slip in
Tables 5.1 and 5.2 were used to evaluate the parameters

for the workable creep models.

5.1.2. Creep under varying load

The means of the raw data for 20 nailed joints
specimens tested under varying-load functions are
presented in Appendix B.2. The mean time-slip traces for
load functions 5, 6, 7 and 8 are presented in Figures 5.2,
5.3, 5.4 and 5.5, respectively.

When removing the load at t=2880 minutes (2 days),
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Figure 5.2. Creep of nailed joints under load function 5.
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(b) Slip response

Figure 5.3. Creep of nailed joints under load function 6.
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Figure 5.4. Creep of nailed joints under load function 7.



Load (1b)

100 <+

S0 4

SLIP ¢ x 8.881 IN)

wn

o
—t
At

1
10,080 20,160

TIME (MIN.)

(a) Load function

Figure 5.5.

} " |
3324é
TIME ¢ MIN 3

" i 1 " i L i i
19038 28168

(b) Slip response

103

Creep of nailed joints under load function 8.
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the trace in Figure 5.2 displays a recovery of about 1/3
of the instantaneous slip, which remained almost constant
until reloading. Uponvreloading at t=5760 minutes (4
days), the slip quickly reached the magnitude observed
just before unloading. After unloading at the end of the
load function, about 1/3 of the instantaneous slip
observed in the previous step was recovered again and the
subsequent delayed recovery was negligible. From the
observations discussed, it was postulated that the
recovery was not affected by the loading history.

Figure 5.3 depicts the slip under uniform loads of
120, 100, 80 and 60 1lb. After the initial loading of 120
1b, the slip increased stiffly. Upon unloading, about 1/3
of the instantaneous slip was recovered, which was
followed by a small amount of delayed recovery. 1In the
100-1b step, both the slip and recovery were smaller than
that in the first step. The same trend was observed in
the subsequent loading and unloading steps of 80 and 60
1b. The instantaneous slip and recovery were almost the
same in each step except the first step, and their
magnitudes were similar to the instantaneous elastic slip
under constant-load functions. These observations
underlined the general understanding that the prior
loading history affects the creep. 1In this study, the
following specific observation was made : if the present
load is smaller than the previous maximum load, only

elastic slip is developed upon loading and is recovered
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upon unloading.

Figure 5.4 depicts the creep slip under load function
7. During stepwise load increase, the slip increased
nonlinearly. Even though the load increment was the same,
the slip increase got progressively larger with higher
loads. Therefore, it was deduced that the present load
level and the previous loading history affected the slip
in next step. The recovery during the stepwise load
decrease was considerably smaller than that in the
complete unloading step at the end of decreasing load.

Figure 5.5 shows the slip response to load function
8. Partial unloading of 40 1lb at t=5,760 minutes (4
days) gave a negligible but almost the same recovery as
that of a 40 pound partial unloading at t=11,520 minutes
(8 days). This indicates that the recovery under
decreasing 1load is not affected by the present load level
and the previous loading history. By observing the creep
slip under load functions 7 and 8, it can be postulated
that the decreasing load can be treated as the compressive
force, which acts in the opposite direction to the
existing load and causes the elastic displacement only.

The observations and postulations presented 1in
Figures 5.2 through 5.5 were included in theoretical

modeling discussed in Chapter 3.

5.2. Formulation of theoretical models
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The parameters of five models were obtained from the
results of constant load tests. The data were fitted by
a nonlinear least squares procedure (21,28,31) for Models
5-E and M5-E and by the procedure reported earlier (36)
for Model V-VE1l. The curve fitting procedures are

discussed next.
5.2.1. Five-element Model (5-E)

The constitutive equation for Model 5-E is equation
(3-17) which is composed of two parts, Sr and Sn. Each
part includes two linear and one nonlinear parameters.
The nonlinear parameters are A for Sr and m for Sn. The
experimental data for each component are given in Tables
5.1 and 5.2.

The curve fitting was performed as follows. The

recoverable part in equation (3-17) was rewritten as :

Sr

A +A, {1-EXP(=Ajt) }+e (5-1)

error in curve fitting. Inversion of equation

where e

(5-1) gives :

e = Sr-[A;+A,{1-EXP(-A,t)}] (5-2)

The sum of the squares of the errors equalled :
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N N
SSE = 3 e} = .I [Sri~A -A;{1-EXP(-A; t )} T (5-3)

where N is the number of observations. To minimize

equation (5-3), the partial derivatives should be zeros :

N
=2,%; [Sri-A =2, {1-EXP(-A ; ti)}] =0 (5-4)

3 SSE/ 3A =

3 SSE/ 3A = -2151{1-Exp(-A s ti))} [Syi=A;-
A,{1-EXP(-A, ti)}] = 0 (5-5)

3 SSE/ 9A = -2Azigl t; EXP(-A; t;) [Sps -A1-

A{1-EXP(-A3 t;)}] = O (5-6)
Substituting in equations (5-4) and (5-5) as follows :
E; = EXP(-A; t ) (5-7)
results in :

N N
NA,+A,(N- 3 Ei) = 3 Sri (5-8)

N
A, (- FEp+a, (N2, 0 E i+j_glEiz ) =8 Sri-LSriEL  (5-9)

Equations (5-8) and (5-9) are linear with respect to
parameters Al and A2, and they were rewritten in a matrix

form :

N N-gpl Ay §sri

N- EE N-2, §IE1+ %IIE - § S b lSnE (5-10)
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which was solved by Gauss elimination procedure to give :

1 1-.EE]-_/N A, E Sri/N
i=T _Ji=1
N, L N_ o I N (5-11)
0 lélE i~ (1§1E1) /N A, iélsriiélEi/N_iéf ]’.‘iEi

from which :

Y
N
I

y § N N N N
[1/42E} -(LE)/M) ] (,LSri;2Ei/NL,Sri By) (5-12)
A, = iglsri/N—Az(l—iglEi/N) | (5-13)

Equations (5-12) and (5-13) were solved by first assuming
a reasonable estimate for A, in equation (5-7). Based on
assumed A, , A, and A, were calculated and then the
estimated A, should be checked by applying equation (5-6).
If equation (5-6) was not equal to zero, the next estimate

of A, could be obtained by Newton's formula :

A' = A} -[(3SSE/3A,)/(3’SSE/3A} )] (5-14)
where A'Y = current estimate, and A = estimate in the
next step. The second derivative of SSE with respect to

A, in equation (5-14) was obtained by differentiating

equation (5-6) :

32SSE/3A? = 2A,[ iglsri ti E -(A, +A,) iglti Ei+

N 22
22,2, tiE] ] (5-15)
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in equation (3-17) defining Model

Table 5.3. Parameters
5-E.
LOAD Al A2
60 0.5118 0.19014
80 1.2130 0.40501
100 1.8438 0.34536
120 2.8434 0.42717

0.0002981

0.0001523

0.0005148

0.0003385

0.0004536

0.0288380

0.1451320

0.5136500

0.2941

1.0509

3.0947

7.1030
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Substituting the current estimate and equation (5-15)
into equation (5-14) calculated the estimate of A; in the
next step, which became again the current estimate in the
next step. This process was repeated until equation (5-6)
approached zero.

The nonrecoverable part of equation (3-17) was
obtained by the same method as the recoverable part. A
BASIC program for an IBM microcomputer was developed for
above nonlinear least square procedure (Appendix C.1).
The parameters of the models for nailed joints between
Douglas-fir lumber and plywood under constant load were

evaluated. They are given in Table 5.3.

5.2.2. Modified Five-element Model (M5-E)

The constitutive equation for Model 5-E is equation
(3-21) in which B,;, B,, B, and Bs are linear and B, N,
N,, N, and N, are nonlinear. Nonlinear least square
fitting of the experimental data could not be used,
because the number of nonlinear parameters is too high.
Therefore, the parameters of Model M5-E were obtained from
the parameters of Model 5-E because Models 5-E and M5-E
are obtained from the same data and have the same
components except the nonlinear terms for the
instantaneous elastic and viscous slip of Model MS5-E.

Equation (3-17) of Model 5-E and equation (3-21) of

Model M5-E consist of four components, each of which has a
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Table 5.4. Parameters in equation (3-21) defining Model

M5-E.
" parameter value

B, 5.7464 X 10

B, 0.003812

B, 3.2590 X 10

B, 3.1916 X 10

Bs 4.8121 X 10

N, 2.2838

N, 4.3212

N, 0.3500

N, 4.9026
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similar form for both models. Therefore, by comparing
each part of equation (3-21) with the corresponding part
of equation (3-17), the parameters of Model M5-E were
obtained in terms of the parameters of Model 5-E. They

were found to be :

BB = A, (5-16)
B,P = A, (5-17)
B, = A, (5-18)
B,B2 =24, (5-19)
N, =m (5-20)
BB =a, (5-21)

Equations (5-17), (5-18) and (5-20) show 1linear
relation between the parameters of Model M5-E, B,, B, and
N,, and the parameters of Model 5-E, A, , A; and m.
Therefore, B,, B, and N, were obtained as the averages of
the values for A,, A, and m given in Table 5.3, because
the table shows values for each of the four load levels.
In equations (5-16), (5-19) and (5-21), parameters B,,
B, Bs, N;, N, and N, have nonlinear relation with A;, A,
and A, which are the parameters of Model 5-E. Thus, they
were evaluated by nonlinear least square fitting of the
values for A,, A, and A; given in Table 5.3. The analysis

resulted in Table 5.4.

5.2.3. Viscous-viscoelastic Model 1 (V-VE1l)
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Model V-VEl can be represented by equation (3-27), in
which the first three terms represent recoverable slip and
the remaining represent nonrecoverable slip. For the
nailed joints investigated, the experimental data
needed to formulate equation (3-27) are given in Tables
5.1 and 5.2.

To obtain the kernel functions for the three integral
representation, the procedure proposed by Polensek (36)
was employed. For instance, the recoverable slip was

represented by :

Sr = F,(t)P+F, (t)P2+F 4(t)P° (5-22)

and rewritten in a matrix form :

{Sr} = [P] {F(t)) (5-23)
where :
Sr1
{Sr} = 4 Sr2 (5-24)
Srs

P Pg Pi
[P] = P> P% P (5-25)
P; P3 P3

Fi(t)

{F(t)) = { Fa(t) (5-26)
F 3(t)

and kernel functions were obtained by inversion of

equation (5-23) :
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(F(t)} = [P1™} (sr) (5-27)

To get kernel functions, the data under load levels
Pl = 60 lbs, P2 = 100 1lbs and P3 = 120 lbs were used.

Therefore, the inverse of load matrix, [Pjﬂ‘, gave :

1/12 -9/100 1/24

-1 -11/7200 9/4000 =-1/900 (5-28)

[P]
1/14400 -1/80000 1/144000

in which the unit of matrix elements is (1/1Db). In

equation (5-23), Sr was expressed by power functions :
o +
{Sr} = {Sr° + Sr (t)} (5-29)
and kernel functions, ({F(t)}, were represented by
equations (3-39), (3-40) and (3-41). Thus, equation
(5-27) equaled :

(F° + Fr(t)) = p1! (sre + sri(e)) (5-30)

in which {(F°+F f(t)}) = (F°)+{F (t)}, and (F° and (F (t)}

were obtained as follows :

(F°) = [P (Sr°) (5-31)

(Frt)y = (P17 (sr (t)) (5-32)
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Next, these procedures were applied to the nailed
joints investigated in this study. The experimental data

given in Table 5.1 were fitted to the power functions by

applying nonlinear least squares analysis to give :

S, = 0.477+0.013222 t%*° , for P=60 1b (5-33)
S., = 1.701+0.104614 %17, for P=100 1b (5-34)
Sy, = 2.544+0.217091 t%'*? , for P=120 1b (5-35)

and kernel functions were obtained in the same way as

before. They are :

F,(t) = [-7.340+1.1020 £ 30-9.4153 £%-17+

9.0455 t9-127 0.001 (5-36)
F ,(t) = [0.272-0.0202 t"3%0.2354 £0-17-
| 0.2412 €12 7 0.001 (5-37)
F 4(t) = [-0.00028+0.00009 £:30-0.0013 t°-17 +

0.0015 ¥:12 7 0.001 (5-38)

For nonrecoverable slip, the method was the same.
The experimental data for nonrecoverable slip (Table 5.2)

were fitted to the power functions that had the same power

of time:
Sy, = 0.2825+0.003878 t°°3°, for P=60 1b (5-39)
= 3.0947+0.145132 t°'3 , for P=100 1b (5-40)
2
= 7.5054+0.306340 t°* 3, for P=120 1b (5-41)
3
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from which the following kernel functions were obtained :

Fu(t) = [57.74367+0.025453 t'>° ] 0.001 (5-42)
Fs(t) = [-1.80786-0.019755 t'>> ] 0.001 (5-43)
Fe(t) = [0.01540+0.00034 t%3° 7 o0.001 (5-44)

Next, kernel functions evaluated in equations (5-36),
(5-37) and (5-38) for Sr and (5-42), (5-43) and (5-44) for
Sn were substituted into equation (3-27) to give the creep

slip of Model V-VEl1l for nailed joints under constant load.

5.2.4. Viscous-viscoelastic Model 2 (V-VE2) and
Model3 (V-VE3)

Models V-VE2 and V-VE3 are combinations of Models
M5-E and V-VEl. The constitutive equations of Models
V-VE2 and V-VE3 are given in equations (3-28) and (3-29),
respectively, whose parameters can be obtained from Models
M5-E and V-VEl. The procedure is easy to carry out and is

not presented in this dissertation.
5.2.5. Fourier series approximation of load function 7

Load function 7 was applied as an example of
continuous-load function. The solution involved the
approximation of load function 7 by equation (3-89) of
Fourier sine series in Section 3.3. The coefficients were

obtained by equation (3-88) and are given in Table 5.5,
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Table 5.5. Fourier sine-series coefficients in equation
(3-88) defining load function 7

Coefficient Value

Ao 60.0

B 44.48648
Bs -11.05122
Bs 0.27989
B -3.63783
Bs 0.15550
Bi: -3.01394
Bis 3.42207
Bis 2.96574
By -1.95024
Bis 0.07365

B; = 0.0 when i = 2,4,6,8,10,12,14,16,18,20
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188 T

LOARD ¢ LBS )

58 T

TIME ¢ DAY 2

Figure 5.6. Load function 7 and its Fourier sine series
approximation.
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in which the number of terms in the series was 20. The

approximated curve is shown in Figure 5.6.

5.3. Verification of theoretical models

The theoretical models for varying loads were
obtained according to the procedure described in Chapter
3, and the specific parameters for nailed Jjoints
investigated were developed in Section 5.2. In this
Section, the predictions of the theoretical models
developed were compared to each other and to the

experimental data.

5.3.1. Response to constant-load functions

The predictions of the models under constant-load
functions are presented in Figure 5.7. Although the data
under 80-1lb 1loading were not used to construct Models
V-VEl, V=-VE2 and V-VE3, their predictions were also valid
for 80-1b loading as shown in Figure 5.7. Tables 5.6 and
5.7 show the statistical indicators, R ? and SSE, for each
of the five models under constant-load functions,

respectively.

5.3.2. Accurary of Solutions developed
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Legend :

Experimental — — — — Model V-VEl
teresrerets Model 5-E ———— ——— Model V-VE2
——— ¢ ——— Model M5-E —— *** —— Model V-VE3

Load level (1b)

SLIP ¢ x 8.801 IN)

188

TIME ¢ MIN D

Figure 5.7. Experimental and theoretical data obtained
under constant-load functions.
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Table 5.6. The values of R? for the models under
constant-load functions.

MODEL 60 1lbs 80 1lbs 100 1lbs 120 1lbs
5-E 0.7421 0.9065 0.9545 0.9734
M5-E 0.8219 0.9139 0.9500 0.9724
V-VE1l 0.7601 0.9102 0.9598 0.9757
V-VE2 0.7507 0.9100 0.9560 0.9759
V-VE3 0.7275 0.9069 0.9546 0.9722

Table 5.7. The values of SSE for the models under
constant-load functions.

MODEL 60 1bs 80 lbs 100 1lbs 120 1bs
5-E 3.7566 1.3866 4.0542 11.3995
M5-E 0.5280 1.1841 5.4727 10.4951
V-VE1l 3.5773 3.0573 3.5035 10.0897
V-VE2 0.6271 1.2769 5.2385 9.5246

V-VE3 2.8768 2.7416 3.8514 10.8314
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For modifications of the models, four Solutions were

proposed in chapter 3. They are :

Solution 1) Application of Approach 1 with discrete
load function;

Solution 2) Application of Approach 2 with discrete
load function;

Solution 3) Application of Approach 2 with 1load
function represented by Heaviside
function; and

Solution 4) Application of Approach 2 with 1load

function represented by Fourier series.

These Solutions were applied to the models except Model
5-E for load function 7 and then compared to one another
and to the experimental data. The creep values predicted
by each Solution and each model were computed by BASIC
programs for an IBM microcomputer which are recorded in
Appendices C.6 (Solution 1), C.4 (Solution 2), cC.7
(Solution 3) and C.8 (Solution 4). The predicted results
are given in Appendices B.7 (Solution 1), B.5 (Solution
2), B.8 (Solution 3) and B.9 (Solution 4). The results
are also presented graphically in Figures 5.8, 5.9, 5.10
and 5.11 for Models M5-E, V-VEl1l, V~-VE2 and V-VE3,
respectively. Model 5-E was expressed by Solution 2
because all Solutions except Solution 2 require

integration, while Model 5-E is discrete and cannot be
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Load (1b)

100

504

L
0 10,080 20,160 '
TIME (MIN.)

(a) Load function

EB.JL
> 1
—t -
®
215,81
[\v)
X
- T
. N
j - .
®4p.8- Experimental
4 — 0 Solution 1
— i — Solution 2
—_—— —— Solution 3
ceescsacean Solution 4
— ]
20160 39249
TIME ¢ MIN )

(b) Slip response

Figure 5.8. Effect of Solutions used on the creep of
Model M5-E under load function 7.
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Load (1b)
1004
504
0 ! )
0 10,080 20,160 !
TIME (MIN.)
(a) lLoad function
20.8T
& )
- 1
[\
€ 15.081+
Q -
X
A
“19.81 ; _————  Experimental
T i — ese —— Solution 1
T — . _—_  Solution 2
s — — — — Solution 3
5.p - ceveecnrens Solution 4
——t
8.8 18938 28168 38248

TIME ( MIN 1}

(b) Slip response

Figure 5.9. Effect of Solutions used on the creep of
Model V-VEl under load function 7.
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Load (1b)
100
504
0 — —
0 10,080 20,160

TIME (MIN.)

(a) Load function

SLIP ¢ x @.8@1 IM )

—_— Experimental
—_— e Solution 1
—_— — Solution 2
—_——— —— Solution 3
ceieessennss Solution 4

—

i | i " 3 n "
28168 29240
TIME ¢ MIN )

(b) Slip response

Figure 5.10. Effect of Solutions used on the creep of
Model V-VE2 under load function 7.
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Load (1b)

100-
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-+

1
0 10,080 20,160
TIME (MIN.)

(a) Load function

T
28.@‘{
=
§ 1
éIS.BT-
X
o
; Experimental
18.8—+ Solution 1
—_— — Solution 2
i —_——— Solution 3
L teecescsces Solution 4
S.8
‘“ —_— ]
8.8 19830 20160 38240

TIME ¢ MIN )

(b) Slip response

Figure 5.11. Effect of Solutions used on the creep of
Model V-VE3 under load function 7.
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integrated.

For all four models, Solution 1 predicted the lowest
slip values, which were the worst among the four Solutions
as illustrated in Figures 5.8 through 5.11, especially at
high load levels. Solution 4 predicted intermediate
values, but the predicted curves were wavy. The
predictions by Solutions 2 and 3 were superior to the
other two and very close to the experimental data. For
Model M5-E (Figure 5.8), Solution 2 yielded slightly
better agreement than that of Solution 3. For Models
V-VEl (Figure 5.9) and V-VE2 (Figure 5.10), Solution 3
gave a slightly closer agreement than Solution 2, but both
Solutions gave results that were very close to each other
for Model V-VE3 (Figure 5.11). Thus, results by Solutions
2 and 3 appear to give about the same accuracy. However,
Solution 2 is much easier to apply than Solution 3,
because the latter involves complicated integration of
Heaviside function. For these reasons, Solution 2 is the
preferred one among the four Solutions.

Solution 4 gave a relatively accurate prediction
although it was wavy and underpredicted the slip during
unloading steps. The underprediction was due to the shape
of the approximated load function by Fourier sine series
(Figure 5.6), which had its maximum at t=10,080 minutes (7
days) and decreased from that point on. However, the
actual 1load function had its maximum between t=8,640

minutes (6 days) and t=11,520 minutes (8 days).
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Therefore, the approximated load function had shorter
loading period under maximum load than the actual load
function. For this reason, the predictions of the models
by Solution 4 were below the experimental data at the
maximum load and during unloading. Therefore, if the load
function could be approximated more exactly by Fourier
series, the results would have agreed better. Random load
functions, such as those caused by winds or earthquakes,
cannot be applied to the models directly, because they
cannot be integrated. However, for such functions,
Solution 4 is relatively easy to apply and expected to
produce acceptable aaccuracy.

The comparisons in Figures 5.8 through 5.11 show that
Solution 2 is not only the most accurate but also the
easiest to apply for stepwise loads. Thus, only Solution 2

was extended to the remaining experimental load functions.

5.3.3. Response to varying-load functions

In this section, the predictions of the developed

models that were modified by Solution 2 are compared with

the experimental observations for the creep under varying-

load functions.

5.3.3.1. Creep under load function 5

The five models developed in this study were solved
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Load (1b)
100
50
0 - ; +
0 10,080 20,160
TIME (MIN.)
(a) Load function
1 Legend :
28.81 —_ Experimental
1 eeesessesse Model 5-E
—_—— ¢ ———— Model M5-E
1 —— — —— — Model V-VE1
15.8+ _ —— Model V-VE2
4 —— ¢se¢ —= Model V-VE3

SLIP ¢ x B8.881 IN)

1 + + + + " + |

— ey
8.0 18838 c8168 38248
TIME ¢ MIN X

(b) Slip response

Figure 5.12. Comparison between the experimental and
theoretical data for load function 5.
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Table 5.8. The values of R? and SSE for the models
developed for load function 5

Model R? SSE (0.000001 in.)
5-E 0.9612 5.80
M5-E 0.9562 8.39
V-VE1 0.9610 6.15
V-VE2 0.9583 8.84
V-VE3 0.9583 5.92

Table 5.9. The values of R? and SSE for the models
developed for load function 6.

Model R? SSE (0.000001 in.)
5-E 0.8462 25.64
M5-E 0.7982 39.17
V-VE1 0.8204 40.39
V-VE2 0.8222 38.32

V-VE3 0.7916 41.18
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for load function 5 (Figure 4.8). Their predictions were
computed by an IBM microcomputer and the program is
recorded in Appendix C.2. The predicted data are given
numerically in Appendix B.3 and graphically in Figure
5.12. The statistical indicators, R? and SSE, measuring
the closeness of theoretical and experimental data are
presented in Table 5.8.

As shown in Figure 5.12, the predictions are very
close to each other and to the experimental data for all
the models. Although the predictions are somewhat lower
than the experimental data during the period from t=2,880
minutes (2 days) to t=5,760 minutes (4 days), the overall
predictions agree quite well with the experimental data.
Their R?-values are all greater than 0.95 (Table 5.8).
The values of R? indicates that Model 5-E is slightly
better than others, and the predictions by Model V-VEl are
similar to Model V-VE3 and slightly better than Models
M5-E and V-VE2. However, these differences are almost
negligible and, for all practical purposes, the
correlation is excellent and about the same for all the

models.
5.3.3.2. Creep under load function 6

Again, an IBM microcomputer was used to compute the
creep for the models developed under the load function 6

(Figure 4.8). The numerical results are given in Appendix
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Load (1b)

100

0 10,080 20,160
TIME (MIN.)

(a) Load function

Legend :
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— —
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(b) Slip response

Figure 5.13. Comparison between the experimental and
theoretical data for load function 6.
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B.4 and graphical ones are shown in Figure 5.13. The
computer program is presented in Appendix C.3. The
corresponding R and SSE are summarized in Table 5.9.

The correlation for the load function 6 is not as
good as those for other load functions, although all the
R2—values of the models are about 0.8 which still
indicates a good fit. Again, the prediction by Model 5-E
is superior, while Models M5-E, V-VEl and V-VE2 are
similar to each other but slightly better than Model V-VE3.

The inferior correlation for load function 6 in
comparison to other functions was caused by the tedious
loading and unloading procedure used in testing. Although
the loading process was performed carefully with a special
device, the application of large load in each cycle of the
load function 6 induced dynamic jerk, which in turn caused
additional instantaneous slip. Thus, the slip upon
loading was greater than the recovery upon unloading when
only the action of the static load was removed. This
difference was accumulated with the number of steps. 1In
the theoretical models, however, only static-loading
effect was considered. This observation is evidenced by
the difference between the experimental and theoretical

data, which is getting larger with the number of steps.

5.3.3.3. Creep under load function 7

Creep under the load function 7 was already discussed
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(b) Slip response

Figure 5.14. Comparison between the experimental and
theoretical data for load function 7.
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Table 5.10. The values of R? and SSE for the models
developed for load function 7.

Model R?2 SSE (0.000001 in.)
5-E 0.9986 7.63

M5-E 0.9979 6.45

V-VE1 0.9977 13.24

V-VE2 0.9981 6.60

V-VE3 0.9977 11.40

Figure 5.11. The values of R? and SSE for the models
developed for load function 8.

Model R?2 SSE (0.000001 in.)
5-E 0.9967 22.36
M5-E 0.9966 18.70
V-VE1 0.9972 . 14.83
V-VE2 0.9969 15.07

V-VE3 0.9968 18.56
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in Section 5.3.2. In this section, only the predictions
of the models by Solution 2 are presented. The results
are given numerically in Appendix B.5 and graphically in
Figure 5.14. The statistical indicators, R and SSE, are
shown in Table 5.10.

The predictions of the models developed agree
closely with the experimental data, although they are
slightly below the experimental data in the second loading
step and in the unloading steps. All the R*- values are
greater than 0.99. It appears that Models 5-E, M5-E and
V-VE2 are similar to each other and slightly more

accurate than Models V-VE1l and V-VE3.

5.3.3.4. Creep under load function 8

As for the other functions, a program (Appendix C.5)
and an IBM microcomputer were used to predict the creep
under load function 8 (Figure 4.8). The results are
presented in Appendix B.6 and Figure 5.15. The
corresponding R?’and SSE are given in Table 5.11.

The predictions of the models are somewhat larger
than but quite close to the experimental data under the
120-pound load and in the unloading steps. All the R -
values are greater than 0.99. Models V-VEl1l and V-VE2 are

slightly better than the other models.
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Figure 5.15. Comparison between the experimental
theoretical data for load function 8.
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IV. CONCLUSION AND RECOMMENDATION

6.1. Conclusions

The conclusions reached in this investigation pertain

to the experimental and theoretical findings. The

conclusions derived on the basis of the experimental

investigation are :

The delayed slip under low levels of constant
loads is negligible.

The recovery that occurs immediately after
unloading 1is about 1/2 to 1/3 of the
instantaneous slip developed upon loading.

In constant-load tests, the instantaneous and
delayed recovery can be regarded as the
instantaneous and delayed elastic slip due to
loading. The rest in the instantaneous and
delayed slip due to loading can be regarded as
the instantaneous plastic and viscous slip,
respectively. The assumption that only elastic
slip 1s recovered produces accurate theoretical
predictions, but potential errors due to possible
recovery of plastic or viscous slip cannot be
detected becauseofthe small overall recovery.
If the same weight 1is applied again after

unloading, the slip quickly reaches the magnitude
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obtained just before unloading.

If the subsequent load in the repetitive uniform
loading is less than the maximum load in the
previous loading steps, only elastic slip
develops and recovers in both loading and
unloading.

Under stepwise increasing load, the instantaneous
elastic, plastic and viscous slip increase
nonlinearly with respect to load.

Loading history has an effect on the slip under
increasing load, but it has no effect on the

recovery under decreasing load.

The following conclusions were derived on the basis

of the theoretical investigation :

Generally, the creep predictions of the five
models developed in this study agree closely with
the experimental data.

In the theoretical modeling, stepwise decreasing
load can be regarded as the compressive force
acting opposite to the existing load.

Stiffness of nailed joints is reduced due to the
creep under long-term load. The recoveryduring
decreasing loads is reduced as much as stiffness
reducing factor obtained under the reversed

increasing-load function.
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Solution 2, which is the modification of the
models by modified superposition principle
applied to nailed joints (MMSP), gives the most
accurate predictions of the creep slip under
varying-load functions investigated and is the
easiest to use for stepwise-load functions.

Solution 4 in which the models are modified by
MMSP and the 1load function is represented by
Fourier series gives the results which are quite

accurate but somewhat wavy.
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6.2. Recommendations

To make the theoretical models developed practically

useful, the following recommendations are made :

1.

The behavior of nailed joints under actual
service load functions, such as those caused by
winds and earthquakes, should be studied and the
models should be verified for these functions.
The representation of the service load functions
by simple equations that can be integrated
should be studied, so that they can be
incorporated into the models.

The procedure of applying the models to the
theoretical analysis of wood building should be
developed.

The effect of creep in nailed joints on the
overall behavior of wood components or structures
under long-termload should be studied.

The models developed are accurate for the nai;ed
joints between Douglas-fir lumber and plywood.
It is anticipated that they will work equally
well for other joint types and materials, but
additional investigations are needed to evaluate

material constants and demonstrate the accuracy.
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7.

8.

10.
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Appendix A. List of symbols used in this study.

EMC = Equillibrium moisture content
EXP = Exponential function

5-E = Five-element Model

FRL = Forest Research Laboratory
M5-E = Modified Five-element Model
MSP = Modified superposition principle
MMSP = Modified MSP for nailed joints
Oosu = Oregon State University

SHP = Strain hardening principle
V-VE1 = Viscous-viscoelastic Model 1
V-VE2 = Viscous-viscoelastic Model 2
V-VE3 = Viscous-viscoelastic Model 3
A, Ao, A, A,,... = Constants

AY,AY = First and second estimate for As
a = Constant

B, B, B,,..., b = Constants

C = Constant

D = Diameter of nail

E, E;, E; = Stiffnesses of springs

Ei = EXP(-A,ti)

e, ei = Errors in curve fitting

F,(t), F,(t),... = Kernel functions

F$ Fji = Constants

F}Xt) = Power function of time



Fp(t), Fp(t)

Fc(t), Fc(t)

G; (P), G (P)

H(t-a), H(t-a)

i, 3, k

Ka

Kj
Ko

Ks

Lp
M, m

Ny, Nopooo
P

PO, Pi,...
P(t), P(t)

Pc(t), Pc(t)
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Load function and its derivative
approximated by Fourier series

Reversed compressive force function
and its derivative for decreasing
load functions approximated by
Fourier series

Function of load

Heaviside unit step function and its
derivative

Constants

Stiffness modulus of nailed joints
for instantaneous loading

Stiffness modulus of nailed joints
Elastic bearing constant

Stiffness modulus of nailed joints
for stepwise loading

Length of nail penetration into
framing members

Length of nail

Thickness of plywood

Constants

Number of steps or observations
Constants

Load

Load level in stepwise load function
Load function and its derivative
Reversed compressive load function
and its derivative for decreasing
load function.

Stress applied to wood from nail

Constant

Square of the correlation coefficient
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Rs = Stiffness reducing rate

s, § = Experimental data and their mean

S*, S* = Theoretical data and their mean

SG = Specific gravity

SSE = Sum of the squares of errors

Sa = Instantaneous slip

Sc = Delayed or creep slip

S4e = Delayed elastic slip

Se = Instantaneous elastic slip

Smax = Maximum slip just before unloading

Sn = Nonrecoverable slip under constant
load

Sp = Instantaneous plastic slip

Sr = Recoverable slip under constant load

ss = Recoverable slip under stepwise load

s& = Nonrecoverable slip under stepwise
load

st = Total slip

Sv = Viscous slip

S, S, = Slip under example load functions

t = Time

to, t1,... = Initial time for each step in

stepwise-load function
tmax = Time when the maximum slip occurs

Tp = Period used in Fourier approximation
of load function 7

v = Volume of wood at 1l2-percent moisture
content
Vs = Volume of wood at specified moisture

content



Wo

Ww

Z, 29, Zgpee-
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Ovendry weight of wood

Weight of wood at 12-percent moisture
content

Angular velocity = 27 /Tp
Deflgction under the nail

Integration variables

constant = A" +B"+c™+...
Strain and strain rate
constants

Delayed elastic strain
Instantaneous elastic strain
Negative viscous strain
Instantaneous plastic strain
Positive viscous strain

Total strain

Viscous strain

Strain under stepwise stressing
Viscosity of linear dashpot
Viscosity of nonlinear dashpot

Plasticity of nonlinear time-hardening
element

Stress and stress rate

Stress levels 1in stepwise stress
function

Creep limit stress
Step sizes in stepwise load functions

Dirac delta function
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Experimental data for creep of nailed
joints under varying-load functions.
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Theoretical predictions by Solution 2 for

the creep of nailed joints under load

function 6.

Appendix B.4.
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the creep of naild joints under 1load
function 7.

Theoretical predictions by Solution 2 for

Appendix B.5.
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the creep of nailed joints under 1load

Theoretical predictions by Solution 2 for
function 8.
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Theoretical predictions by Solution 1 under

locad function 7.

Appendix B.7.
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Theoretical predictions by Solution 3 for

load function 7.

Appendix B.8.
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Theoretical predictions by Solution 4 under

load function 7.

Appendix B.9.
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Program for the creep predicted by

Solution 2 under load function 5.

Appendix C.2.
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Program for the creep predicted by Solution
ion 6.

2 under load funct

Appendix C.3.

it
0
H

&

i

-
1

A

At

et Tiﬁw { P T g O O

- " 2 e DT T W
[ ]
g
- 14 ll.ln_.,T.. LA R R e B ol ek Sl N
= 4=t CLCL, Ll £ e w00 e i
— e -
m w0
> P
B it
81}
P i) [ da]
P = i
v foe] et
o Wi [Agl
i s
T
e - e ot - —
[ L ] . Lo L bbb el et O3 %: .iJr.... S =2
=i | e Dad} Ml L b fa Le, b s v el i, _.._!.Llr L..._.r x.U.. Fu{i...if e SR L I e +
1] (o Lt w e o BN L0 T TR R S T e DY L RN : oo U B ' W o { it D il

T o B ae T T T e T S T P N P O T I P _.._I_..FmLLL.x_L:F st A L S
: e L e Eae i LoDt o p N [ | : i e o
MM.ECEMH:.L_LH .wr.. R = __ : it .Iqu

I I e e e
e BEEN et R s BN of r_\u L
B e T T e R P B P A

3T T < D O T T T

(




170

[11]

i

- e

. (=

[ -t
{0

g

[l 1
B

g [

ity] Bt

4T

w

Ll
p x
A5
.
Ry [
KD {10)
4 271
L. Led
v - =
= —t -
P > i
e (AN e L
e T | [
[ai [ N -
o =5 o
-t n 0 Ll
ur b = o SR A )
o o e R | —
{54 b £ S S WX Lo )
B I [
o s e )
. Lt N et
[} e mEE i
e o
b i da. .h_Ti T..: 1 [ -t [
o Fansi o D SRR Son S8 Az
+> + il S e Tt -
L grabut=af W { i o | KW H IR MW Quss- St oY W1 120 5
Ry eagii i\E_...L o ...L_iu H. —.H. -..u. CL_LV. |\I.._

T LT @ jebe CLCL. HH;.V 2.
LI S N e £ 2 L

F o e
AP BT e I T

Lo D Rl o S e N | Y S R Wi

[ I Rl S eapen havnt § KR [ St ot of e

[t 2 ot v T e

e bt L
I tal _.!.T..T..._TL

S o Glf.c-, _‘,YC; .J. B e e E ] _.La.f?.i..l o s ] e e ?_1,:1.



171

Program for the creep predicted by Solution

2 under load function 7.

Appendix C.4.
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ion

Program for the creep predicted by Solut

2 under load function 8.

Appendix C.5.
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Program for the creep predicted by Solution

1 under load function 7.

Appendix C.6.
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Program for the creep predicted by Solution

3 under load function 7.

Appendix C.7.
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Program for the creep predicted by Solution
7.

4 under load function

Appendix C.8.
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