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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,
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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.

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

system. Important characteristics of composite behavior

are load sharing between elements of various stiffnesses

and partial 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-VE1), Viscous-viscoelastic Models 2 (V-VE2), and

Viscous-viscoelastic Model 3 (V-VE3).



1.1. Justification

In the actual environment, structural wood systems

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 assumptions.

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.

2
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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 laboratory,

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 :

To evaluate the feasibility of existing

theoretical concepts to model creep behavior of

nailed joints,

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

To assess the accuracy of the models and

computer programs by physical testing of typical

nailed joints.



II. 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

5
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combination that has one spring and one dashpot in series

is the Maxwell model (Figure 2.1a) 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. Its constitutive equation can be derived

from the strain response of the model under constant

load :

c(t) = a/Ei+ a /E2 {1-EXP(-E2 t/ n2 ) }+ at/ Tii (2-1)

in which e(t) = strain as a function of time, t; a =

stress; E/ and E2 = spring stiffnesses; and ril and n2 =

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



E

7

(a) (b)

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



n2

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

8
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constitutive equation developed by him under load function

P(t) = At was

c (t) = At/E+[At/E+A n1/E2 EXP(-Et/ 711)-1)]+

At 2/2 n2 (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) = B1+B2(1-EXP(-B3t) )+13t (2-3)

in which B1, B2, B3 and B4 are the parameters obtained by

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

E (t) = B1i-B2(1-EXP(-83t))+BLit5 (2-4)

Again, nonlinearleast squares curve fitting was employed

to get 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 loads (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. In

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 :



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

11



6 (t) = f Cy(ZOdZi+

t
fo fto F2 (t-Z1 , t-Z2 ) (Z (z 2) dZ 1dZ2+

t t t
jo fo fo F3 (t-Z 11t-Z 2, t-Z 3) a (Z1) a (z2)

a (z3 )dz1dZ2dZ3

12

(2-5)

in which Z1, Z2 and Z3 = arbitrary time points between

zero and t; a (t) = derivative of stress with respect to

t; and Fi(t), F2 (t) and F3 (t)are known as kernel

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) :

C( y,t) (t) 2(t) 0-2 +F3(t) a3 (2-6)

in which F1 (t), F 2 (t) and F3 (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:

where Fi° = constant; Fi+ (t) = power function of time

obtained from constant load tests; and i = 1,2,3.

In equation (2-5), F1,
F2

and F3are functions of one,

two and three variables, respectively. Numerous tests are

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



Second is the first additive form :

F 2 (t-Z 1 it-Z 2) = F2 (2t-Z1 -"Z 2)

F 3 (t-Z 1 , t-Z 2 , t-Z 3 ) = F3 (3t-Z1 -Z 2-Z 3)

and third is the second additive form :

F2(t-Z11t-Z2) = 1/2[F2(t-Z1)+F2(t-Z2)]

F3(t-Z1,t-Z21t-Z3) = 1/3[F3(t-Z1)+F3(t-Z2)+

F3(t-Z3)]

13

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 :

F2(t-Z11t-Z2) = [F2(t-Z1)F2(t-Z2)] (2-8)

F3(t-Z1,t-Z21t-Z3) = [F3 (t-Z1)F3(t-Z2)F3(t-Z3)] (2-9)

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 in 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(11) :
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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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N-1
(t) =

1E0
[f( ai. ,t-t ], t>tN_i (2-14)

where E = strain; N = number of stressing steps;

stress level for i = 1,.,(N-1); and f( a ,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)

3 f( a (Z),t-Z) d a (Z)

a(Z) dZ

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) :

6 (t) = f( ao,t-to)+f( 1t-t1)-f( o,t-t

= F/(t-to) a o+F 2(t-to) ad2 +F3 (t-to) a 03+

F1 (t-t1 ) a1 +F 2(t-t1 ) a12 +F3 (t-t1) al1

F1 (t-t1) ao -F 2(t-t1 ) a02
3 1-F (t-t ) a03 (2-16)

The equations obtained by MSP can be used to

17

. =1

3

represent creep under varying-stress functions.

(t) = dZ (2-15)
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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 :

Ct = ce + Cp+Cpv + ENV+ 6de (2-17)

where et = total strain; ee = instantaneous elastic

strain which is time-independent and recoverable; cp =

instantaneous plastic strain which is time-independent and

nonrecoverable; c and eNv = positive and negativepv

viscous strains, respectively, which are time-dependent

and nonrecoverable; and ede = 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 :

Et = 6° + 6+ tn Ce + EVE + ev (2-18)

in which c° and c+ are parameters obtained from tests;

e and cware expressed as one term that is time-

dependent nonrecoverable strain, cv; and cde is expressed

as time-dependent recoverable strain, EVE' Three-integral

representation was then applied to express the total

creep :

Et = F la +F 2a2 +F 3a3

= (FT +Ft (t) ) a +(F; +F+2 (t) ) a2 +

(F +F (t))a3 (2-19)

where Fi = Fl +F i=1,2,3, are kernel functions; and

F and Fi are parameters obtained from experiments.

Findley et al. postulated that cvE and 6 are

functions of the same power of time, n. Therefore,

equation (2-18) becomes :
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F( a) = Ft(t) ( a- a *)+F42.(t) (a - a *) 2 +

F43-(t) ( a- *) 3 (2-25)

Et = ee +Bt n +Mtn (2-20)

where B and M are experimental coefficients of recoverable

and nonrecoverable strain terms, respectively. Equation

(2-20) is often written as :

ct = ce +M(R+1)t n (2-21)

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

expressions for evE and ev can be written as :

evE = {R/ (R+1)}c+ tn (2-22)

CV = {1/ (R+1) } C tn (2-23)

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

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

C+ tn = F( a) = Ft(t) a +Ft (t)a2 +Ft(t)a3 (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, a*, into equation (2-24) :



n m
c = A a t

21

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 cvs under three-step increasing

loads was found to be (19) :

EVE (t) = {R/ (R+1) ) [F( ai ) {tn- (t-ti )n }+

F( a2) { (t-t1 )n - (t-t2 )n )-F

F( a3) (t-t2 )11 ] , t>t2 (2-26)

where F( a ) 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). In

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 :

(2-27)

where A, n and m are constants. Differentiating equation



(2-27) gives the strain rate :

de.,/dt = = mA an till-1 (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 = )1/m/ (A an )1/111 (2-29)

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

n E el/m/ (A 0,n )1/m3m-1d /dt= TnA
or

(i/m-i)/m3de = (A? finidt

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

el/m = I (Asan )1/mdt

Therefore,

g = I (A an )1/m dt]m

22

(2-30)

(2-31)

(2-32)

(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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n
ENT

= {1/ (R+1) ) [ {F ( al ) }1/n(ti )+(F( a2 ) )l/ (t2 -t 0+
+(Pi( 0'3 ) }n(t-t 2) fl , t>t 2 (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, K by the secant modulus :

i'

Ki (P,t) = (Pj -P_1 )/[S t(P,ti )

-St (P,ti_i ) ] (1b/in) (2-35)

where S = total creep; P = load; t = time; and j-1 andt
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) = F1 (t)P+F 2(t)P2+F3 (t) P3 (2-37)

F(t)S(t) = creep slip; P = load; and F. ( ) = kernel

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

stepwise load is :

S(t) = E (LP .)F1(t-ti)+1=0
n n
.E P .)(6, P .)F 2(t-ti ,t-t. )+1=o 3=0 1
n n n

-t. , t-tk ) (2-38)
1=oj=ok=oi 1 j



25

where AP.
' kj

= step size in stepwise load.11

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.



III. 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

26



[ principles
:

MSP+SHP

Existing Other Basic.

MSP
principles :

Basic

r
2i.

[Five new models]

Discrete load I I Stepwise load I I Continuous

function function load function

i r 1

AL
A{Approach 1] [Approach 2:111C

____
[MMSP at--11

i
[Modified models]

/
Application to

[
specific load functions

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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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 + Sde + Sv (3-1)

where St = total creep slip; Se = instantaneous elastic

slip; Sp = instantaneous plastic slip; Sde = 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



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. In

Section 2.3.1, equation (2-33) defined the viscous
displacement predicted by SHP as :

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

e v = [ (A ano )11111t1 + (Aani )111n(tz -ti ) + . . . +

(A o'N_Ili)lim(t-t N_i) ]m , t>tN_i (3-3)

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

e v = [ ft (A o'n )l/uidz]m
o

32

(3-2)
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(A+B+C+...)m < a, = a and >a if m<1, m=1 and

m>l, respectively in which a = gn+Bm+Cul+... (3-4)

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

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

e v= [ fot (A an )//mdz

< [A ano (t1 ) m +A atil (t2 -t1 )m +...+
A aNn_i(t-tN_i) m ], t>tN_i (3-5)

In Approach 2 for nailed joints, the maximum value of

equation (3-5) was used to define the viscous slip, Sy, in

which load, P, and slip, S, replace stress, a , and

strain, e . 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 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 ti,

the instantaneous plastic slip, Sp, is recovered and the

viscous slip, Sv, remains constant (Figure 3.3e). Upon

loading P1 at time t1 , 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 slip, St, under
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load function in Figure 3.3a. Thus :

St = Sr(Po,t-to)+Sr(Pl,t-t1)-Sr(P0,t-t/)+Sp +

Sv(Po,t/-to)+Sv(Pi,t-ti), 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 P3 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

St (Figure 3.4b). The difference, Sc, between St 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 is applied

instantaneously :

Ka = P3 / 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 = P3 / St = P3 / (Sa + Sc) (3-8)

where Ks = slip modulus of nailed jonts under stepwise

loading. Therefore, the stiffness reducing factor, Rs, is



P

P

APi

A P 3E .

2j

t t1 2

S

t3 to t1 1:2 1:3

(a) (b)

/
37

1-\13

Figure 3.4. Stiffness loss due to creep in nailed joints;
(a) load function, (b) slip under load
function (a), and (c) load-slip curve of
nailed joints under load function (a).

SiX

Si Sa St



the ratio of Ks to Ka :

Rs = Ks / Ka = Sa / St = Sa / (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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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 :

T11 (t) = atn (3-10)

in which ni (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 :



P = n (t) (dSv / dt)

and integrating gave :

Pt = r (t)sv (3-12)

Sv = Pt / n1(t) (3-13)

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

resulted in :

Sv = Pt / ae = APtM (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, p(P), was assumed to be a power function of

load. Therefore, its load-slip relation was found to be :



Figure 3.6. Five-element Model.
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Sp = BPm (3-15)

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

St = P/E1+P/E2[1-EXP(-(E2/T12 )t)]+APtM +BPm (3-16)

where E , E , T12 , A, B, M and in are parameters determined
from experimental data.

Under constant load, equation (3-16) can be further
simplified to give

= A1 +A2 { 1-EXP (-A 3t))+Aift M +As (3-17)

where A 1 , A2, A3, A, A5 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/10141 (3-18)

where Bl and N / are constants obtained from experiments.

The viscosity of nonlinear dashpot in Model M5-E, T11,

was assumed to be the power function of both load and

time to include the nonlinearity :

ni (t) = bP 9,tm (3-19)

where b, k and in again are constants obtained from

experiments. Then, the load-slip relation was derived

similarly to the procedure described in Section 3.2.1 :

Sv = B4PN2 tN3 (3-20)
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where B N2 and N3 are constants obtained from

experiments.

The constitutive equation of Model M5-E was obtained

by incorporating these modifications into equations (3-16)

and (3-17), which resulted in :

N4
S t PN1 +B 2P{ 1-EXP ( --B 3 t) }+Bi+ P N2tN3 +Bs P

in which B1 , B2 , B3, B B5, N1 , N2, N3 and NI+ 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-VE1)

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 :

(3-21)

S t = Se + Sp + S de + 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 + Sde (3-23)

Sn = Sp + Sy (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 = F1 (t) P+F 2 (t) P 2+F3 (t) (3-25)

Sn Fl+ (t)P+F 5 (t)P2+FG (t) P3 (3-26)

where F(t), i=1-6, are kernel functions obtained from the

results of constant load tests. Thus, the total slip

equaled :

St = Sr + Sn = F1 (t)P+F2(t)P2+F3 MP/ +

(t)P+F5(t)P2+F6 ME? (3-27)

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

Model 1 (V-VE1).



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

Model V-VE2 consists 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 :

St = F1(t)P+F2(t) P2+ F3(t) P3+B4PN2tN3+BsPN4 (3-28)

Equation (3-28) is a combination of Models M5-E and V-VE1

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 :

St = BIPN1+B2P{1-EXP(-B3t))-1-

F4(t)P+F5(t)P2+F6(t)P3 (3-29)
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This equation is refered to as the Viscous-viscoelastic



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

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

49

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.

Sr = B1 PN +B2P(1-EXP(-B3t)) (3-30)

Sr = F1 (t)P+F2 (t)P2+F 3(t)P 3 (3-31)

Sn = B 4pN2t N3+B5 p N4 (3-32)

Sri = F, (t)P+F5 (t)P2+F 6(t)P 3 (3-33)



Table 3.1. Numbers identifying equations whose sum
defines the models developed by Approach 1.

Equation No. for

Modification part Loading part

sd sd

50

Slip under the four-step increasing load function in

figure 3.4a.

Slip under the three-step decreasing load function

in figure 3.5a.

Basic part
Model

Sr Sn

M5-E 3-30 3-32

V-VE1 3-31 3-33

V-VE2 3-31 3-32

V-VE3 3-30 3-33

S (a) (b)
S2

3-49 3-51

3-50 3-51

3-49 3-51

3-50 3-51

3-34 3-37 or 3-38

3-34 3-45 or 3-46

3-34 3-37 or 3-38

3-34 3-45 or 3-46



sd = BspN4+- t[ (B4pN2 i/Nkit] N3

which, under stepwise load function, became :

51

By applying equation (2-18) of MSP to the recoverable
slip in equations (3-30) and (3-31), the recoverable slip
under stepwise load, Si, was obtained

N-1sa = (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-VE1 and V-VE2,

and N = number of steps.
The nonrecoverable slip under varying load, SA, 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 = B4N3P N2t(N3-1) (3-35)

and solved for time :

t = [(Sn-BP' (B4 PN2)fiN3 (3-36)

Substituting equation (3-36) into equation (3-35) and
integrating gave :

(3-37)
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1 1

= B5PN4 +[ (Et, PoNi2 )14.3 + (B4 14\12 ) (t 2

...+(134421 )N3 (t-t N-1) ]N3 , t>tN-1
(3-38)

SHP was applied to equation (3-33) to obtain the

nonrecoverable slip under varying load, Si, for Models V-

VE1 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

F4(t) = F+ Ft

F5(t) = Fg + F,+t. (3-40)

F6 (at) = F g + F6+tin (3-41)

+ + +
where Ft,, F, Fos, F F, F 6 and in are parameters obtained

from constant load tests. Finally, equation (3-33)

became :

Sn = (Ff: P+PI P2+Fg P3) + (11
--

P2+F46. P ) tm

= G1(P) + G2(P)tin (3-42)

which was again solved for time :

t = [{Sn-Gl(P) }/Gt (P) ]lim (3-43)

and differentiated to give :

dSn/dt = mG2(P)t(111-1) (3-44)
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Substituting equation (3-43) into equation (3-44) and
integrating the result yielded :

Si = Gi(P)+[ it {G2 (P)Ilindt]m (3-45)

which under stepwise load function equaled :

S6 = Gi (PN..1)+[ {G2 (Po) }1/111t, +{G2( ) (t2-ti)+
) Pm ) , t>t 1\1_1 (3-46)...+(G2(PN_i

The total creep slip under varying load, Ss, is the
sum of Ssl and Ss2

Ss = Ss + Ss2 (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 - (3-48)

where Smax = maximum slip before unloading and sa 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.



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(Pl,t-ti)-Sr(Po,t-ti)+
Sr (P 2,t-t 2) -Sr (Pi ,t-t2)+Sr(p. 3,t-t3 ) -

Sr (P 21t-t 3) +B5 P+[ (B4Po N2)-1\-13 (t1 -to) +
1 1

(BP 2)N3 (t2-t 1)±(B 41)N22 ) ICT3(ta -t2 )+
1

(}34 P 12)1'13 (t-t3 ) ]N3 t>t 3 (3-49)

Ss = Sr(Po,t-to)+Sr(Pi,t-ti)-Sr(Po,t-ti )+
Sr (P 2,t-t 2) -Sr (Pi ,t-t2)+Sr(P 3,t-t 3) -

Sr(P21t-t3)+G i(P3)+[{G2 (Po) )1/m(ti -to)+

{G2 (P1) )1/m(t2-t 0-1-(G2(P2 ) )1t 3-t )

(G2 (P3) )1/m(t-t 3) ]m , t>t 3
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(3-50)

Ss = Smax-Sr (A P t-t 1) -Sr ( AP2 + API , t-t2 ) +

Sr (A P 2, t-t 2) -Rs [ Sr (P 3, t-t 3) -

Sr(All +API ,t-t3 ) ] , t>t3 (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 load function was derived from equation

(3-6) :

N-1Ss = .E [Sr(Pi
1=0

,t-ti)-Sr(Pi_i,t-ti) +Sp( PN-1)]+
N-1E Sv(P. t -t .)+Sv(PN-1 't-tN-1) , t>tN-1 (3-52)i.+1 1

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 = A1+A2(1-EXP(-Ast)) (3-53)

Sr = B1i41+B2P(1-EXP(-B3t)) (3-54)

Sr = F1(t)P+F2(t)P2+F3(t)P3 (3-55)

Sp = As (3-56)

Sp = B5PN (3-57)

Sp = F:P+4p2+g p3 (3-58)

Sv = A4e (3-59)

Sv = B4P142tN3 (3-60)
+ + +Sv = (F4P+FsP2+F6P3)tm (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



Model

5-E

M5-E

V-VE1

V-VE2

V-VE3

Equation No. for

56

Table 3.2. Numbers identifying equations whose sum
defines the models developed by Approach 2.

Basic part Modification Loading part
part

1 2 TaT (W.Sr Sp Sv Ss +Ss S1 S2

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 load 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(P1,t-t1)-Sr(Po,t-t1)+

Sr(P21t-t2)-Sr(P1,t-t2)+Sr(P3,t-t3)-
Sr(P21t-t3)+Sv(Po,t1-to)+Sv(P1,t2-t1)+
Sv(P2,t3-t2)+Sv(P3 ,t-t3 )+Sp(P3) , t>t3 (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



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

1 if t > a

H(t-a) = 1/2 if t = a

0 if t < a

where t = time and a = constant.

Dirac delta function (Figure 3.8b) is defined as

follows (11,18) :

and

i co if t = a
(S(t-a) =

0 if t # a

I I': (t-a)dt = 'V- (t-a)dt = 1 (3-65)

Dirac delta function actually is the derivative of

Heaviside unit step function :

58

(3-63)

(3-64)



H(t-a) 8 (t-a)

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

CO

t

I

t
a

(b)
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d(H(t-a)) / dt = fi(t-a) = o(t-a) (3-66)

The integral of Heaviside and Dirac delta function has

following properties :

{

0 if a>b

1/2 if a=b, a>0

H(t-a) 6(t-b)dt = 0 if a=b, a<0

1 if a<b, IDO

0 if a<b, b<0

/1/(N+1) if a>0
fH(t-a)}No(t-a)dt =

0 if a<0

(3-67)

(3-68)

where a, b and N are constants.

3.3.1.2. Application

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 :

0 if t<to
P(t)=PoH(t-to) = (3-69)

Po if t>to
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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) + APIH(t-ti) (3-70)

where P 1 = Po + A P1 = 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-t1 )+ E2 H(t-t2)+

A P3 H(t-t3 )- A P3 H (t-t ) A.P2H(t-ts )

P1H(t-t6 )-PoH(t-t , t>t 7 (3-71)

where P 2 = Po+ API -1-Ap2 = load level during the third step;

P3 = Po+ APi + PID2 +PP3 = load level during the fourth step;

and ti = initial time of each step for i =

Equation (3-52) of MMSP could be rewritten for

stepwise increasing-load function to give :

Ss = N-El [Sr(k )+Sp(Pi)-
i=0

N-2
Sp(Pi_i)]-1- Sv(Pi ,ti+1 -ti )4-

Sv(Pii_1 ,t-t 14, _1) , t>tN_i (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 :



si [BiNi {P(z)}11-1+132{1-EXP(-B3 (t-z) ) }+

B5N4 {P(z)}N4-1 t)(z)dz

BIN" fto {,p(z)}t1(z)dz+B2 fct) P(z)dz-

B2 fot EXP(-B3 (t-z) )i)(z)dz+
N4-1B5N4 fo P(z)} P(z)dz (3-74)

in which load function, P(t), was given by equation (3-69)
and its derivative, Nt), equalled :
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Ss = fto[ D(Sr(P(z),t-z))/aP(z) +
d(Sp(P(z)))/dP(z))] P(z)dz+
N-2 Sv (Pi ,t +Sv (PN_i , t>t (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 M5-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 Ni2p4 pip (t t )N3 +B1 (t"t1S11. )N3
1=0
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(3-76)

P(z) = Po 6 (t)+ (t-ti )+ AP2 6 (t-t2 )+

AP 3 (t-t 3) AP3 6 (t-tk )- A P2 (t-t5 )-
AP 6(t-ts) -Po 6 (t-t7) (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) :

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 131 [ poN1 )N1 ( p2 )1i/ p3 N11,ALD 13+

B2 [P3 -{POEXP(-133 (t-t0))+ A PiEXP(-B3 (t-t1 )+

A P2EXP(-B3 (t-t2 ) )+ A P3EXP ( -B3 (t-t3 ) ) ]+
[ poNi+ +Ni+ (pi )Ni+.'.1Api (p2 p 2+ (p3 NI+1,L\p3 } 3+

4[P0N2 (t1-to3 +142 (t2-t1 331-1)N22 t 3 - t2 3 +

P3N2 (t-t3)N3 ] <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, 15c(t), were derived

as

Pc(t) = A P3 H(t-t4 )+ P2H(t-t5 )+ API H(t-t 6)-i-

PoH(t-t7) (3-78)

I3c(t) = A P3 6(t-t4)+ 6132 6(t-t 5)+ P1 6 (t-t6 )+

Po CS (t-t7 ) (3-79)

For unloading, MSP can be applied, because only

recoverable slip is related to unloading steps. Thus :

ta(Sr(c(z),tz))
Ss = Smax-Rs[ It4 Pc(z)dz], t>t4 (3-80)

a pc4z)

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/ [ Ap3Ni ( 1D3 ± p2 .6.1)2+

( A P3+ A P2+ A p )N1 (P3 )N. .1p0 +B2 [1)



Ss1

( A P3EXP(--B3 (t-t4 ) )+ A P 2EXP (-B3 (t-t5 ) )4-

P 1EXP (-B3 (t-t6 ) )+PoEXP(-B 3 ( t'''t 7) ) ) (3-81)

3.3.1.2.2. Viscous-viscoelastic Model 1 (V-VE1)

Model V-VE1 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-VEl. The integrals in equation (3-73) were
written as :

,.t
= (t-z)f)(z)dz+2 foF2(t-z)P(z)P(z)dz+

3 fot F3 (tz) {PM }2 P(z)dz+

fot {F4° +2F5° P(z)+3F6° (P(z))2 )1S(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 :

Ss2 N. 2( pi +F5+ pi2 +F+6 113 ) i) 4.

(F 44- PN_I. P/3q_1) r, t>tN_i (3-83)

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

Next, Model V-VE1 and equations (3-82) and (3-83)

66
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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 = F1 (t)Po+Fi (t-t1) Pi+F i(t-t 2) AR +F1 (t-t3 ) AP3 +

F2 (t) Pd +2F 2(t-t1 )P1 A Pi+2F 2(tt 2) P2 AP2

2F 2(tt 3)1)3 A P3+F3 (t) Pd +3F 3 (tt 2) P12 API+

3F i(tt. 2) P22 AP2 +3F 3 (tt 3 ) P 32LP3 +F4.° P 3+

2F (Pd +Pi A Pi÷P 2 P2 +P3 A P3)+3FZ (PO+

P12 AP1 +1)22 A P2+P32 AP 3) + (F Po+Ft Pd +

Ft Po3)tm +(F-14- Pi +Ft P +Ft P ) (t2-t Ani+

(Ft P2+FI 1) P ) (t 3t2 )111

(Ft P3 +Ft Pi +Ft P 3 ) (t-t3 )m , t>t 3 (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-t4 ) AP3 +F1 (tt5 ) A P2+F 1 (tts )AP/ +

(tt7 ) Po+F 2(tt 4) AP +2F 2(tt 5) (A P3 -FAP2 ) AP2

2F2 (tt6 ) ( A P3+ P2+ AP 1) P 1+2F 2(t-t 7) P3 P0+

F3 (tt4 ) P +3F3 (tt5) (AP3 + A P2 ) 2 P 2+

3F3 (tts ) ( p3+ AR + )2 A Pi+



TpFp(t) = (1/Tp):0 P(t)dt+
! (fTP

i=1
Tp(2/Tp){fo P(t)sin(icot)dt}sin(iwt)]

= Ao+11 [Ai cos(tot)+ Bi sin(iwt)]
1=

(3-86)
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3F3(t-t7)P32 Po], t>t 7 (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 Fourier
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)
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where P(t) = load function; Tp = period; and o.) = 2 TT /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 lb.

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
TpBi = (2/Tp) f 0 P(t) sin(icot)dt

= (2/Tp) firoPP(t) sin (2iTr /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/i it [ P1 {cos (2i Tr /7) +cos(6in /7) +

cos (8i Tr /7)+cos(12i Tr /7) -cos (i Tr /7)-

cos(5iTr /7)-cos(9i Tr/7)-cos(13iTr /7) )+

P2 {cos(3i Tr/7)+cos(5iTr /7)+cos(9i Tr/7)+

cos(11i Tr/7)-cos(2i Tr/7)-cos(4iTr /7)-

cos (10i 7/7) -cos (12i Tr /7) )+Pa {cos (4iTr /7) +

cos (10i Tr/7) -cos (3i Tr /7) -cos (11i Tr/7) } ] (3-88)



60

P(1b)

(b)
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Figure 3.10. Division and odd periodic extension of load
function 7 for Fourier approximation.

0 14

TIME (DAY)

(a)

P(1b)
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After having defined all the coefficients, load function 7

was fully defined :

Fp(t) = Ao+ iBi sin(it) (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 :

PPM = cos(it) (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



equalled :

Ss = N1 lto (FP(z) )N1-1P1D(z)dz+

B2[.rot {1-EXP(-83 (t-z)) }Fp(z)dzii-

Es N4 fot {FP (z) )144-1fP (z) dz (3-91)

The remaining terms in equation (3-73) were expressed as :

SS2 Bif Fp N2 (t i) N3

FpNN21 (t-t N_i)N3 , t>tx_i (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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Pc(t) = -Pp(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 [ft
max

3 Sr(Fc(z),t-z)/ 3 Fc(z))Pc(z)dzt
= Smax - Rs [13 fttmax {Fc (z) P11-1 Pc (z) dz+

B [ft {l-EXP(-B3(t-z)))Pc(z)dz]], t>tmax (3-95)
tmax

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-VE1)

Model V-VE1 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 = JotF1 (t-z)Pp(z)dz+2 fot F2 (t-z)Fp(z)Pp(z)dz+

3f F3(t-z) {Fp (z) }2 Fp (z) dz+ Jot {F,: +2K Fp (z)+

3F°6 {Fp(z)}2 )Pp(z)dz (3-96)
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where Fp(t) and kp(t) were given by equations(3-89) and
(3-90), respectively. The remaining terms in equation
(3-73) were found to be :

N-2 + + 3 ,_ , M
= .E (F4 Fp +F5+ Fp2 i +F 6 FPi ) tt i+1-ci )3.=o i

+ 3(F 4 FpN_i +Fs FPN2_1 +F6 FpN_i ) (t-tN_i )ni,

t>tN_i (3-97)

Equation (3-97) is 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[ft 3Sr(Fc(z),t-z)/ Fc(z))Pc(z)dzmax
= Smax - RsE ittmaxF1 (t-z) Pc ( z) dz+

2 ft maxF2(t-z)Fc(z)Pc(z)dz+t
3 ft F3(t-Z) {Fc(2)}2 Pc(z)dz] (3-98)

tmax

sd

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.



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

76



77

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 12-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. In this method, the elastic bearing

constant is defined by :

Ko = q / y (1b/in?) (4-2)
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where Ko = elastic bearing constant; q = stress in wood

(1b/in!); and y = deflection under nail (in.). For nailed

joints, q equals :

q = P / A (4-3)

where :

A = D L (4-4)

in which P = load (lb); 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 = Ln - 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)] (1b/in3.) (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



12"

_A-- Steel loading
block

l'AMMEMEMMEM4'-Nail
-3/8"

-Lumber

3.5" *

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 lb/in2 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 lb/in3.

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



Frequency

100-

50-

.

0.4 0.5

Specific gravity

Frequency

Elastic bearing constant (1b/in3.)

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, 240, 480, 1440 minutes and daily

afterwards.

In varying-load tests, LVDTs were used. They were

connected to 14-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 12-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



Ii
rrairw.

Figure 4.5. The arrangement for data acquisition system;
A = 16 channel analogue input box, B = 21 X-
micrologger, C = cassette tape recorder.
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Figure 4.6. Loading and unloading device.

88



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 lb 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 load. Piecewise- 1 inear 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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14 TIME (DAY)

14 TINE (DAY)

80
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Figure 4.7. Constant-load functions used in testing to
develop data needed to form the models.
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......
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Figure 4.8. Varying-load functions used in testing to
develop data for model verification.
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Load function 7 Load function 8

4 10 TIME (DAY)
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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 25 specimens, 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



Test

type

Constant

load

test

Varying

load

test

Test

No.

1

2

3

4

5

6

7

8

9

10

11

12

The No. of load function used
in the specimen groups 1 - 10

1 2 3 4 5 6 7 8 9 10

1 1 1 2 2 3 3 3 4 4

3 3 4 4 1 1 1 2 2

2 2 2 1 1 4 4 4 3 3

4 4 4 3 3 2 2 2 1 1
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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.



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, R2, and the sum of the squares of errors,

SSE, were calculated, which are defined as follows :

R2
rik (S-s) (S*_*) ]2

[ 1!1(S-g) 2 jT1(S*

SSE = 11(S-S*) 2
=

94

(4-7)

(4-8)

where S = experimental data; g = mean of experimental

data; S* = predicted data; g* = mean of predicted data;

and N = number of observations.



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 are the mean values of 20

specimens, are given in Appendix B.1. 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

TEETRONICS 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-lb load, the delayed slip and
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Load level

0 . 0 10080 20160 30240
TINE ( MIN )

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.

[ 60

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

Time(min.) 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.

[Time(Min.)

60 80 100 120

0.0

1.0

2.5

5.0

10.0

20.0

30.0

60.0

120.0

240.0

480.0

1440.0

2880.0

4320.0

5760.0

7200.0

10080.0

12960.0

15840.0

20160.0

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

0.4 1.0 2.9 6.4

0.5 1.0 3.2 7.4

0.5 1.1 3.3 7.6

0.5 1.1 3.4 8.0

0.5 1.1 3.4 8.2

0.5 1.2 3.6 8.6

0.5 1.2 3.7 8.8

0.5 1.3 3.9 9.2

0.5 1.3 4.0 9.6

0.5 1.3 4.1 10.1

0.5 1.3 4.3 10.5

0.5 1.6 4.9 11.5

0.6 1.8 5.5 12.6

0.6 2.0 5.7 13.3

0.6 2.1 5.9 13.8

0.6 2.1 6.1 14.4

0.6 2.3 6.6 15.1

0.7 2.5 7.1 15.8

0.7 2.6 7.4 16.2

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-lb 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 lb, 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, Scie , 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 8.2. 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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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.
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Figure 5.5. 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. Upon reloading 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 lb. After the initial loading of 120

lb, 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. In the

100-lb 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

lb. 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. In 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



5.2. Formulation of theoretical models
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upon unloading.

Figure 5.4 depicts the creep slip under load function

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

Partial unloading of 40 lb 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 load 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 in

Figures 5.2 through 5.5 were included in theoretical

modeling discussed in Chapter 3.
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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-VEl. 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 = 14 +A2 {1-EXP(-A3t) }-1-e (5-1)

where e = error in curve fitting. Inversion of equation

(5-1) gives :

e = Sr-pk1+A2{1-EXP(-A3t)}] (5-2)

The sum of the squares of the errors equalled :



Si=1 ri

J-1 i4Sr1Ei
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N
SSE = E et = E [S,4-1,4 -A2{1-EXP(-A3 t ))f (5-3)

i=1 1 =

where N is the number of observations. To minimize

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

a SSE/ DA = -2ili[Sri-A1-A2 {1-EXP(-A 3 ti)}] =0 (5-4)

a SSE/ DA = -2 iLi {1-EXP (-A 3 [ Sri -A1 -

A 2{ 1-EXP (-A 3 ti)} = 0 (5-5)

9 SSE/ 3A =-2A2i1 t- EXP (-A 3 ti ) [ Sri -Ai -= 1

A 2{1-EXP (-A 3 ti ) } = 0 (5-6)

Substituting in equations (5-4) and (5-5) as follows :

Ei = EXP(-A3 ti) (5-7)

results in :

NAi +A 2(N- ) = jEi Sri (5-8)

A / (N- j) +A2 (N-2itEi+itEi2 ) jE1SrijE1SriEi (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. A!N

N- !E.i= 11 N-231Ei+31E1 A 2
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which was solved by Gauss elimination procedure to give

1
1-i1 E 1/N Ai /N=

(5-11)0-0E-)2/N A 2 = S E /N-
1 1=1 1 1=1 rli=1 1 1=P 1.1E1

from which :

A2 = [1/ 0,i1E (iEiS Ei) (5-12)

A1 = i1 S ri/N-A2 (1- 11E i/N) (5-13)

Equations (5-12) and (5-13) were solved by first assuming

a reasonable estimate for A3 in equation (5-7). Based on

assumed A3 , Al and A2 were calculated and then the

estimated A3 should be checked by applying equation (5-6).

If equation (5-6) was not equal to zero, the next estimate

of A3 could be obtained by Newton's formula :

= - [(SSE/; A3) / ( a2SSE/ ) ] (5-14)

where A'3 = current estimate, and NI = estimate in the

next step. The second derivative of SSE with respect to

A3 in equation (5-14) was obtained by differentiating

equation (5-6) :

2SSE/;A2 = 2A2[ . .S t? Ei -(Ai +A2) . t? E.+I. ri. 1 1=1 1 1
N

2A2.1E tlE.- ] (5-15)1= 1
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Table 5.3. Parameters in equation (3-17) defining Model
5-E.

LOAD Al A2 A3 A4 AS

60 0.5118 0.19014 0.0002981 0.0004536 0.2941 0.57

80 1.2130 0.40501 0.0001523 0.0288380 1.0509 0.41

100 1.8438 0.34536 0.0005148 0.1451320 3.0947 0.35

120 2.8434 0.42717 0.0003385 0.5136500 7.1030 0.30
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Substituting the current estimate and equation (5-15)

into equation (5-14) calculated the estimate of A3 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 B1, B2, B 4 and Bs are linear and B3, N1,

N2, N 3 and N4 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 M5-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

B1 5.7464 X 10

B2 0.003812

B3 3.2590 X 10

B4 3.1916 X 10

B5 4.8121 X 10

N1 2.2838

N2 4.3212

N3 0.3500

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 :

BiE;41 = Al (5-16)

B2P = A2 (5-17)

B3 = A3 (5-18)

B4i42 = A4 (5-19)

N3 = M (5-20)

Bs1P4 = As (5-21)

Equations (5-17), (5-18) and (5-20) show linear

relation between the parameters of Model M5-E, B2, B3 and

N3, and the parameters of Model 5-E, A2 , A3 and m.

Therefore, B2, B3 and N3 were obtained as the averages of

the values for A2, A3 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 B1,

Bit Bs, NI, N2 and li,have nonlinear relation with Al, A4

and As, which are the parameters of Model 5-E. Thus, they

were evaluated by nonlinear least square fitting of the

values for AI, A4 and As given in Table 5.3. The analysis

resulted in Table 5.4.

5.2.3. Viscous-viscoelastic Model 1 (V-VE1)



Model V-VE1 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 = F1(t)P+F2(t)P2+F3(t)P3 (5-22)

and rewritten in a matrix form :

{Sr) = [P] {F(t)) (5-23)

where :

{Sr) =
Sr3

[
P2 Pi
P3 P3

P2
.r, 3
.r 3

Pi]Pi Pi

{ F i(t) 1
F 2(t)

F 3(t)

113

(5-24)

(5-25)

(5-26)

and kernel functions were obtained by inversion of

equation (5-23) :

EP] =

{F(t)) =
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{F(t)) = [P] (5-27)

To get kernel functions, the data under load levels

P1 = 60 lbs, P2 = 100 lbs and P3 = 120 lbs were used.

Therefore, the inverse of load matrix, [13]-1, gave :

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

equation (5-23), Sr was expressed by power functions :

{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° + F(t)) = [P]-1 (Sr° + Sr+(t)) (5-30)

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

were obtained as follows :

{F°} = [P]d {Sr°) (5-31)

{F4-(t)} = [P]-1 {Sif.(t)} (5-32)

[P]-1 =

1/12

-11/7200

1/14400
[

-9/100

9/4000

-1/80000

1/24

-1/900

1/144000

(5-28)
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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 :

0.30 , for P=60

t0.17, for P=100

t0.12 , for P=120

and kernel functions were obtained in the same way as

before. They are :

F1(t) = [-7.340+1.1020 t°30-9.4153 017+

9.0455 t0.12] 0.001

F 2(t) = [0.272-0.0202 t°30+0.2354 t 017 -

0.2412 4).12 ] 0.001

F3(t) = [-0.00028+0.00009 -e30-0.0013 .0'17 +

0.0015 t°'12 ] 0.001

(5-36)

(5-37)

(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

(5-39)

(5-40)

(5-41)

of time:

Sna = 0.2825+0.003878 t°35 , for P=60 lb

Sn2 = 3.0947+0.145132 t°35 , for P=100 lb

Sn3 = 7.5054+0.306340 t°'35 , for P=120 lb

Sri = 0.477+0.013222

S r2 = 1.701+0.104614

S r3 = 2.544+0.217091

lb (5-33)

lb (5-34)

lb (5-35)
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from which the following kernel functions were obtained :

F4(t) = [57.74367+0.025453 tP.35 ] 0.001 (5-42)

Fs(t) = [-1.80786-0.019755 t0.35 ] 0.001 (5-43)

F6(t) = [0.01540+0.00034 0'35 ] 0.001 (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-VE1 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,



B = 0.0 when i = 2,4,6,8,10,12,14,16,18,20
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Table 5.5. Fourier sine-series coefficients in equation
(3-88) defining load function 7

Coefficient Value

Ao 60.0

44.48648

B3 -11.05122

By 0.27989

B7 -3.63783

B9 0.15550

B11 -3.01394

B13 3.42207

B15 2.96574

B17 -1.95024

B. 0.07365
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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 joints

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-lb loading were not used to construct Models

V-VE1, V-VE2 and V-VE3, their predictions were also valid

for 80-lb loading as shown in .Figure 5.7. Tables 5.6 and

5.7 show the statistical indicators, R2 and SSE, for each

of the five models under constant-load functions,

respectively.



Legend

5.0 -

Experimental Model V-VE1

Model 5-E Model V-VE2

Model M5-E Model V-VE3

Load level (lb)

120

60

100

120

Figure 5.7. Experimental and theoretical data obtained
under constant-load functions.
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Table 5.6. The values of R2 for the models under

Table 5.7. The values of SSE for the models under

constant-load functions.

MODEL 60 lbs 80 lbs 100 lbs 120 lbs

5-E 0.7421 0.9065 0.9545 0.9734

M5-E 0.8219 0.9139 0.9500 0.9724

V-VE1 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

constant-load functions.

MODEL 60 lbs 80 lbs 100 lbs 120 lbs

5-E 3.7566 1.3866 4.0542 11.3995

M5-E 0.5280 1.1841 5.4727 10.4951

V-VE1 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 load

function represented by Heaviside

function; and

Solution 4) Application of Approach 2 with load

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), C.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-VE1, 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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Figure 5.8. Effect of Solutions used on the creep of
Model M5-E under load function 7.
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Figure 5.9. Effect of Solutions used on the creep of
Model V-VE1 under load function 7.
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Figure 5.10. Effect of Solutions used on the creep of
Model V-VE2 under load function 7.
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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-VE1 (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 load function had its maximum between t=8,640

minutes (6 days) and t= 11 , 5 2 0 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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Figure 5.12. Comparison between the experimental and
theoretical data for load function 5.
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Table 5.8. The values of R2 and SSE for the models
developed for load function 5

Model R2 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 R2 and SSE for the models
developed for load function 6.

Model R2 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, R2 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 R2-values are all greater than 0.95 (Table 5.8).

The values of R2 indicates that Model 5-E is slightly

better than others, and the predictions by Model V-VE1 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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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 R2 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

R2values 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-VE1 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. In

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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Figure 5.14. Comparison between the experimental and
theoretical data for load function 7.
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Table 5.10. The values of R2 and SSE for the models
developed for load function 7.

Model R2 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 R2 and SSE for the models
developed for load function 8.

Model R2 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, R2 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 R2- 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-VE1 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 R2and 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 le-
values are greater than 0.99. Models V-VE1 and V-VE2 are

slightly better than the other models.
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Figure 5.15. Comparison between the experimental and
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 is 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 is 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 is 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 recoveryluring

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 load function is represented by

Fourier series gives the results which are quite

accurate but somewhat wavy.



6.2. Recommendations

To make the theoretical models developed practically
useful, the following recommendations are made :

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-term load should be studied.

The models developed are accurate for the nailed

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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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

OSU = 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

Ao, Al, A2,... = Constants

T031Ap = First and second estimate for A3

a = Constant

B1, B2,..., b = Constants

= Constant

= Diameter of nail

E, El, E2 = Stiffnesses of springs

Ei = EXP(-A3ti)

e, ei = Errors in curve fitting

Fl(t), F2(t),... = Kernel functions

F r, F = Constants

F i(t) = Power function of time
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Fp(t), Pp(t) Load function and its derivative
approximated by Fourier series

Fc(t), Pc(t) = Reversed compressive force function
and its derivative for decreasing
load functions approximated by
Fourier series

G1 (P), GAP) = Function of load

H(t-a), 11(t-a) = Heaviside unit step function and its
derivative

j, = 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

Ln = Length of nail

Lp = Thickness of plywood

M, in = Constants

= Number of steps or observations

N1, N21 Constants

= Load

Po, P1,--- = Load level in stepwise load function

P(t), f3(t) = Load function and its derivative

Pc (t), Pc (t) = Reversed compressive load function
and its derivative for decreasing
load function.

= Stress applied to wood from nail

= Constant

R2 = Square of the correlation coefficient

Ka =

Kj =

Ko =

Ks =
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Rs = Stiffness reducing rate
S, § = Experimental data and their mean

S*, g* = Theoretical data and their mean
SG = Specific gravity
SSE = Sum of the squares of errors
Sa = Instantaneous slip
Sc = Delayed or creep slip

Sde = 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
Sal = Recoverable slip under stepwise load
Ss = Nonrecoverable slip under stepwise

load

St = Total slip
Sv = Viscous slip

SI, S2 = Slip under example load functions
t = Time

to, ti,... = 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 12-percent moisture
content

Vs = Volume of wood at specified moisture
content
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Wo = Ovendry weight of wood

Ww = Weight of wood at 12-percent moisture
content

= Angular velocity = 2 Tr/Tp

= Deflection under the nail

Z, Z1, Z 2, Integration variables

a = Constant = Aa+Bm+Cm+...

6, E = Strain and strain rate

E = constants

6de , 6VE = Delayed elastic strain

Ee = Instantaneous elastic strain

6NV = Negative viscous strain

= Instantaneous plastic strain

pv = Positive viscous strain

t = Total strain

= Viscous strain

CO, C1, = Strain under stepwise stressing

ni, n2 = Viscosity of linear dashpot

ni (t) = Viscosity of nonlinear dashpot

= Plasticity of nonlinear time-hardening
element

a, a = Stress and stress rate

a, a1,... = Stress levels in stepwise stress
function

a* = Creep limit stress

i,j,k = Step sizes in stepwise load functions

(t-a) = Dirac delta function
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AppendixB.1. Experimental data for creep of nailed
joints under constant-load functions.

FIME 60 LE

0.0 0.9
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1 3: -...,./
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4.0 ...) --;-,.,. 1,-, i-'n.
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4.4: 9.8 70.1
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'3.1 q.-.; 18.2
3.1 8,4 r,1,.. i ,iQes
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2.1 4.6
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9.1
').,...i 4. 2 10.1
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0 " r:' .-)
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2.3
--, /4.e.

-,u.'r
C .=ui..)

11 11.mi
11 F

1 /4.1 =
o.,./.... 11:7

12960.0 , i... ..
14400.0 1.4
15840.0 1,4
17280.0 1.5
18720.0 1.5
20160.0 1.5
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20162.5 1.0
20165.0 1.0
20t70.0 1.0
20130.0 1.0
20190.0 1.0
20220.0 1,0
20280.0 1.0
20400.0 0.9
20640.0 0.9
21600.0 0.9
23040.0 0,9
24480.0 0.9
25920.0 0.9
27360.0 0.8
20800.0 0.8
30240.0 0.8



0.0 4.2 -7 r.-/ . ...i 0.9 .-, ...,

1,0 4.8 9.1 1.0 2.3
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6360.0 8.9 15.0 .2.6 3.2
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8640.0 9.8 15..1 8.5 8.1
8640.0 - 13.6 12.4 12.7
86'41.0 - 13.5 13.8 14.1
8670.0 - 13.5

1F-5.3
15.5

9240.0 - 13.4 .i.6.R 16.9
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11520.0 - 14.4 19.3 18,9
11521.0 - 14.5 19.3 .,.i

0n
Q.,.

11550,0 - 14.5 19.3 18.'i
1.2120.0 - 14.7 19.3 18.9
12960.0 10.8 14.7 19.3 189
14400.0 11.1 14.7 1.9.3 18.9
14400.0 9.!..; 1.3.7 19.1 1.A.7
14401.0 9.5 J.3.i 19.1
14430.0 9.4 13.6 1'7.1 16.5
15000.0 9.3 13.6 17.1
15840.0 9.2 13.4 19.1 1;6.2
17280.0 9.1 13.1 19.1 16.1
17280.0 - 14.0 19.1. -
17281.0 - 14.1 18.9 -
17310.0 14.1 18.9

017880. - 14.1 ,,-, 010,7 -
18720.0 9.1 14.1 18.8 16.1
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27360.0 - 13.4 16.9 -
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Appendix B.2. Experimental data for creep of nailed
joints under varying-load functions.

TIME 6 8



Appendix B.3. Theoretical predictions by Solution 2 forthe creep of nailed joints under load
function 5.
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Appendix B.4. Theoretical predictions by Solution 2 forthe creep of nailed joints under load
function 6.
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Appendix B.5. Theoretical predictions by Solution 2 forthe creep of naild joints under load
function 7.

V-0F2 H0F3

0.98 0.08
1
i i-,i

n ,./' I me
1.03 0.88
1.04 0.38
1.07 0,89
1.09 0.89
1.12 0.90
1.15 0.92
1,20 0.94
1.22 0.95
1.29 1.01'
1.38 1.08
2.43 2.36
2.50 2.36
2.54 2.38
2.57 2.39
''-? L'", 2.43
2.66 2.46
2.72 2.51
'7 .79 1 58
,-,..R8 2.'67
2.91 2.71
3.08 2.91
3.27 e ..i'iT

ri
6.01 J, ,,J
6.16 6.09
6.24 6.19
6.29 6.25
6.40 6.37

g:28
6.48
6.61

6.)5 6.79
6.94 7.01
7.01 7.10

i7.39 , ,,.J4
7.82 8.02

13.10 13.00
13.38 13.37
13.52 13.59
13.61 13.71
13.00 13.97
13.97 14.18
14.18 14,44
14.46 14.77
14.83 15.19
14.98 15.35
15.72 16.13
16.57 16.99
16.41 16.94
16.40 16.94
16.40 16.94
16.40 16.94
16.40 16.94
16.39 16.94
16.39 16.94
16.39 16.93
16.38 16.93

TIME

0.00
1.00

5-E

0.81
0.81

M5-F

1.09
1.10

V-)E1

0.77
0.79

3.00 0.01 1.11 0.80
10.00 0.81 1.12 0.81
30.00 0.81 1.14 0.82
60.00 0.81 1.16 0.33

120.00 0.82 1.18 0.84
240.00 0.83 1.21 0.86
480.00 0.85 1.25 0.88
600.00 0.85 1.27 0.89

1440.00 0.90 1.37 0.94
2880.00
2880.00

0.96
2.42

1.48
2.54

0.98
-"a:2.-_,

2881.00
2883.00 2.44f.7 ,2.4i

2.58
2.61

2.28
2.31

2890.00 2.49 2.63 "-2.33
2910.00 2.53 2.67 2.38
2940.00 2.57 2.71 2.42
3000.00
3120.00
3360.00

2.62
;.,%69
-) .78

2.76
2.82
2.91

2.47
a.i,..,..c.

2.64
3480.00 '.5.82 2.95 2.68
4320.00 1.01 3.13 2.86
5760.0 3.3 i..3 :1.07
5760.00 3./1 .1-2 J.83
5761.00 6.02 6.21 6.04
5765.00 6,11 6.28 6.15
5/70 00 6.16 6.32 6.22
5790.00 6.27 6.41 6.35
5820.00 6.37 6.50 6.47
5880.00 6.30 6.60 6.61
6000.00 6.68 6.75 6.78
6240.00 6.91 6.94 2.01
6360.00 7.00 7.02 7.10
7200.00 7.46 7.40 7.53
8640.00 7.94 7.84 8.00
8640.00 12.95 13.24 12.86
8641.00 13.32 13.41 13.34
8645.00 13.53 13.54 13.57
8650.00 13.65 13.62 13.70
8670.00 13.90 13.80 13.97
3700.00 14.11 13.96 14.18
8760.00 14.36 14.17 14.45
8880.00 14.68 14.45 14.77
9120.00 15.07 14.83 15.19
9240.00 15.22 14.98 15.35

10080.00 15.97 15.73 16.12
11520.00 16.79 16.60 16.96
11520.00 16.62 16.55 16.80
11521.00 16.62 16.55 16.79
11525.00 16.62 16.55 16.7?
11530.00 16.62 16.55 16.79
11550.00 16.62 16.55 16.78
11580.00 16.62 16.55 16.78
11640.00 16.61 16.55 16.78
11760.00 16.61 16.54 16.77
12000.00 16.61 16.54 16.77



12120.00 16.61 16.54 16.77 16.38 16.92
12960.00 16.59 16.52 16.76 16.37 16.91
14400.00 16.58 16.50 16.75 16.36 16.83
14400.00 16.41 16,32 16.59 16.2o 16,71
14401.00 16.41 16.32 16.58 16.20 16.71
14405.00 16.41 16.32 16.58 16.19 16.71
14410.00 16.41 16.32 16.58 16.12 16.71
14430.00 16.41 16.32 16.58 1A.0 16.71
14460.00 16.41 16.32 16.5'/ 16.19 16.71
14520.00 16.41 16.32 16,57 16.18 16.70
14640.00 16.40 16.31 16.57 16.18 16.70
14880.00 16.40 16.30 16.56 16.17 16.69
15000.00 16.40 16.30 16.56 16.17 16.69
15840.00 16.38 16.28 16.54 16.16 16.67
17280.00 16.36 16.25 1A.53 16.14 11J0.64
17280.00 15.89 15.90 16.37 15.98 16.29
17281.0015.89 15.90 16.37 15.98 16.29
08:28 1.v, 1, ,i.9Q 16.6 1. .97 16.9

it.1.89 i. 0 16.66 1J897 1A.9
17310.00 15.89 15.90 16.36 15.97 16.29
17340.00 15.89 15.90 16.35 15.97 16.29
17400.00 15,88 15.90 16.35 15,96 1A.29

001.720. 1,548 lf.A9 16.15 1;.9§ 16.Ui
17/60.00 lz).86 1!3.89 16.34 1J,9, 16,2i
17880.00 15.86 15.88 16.34 15.95 16.27
18720.00 15.83 15.86 16.32 15.93 16.25
20160.00 15,79 15.83 16.30 15.91 16.22
20160.00 9.03 14.28 14.87 14.48 14.67
20161.00 8.64 14.28 14.71 14.33 14.67
20165.00 8.40 14.28 14.68 14.30 14.67
20170.00 8.25 14.28 14.67 14.28 14.67
20190,00 7.94 14.28 14.65 14.26 14,6/
'0'%10.00 7.69 14.2a 14.q 14.24 14.671140 0.1Q.c.: . 1 7.$8 14.27 14.6z 14.23 14.64
20400.00 6.99 14.27 14.60 14.21 14.66
20640,00 6.50 14.25 14.58 14.19 14.64
20760.00 6.32 14.25 14.58 14.19 14.63
21600.00 5.48 14.20 14.55 14.16 14,59
23040.00 4.63 14.15 14.53 14.14 14.54
24480.00 4.04 14.12 14.51 14,12 14,51
25920.00 3.59 14.10 14.50 14.11 14.49
27360.00 3.21 14.09 14.49 14.10 14,48
28800.00 2.09 14.09 14.48 14.09 14.47
30240.00 2.60 14.08 14.47 14.09 14,47
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Appendix B.6. Theoretical predictions by Solution 2 forthe creep of nailed joints under load
function 8.

V-VE2 V-VE3

2.03 2.0A
2.A..i2

2n 11k

J3' ......,
217
A"--1.' '.66. 3 23

3 1.36
:.114

:.'' .1.
2.34
,.',42.54 ;,,
!

2.67 ;,-2.53
3 ''ti_.ilf 7.58
2.93 5 ,61__
3.16 7,.._!ti
5.89 5.'96
6.09 6,11
6.21 6.:-...:)2
6.28 6.29
6.44 6.44
6.57
6.74

6.57

6.96 6.96
7.23. 7.5
7.33 7.36
7.83 7.88
8.34 8.44
8.03 8.21
8.02 8.21
8.01 8.21
8.01 8.21
8.00 8.20
8.00 8.70
7.99 8.20
7.98 8.19
7.97 8.18
7.97 5.18" 0,/.,...) 8.15
-/.93 3.11

14.41 14.78
14.92 15.09
15.19 15.32
1,5.36 15.47
15.71 15.79
16.01 16.07
16.38 16.43
16.86 16.88
17.45 17.47
17.67 17.70
18.73 18.77
19.83 19.90
19.51 19.66
19.50 19.66
19.50 19.66
19.49 19.66
19.49 19.66
19.48 19.66
19.4/ 19.66
19.46 19.65
19.45 19.64

TIME

0.00
1.00
5.00

10.00
30 .00
p .00

L0.00
240.00

5-E

2.26
7.29
:7.),....!
7.34
.1 1*.38
2.42
2.481 r=. ..J...)

M5-E

2.16
2.21
!' .M
2.28
4.33
7.38
'1 .43,,,.

2.54

V-VE1

1.93
2.02
2.08
,.-) i.7)

2.19
'..) '.)r
:15-'11
2.42

480.00 2.66 2.66 2.54
600.00 2.70 7.71 3.58

1440.00
2880.00

2.91
3.16

X,.7cn;,.,i
3.21

,3_ .79
3.00

2880.00 5.84 6.00 5.85
2881.00 5.98 6.14 6.05
2885.00 6.09 6.25 6.18
2890.00 6.16 6.32 6.25
2910.00 6.32 6.46 6.42
2940.00 6.46 6.59 6.56
3000.00 6.63 6.76 6.73
3120.00 6.86 6.97 6.95
3360.00
3480.00

7.16
7.28

7.240.-=/.31
7.24
7.34

4320.00 7.84 7.86 7.85
5760.00 8.41 8.40 8.38
5760.00 8.07 8.16 8.07
5761.00 8.07 8.16 8.06
5765.00 8.07 8.16 8.05
5770.00 8.07 8.16 8.05
5790.00 8.07 8.16 8.04
5820.00 8.07 8.16 8.04
5880.00 8.07 8.16 8.03
6000.00 8.06 8.15 8.03
6240.00 8.05 8.14 8.01
6360.00 8.05 8.14 8.01
7200.00 8.03 8.11 7.99
8640.00
8640.00

8.00
14.34

8.07
14.77

7.97
14.43

8641.00 14.85 15.08 14.94
8645.00 15.17 15.31 15.20
8650.00 15.36 15.46 15.37
8670.00 15.76 15.78 15.72
8700.00 16.10 16.07 16.02
8760.00 16.51 16.42 16.39
8880.00 12.02 16.88 16.86
9120.00 17.65 17.48 17.45
9240.00 17.89 17.20 17.67

10080.00 18.99 18./8 18.72
11520.00 20.10 19.91 19.81
11520.00 19.76 19.68 19.49
11521.00 19.76 19.68 19.48
11525.00 19.76 19.68 19.48
11530.00 19.26 19.68 19.47
11550.00 19.76 19.68 19.47
11580.00 19.75 19.68 19.46
11640.00 19.75 19.68 19.46
11;60.00 19 75 19.67 19.45
12000.00 19:/4 19.66 19.44



12120.00 19.74 19.65 19.43 19.45 19.04
12960.00 19.71 19.62 19.41 19.47 19.h1
14400.00 19.68 19.59 19.40 19.41 19.57
14400.00 17.50 17.40 17.48 17.50 17.28
14401.00 17.50 17.30 17.30 17.31 17.28
14405.00 17.50 17.30 17.26 17.28 17.28
14410.00
14430.00

17.50
17.50

17.30
17.29

17.24
17.21

17.26
17.23

17.:8
17.28

14460.00 17.49 17.29 17.19 17.21 17.27
14520.00 F 49 17.29 17.17 17,19 F.:7
14640.00 17.47 17.27 17.15 17.17 1.7.20
14880.00 17.45 17.25 17.13 17.14 17,2i
15000.00 17.44 17.24 17.12 17.14 17.22
15840.00 17.38 17.18 17.09 17.10 17.16
17280.00 17.40 17.10 17.06 17.07 17.08
18720.00 17.25 17.05 17.04 17,05 17,03
20160.00 17.23 17.02 17.02 17.04 17.00
21000.00 17.21 17.00 17.01 17.04 16,99
23040.00 12.20 16.99 17.00 17.02 16.97
24480.o0 17.19 16.98 16.99 17.01 1_ . Q-

11.. /
25920.00 17119 16.98 16.98 17.00 16.96
27360.00 17.19 16.99 16.98 16.99 16.90
28800.00 17.19 16.98 16.97 16.99 16.96
30240.00 17.19 16.97 16.96 16.98 16.96
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Appendix B.7. Theoretical predictions by Solution 1 under
load function 7.
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8650.00 14.62 14.94 14.58
8670.00 14.94 15.31 14.018700.00 15.22 15.61 15.65 15.18
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11580.00 18.96 15,42 19.45 13.90
11640.00 19-96 19.41 19.48 18.90
11760.00 18.96 19.4..i 19.48 18.90
12000.00 18-95 19_41 19.47 18.89

Appendix B.8. Theoretical predictions by Solution 3 for
load function 7.

-2EU -.r.i: ") 27 --el 1,76
r ,_

2885.00 1.11 1 '10 -, =7:
:'--7

2890.00 2.14'.::=-4x 2.58 1.80,.4. ^.tA 1.9,..

_.',./ 1 P7

TIME 5-EM5-E

-_88u,OC. i ,-,

30,00 0.09 0.81 0.82 0,88
60.00 0,Y0 0.82 0.84 Or2v

120.00 0.93 0.84 0.87 0,90
240 00 0.96 0,86 0.90 0.91
480.00 1,00 0.83 0.95 0.93
600.00 1.02 0.89 0.96 0.34

1440,00 1.12 0.93 1.04 1.00
1.'4-, OnC7 1,12 1 A ..
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12120.00 18.95 19.41 19.47 18.89
12960.00 18.94 19.40 19.46 18.88
14400.00 18.92 19.39 19.45 13.26
14400.90
14401.00

18.74
18.74

19.01
19.03

19.08
19,09

18,68
18.68

14405.00 18.74 19.07 19.08 18.67
14410,00 18.74 19.01 19.07 18.67
14430.00 18.74 19.00 19.06 18,67
14460.00 18.73 18.99 19.05 18.67
14520.00
14640.00

18.73
18./3

18.98
18.97

19.04
19.03

18.67
18.67

14880.00 18.72 18.95 19.02 18.66
15000.00 18.72 18.95 19.01 18.661'440.00
1,480.00

18.70
18.67

18.93
18.90

18.99
18.97

18.64
18.61

17280.00 18.32 18.31 10.37 18.26
17281.00 18.32 18.35 18.41 18.26
17285.00 18.32 18.33 18.39 18.2617290.00
17310.00
17340.00

18.32
16.32
18.32

18.32
18.30
18.28

18.32
18.3A
18.34

18.26
18.26
18.26

17400,00 18.32 18.26 18.32 18.25
17520.00 18.31 18.24 18.30 18.-5
17760.00
17880.00

18.30
18.30

18.22
18.21

18.°8
18.27

18,24,0-41' '
16720.00
20160.00

18.28
18.25

18.17
18.13

13.23
18.20

18.21
18.19

20160.00 16.71 16.89 16.95 16.65
20161.00 16.71 16.74 16.80 16.65
20165.00 16.71 16.71 16.77 16.6520170.00 16.71 16.69 16.75 16.65
20190.00 16.71 16.67 16.73 16,6520220.00 16./1 16.65 16.71 16.65
20280.00 16,70 16.64 16.70 16.64
20400.00 16.70 16.62 16.68 16.63
20640.00 16.68 16.60 16.66 16.6220760.00 16.67 16.59 16.65 16.61
21600.00 16.63 16.56 16.63 16.7
13040.00 16-58 16.54 16.60 16.52
24480.00 16.55 16.52 16.58 16.49
25910.00 16.53 16.50 16.56 16.47
27360.00 36.52 16.49 16.55 16,46
28800.00 16.51 16.48 16.54 16.45
30240,00 16.51 16.47 16.53 16.45



Appendix B.9. Theoretical predictions by Solution 4 under
load function 7.

TIME M5-E V.VF1

1.00
5.00

10.00
30.00
60.00

19.0.00
240.00
400.00
600.00

1080.00
1440.00
2880.00
2881.00
2885.00
2890.00
2910.00
2940.00
3000.00
3120.00
3360.00
3480.00
.i960.00
4320.00
5760.00
5761.00
5765.00
5770.00
5790,00
5820.00
5000.00
6000.00
6240.00
6360.00
6840.00
7200.00
8640.00
8641.00
8645.00
8650.00
8470.00
8700.00
8760.00
8880.00
9120,00
9240.00
9720.00

10080.00
11520.00
11521.00
11525,00
11530.00

0.84 0.76 0.73
0,04 0.76 0.73
0.85 0.76 0.74
0.87 0.77 Y=LA,0.88 0.77
0.09 0.78 0.78
0.93 0.79 0.32
0,96 0.81 0.86
0.98 0.81 0.81
0,99 0.81 0.09
0.98 0.78 0.67
1.66 i oc,J.,/ i 7.774.1.11
1.66 1.29 1.58
1,.;7 1.30 4 rn1.,11
1.69 1.31 1.61
1.75 1.36 1..67
1.80 1.41 1.72
1.91 1.50 1.03
2.13 1.71 2.06
9.53 2.11
7) --,-4..1i" 2.30 2.67
3.15 2.74 :c.11,
3.10 I.i.-.74111.../ 3.05
4.65 4.24 4.61
4.65 4.26 4.62
4.69 4.29
4.73 4.34 4.'0
4.91 4.5? 4.88
5.04 4.66 5.01
5.33 4.96 5.30
5.92 5.58 5.39
6.05 6.56 6.84
7.25')=: 6.97 7.23/
7.88 7.63 7.87, dr

11.52 11.33 11.49
11.54 11.35 11.51
11.61 11.43 11.59
11.71 11.52 11.68
12.08 11.91 12.06
12.33 12.16 0.31
17.04 12.66 12.81
13.35 13.66 13.82
15.23 15.0i 15.20
15.80 15.5/ ,17.11i
17.32 17.03 17.27
18.01 11.71 17.96
18.01 17.79 18.04
18.01 17.79 18.04
18.01 17.79 18.04
18,01 11.79 13.04

V-VE2 v-VE3

0.87
0.07

6 /

0,88
0.89

90
0.91

0.91
0.69
1.37

1,38
1.39
,.44
1.49
1.58
1.78
'5,17
,.30
1 ...7n

.71

4,28
4.29

4.37
4.55
4.A9
4.98
5.60
6.50
6.98
7.A4
7.40

11.7,6
11.38
11.45

11.93
12.13

13.69
15,

17.07
17.77
17,76
17.76

17.76
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Appendix C.1. Program for nonlinear least squares curve
fitting.

100 DEFINT I-N
110 nFEN FOR :INPUT AS #1_
120 TNPHT "o. of nont..7.,,,nd tiP1 vstue 7;N,B
1.?10rrX(N),Y(N),2(N),V(N)
140 FOR 1:=1 TO N
i50 TNFHT
160 NEXT 7

170 LPRINT
X(N)1801=)

19f) REM "Make summstions."
200 AM1=0!

SUM2=0!
,_20 SHM3=0!
)70 SUM4=0!
240 SUM5=0!

SUM6=0!
260 FOR I=1 TO N

Z(i)=X(I)AS
AM1=SUM1+Z(I)
3UM2=SUM24.(ZI)A2)

300 SUM3=SHM3+YI)
310 SUM4=3UM4+Y(I)*7(I)M7 NEXT T...J4A33V RO "i.!=et coefficient A snd C."
340 C=.(SUM3-(SUM4*S1011U'AM2)/(N-f.,SHO1'2)/SHM

A=5UM4/3UM2-(SUM1/8UM7)*1
:Jitv REM 'Check dY/d6=0.0."
.170 FOR T=I TO N
380 V(1)=LOCi(X(i))
390 SUM5=5;054MI)*Z(I)-A*(LIP.2)-L:.i7(i))*V(I
400 NEXT 1
410 REM "If dYldB=0.0, print snswers."
420 DY1=-2!*(A*SUM5
3' 4B3MY1<1F-10 THFN 00TO 550

440 REM "if dY/de, is not izausl to 0.0, reoPst
450 REM "Newton's method."'
460 FUR 1=1 TO N
470 5UM6=sUM6-Y(I)*Z(I)-2!*A*(7(i)A2)-(I))K(V(
480 NEXT .

490 f)Y2=-2!*(A)*SUM6
500 M=1'10
510 IF L=M*10 THEN LFRINT A,B,C,DY1,L
.;20 1=1_4-1
530 B=8-(DY1/DY2)
540 rinTO 190
550 LPRTNT AFR,C
560 ENG

1-A2)

.,, 0 ,z,11,

'# R Fri r.1

F 6 R.
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Appendix C.2. Program for the creep predicted by
Solution 2 under load function 5.

100 REM "CrPeo J v Solutinn 2 undPr losdino funrtinn 5,"
110 OPEN '4;CRVAR)..505' FOR OUTPUT AS 41
120 DFFINT i-
10 DIM T(12)
140 N=12
10 FOR T=1 TO N
160 INPUT "TimP intPrval";T(I)
170 NEXTin REM "Input comP ronst8nts."
19(! Di=2680
200 I = I 4 4 0

210 DP=20!
220 PT=0!
230 PLOD=100!

2d i-,!EM 'Define some functions for 5-E."
2,40 DEF FNFP(P1 )=4,P121F-10*(PLA4.?02A)
270 r)EFFNFF100(TM)=1;44+:A4F.136*(1!-EXN(-20007714TM:;)

51--F FNFT1n6(Tmi= 1134,(TMA 75
290H==.3.0YJ
300 REM "DPfinP so mP functions for M5-F."
;.10 EN=-.0003259

HL-q.vi-rL,L. JO
7:;CO

340 CN=4.3,7'12
DEF FNDF(P) ,TM)=AN*(P13.7,R375)4.(PL*.00:3E;12)*(1!-FXF(FNT

360 DEF FNOY(PL,TM)=BN*(PVCN;*(TMAA)
,370 REM "DefinP somP functions for V-VE1."

DEF F4F1(TM)=k-743,4+1.102*fT)-915.3014,(TV.174-9.045ttl:.1.01
790 DFF FNF7TM)=(.7/2-.0202*(TMA.3)+2354*klIA.17)-.741TVH)J0J.
400 DEF FNF3(TM)=(-,000..34-.00009*(I(1-.:0-.u013*kTM.17)+,001Fi.:(T1»,001
410 OFF FNF4(TM)=(57.74.-2;674..035433*(TMAA))*.001
420 DFF FNF5(TM)=(-1.R07H6-,019755*(TMAA)).001
430 uFF FNF6 TM)=(.015399+.0004*(TMAA))*.001
44,0 FNVF(PL, IM)=FNFlk ) 4-FNF2.1-riii:.(f--L.A7,)-t-FNF-3.( !!1)+W-..
450 5EF FNVY(PL,TM)=FNF4TM)*PL+FNF5(T1PLA20.-FNF6Cc1)*(PFAI
460 DFF FNVOkPL)=(57.74367*PL-1.60756*PL,'2)+.01FJ395.001
470 REM "flomputP thP crPeo 1 oundPr the first stPp Insfls,1
4E10 FoK 1=1 TO N
4i() TIME=PTfT(T)
500 55F=FNFF100kTIME)+FNFT100(TIMF)+FF
510 VM=1-N5Vi,PLODTTI1F)tFNFP(PLO1)

VF=FNDF NI,TIME:
Ev=Fiqvg7-01'E00,1-thF)
vv=Pw(PLAD,TimE)
sMF=YE+VM
SV1=EV+VV

570 SY2=FY-01
Sls)=VF+YV

5yo PRINT 41, USING "444444.44";TIME;5F;SME;SVI;SV2;SV3
600 NEXT T

610 1=S1."
670
o30 r"i_Z-JT
64y S4=Sk2
,45.0

r-



660 REM "Compute the rrPpp s :p undEr thE sernhd stPp of
670 F1=TIME
680 FOR T=1 TO N

TIME=PT+T(I)
700 TTM1=TIMF-r)T
710 '.7'F=1-FNI-T100(TIM1)
720 VF=FNDE(PL3OTTIM1)

EV=FN0E(FLOD,TIM1)
740 SME=82-YE
750 SV1=S-tV

r_y
77C) Y-
780 PRINT 41, USI ;TIME:S5F;SMNG "######.#44"E;SV1;SV2=W3
790 NEXT I'

51=S'5F
810 R2=SMF
320 53=SVJ
;7Ch 84=SV
840 S5=5V3
350 REM "Lompute the creep slip undEr thP third stPn ni Lp,qds,"
860 FT=TIME
370 FOR 1=1 TO N
880 TImE=PTtTM
090 TTM2=1T1E-20T
900 S5F=61+FNFF100(TI12)+FNFT100(TIM2)

ijM=FNIN(01.0n,TIM2)
920 vE=FNU.AFLriDyliM)
930 EV=FNVFPinniTim2)
940 VV=FNUV(Fi0D,TIM2)-FNVF;(Plai)
90 SME=S2+VE+VM
960 5V1=54-EV.OV
970 '3V2=84,LFV-1-VM
9Ao
';'90 RiNT-41; USING #4#### I1- ;SMDSVI;SV2;f3V3
1000 IF IIME=>EA40! IHEN GnTO 107'0
1010 NFXT I
1020 IF TIME=>14400! THEN GO TO 1050
100 TTMF=TIME+HT
1040 GnI0 890
1050 S1=S5F
J060 S2=fAF
1070 S3=SV1
tORO
1090 '65=8TA
1100 REM "Compute thP rrAE,p slip under the forth stPp of 'osds.'
1110 FT=TIME
1120 FOR T=1 To ;NJ

1160 triL=F1+1(1
11.40 1Im3=Ti11E-1 5T
1150 S5F=S1-FNFF100(TIM3)
11A0 VE=FNDF(PI0D,TI13)
1170 EV=ENVE(FLOD,TIM3Y
1180 3MF=82-VF
ii90 SQ1=S3-E.)
1200 D2=54-0
1210 5V=S5-VF
1220 ERINT #1, USING '#####4.##';TIMF;55F;:;MDR')1
F3;;SV2;SV3TF 17(9E= E" THEN l'HOTO 120
1240 NT I

TIME=)30240! THEN GOTO 1280
1260 fiME=TIME+HT
1.270 GnTO 1140

rLOSE #1
END

168
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Appendix C.3. Program for the creep predicted by Solution
2 under load function 6.

100 REM nCrPP0 slip 111 Solution 2 undPr In8din0 fncti7:n 6."
110 nPEN 'A;CrNARY'.gq6" FnR OHTPHT W.:, #1
120 5EFINT T-N
130 DIM 1-(12)
140 N=12
150 FnR f=1 TO N
160 INPUT 'Time intPrvAl";T(T)
;./Q NEXT T
'20 RFM "Inr,ut qP cnnctants."
190 01=2680!
200 HT=1440!
210 QP=20!

pT=01
230 1-1_011=10!

A -7r

250 101=1
260
270 In3=1
280 REM "DE,finP SONE functionc, for 5-E."
290 DEE FNFP(PL)=4.R121E-10*(PLA4.902)
300 DEF ENFF60(7M)=.5120001+.19010:(1!-F0((-.000291)T1)

DEF FNFF80(TM)=1.217+.40501*(1!-EXP-.0001523).*TMOJ
320 DEFFNEF1000.)=1.344+.33A*(1!-P((-.000514T1)
330 nr FNFF120(M)=2.:;4+.4:)/f7*W-E((-.0003atfri)
340 OEF FNFT120(T1)=.51-36F,*(TMA.3)+7.103
..7',50 REM "DPfinP comP functions fnr
3A0 EN=-.0003259
370 AN=5.07464E-Ot

8N=.3.1916E-10
390 CN=4.3212
400 DEF ENDF(P1 ,TM)=ANPLA2.2R375)+(P1*.003F413)*(1!-FXNENtIMY)
410 oEF ENDV(PL,TM)=BN*(PiAON)*(TVAi
420 NEM "nPfinP ;o4iP funntinnnr
430 5FF ENF1(TM)=(-7.344.1.102*TM-94101*TMA.17)+,..04-
440 DEF. FNF2(TM)=(.2737.0702*(T1A.3)+.73541*(TMA.17)-,2417TM.A,17'0,001
450 1";FF FNF3(TM1=!',-.000.3+.00009*(TMA.3)-.0016*(TM".17)+.0*(W.lzi?*
40 nEF FNF4(TM)77.74367+.02545TM'A))*.001
4/0 5EF FNFF,(1M)=-1.07-.01975*(IMA))*...001
40 nEF FNF,71TM)=(.0159=.00034*(TMAA0*,001
4?0 DEF FW,4_(PL,TM)=FNF1(TM)*PL+FNF2(imf:FLA2)+FNF,,,
`760 7)17.T. 17Nvvipi,TM)=FNF4(TP, r"L;4c=.7(Tm,4.'0' T fr'- ' 1

LoffloutP thP nrPPc Elin uni4Pr th,?. firgt =-tEp nt
:U N

VM=FNDV(PLnD,7-.-+FNILCIE)
566 JF=FNucl:100,TIMF)
tg EC;;=FNVE(PiOD,TIME)
50() 0-1.-Ft0,'V(PinD,TIMF)
55,0 StrF=VF-1-VM
660 ';;V1=FV+0
610 H,V2=FV+',)f7

C
.
,



-----" PcM urn(0 0141..E the c?..,;,:,n ;lip iA n.rii.,r thP qP cnnci sT,:,--,,w "," ....-,..-.1 nT-1-1Rii i t-'1* ,,c1R ir.1 IU N'..,',_'..,- i.._ p77i. 711,0,rn-ir-1,
;--..

F-7DrLL*1;-,?,r7r,fTP11), -,1-7.!..::i'inl.c..V.;,,
.- , -,;": Fir- -Fiq r) E:. PLU U 7 ' i ..,.Y.1:-" -- :i:.1,ii- ,' pi T.D., - 1711 jl'c-) 1-4- L.., ..i ,,,1 lir-!ni-' '-'MF7---t---ri;:),,J OIL. ,.,...
790 5V1=S3-EV
300 SV=S4-Ey
810 sV.3=s5-01
8;0 PRINT #I, USING "#####44.4#H;TIME;S5E7SME;SVI;S23
8AQ NEXT I
840 IF in1=0 THEN GnTO 870 FISF GOTO 8Fi0
80 PLAD=PLOD-FT
860 TD2=ID2+1
870 g1=S5F
880 32=SME
890 E3=SV1
900 54=SV2
910 S=SV3
:120-XD:T=j70-1
930 REM 'ComputP thP creep qlip unriPr thP nPxt =,,tPD nf 1

940 PT=TYMF
950 FOR 1=1 TO N
960 TIME=PT+T ( I ;.t

970 TTM3=TIME-TD3*DT
980 ID2=2 THEN F---1-1.4FE100(TIO2)
990 TE 1D2=:3 THEN '4=ENEF80(TIMef)
1000 IF ID2=4 THEN SF=FNEF6((TIM2)
1010 VE=?.NDF(PLOD,TTM2)
1020 EV=FNVE(Pi00,11M2)
1030 IF ID1=1 THEN ''',N=1! FLRE SN=-1'
1040 S5F=S1+SN*SF
1050 S1E.T.2i-5N-OF
1060 SV1=q3+N*EV
1070'6V2=S4A.SN*EV
1080 sU=55+5N*VE
1.090 PRINT 41, USING "444444.44";TIMF;S5F;s1E;SVI;SV2;Sv7
1100 IF TIE= 0' THEN rinTH 1140
WO NEXT I
117,o IF ID1=1 TEN In1=0 Fic'E Inl-iI. u

11,50 bUiti 840
1140 TIME=TTME+HT
11FJO IF TIME >30240 THEN ATO 1170
t160 GOTO 970
1170 CLOSE #1
1180 END

170
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Appendix C.4. Program for the creep predicted by Solution
2 under load function 7.

1.00 REM '1.-.reeo slip Solutinn 2 nder losdinl functinn 7.'
110 L.I .Lfl T-N
120 DIM T(17)
130 N=1.2
140 FOR 1=1 TO N
150 'NFU' intPrvsl';T(I)
1.60 NEXT
170 NEM 'Tnput gome cnn.ctsnts.'
180 DI=.)880!
190 HT=I440!
200 DP=20!
210 PT=0!
220 F100=110!
.1-Trs A-

7P7,

RtM ThefIne funct;ons for 5-E.'
260 UF FNFF:(P1 )=4.R121F-10*(FIA4.902,4.)-v7r,ppc irmFe(Thp- 171+ 1.").11p,1,11._F-J:71, I a. `s.: .8' EF.6,6*c
290 OFF FNFF6OKTM)=.120001+.19014*(1!-FXP((-.0002981).M))
y. DEF FNFT6OTM)=.000457- MA.57)

7,to OFF FivF2o(Tm=1 0001F7TM)
64:j DEF
130 OFF FNFF100(T1)=1.34444536*(1!-FXP(H.000514R)M))
340 DFF FNFT100(TM)=.113*(TmA,M\
7.="ri Ci2ri7T. TM\-1 7+ CVn,';
360 DEF FNFT17)(T1)=.5 5*(TMA.3)
370 FP1=.294
380 FP2=1 ci51
390 FP3=3,095
400 FP4=/,107
44.0 RFM "nAfinP functiona.
420 VN=.-.00U259
430 AN=5.07464E-05
44u BN=3.1916E-10
450 CN=4.3212
460 OFF FNOE(PL,TM)=AW*(PLA-.12.28375)+PL.00:',R13)3H.1!-EXP(=Nt'IM
470 DEF FNOVi..PL,TM)=BN*JiA[N)*(TVA)
480 RE M 'OefinP somP fnr V-VF1.'
490 DEF FNFiCTM)=k-7.:A-1.1Q2*(TM)-9.41.301.17.04F%5*!M'.12,
500 OFF FWF2(TM)=(.272-.0..?02*(TMA.3)+.27f=:41*(TV..17)-
510 DR' F1F3(TM)=(_-.000284.000092*(TMA.3)-.00101M'.1/4-.010M'
1

520 OFF FNF4(TM)=.(57.7.4.;i674-42.-.. .

5-40 51.717

DEP
OER F

5-A0 DFF
570 DEF FNVG(PL)=(F.7./466/*Pt1.8086..4
Fk80 RFM:Tompute the creeor:stip unriPr Ti! nt .,11,

F M5-E V-VF1 V-vFx
000 FOR. I=1 TO N
610 TIMF=PT+T(I)
670 S5F=FNFF60(TIME)+FNFT6)(TIMF)+FP1
630 QM=FNOV(PLOO,TIMF)+FNI-F(PLOD)
640 VE=FNDE(PLOO,TIMF)
650 EV=FNVF(PIOD,TIMF)
660 VV=FNVV(PIDDJIME)
670 RMF=VE+VM
680 RV1=EV+VV
690 P=V2=EV+V1i
700 SV3=VE+VV
710 LFRINT USINfl '4-#####.4#';TIME,F,SME,SV1=SV2,3V3
720 N?.'_XT
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730 REM "romoutP thP nreep slip under thP seonnd stPo of
/40 Pf=TIMF
750 PL1=PInD+DP
7i-,0 FOR I=1 f0 N
770 TIMF=PT+T(T)
780 TTM1=TIME-15T
790 R5F=FNFF60(TIME)+FNFF30(TIM1)-FNFFAOTIM1)+FNFT600W
800 VM=FNFP(Pilii-FNOV(PIUD,Df)tFNDVO'Ll,TIM1)
810 VE=F4U(Pl_nri,TIME)+F4DE(Pi1,TIM1)-FNnFPIO0,1I11)
R20 EV=FNVF(FtAD,TIME)+FNVFFL1,TIM1)-FNO:.(FinD,TIM1)
1:;30 UV=FNVY(P=05,DT)+FNVVPL1,TT111)-FNVn(PIOD)
H40 ThE=VF-I-VM
050 F,V1=-FV+VV
8A0 sV2=EV-i-VM
370 !Et 'ç

1PRINT USING "4-4144##.4#";TIMF,35F,SME,SY1,SV2,3V3
890 NEXT I
L4f)0 RLM "Cnoute
910 FI=Tirii:
920 pi 2=p! +DC,

930 FOR I=1 TO N
940 TIME=PT+T(I)
950 TIM1=TIMF-OT
9,40 T2=TIME-2*DIT
Yiy 1:7.J1-=i-NFi-60kTIM-)41-NrF8km1M1)-rNhi-61)klIMIJ-4-1-NrhlgiPL)-ErNi-td0TI12)+FNF0

DT)+FNF280(DI)+FNFT1((ATIM2)+FP3
9R0 VM=FNFP(PL2)+FNDV(PLOD,DT)+FNMPLI,DT)+FNDV(PL2,1TM2)
990 VE=FNOE(FLOD7fIM)+FNLEL1,11111)-FNDEJ'LnD,TI11)4-F4OLFL2,TI12)-FNL)F07.Li,T
M2)
1000 EV=FNVF(PL00,TIME)+FNYE(PL1,TIM1)-FNVE(PLOO,TIMI)+FNYE(PL2TTP!2)-7T)E=L -
IM2)
1010 VV=F4V1J(PIOD,5T)+FNVV(PL1,DT)+FNVY(PL2,TIM2)-FNVG(P105)-FNPL1)
1020 sMF=VE+VM
1030 SV1=FV+YV
1040 8V2=EVOM
1050 SV7=VF-i-VV
10A0 LPRTNT USING "4-##4##.##";TI9E,35F,3ME7SV1,3V2,3V7
1070 NEXT T

1080 REM "romoute the creep slip under the fnrth -4. i"1.-of loads.
1090 PT =TIME
1100 PL3=PL2+DP
1110 FOR I=1 TO N
1120 TIME=PT+TI)
1P0
1140 TIM2=TTME-T
111i0 IIM=TIME-3*Of
1160 A:=;F=ENFF60(TI1F)+FNFF80(TIM1)-FNFF60(7IM1)*FNFFIQ0(TI12)-FNFF8071M2)
20(TiM3)-FNFF1001TM3)
1170 S5F=AF,F+FNFT60(nT)+FNFTROOT)+FNFT100DT)+FNFT120(TII7)+FP4
1180 VM=FNFPL3).4.FNDV(PLn,DT)+FNDY(FL1,01)tFNP(111_2,DT)+FNDV(Pi_!;,Ti
1190 VE=FNDE(PLOD,TIMF)+FN5F(PrI,TIM1)-FNDF(PLij5,TIM10-FNDEPL2,TIM2) TIM2)+FNDF(PI 3, T4.f3 i-tLEf F1 Tin)
1200 FY=FNVE(PiOn,TIMF)+ENVF(PII,TTN1)-FNVF(PLnD,TIM1)+FNVE(P1.2,7,112-FT,;E(PL1,
fM74-FNVE(F.L3,TIM3)-FNVE(FL7,TIM3)
1210 VY=FNVV(PLOD,OT)+FNVY(PL1,DT)+FNVV(PL2,0T)+FNVV(PL7,TIV)-FWg1FLM-FNVW
ii)-FNYG(P12)
1220 gMF=VE+VM
1230 SV1=FO-VV
1340 3Y7=EV+VM
1250 5V3=VE+VY
120 LINT USTNG "4.##40.#01"11IME,SF,F,MF,SV1,SY2,13V7
1270 NEXT
1280 REM "Compute +.hP crPpo slio under thP fifth step of losds,'
1290 PT=TIMF
1300 S1=S5F
1310 52=SME
1770 37=SY1
1:3.30 S4=3V2
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10 I-OR I=1 TO N
17.4, ITMCPT+Te
11/q() TIM4=TIP1-4DI
1730 S5F=s1-FNFBCTI14)
1:1:90 VE=FNDE(DP,TIM4)
1400 VED=FNVFPLOD,TIM4)/3!
1410 SME=s2-F

vcy
14730 V3=S4-VEU

yc
1450 LPRINT USIN
1460 NET
1470 REN 'Cofflout
1480 P1 =TIME
1490 DOP=29i0P
lt00 Ft:3H (--.1 10
1510 17IE=PT+T(I
152N TiM4=TIME-4
1530 TIM5=TIME-f
1540 35F=S1-(FNF
1550 VE=FNDE(DP
1560 YED=(FNVE(P

*OT
*OT
PAII7!4)+FNFC3c
,TIN4+-FNDE(0
LOD,T1114)+FNY

1330 TI14=TIME-0
184U Trm5=Timt.-Itl.m.=Tff,fc..;401,-f4

35F...-(FNFEJI14;4-FNFC(
-c

.+

1330 VE=FNDE(DP,TIM4)+FNDE(D
6)-1-FNDEPL.3,TIM7) -FNDEJ'LOL,T
1890 VED=((FNVE(PLOD,TIM4)+FN
-FNVE(PLOD,TIP16)*2!)/3!-H-NVE(
1900

c

G "+#####.01";TIME,S5F,SME,SV1,3V27SV3

a th;, rr.P.11 under the sixth steT3cf

TIM5)-FNF8TI15))
DP,TI15)-FNDEiDF,TIM
'LP! 00,TI12.-FNVFtP1--iD,TF4'.f::

rrPPD sliT1 under th:l steT.)

sftr untnE,:lirct."

DP,T1:15)-ENH. P,Tir:=T)*774Tc.F...-1:7:,71

uE(PLoo,Tilifi-42F7IvE,pt.H.,Timf;i47N
p,5,TI17-1muE;p:_of.),I.Im74cF

SME=S2-VE
1910 p1=S3-VED
1920 ._2V2=S4-VED
19D SV3=S5-VE
1940 LPRINT USING '+#44##.1W;TIME,S V15F,SME,S,SV2,SV7
1950 IF TIME >23040 THEN GOTO 1970
1960 NEXT I
1970 TIMF=TIME+HT
1980 T.F TTME>70240
1990 O 1830
2000 END

THEN GOTO 2000

7

it
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15N bN E=S2-VE
_

1580 SV1=S3-VED
1590 SV2=54-VFD
1600 ',V3=S5-VE

LPRINT USING '+####4.0";TIME,S5F,SME,SV1TSV2,SV7
1620 NEXT T.

1.630 REM 'Coffioute the
1640 r7_TM-
1650 FOR I=1 TO N
T660 TImF=PT+T(T)
1670 TIM4=TIME-4*DT
1650 TIM5=TIME-5*DT
!690 TIM6=TIME-6*DT
17)0 S5F=S1-FNFEkTIM4)+FNFC(TIM5)-FNFETIN5)+FNFF60(TIm6)-FNu
1710 VE....--NDE,:.D' 1.14;4-FNOLH,F,TIM5)-FNDEDP,TifritHFNDE(PLOb,.f6;)

VED....(FNVE(PLOO=TI14)tFNVEFLOO,TXM5)*2!-FNVE,P-
1-77

1740 5:0J7,=,-----7-tj-
1.77g LFRINT I 4'4-#####.##n;TIME,S5F,SE,SlySv2,Sti7
4rA 7'MT'Lcwoute the rery4;,

Ff=T:f0.E
1=.:'!(' FOR TO

L

5 F.

EF OD,
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Appendix C.5. Program for the creep predicted by Solution
2 under load function 8.

100 REM "Cr.PPo slip IDLi Solution 2 undPr to,sclincj funct
OPEN j'A;CRVARY.R0Ru FO R OHTPHT #1
OFFINT T-N

130 DIM T(12)
140 N=12
150 FOR 1=1 TO N
160 INPUT "TimP interv;z1T(T)
170 NEXT I

180 RFM "Innut some cnnstants."
190 Di'=28801
700 HT=1440!r
210 0P=20!
2:20 DOP=40!
230 FT=0!
240 PIOD=RO!

A=.35
260 CF=.891
27 V RFM "DPfinP somP functions for 5-F."
2FiO DEF FNFP(PL)=4.R121E-10*(PLA4.90)6)
290 DEF FNFB(TM)=.171+.007.8*(1!-FXP((-.0002TM))
7At'i FNFC(fM)=."A41+.12676*.(1!-EXP((-.0002981)*TM;
310 LIEF FNFF60(T1)=.3120001+.19014*(1!-FXP((-,000'298TM))
370 nEF ENFT60(TM.)=.00045:x6*(W.7)
130 nFF FNFFROT1)=1.213+40501*(1!-FXP((-.0001F,23)4iT1))
340 DE E FNFT80(TM)=.026878*(TV.41)
7,50 DEF FNFF100(fM)=1.R44+.3453A*(1!-FXPIA-.000514)*TMk
.6A0 DEE FNFT100(TM)=.14F13*(Tri
370 DFF ENFF120(TM)=2.R4-A+.42717:1!-FXP((-.0003370:i:71))

nEE F4FT120(T1)=.1365*(W.3-i
390 FP1=.294
400 FP2=1,051
410 f-p1=3,o95
426 FP4=7.10
470 REM 'Define some functions for M5-E."
440 EN=-.000259
4F0 AN=5.07464F-05
460 BN=3.1916E-10

CN=4.3212
480 OFF FNDF(PI iTM)=AN*(PIA2.28375)-4-(PL*,003812)(1!-EXPENi.iTM))
490 DE F FNOV(FL,TM)=RN*(PLACN)*(TV )

50) Rcl "Dpfinp scffip ions y-t)F1."
.

;7: Utr Ft41-1(1M)=i,-/-34+1.1024,kTM1'...5)-9,41F,A01*(TO.A.17)+9.04F5*CiIt'c,- OEF FNF7JM)=(.272-.0202*(TMA.3)+.27iE41:qTV.17)-,2412*TMAl2)
57,0 DEF F4F7(fM)=(-.000A+.00009*(TV..3)-.0014,*(TMA.17)+,001(TV.1
540 oEF FNF4(TM)=(57.74367+.025453*(T1AA)001
550 OFF F4F5(fM)=(-1.8086-,019755*(TMAA))*.001

nFF FNFA(TM)=(,01F.399+.00034*(TV-A))*.001
D/o uFF FNVEKPL,TM)=FNI-1(fM)*Pi+FNF2(TM)*(Pi,-7)+FNFM)*(P1
580 OFF FNVV(Pi Tri)i.k.PL.+FNFW-f1)*(P122:.+FNF6( TM
590 DEF FNVG(PLi=(57.74:0*P1-1.80786*(PV2)+.01t3991.00i.
600 RFM "ComputP thP crPPp =lip undPr the first step of losdc.'
610 FO k '1=1 ;0 N
A20 TIME=PT+T(T)
630 s5F=FNFF80(TIMF)+FNFT80(TIMF)+F2
A40 VM=FNOV(PI.QD,TIME)+FNFP(PLOD)
630 VE=FNDF(PLH16AMF')
660 FV=FNYF(PLOD,TIME)
6/0 V=)=FNVV(PLOD,TIME)
680 $ME=VE+VM
690 bv1=EV+VV
799 RiP=FO-VM/iv ,'k,)6=c7E+Vi
iY0 PRINT #1, USING "4#####.##";TIME;S5F;SMF;SV1;3V7;SV3
730 NFX[ I
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740 REM "Computil thA crP,Lp slip under th qPrrtnd stEp of losds,'
70 F1-=TIMF
760 PL1=PIOD+OP
770 OR 1=1 Tu N
780 TIME=PT+T(T)
790 TIM1=TIME-DT
800 3F,F=FNFF80(TIME)+FNEF100(TIM1)-ENFF30(TIMI)+F4FT3O(DT)+FNET1(:;NTIM1)+FP7
810 VM=FNEP(PL1)+FNDV(PLOD,OT)+FNOV(PL1,TIM1)
C20 )F=ENDE(PLOD,TIMF)+ENDF(PLUTIM1)-FNOE(PLOn,TIM1)
830 EV=FNVE(PLOD,fiME)+FNVF(FA1,TIM1)-FNVE(PiOD,TIM1)
R40 VV=FN)VPIOD,DT)+FNVV(Pil,TIM1)-FNVG(PLOD)
850 SME=VE+VM
860 SVI=EV+VV
870 RV2=FV+V1
380 3V7=VF+VY
R90 PRINT #1, USING "######.##";TIME;S5F;SME;SVi;SV2;SV3
900 NEXT I
910 REM 'ComputE the prEep slip undEr thE third stEp nf
970 FT=TTME
970 Fi7=Pi OD-DP
940 SI=5.15F
950 S2=SME
960 S3=SV1
970 84=SY2
980 St=StJ3
990 FOR 1=1 To N
1000 flMF=PT+F(T)
1010 TIM2=TTME-2*DT
1020 35F=S1-FNEC(IIM2)
1070 VE=FPFKODP,TIM2)
1040 EV=FNVE(PL2,TIM2)*2!/3!
1)50 SME=82-VF
1060 b11=b3-Ev
i;)-722,

ipo SU=S5-VE-Lat.11.
1090 PRINT #I, USING "######.##";TIME:S5F;SIDSVI;SV2;SV3
1100 NEXT I

1110 REM "Cnmpute thE crEEp Siip undEr the fort st=p of lo:,!s,'
1170 PT=TIMEill'', Pi =P1 1+0P1,..A1
1140 S1=85F
1150 64-oh
1160 S3=5V1
I.-7o 34=SY2
1180 S5=8V3
1190 FOR 1=1 To N
1200 fIMF=PT+I(D
ilir, TTM3=ITME-7*5T
ITN) SF,F=S1+FNEF170(TIM3)-FNEF6NTTM3)+FNFT120(TIMTi)+FP4-EP7_",,

...,

VE=Fi4DE(PL3FIT103)-FNDF0-127TIM3)A... ._.;,,

1240 VM=FNOV(PL3,TI17)+FNFP3PL7)-FNEPPL1)
;250 FV=F4VEqL3,TIMENVE(PL2,TIM3)
1260 VV=FNVV(PL3,TIM3)-FNVG(PL1)
1270 SME=S2+VE+VM
1280 SV1=33+FV+Y)
1290 SV2=34+EV+VM
1300 SV7=3F+VF+VV
1310 PRINT #1, USING "######.44";TIME7S5F;SME;3Y12;SV7

-,--,,- NEXT I,LsJi,.,



1S71.,

,5 C",:-.fr.q1',

" _

1730 RE 1 'CocoutP thP rrPPriI ndr thA fifth stPp of 15.'
1340 PT=TItlE
1650 s',1=S5F
17460 52=8ME

S3=SV1
1780 S4=SV2
1790 S5=SY3
14C10 Pp T=1 Tn N
1410 TIME=PI+T(I)
147'0 tTM4=TIME-4*nT
1430 S5F=S1-FNEC(TIM4)
1440 VE=FN5F(DDP,TIM4)
1456 EV=ENVE(PL271-IM4)*2!/3!
1460 SMF=82-VE
1470 SV1=!-;3-EV
14R0 SV2=S4-EV
1490 SV3=S5-VE
15_00 PRINT 41, USING "######.##";TIME;S5F;SME;SV1;SV2;SV:3
151,0 NEXT I
1520 RFM thP 7rPiPp slip ,-,:ftPr corolPtP unloadinctru
1570 PT=TIME
1540 FOR f=i Tn N

TrME=PT+T(T)
1560 TIN4=TIME-4*0T
1570 TTM5=TIME-5*DT
1530R5F=s1-(FNFNTIM4)+FNFF120(TIM5)-FNFOUT15))*U
1590 VE=0:NDE(DOP,TIM4)+FNOE(PL3,TIN5)-FNOEONF,TTM5F
1600 EV=HFNVE(PL2,TTM4)-FNVE(Pi2,TIM.5))*2!/3!+FNVF:F-1.7,TI15)0,..flF

SME=S2-VE
1.620 pi.=3-FV
1630 sO=s4-EV
1640 sO=55-VE
1650 PRINT #1, USING "######.##":TIMF;S5F;SME:SV1;SU;SWi
1660 IF TIME L280 THEN GOT EL;E 1670
1670 NEXT I
1680 IIME=TIME+HT
1690 TF TIME 40 THFN G.OTO 1710 ELSF OnTn 1.700
1700 GnTO 1560
1710 flLOSE 41
1720 EN
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Appendix C.6. Program for the creep predicted by Solution
1 under load function 7.

i00 REM Crp =l in hu ;n1P4ipn u-dPr frr-i.'rr 7s.r.. te . 1 1

Utt.IN1
120 DIM 1(12)
130 N=1'..'

140 FOR 1=1 TO N
150 INPUT "Tirile intervalT(I)
160 NEXT
170 REM 'Input some constants."
1R0 Df=2080
190 HT=1440!
200 DP=20!DT-011 - .

720 PLOO=60!
230 A=.35
z40 REM "Define irADI functinns for
250 DEF FNEF(PL)=4,81211--t0*(PLA4.9026)
2A0 OEF FNFB(TM)=.171+.06338iii(1!-EXP((-.00029810j1))
270 DEF FNEF60(TM)=:t120001+.19014:((1-!-EXPk(-.00087)ift,
280 DEF FNFT60(111)=FNEF60(TM)+.000453A*(TMA.57)+.:94
590 DEF FVF8O(TM)=1.2131-.405D1*(1!-EXPH-.0001))

DEF FNFT80(TM)=F4EF80(TM)+.02888*(TMA.41)+1.051
DEF FNFF100(TM)=1.d44+.454*(1!-EXP((-.0005141

320 'VF FNFT100(TM)=FNFF100(TM)+.1413-TMA.35)+3.095
330 DEF FNEF120(TM)=2.R434-.42717*(1!-FXP((-.000735)*IM))
340 OFF FNFT120(TM)=FNFF120(TM)+.513651:(TMA.3)+7.1M
350 REM "Define some funrtiors for
360 FN=-.0007254
370 AN=5.074i,4F-0t
380 BN=3.1916E-10
390 CN=4.3212
40) DEF ENDE(FL,TM)=AN*(PLA7.28775)+(PL*.0D812)*(1!-EXPENTM))
410 DEF FNDV(P1 ,TM)=RN*(PLACN)*(TMAA)+FNFF(PL)
420 DEF FNF(FL,TM)=TM*(ARN*PIAF:NP'(1!/A))
430 REM "Define some functions for V-VEl."
440 DFF FNF),(TM)=(-7.3.34+1 L1.02*(TMA,)-9,41301( TMA.17 )4-9.0455*. ( TV. 1?)or FNF2(fM)=(.2-.0202*(TMA...6)+.235:',8*M'M''.'7)-.24.12));:()01
460 DEF FNF3(1M)=(-.00028+.000092'*(TA.3)-.001:KORMA.17-1-.00150TV.12..c;0

470 DEF FNF4(11)=(57 74147+ 07-7457kfTMAA1 j
4FiO DEF Fr4F5;m3=(-1.80786-.01TV1.001
490 FF FNE6(TM)=(.015:-Q91...00034*(TMAA))*01
500 DEr ENVF(PL,TM)=FNFIATM)*PL+FNF201)*(PH2)+FNE3C1'MO:(RLA3)
510 OEF FNVV(PL,TM)=FNF4(TPf+FNF5(TM)*(PLA2)+FNF6(TMPLA3)
520 OFF ENVG(PL)=(57.7467*PL-1.807814*01..'2)-1-.01F:399*PLA3))*-001
5170 DEF FNMPI,TM)=(((.0254F:3*PL-.019755*(PtA2)+.0003(PLA7))*.001)A1VAT
540 REM liOnmpute the creep slit.) under the f;rst step of loads."
550 L.PRINT " TIME 5-E V-VE2
560 FOR 1=1 To N
570 TTME=PT+T(I)
580 55F=FNFT60( TIME)
590 VM=F4OVPJ...0DTTI1E)
600 VE=FNDEOOD,TIM.E)
610 E()=FNVE(PLOD,TImF)
620 .\-)-FrNtiktLUbTliNE)
6750 SME=VEOM
640 SV1=EV+VV
650 5V2=EV+VM
660 SV3=YF-On
670 LPRINT USING "4-#####.##";TIMF,S5F,SME,SV17SV2,!;V3
680 NEXT
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690 REM 'Ccipute the creep slip under thP F.Pond 7,tPo of
loss,k)!JP.1.=TIME

PL1=i7-101)+OP
77")() FOR 1=1 TO N
730 TimE=PT+T(T)

2740 tIrri=1NE-01
--5F=FNFT60(TIME)+PNFT80(TImi)-PIFTATTmi

. . , .

VM=FNFP01)t((FNO61FlOOFFIT)+FNURFL1711MD
770 VE=ENDFJUD,TIME)+FNDE(PL1,TIM1)-FNDEt:PIOD,TIMI)
780 EV=FNVE(P1 ni), TIME)+FNVE(Fti TIM1 )-FNVE(PLOD, T
790 VY=F4VG(PL1)(F41 H(PLOD,DT)+FNVH(PL1,TIM1WA)
800 SME=VE+YM
alo SY1=EV+VV
820 SV2=1-.0-VM
830 SV3=VEtVY
840 LPRINT USING "4-#.4-###.4#";TIME,S5F,SMF,SV17SV2,3V3
850 NEXT
860 RFM 'CofflputP the creep slip under thP third step of inAd=..'
870 F'T=TIME
880 Pl?=Pili-DP
890 FOR 1=1 TO N
900 TIME=PT+T(I)
910 TI1i1=IIME-DT
920 T1M2=TIME-2*DT
930 S5F=FNFTAO(TI(IE)+FNFT80(TIM1)-FNFT60(TIM1)+FNET100(TTM2)-FNFTROCTIM2)

kr VM=FNFP(Pf2)÷(KENDS(PLOO,DT)+FNDS(PL1,DT)+FNORKPL2,TWA)
950 VF=FN51=PLOD,TIME)=FNDE(P11,TIM1)-EN0F.:PLOD,TIM1)+ENDRkFL2,7Tv)-0F(FLI. TT
M2)
'7'60 EV=ENVE(PLOD1TIME)+FNVE(PL1,TI111)-FNVF(PLITO,TIM1)+FNVFP Trtr) -1J:r(n; 4 7,

970 VV=ENVWL2)-1-((FNVH(P110,5T)+FNYH(PLI,DT)+FNVH(PL27TI(2WA)
980 SMET4F+VM
990 5Y1.--EVA-VV
1000 S02=FVOM

SV3=VE+VY
1020 !PRINTJIJC"4-####4.##TIME,S5F,SME,SV1,3v.47SV3
1030 NEXT
1040 REM "romput thP crPPp undPr thP forth qtPip of losdc.'
1050 FT=TIME
1060 P[3=PL24-DP
1070 FO 1=1 TO N
1030 TIME=PT+T(I)
1090 TIM1=TIME-DT
1100 TIM2=TIME-2*0T
1110 TIM3=TI!IE-DT
1120A5F=FNFT60.(TIME)+FNFT80(TIM1)-FNFTA0(TIM1)+FNFT100.,..TIM7)-FPFTRO(TIM2)
110 S5F=A5F.ft_NFT120(TIM)-FNFT100(TIO)
1140 YM=FNFP(PL:3)-1-((FWYPLOD,5T)+FNDS(PL1,DT)+FNn(Pi2,17)+FNn.3,7-117WA)
110 VE=FNDE(PIOD,TIME)+ME(PL1,EIMI)-FNDE(FLft,IIM1)+FNDF(FL27-iiM2)-DFJ11,7
IM2)+FNDF(PLMTM:3)-FNDE(F12,TI13)
1160 AEV=FNVE(PLOD,TIME)+FNYE(PL1,TIM1)-FNVE(PLnO,TIM1)+FNVF(PLTIM7)-NEJ-1,
TIM7)
1170 FV=AEV+FNYE(PL3,TIM3)-FNVE(Pi2,TIM7)
1180 V 4VG(F.1_3)+( (FNVH(PLOD,DT-.)07NVI-1(Pi 17D-1)-1-FORPi 7, DT )+ENVH,:.H1L.171.1.- )
1.190 SME=VF+VM
1200 bV1=EV+YV
1210 SV2=EV+VM

.1220 Ski=VEJ,VV
1270 LPRTNT Lo;INn "4-#####A#u;TimE,s5F7smE,svi,sv2isv3
1740 oExT T
'if° REM 'Cciopute thP crePo 7,1iP undPr
12A0 PT=TTMF

1.20 S:,!=Sm F.

1.7'90
17L.0(; 547-b0:!!
-1.710 7C:z=1:3V7'.1
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1-11 I=1 TR N
1T70 TilE=PT+T(T)
134,) (T14=TIME-4*DT
1750 F:1: -r_ 71F

-:=FNIDE(OP,TIM4o,./67J
1370 VEO=F4VF(PLOn,T;m4)*.765/3cmF-c-_uc
1390 RV17,-vFn
1400 sv3=R4-VED
1410 5V3=55-VE
1420 'JUNI HSINn J4-144###.W;TIME,S5F,S1F,SV1,S2,SVT3
1430 NFXT I

1t unofo7utP creep slip unAPn f.nP, ste7, pf cRds.
1450 PT=TIME
1460 0DP=2!*OP
1470 FOR I=1 TO N
1430 TIME=PTfT(I)
3.490 ii14=Tit117-4*Di
1500 TIM5=TIME-5*OT
1510 5F.:F=S1-(FNER(1IM4)+FNFE15CIIM5))*.765VE=(ENDF(DP,TIM4)+FPEMDP,TIM5)-FNE(OP,TIM5)
1530 VED=(ENVE(PL0D,1IM4)+FNVF(PLOD,IIM5))*.765[3!

RME=S2-VE
17.Jn SV1=83-VED
1560 5V2=S4-VED
1570 i:)3=85-VE
1580 LPRINT USING "+#####.0";TIME,S5F,SME,SVI,SV2,SV3
1590 NEXT I

1,400 REM "Compute thP creep slip under thP sPvPnth ,stn of loads"
loiv PT=TIMF
1620 FOR 1=1 TO N
1630 TIME=PT+T(I)
1640 TIM4=TIMF-0:DT
1650 IIM5=TIME-5*DT
1660 TIM6=TTME-6*DT
1670 35F=S1-(FNFEI(TIM4)+FNFB(TTM5)+FNFB(TIM6)).7
1680 VE=(FNDF(5P,TI14)+FNDE(DO,TIM5)-FNOE(2R,TIM5)-1-1-NDE(P:n TIML-FNLE(DDP,:i

1690 VED=(FNVE(PLOD,TTM4)+FNVE(PIOD,TIM5)+FNVE(PiOn,TT16)).765,.3!
1700 SME=52-vF
1710 SV1=S7-VED
1720 SV2=.84-VED
1730 SO=SFi-UF
1740 LPR1NT USING'-#####.14#';I'IME,S5F761E73v1,3,

NFXT I

17A0 REM "romputP the recoveru. -ft Pr rompletP
17FQ PT=T;IMF
1250 FOR i=1 TO N
1/-7'0 TIME=Pt+T(I)
1800 TT14=TTME-4*DT
1810 FI15=TI9-5*D1
1820 TIM6=TIME-6?,..OT
180 TIM7=1IME-7*DT
1340 S5F=S1-(FNFB(TIM4)+FNFB(TIM5)+FNFs(TIM6)+FNFF120f.TIM7)-NITFAO
1850 VE=(ENDE(i)P,IIP14)+FNOE(ODF,TIM5)-FNDE(DP,THIt (F LOD., TIM6 f [-;[".;F.-7

+E4DF(Pf3,TIM7)-EN15F(P100,TIM7)).7AF,
1860 VED=((FNVEJ-LOD,TIM4)+FNVF(PiOD,TI15)+FNVEkPLRI),IIM»/::,,!+FNEct.6,TiM7)-F
VFcPLOD,TIM)))'*.765
1870 RME=S2-VE
1,880 301=R3-VED
1890 SV2=ci4-VFn
1900 3V3=5-VE.
1910 LINT U8I4G "+4####.##"1TIIE,5FF,SME7S317RV,SV3
1920 IF TIME>23040 THEN GOTO 1940
1910 NEXT I
1940 TIMF=TIME+HT
1950 IF TIME 3j) THEN GOTO 1970
19A0 50TO 1800
1970 END



0 I 'ff, 7: 9 9 if,`, 4 P L , , :,. it , '',"), 0 ,
1; ''''. '' .''.- , k, ',.. , r, F---, `,,, ',-,i I, P ) ''., 0 ;',;) i7 '.-.,' ,- L. ,,, 4, ? ,,, ! 7,, ,, ,,, c.: 1, ,,,,,

,-.2, t 5 -,:,,, ,. r., C., 1 ,, ,,,, 0 , , .

180

Appendix C.7. Program for the creep predicted by Solution
3 under load function 7.

100 REM "CrPPo sJ hii Solution 2 under losdino function
110 REM "Loari function Is exDressed ,",; continuous function wnic.1 is suif

Heaviside unit steo functions.'
1_20 OPEN "A=CRYAR1.D07" FOR. OUTPUT AS #1
130 OEFTNT I-N
140 DIM 1(12)
150 N=12
160 E4: i=1 TO N
170 INPUT "TimP i(tPrval";TI,T)
180 NEXT I
190 REM ,"Input some constants.'
200 D =2880.
210 HT=1440!
220 DP=20'
230 ODP=40!
240 Pf=O!
20 PinD=AO!
260 A= :45
170 14= 'An111-6,
280 REM "DPfinP SOfflE functions for hJ-E.

EN=- 000r54
300 E2=.00..381z
310 AN=5.07464E-05
320 RN=3.1916E-10
330 CN=4.8121K-10
340 AM=2.28375
;550 21=4-3212
360 CM=4.9026
370 OFF FNOI(PL)=AN*(PLAAM)
330 OFF FNOE(PL)=AN*AMPL+.5*DP)A(AM-1!))DP
790 DEE FNOD(PL,TM)=PL4:EXP(F14*-11)
400 OEF FNDY(PL,TM)=PN*(P1ABM)*(TMAA)
410 DE F FNDP(PL)=rN*CM*((PL+.5*DP)A(CM-1!))DP
420 PI=CN*(PLODACM)
430 REM "DPfinP snmP. functions for V-)E1."
440 DEF FNF1(TM)=(-7.344.1.102*(IMA.3)-1.415301*(TV.17)+?.0455Till,12)00(:
45O DEE FNF7q11)=i-272-,,020:,'*(1.,'+,23538*(TM.".17)-.2412*(TV,12,0
460 OFF FNF3(fM)=(-.00028+.000092*(TMA.3)-.001308*(TMA.17)+.001,508(TIA
1

470 DEF FNFitur1-(57.743674..o25457(imAA»*.00i
480 QEF FNF-5(TM)=K-1.807i16-,019755*(TVAH*001.
490 DEF FNF6(TM)=(.615399+.00034*(TMAA)).00i
500 DEF FAVF(PL,I11)=F4F1(TM)*PL+F1F2(11)*(PLFNF3(M*(FLA3
510 OFF FNVD(Pf ,TM)=-7!*FNF2(TM)*PL*DP+3!*FNF7(TM)*(P4DP)OP
520 5EFFNVV(E.L771)=(.025453*PL-.0197F5*(PiA7)+,000:4410.)*(T)*
530 OE F F4VO(FL)=(57.74367*PL-1.886(Fif.01539'oi(PLA3)001
540 DEF FNVP(FL)=(-2!*1.80786*Pi*DP+3H,015.499*PL*(PitoP),.A1
550 REM "I:nmoutP thP crPPo Si r4undPr tiro:, first stPn 10ES.'
t60 FOR I=1 TO N
570 TIME=PT+T(T)
580 VM=FNMPLCID=TIME21-PIrcr r r, r

7 ki
r

111../ t I ti Le r owt.) ti LI 1 IC. / 7,r
600 EV=FNVF(P! 110, TINE)
f,10 VY=PNVO(PFV,TIME)+FNVO(PLOD)
620 SME=VE+VM
630 SV1=FV+VV
640 SV2=EV+VM
650 SV3=VF+VV
660 PRINT #1, UsiNn '######.##";TIMF;SMF;SV1;;;VSV7
/%70 NFXT

'
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6R0 REM 'OnillputP the creep sii under the second step of 10,S7iE."'
/. 90 P-1=TIME
700 fr'!1=PluDi-DF..
710 FOR 1=1 10 N
720 TTME=PT+T(I)
730 1IM1=TIME-OT
740 VM=PI+FNDP(PLnD)+FNOV(PLOD,OT)+FNDu(PL1F 7 - ;,; .17VE=FNnI(F1 OD )+FNDF (PLOD )+PLi*E7.-- NDIJi,r! !

760 FV=FNVF(PLOD,TIME)+FNVF(DP,TTM1)+FNVD(PLOD,TI11)
770 VV=FN1V(PLEID7nL+FNMPL1,TIM1)+FAVG(PLnD)+FNVF)+FNVPPiUD)
730 SMF=VF+VM
790 S)1=EV+VV
BOO 5V2=EV+VM
210 SU=VE+VV
320 PRINT 41, UsINn "444444.44";TIME;S1E7SV1;SV2;3U
07i0 NEXT I

840 NEM Co'mputP thP crPcPp slip undPr thP thir stPp cf
850 fl.=TIMF
3A0 PL3=PL1-1-DP
870 FOR 1=1 in N
1,t80 TTME=PT+Tr,T)

TIO1=fIMF-DT
y00 rIM2=TINF,-.257
10 I 4- F N.ON PLOD )+FNOPPL1)+FNOV FL0C..T.)+FND, +FNE.4..i..'1 2, Ti ;

920 0-.=FNDI(FLOD)+FNDF(PLOD)tFNDE(PL1ftH.7*.F-(FN05(iIP)4.--FND;
DOP,1I12))*E2
230 FV=FNVF(PLOOTTIME)+FNVF()P,TIM1)+FNVEDP,TIM2)+FOO(PLih,Tim',)+F

940 VV=FNVV(PLODEDT)+FNVY(PL1,DT)+FNtiv(NL2,TIM7)+FNVO(PI iliD)tFNVCi D'
D)+FNVP(PL1)
950 SMF=VF+VM
960 SV1=EV+VV
970 SV2=FV+VM
980 SV,3=VE+VV
990 PRINT #1, USING "######.##';TIME;SM7v.3.VSVi;V3
1000 NEXT I

It nCMIYIV ro_k Cc ptthP creep slip under the forth step ot' csds"
1020 PT=TIMF
1030 Pf3=P124-0P
1040 FOR I=1 10 N
1050 TIME=PT+T(I)
1060 lI1=TIME-D1
1070 TIM2=TI1E-2*0T
1080 ITM3=TIMF-3*DT
1090 VM=PIWNLIP(PLOD)+ENDP(PL1)+FNDP(F12)+FNnY(FifID,nT)+FNflV(PL1,0T)+FNDu
)+FNDVJ.L3,TIM3)
1100 VF=FNnI(PLO0)+FNU(P1OD)+FNDF(PL1)+FNDE(PL20-PL3:kF2-FNDWLOD,TIMFj
P,TIM1)+FNDD(DF,TIM2i4ENDDJ)P,TfMt-6))2
1110 FV=FNVE(PIOD7TIME)+FNVF(DP,TI11)+FNVF(DP,T1M2)+FNVFUJIM3)+7NPL
)+FNVD(P11,TIM2)+FNVD(PL2,TIM3)
P0 VV=FNVVPLnD,DT)+FNVV(PLI,DT)+FNVV(P1DT)+FNVUKPL7.,TTM3H-FNVO(PiO)

P)*6!-I-FNVP(PInDii-PNVP(P!lii-FNVP(P1 2)
1130 SME=VE+VM
1140 5V1=EV+VV
1150 3V2=FV+VM
1160 SU=VF+VV
1170 PRINT 41, USING "#44444.W;TIME;SMDSV1:SV2;SV3
1180 NEXT I

U90 REM uCNiputA thE crEEp slip under the fifth step ,pf losds'
1200 PT=TIME
1210 32=SME
1220 53=SV1
1230 S4=t.";V2
1240 S5L=SO.
1.250 FOR I=1 TO N
1260 rIME=PT+I(I)
1270 1TM4=TTME-4*DT
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1280 VE=FNUUDP)+DP*E2-FNDO0P,TIM4)*E7.
1290 EV=FNVF(P[OD,TIM4)/3!
1300 SME=52-VF
1710 S1J1=83-EV
1:370 SY2=R4-tV
1730 SV3=55-VE
1340 PRINT #1, USING "######.0";TIME;SME;SV1;SV2;SV3
1350 NEXT I

1360 REM 'Compute the creep slip under the sixth step ,...,, ,..J.....

1370 PT=TIME
1380 DOP=2!*DP
1390 f-OR I=1 TO N
1400 TIMF=PT+T(I)
1410 TIM4=TIMF-4*DT
1420 TIM5=TIME-5*DT
140 VF=FNnI(Nii-E4nF(DP)+DOP*E2-(FNO(DP,TIM4)+FN0D(DP,TIME2
1440EV=(FNVE(PLHD,TIM4)+ENVE(FlOD,TIPIF)FV5(1-InDJP15))/,,,!
1450 81E=S2-VF
1460 SV1=S3-EV
1470 SV2=84-FV
1480 SV3=S5-VE
1490 PRINT #1, USING '######.0';TIME;SME;SV1;SV2;3V7
1500 NUT I
1510 REM "CrImputP thP crPPc .r,lip unciPr thP sPventh 7,.terl of loads.,7.-J'..Lav PT=TIME
1530 FOR I=1 TO N
1540 TIME=FT+T(I)
1551' TIM4=TIME-4*DT
1560 fI(i5=TIME-5*OT
1:70 TIM6=TiME-6*0T
1580 VE=FNOIKOP)+FNDE(DP)+FNDE(nOP)+PLOD*E2-(FNnO(DP,TIM4)+FNOODF,TIM54.FNOD
,TIM6))*E2
1590 EV=KFNVEPLOO,TIM4)+FNVE(PLIVI,TIM5)+FNVF(PL05,TIM,$)n,TII)44,='L
0D1TTP16)*2!)/3!
1600 SME=S2-VE
1610 SV1=5713-EV
1670 SV2=34-EV
160 sV3=S5-VE
1640 PRINT #1, USING "######.##";TIME;SPIEW1;SV2;SV3
1650 NEXT I

1660 REM "ComputP. thP rPcovPru after comciete unicadinl."
1670 PT=TIMF .

1,680 DTP=PLOD.0P
1690 FOR I=1 tO N
1700 TIME=PT+T(I)
1710 TIM4=TIME-4*nT
1720 TIM5=TTME-5*DT
1770 TIM6=TIME-6*DT
1740 TIM7=TIME-7*nT
1750 VE=(FNDICOP)+FNDF(DP)+FNDE(DOP).+FNDE(PL1)*A!+PL3F2-(FNIDD(DP,T T14)+FNDDJ;P,
TIM5)+F4EVDF,TIM6)+ENDO(PIOD,TIM7))*F7)*rF
1760 EV=((FNVF(PLOD,TIM4)+FNVF(PLOD,TIM5)+FNVF(POD,TIM6)4-FNVEPFID,TIn74...
PPLOD,TI5)+FNVo(PLOOTTIM6)2!)/3!+)!*FNF7(TI(17)*PLOD41110+P*FNFZ(TTM7). Li:-:

L3*PLOD)*CF
1770 SPIF=S2-VF
1780 3V1=53-FV
1790 SV2=S4-EV
1800 SV3=S5-VF
1810 PRINT #1, USING "######.#0";TIMPSMFPAV1;RV2;SV3
1820 IF TIME >23.040 THEN fiOTO 1840
1830 NEXT I
1840 TIME=TIM+HT
1850 IF TIME>30240 THEN GOTn 1870
14Q Q0I0 1710
1,-'./0 LUSE #1
1880 END
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Appendix C.8. Program for the creep predicted by Solution
4 under load function 7.

100 REM "CrPe alio inQ Solution 2 under load function 7."
110 REM "108 function / is soproximsted bij a Fourier series.'
110 r'FF'NT TN1.1 ,
41.0 uP1-.N "rRVARY.F07" FOR OUTPUT AS 41
140 INPUT "Nn. of terms in thP FouriPr .iPriPs";N
150 DIM B(100),1(20)
160 !,,c1R. 1=1 TO 12
170 INPUT "TimP intPrval";T(I)
180 NEXT I
190 DT=2880!
)00 1P=463201
210 PHI=1.14159
220 P0=0'
230 P1=20!
240 P*7=40!
250 FI=AO!
2A0 ST1=0'
270 Si2=0!
2R0 ST4=0!
290 ST8=0!
300 SR1=0!
310 8;2=0!
720 SS4=0!
1180 338=0!
340 TD=0
350 UME=0!
360 UVE=0!
370 AO=AO!
380 PL=601
390 REM "GPt roPfficipnts of thP FouriPr sPriPa.."
400 GOSUB 1360
410 FOR T=1 To N
420 LPRINT " A" TABI:6) I AP 1I '=' TAR02) R(I)
430 NEXT I

440 REM "GPt thP rrPPo slio undPr thP Fourier qPriPs loAcq funcon.'
450 REM 'Give somP parametPr; for thPnrPticAl mfldpfq."
460 TTME=0!
470 Tim2=0'
480 R1=2.28375
490 B11=1.28375
500 B2=4.7C212
510 83=.3S
520 B4=4.9026
530 AN=5.07464E-05
540 8N=3.191604E-10
550 CN=4.812104F-10
5A0 FR=.00381?
7c) F4=-.00032t9

580 A1=.3
590 A2=.17
600 A3=.12
L,10 A4=1!/.35
620 F=.001
630 CF1=.765
640 REM "Define 50Mi7! functions.
650 DEF FNF1(X)=(-7.34+1.102*(XAA1)-9.415301*(XAA2.047,5*(XA)*F
660 OFF FNF2(X)=(.277-.0202i.i(PA1)+.2354*(XAA2)-.2412:*(XAA3))1iF
6/0 DE F FNF7(X)=(-.00D4.00009*(PA1)-.0013*(XAA7).+.0015(X'A
680 DFF FNFO(X)=(57.74367*X-1.3073))+.0154*(XA7))
030 DEF FNFHO,Yi=(.0H45*X-.0197,Yt(X:'2)+.00..54:WV3.1(Y'TD,0617.
7n0 SI=AN(AnABI.)

- -/_H:4*A04..7'72*AnA2)-, -)3*(AnA7),F
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7'7 FN L=1 In 12
TTN=TIME

740 1IME=1TM2+TL)
IF 111=2 THFN GOTO 9F,0

76 Tf' TO )<=30! THFij DH=1!,E1SE DH=10!
770 IF TO )=.)A0 THEN 1H=40!
780 REM
790 TF I01=T TRFR onTo 800-ELSE GOTO 820

TIM1=TIM2
RIO TTM2=10080!
82u Is:FtSHB

IF 1.01=-1 THFN TTN2=TIM1
640 REM "Cogutfl cr4,PrTp Ti.fl7M uulu

IF IT.MF=0! THF-N ==4.-V=CNP! FLSF. AFV=ST44-CFL

vF.-:iT5t-z!*RT6t3:*ST/JI
890 VV=FNFG(FLL)*ST8
900 SIF=SEA-AFV
910 SVI=VE+VV
';20 SV2=VE+AFV
90 5=:.cE4-VV
940 GOTO 1090
950 TIFft=TIME-20160:
9A0 UVF=FNF1(TIM3)*A0+FNF2CrIM7):1:((2!*A002A0A2)+FNF3(TI13)*
970 UME=AN*((2!*A0P'61AVB1),LER*A0*(1IEXP(ENTIM)
980 SME=S1UME*CF1
390 5V1=S2UVE*CF1
1000 SV2=S3UVE*CF1
1010 SV3=S4UME*CF1
1020 GOTO 1090
1030 SE=AN*B1*ST1+ER*(ST2ST3)
1040 VF=ST5+2!*ST6+3!*ST7
1050 SME=S1SE
10A0 SV1=t;2vF
1070 SV2=8-iVE
1080 SV3=R4SE
1030 PRINT 417 USING "######.4V;TIMF;SME;RV1:8V2;SV3
1100 IF 1IME=10000 THEN GOTO 1110 ELSE GOTO 12 LO
1110 SI=SME
1120 S2=SV1
1130 5=6V2
1140 ...;/-,Jv,
1150 :;S1=0!
11M) RS2=0!
1170 3S3=0!
1180 884=0!
1190 ID1=I
1200 PM=PL
1210 IF TIME= >10080! THEN
1220 IF TTME=>20160! THEN
1210 NEXT L
1240 IF TIMF =>-30240 THEN GnTO 1340
1250 TII)=TIME
1260 IF ID1=1 THEN 101=2
:270 IF TIME=20160! THEN GOTO 1290
1280 GATO 720
1290 S1=SME
1300 S2=SV1
110 S=6y2
1320 S4=SV3

1-0Tn 77,0
-

;4111.
17350 ENO

184
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1360 RFM This =uhroutinP rnmnuteq coffiriPnta. of thP Four
1370 EU. 1=1 To N
1380 C1=COS(T*FHI/7!)
1390 f';'=C1-/S(2!*I*PH-1/7')
1400 1:3=1:0(3!*i*FHT/7!)
1410 C4=fft5(4!*I*PHT/7!)
1420 C5=CO3(5!*I*P1I/7!)
1430 C6=COS(6!*i*FHT/7fl
1440 2(I)=F1*(112-054-16-C1)+P2*(C3-C44-05-1:2)+P3+(1:4-C3))*(-2!)/(IFHI)
.450 NEXT I
1460 RETURN
1470 RFM 'This subrnutinP comiDutPs load pt OvEn time from thE FouHer
148) FL=0!
1490 PD=0!
1500 FO k 1=1 TO N
1510 CPT=2!*T*PHI/TP
1520 SC=SIN(CPT*TN)
1530 Ci7=COS(CFT*TN)
1540 PL=FL+B(1)*SC
1550 PD=PD+R(I)*F:C*CPT
1.4c Nxi I
1J/0 P1=1=Li-A0
1580 RETURN
1590 RFM "This subroutinE Evaluat t's- h i' trapPznidP1 rule."
1600 TN=TIM2
1610 811=0!
1.60
16..)0 hT6=0!
1640 515=0!
1650 ST6=0!
1660 517=0!
1670 TT=TIME-TN
i680 REM "flomp.utP In.qd at liven time from the FouriPr sEriEs.'
1690 PK=FL
1700 GOSH 1470
13 p =(I+cL

GoTnif:0 ip= v tHtN .,/00
1730 FI=PM-PL
1740 IF FLA! THEN Pi=0!
1750 PD=-PD
liAo IF TN=TTftr THEN GOTO 1770 ELSE riOTO 1790
1770 FTO=PL
1720 FTI=P0
1.7;30 I = TIN THFN GnTO t860
1.80 =S7+F:i,1-EOTi)*FD
1810 ST5=STWNF1(TT)*PD
1820 5T6=ST6+FNF2(1U*FL*F0
1830 $T7=:-31-7.+FNF3(TT)*(PP2)-q(3
1840 TN=TN+DH
1850 OnTO 1670
060 Ir. IN=iIN THEN GATO 1870 ELSE GOTO JR90
187(3 FPo=PL
1880 FPI=PD
1890 511=811+(PLA.B11)1)
1900 81-2=5T24.-PD
1910 STA=s+EXP(EN*Tr)*P0

,TF--/-74.FNFi(TT)4:pn
1930 51IT6-1-174F2(1T)*FL*FD
1940 3T7=1.74.FNF3(T1)*(PP.2)*PD
1950 IF TN=TIN THEN 6010 1998 ELSE 600 1960
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1960 IF 10=1 THEN OnTO 1990 FLSF GOTO 1970
1970 9T4=ST4i-RN*(P4AB2)*((DHAB3).062)
1.930 ST8=ST8+FNFH(PA70H)
1990 TN=TN+DH
2000 IF TN>TIME THEN GOTO 2010 ELSE GOTO 1670
2010 TS=TIME-FIN
2020 RT1=5Hiii(ST1-((FPnAR11)FPIi-(PLAR11)P0)/2!)+S31
7070 S12=DH*(RT2-(FFI+PC112:)+SS2.
2040 ST3=OH*(ST3-(FXNEN*TS)*FT1+EXP(EN't,TT)*F0)/2!)
2050 s7=011*(ST5-(FNF1(TS)*FTI+FNF1(TI)*PD)/2H
20A0 STA=0H*(ST6-(FNF2(T3)*FTO*FTT+FNF2.(TT)PLP0),2!)
2070 sT7=0Hik(T7-(FNF3(TSFin!'2)*FTI+FNF3Tif*(Fli'7)*P0)/2)
7080 SS1=ST1
2090 352=512
2100 s53=s13
::-,:110 554=5145,,,cqc.t_qTr.7
,:,....L.v Ny-.....1..,
213.0 55=ST6
2i40 SS7=ST7
,15 356=518
2160 PLL=PL
2170 IF 10=1 !HEN FLL=PM-FL
2180 PD0=PD
2190 IF 10=1 THEN PD0=-PD
7200 IF TIM2=0! THEN GOTO 2550
2210 IF TIM2=10080! THFN RuTO 2550
2220 -TN=0!
2270 TF I0=1 THEN TN= 10080
7'240 DH=40'.77-_, ,,,, ....,2230b13-0:
2260 515=0!
2270 516=0!
2280 517=0!
2290 TT=TIME-TN
2700 GOSH 1470
23.10 IF 10=0 THEN GOTO 2350
2A20 PL=PM-F:c
33o IF PI<G! THEN PL=0!

2340 PD--PD
7750 IF T1=0! THFN GOP] 2370
2360 IF TN=10080! THEN GUTO 2370 ELSE rinTO '2390
-"' -TC-PL4.,3/J '1- !"-.

7780 ETI=FO
2390 3T3=ST34-EXP(FN*TT)*P0
2400 ST5=t;TFH-FNF1(TT)PD
2410 5T6=9T6+F4F2(TT)*PD
2420 ;T7=ST7+FNF3(TT)*(PLA2)*PD
2470 TN=TNi-oH
2440 IF IN TI THEN GOTO 2460
24F,0 FinTn 2290

7F ID= THE4 Ts=TTMF cL9.r v-I=TTric"-,0c;80!..,... ,.., , ......1 ...,..._../..... ELSE , 1.,.... .,,,, 1 ,
ST.'c=DH*RT4-CXFEIC)*Fli+L-',PftN*Tf)*FD)/2!):71 :;,- .;* = -- '',i. ...-.= :1--:...7.4-.. '7r-1. r. ,--, .T -M-'1,Z:4d0 -0T:5=nH*(bIt.J-tFN9*!-II-i-rNi...k,T)tru)/z.:,

2490 ST6=DH*(ST6-(FNF2(TS)*FTO*FTI+FNF2(TT)*PL*P0)/2:_)
250o ,71-7.-.:PH-4,(qT7-07:NE3Ts)*iFT0Amic.FTli-FNF7(TT)*(PL2)P0)/2!). , , -.,..._, . _., "..,
2510 ST3=ST3-1-5RA
7-=',76 q7ci=c,TFi-p,c1F;;. .-4.,- =,,y .,

o
-Ax..7,

a::3,!),J cilo=bi
7540 RT7=ST745S7
2550 RETURN
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