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Nailed joints between sheathing and framing in light-

frame wood buildings play a vital role in assuring structural

safety by providing the stiffness needed to transfer the forces

among the building camponents and the medium of energy

dissipation during severe earthquakes and wind storms. However,

the exact nature of load transfer and energy dissipation in

nailed joints has not been characterized. This investigation was

aimed at theoretically and experimentally characterizing the

dynamic behavior of typical nailed joints.

The theoretical evaluation combined the linear step-by-step

analysis and the concept of beam-on-elastic-foundation to model

the nonlinear behavior of joints with interlayer gaps. The

effect of damping was included by postulating a mcdel with

springs and dashpots and then using, experimental data to

demonstrate its accuracy. Pseudo-dynamic tests were conducted on

four twenty-specimen samples that were matched with respect to

their material properties. The samples were tested to determine
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the nail bearing for wood and plywood, and the behavior of

complete joints and joints with gaps. The nail bearing

properties were used to formulate a mechanism for stiffness and

slip due to wood and plywood crushing which was then verified by

canparing its predictions to the results from testing joints with

gap.

A sensitivity study based on the corrplete-joint model shows

that the slip modulus has the greatest effect on the joint

damping. Both, the dissipated and slip work were found to

decrease with increasirig slip modulus. The rate of decrease is

significant at law loads for the submodel of interlayer friction,

but not as substantial at high loads. The variation of the slip

modulus in wood and plywood affects the rate of decrease the most

at high loads.

The experimental results show that the traditionally defined

equivalent viscous damping significantly underestimates the

damping of tight nailed joints, because the assumption of

linearity overestimates the slip work. However, for specimens

with gap under small loads, the assumption of linear damping

results in an accurate damping ratio.
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MODELING OF NONLINEAR STIFFNESS AND

NONVISCOUS DAMPING IN NAILED JOINTS

BEIWEEN WOOD AND PLYWOOD

I. INTRODUCTION

Low-rise light-frame wood buildings are caranonly used as

residential units in the United States. Their structural

behavior is ccanplicated by the nonlinearity and variability in

properties of materials and joints, and the complexity makes

accurate analysis and testing of full structures both cumbersome

and expensive (25). Nailed joints have been the most common and

simplest means of connecting structural elements in light-frame

wood buildings (19). The current design specifications for

wooden structures (10, 20) are oversimplified due to the

significant variability of types and the quality and complexity

of joint materials that have been introduced in the past four

decades. This complexity often leads to using too large or too

small safety factor in designing wood structures. Sometimes,

material is wasted in an effort to meet the least expensive

design criteria. At times, this procedure results in structures

that are unsafe because basic engineering design principles are

neglected. Consequently, a thorough understanding of the

behavior of nailed joints is necessary to evaluate the structural

reliability of wood buildings under gravity, wind and earthquake

loading.

Stiffness and damping of wood building components are two



important properties in structural design and analysis.

Stiffness is the resistance of structures to deformation M.

Damping is the ability of a structure to dissipate mew during

vibration (23). When nailed joints are loaded laterally in

shear, the nail is subjected to a bending moment which introduces

a bearing force on the nail embedded in wood. As a result, the

nail bends and the wood material in contact with the nail is

crushed (13). The relative displacement between the members is

defined as the joint slip. Under shear load, the energy is

dissipated in the joint, and slip takes place. The joint

stiffness that is expressed by the slip modulus is affected by

the bending rigidity of the nail, the material properties of the

connecting members, and the frictional force between the members

(13). The joint damping is mostly due to wood crushing and

interlayer friction (13, 36).

Pseudo-dynamic tests under increasing cyclic load have been

generally employed to evaluate both stiffness and damping in

nailed joints (3, 4, 13). A set of hysteresis loops that relate

load and slip (Fig. 1.1) can be obtained from each cyclic load

test. One way to express the joint stiffness is in terms of a

nonlinear backbone curve which is constructed by connecting the

maximum point of each load-slip loop under increasing load.

Several empirical methods have been used to evaluate these loops,

but none provides an accurate estimate of damping. Thus, this

study was aimed at developing damping and stiffness formulations

that represent mechanisms of load transfer in nailed joints.

2



Damping ratio is proportional to the ratio of dissipated

work and slip work. Dissipated work is the area enclosed by the

hysteresis loop, and slip work is the area under the recovery

curve that represents the work recovered after unloading (Fig.

1.1). To simplified the calculation of damping ratio, the

hysteresis loop has been traditionally assumed to have the shape

of an ellipse, which implies a linear recovery curve and viscous

damping (16). However, previous researchers (3, 4, 27) have

shown that the hysteresis loop is not an ellipse, indicating a

nonlinear recovery curve and nonvisccus damping. This study is

aimed at including the nonlinear recovery curve in a definition

of a nonviscous damping in an attempt to improve the definition

of damping in nailed joints between wood cxxnponents.

The specific objectives were:

To identify major mechanisms that contribute to the overall

stiffness and energy dissipation in nailed joints;

To evaluate the mechanisms of load transfer through nailed

joints by applying the concept of a beam on an elastic

foundation;

To postulate a theoretical model consisting of springs and

dashpots to evaluate the hysteresis load-slip relations; and

To conduct sensitivity studies aimed at investigating the

effect of material properties on the joint damping and

stiffness.

This investigation Emphasizes the nonlinear load-slip

relation and nonviscous claming in joints. The practical impact

3
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lies in providing means of incorporating the nonlinear behavior

of joint materials into dynamical analysis of wood systems, such

as floors and walls. It is hoped that the improved modeling of

mechanisms of joint damping and stiffness will be helpful in

design specifications for wood structures.

5



II. LITERATURE REVIEW

2.1. Stiffness

Nailed joints have been under investigation for many years.

To evaluate the relation between the lateral load and the

deformation of the joint, various researchers have suggested

experimental/statistical models describing this relation.

Existing theoretical and experimental information that is

relevant to the study of the stiffness and damping mechanisms in

nailed joints is discussed next.

2.1.1. Theoretical Information

In 1867, E. Winkler introduced the concept and basic

solution for a beam on an elastic foundation. Various

modifications and development followed and in 1946, Hetenyi

systematically presented solutions for different beam lengths,

boundary conditions and loading cases. Several of these

solutions were subsequently applied (14, 21, 31) to represent the

load-slip relation of nailed wood joints. The application

consisted of treating the nail bearing on wood as a beam-nail on

an elastic foundation-wood, in which the pressure under the nail

was linearly proportional to the nail deflection.

Kuenzi (14) was the first to theoretically predict the

stiffness of a laterally loaded single-nail joints. In his

predictions, the shape of the deflected nail and wood was

governed by:

6
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El dy/dx4 = -Ky (2.1)

in which E = nail modulus of elasticity; I = nail moment of

inertia; y = deflection of nail at point x; and K = foundation

modulus of wood. By using the solution of a beam of finite

length on an elastic foundation (9), he developed equations for

joint deflection, slope, =anent and shear due to the external

shear force, P, and unknown moment, Mf, due to eccentricity of P.

Mf was solved by making the deflection slope at interface the

same for both connected members. The shear, =anent and

deflection at any point along the nail and wood foundation (Fig.

2.1) were then determined by substituting Mf into the equations

that calculated the shear, moment, and deformation of individual

connected members. The joint slip was the sum of the nail

deflection and the compression deformation of both connected

members.

The application of Kuenzi's methods (14) has limitations

because of two of his assumptions: the negligible frictional

force at interface and the linear behavior of nail and wood. The

frictional force has a significant effect on both, joint damping

and stiffness, and its omission introduced significant errors in

nailed joints without gap. However, in joints with gap, the nail

deflection within the gap should have been, but was not, included

in Kuenzi's analysis. Furthermore, nailed joints under service

loads often behave nonlinearly due to wood crushing and nail

bending. Thus, Kuenzi's solution need to be modified to include
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nonlinear behavior.

Noren (21) utilized the theory of elasticity in analyzing

the load-slip relationship for which he developed a conplex

nonlinear equation. He (24) extended the elastic foundation

analysis and offered a definition of the slip modulus, I<s, as

follows:

Ks = Ic/(4Af5) (2.2)

where A = (K/4EI)1/4 and fs = function of the slenderness ratio

of the nail and the thickness of connected wood members (1.0 for

most wire nails). He subsequently showed that Ks could be made a

function of foundation modulus and nail diameter only.

Wilkinson (31, 32, 33, 34, 35) applied Kuenzi's solutions to

develop a simple relation between the lateral load on the joint

and the physical and geometric properties of joint components.

To obtain the linear load-slip relation, he cycled the joints

during testing by loading and unloading until a slip of 0.015 in.

occurred, at which slip two consecutive load-slip loops

coincided. After the cycling, the joint was loaded again and the

average slope of this loading was used to evaluate the slip

modulus in all his studies.

Wilkinson's initial work (31) was limited to a joint

composed of two members of the same linear materials, for which

he derived:

9
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in which P = lateral load; Eb = elastic bearing constant; d. =

diameter of the nail, and y = slip of joints. The elastic

bearing constant was computed from the foundation modulus, 1, by:

Ko = K/d (2.4)

Wilkinson further developed a regression equation which showed

the elastic bearing constant as a function of specific gravity of

wood. With d and Ko known, the foundation modulus could be

evaluated by testing nailed joints and applying Eq. (2.4). This

is a convenient way to determine the foundation modulus

specifically for certain nails and wood members.

Wilkinson (33, 35) also derived regression equations which

define the elastic bearing constant in terms of nail type,

prebored lead holes, grain orientation, and drying of the wood to

a lower moisture content after the joint construction. In

another study (34), he presented regression equations and

specific values for the elastic bearing constant of plywood,

hardboard, particleboard and insulation board.

Wilkinson (32) extended his early work (31) on timber

connectors to joints with members having dissimilar properties

and thickness. He defined three classifications of parameters,

based on the depth of the nail penetration in the side and main

members. He presented an approximate equation for each

classification to calculate the load-slip relation. Although

this method was used to predict the initial slope of nail joints

with reasonable accuracy, it was only valid for linear behavior

10
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of joints cycled until they reached the slip 0.015 in.

Foschi (7) applied a finite element elasto-plastic analysis

to account for the nonlinearity caused by the wood crushing and

the plastic behavior of nails. He derived the following equation

for wood crushing:

P = (P0 + PiW) (1 - e(-4(aW/P0)) (2.5)

in which P = bending pressure; W = nail embeddment; and P0, P1,

and c are constants defining nonlinear bearing characteristics

of wood. He utilized Eq. (2.5) in his finite element method to

predict elastic as well as inelastic joint deformation. He

pointed out that the elastic theory was valid over only a very

small initial portion of the curve. In a subsequent paper, he

(8) used modified bearing characteristics, P0, P1, and Ka, to

include loading and unloading effect in simulating the action of

a driven nail. His experimental results showed that the bearing

characteristics of both methods can be used in Eq. (2.5) to

predict the ultimate joint load, but the modified properties

provided a better estimation of the initial stiffness.

Unfortunately, neither method gave a good estimate of the slip at

intermediate loads.

'Maras (28) based his study on Foschi's work (8) to include

a frictional force in contact interlayer and to analyze the

interlayer gap. A large variation existed between his predicted

and experimental slips for both, joints with and without gap.

2.1.2. Empirical Methods
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Mack (17) assumed from his experimental results that only

the initial portion of the load-slip curve was of interest in the

design of joints. He described the load between 0- and 0.1-in.

slip by:

P = f1 (y) f2 (d) f3 (S) f4 (V1)... (2.6)

where f1(y) = displacement function; f2 (d) = nail diameter

function; f3 (S) = species function; and f4 (V1) ... = functions of

variables such as number of nails, shear type, etc.. He

postulated and later experimentally confirmed that the above

functions were independent of each other and simplified Eq. (2.6)

by defining H as:

H = f2 (d) f3 (S) f4 (Vi) . . . (2.7)

If H is taken as the value of P when the displacement, y, equals

a limiting value L, such as 0.1 in., then f1(L) is equal to

unity, and

fl(Y) = Py/PL = R (2.8)

where Py = load at slip y; PL =load at slip L; and R = reduced

load. Applying nonlinear regression techniques to experimental

data, Mack (17) found that:

R = f1(y) = (Ar + B) (1 - e-Cr)D (2.9)

where r = y/L, and A, B, C, and D are regression constants. He



(18) later suggested a simple power function for slip between 0

and 0.0196 in. which simplified Eq. (2.9) to:

R = A yB (2.10)

in which A and B are regression constants found from experimental

data.

McLain (19) illustrated the load-slip curve of a nailed

joint by a regression formula:

P = A log10(1 + By) (2.11)

where A = function based on either specific gravity or the

dynamic modulus of elasticity; and B = constant determined by

substitution of P, A and y into Eq. (2.11). The main

disadvantage of Eq. (2.11) is that parameter B is based on known

coordinates of at least one point, (P,y), on the load-slip curve.

Thus, this point must be determined by another method.

Jenkins, et al. (12) investigated the stiffness of nailed

joints under short- and long-term loads and found that the best

load-slip regression equation for short-term loads was:

-P = (7/(80y) + 140)(1 ey/40)
(2.12)

The same authors also suggested that the interlayer friction had

no apparent effect on the joint stiffness for short-term loads up

to 0.12 in. of slip.

Polensek (2t) segmented the curvilinear backbone curves into

linear regions, which for the first time enabled the inclusion of

13



nonlinear joint behavior in the theoretical analysis of wood

systems, such as stud walls. He found that the refinement in

input data by having more than three linear segments had little

effect on theoretical predictions.

2.2. Damping

Damping property is measured by either dynamic or pseudo-

dynamic cyclic load tests. The former yields traces of time

versus response parameters, such as deflection, force and strain,

from which the logarithmic decrement and damping ratio can be

determined. The latter produces a load-slip hysteresis loop,

from which the dissipated work, slip work and equivalent viscous

damping ratio can be obtained. The pertinent literature

concerning cyclic load tests are reviewed in this section.

lazan (16) in his review on damping in mechanical systems

shows that material damping is stress-sensitive:

D = Jan (2.13)

in which D = energy dissipated by damping at stress u; J =

damping constant; and n = damping exponent Oranges between 2

and 3 under low to intermediate stresses, but it is much higher

at stresses close to material rupture). For metals, damping is

independent of stress history for a<0.8 of, in which of is the

fatigue strength at 2x107 cycles. For a >0.8af, the stress

history, frequency and plastic deformation begin to affect

dairying. He expressed the damping of a linear material as the

14



loss coefficient:

= D/(2-7U) (2.14)

in which the loss coefficient, n, is twice as large as the

equivalent viscous damping ratio; D = damping energy (the area

enclosed by the hysteresis loop) and U = strain energy (the area

under the line of secant modulus between origin and point of

maximum slip). He pointed out that linearization of nonlinear,

nonelliptical loops by equivalent ellipse having the same damping

energy and same maxinann stress and strain (Fig. 2.2) is often

effective in analyzing a mild nonlinear system. However, highly

nonlinear systems should be treated with caution.

Jacobsen (11) theoretically investigated for nailed joints

the effect of a nonlinear recovery curve on the definition of

equivalent viscous damping ratio. He subdivided the total load

at discrete slips on the hysteresis half loop into a restoring

force and a damping force (Fig. 2.3). The recovery curve, which

Jacobsen called the "skeleton" curve, was formed by making a

trace of the restoring force. The restoring force was expressed

as a function of slip to the power A. For A<1, the slope of the

recovery curve decreases with increasing slip. The result for

A=1 is linear recovery curve. For A>1, the slope of the recovery

curve increases with increasing slip. Jacobsen defined the

damping force as a function of velocity to obtain the equivalent

viscous damping ratio. The principle of potential and kinetic

energy was then applied to solve the relation between the

15
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velocity and slip. Therefore, the damping force could also be

expressed as a function of slip. Next, he calculated the

dissipated work, DW, and slip work, SW, and expressed them as a

function of slip to the second power. He finally defined the

equivalent viscous damping ratio, DR, as:

DR = (c/27) (IN/SW) (2.15)

in which c = a constant depending on the nonlinearity defined by

parameter A of the recovery curve. For joints of softening type,

i.e. A<1, c is larger than 1. For linear recovery curve, c

equals 1. As for joints of hardening type with A>1, c is smaller

than 1. He suggested that for a system with highly nonlinear

restoring force and large values of nonviscous damping, the

concept of equivalent viscous damping ratio became inaccurate.

Jacobsen (11) was the first to theoretically investigate the

effect of the nonlinear recovery curve on damping ratio.

However, he did not extend his formulation to include the

nonviscous damping force. The individual contribution to damping

and stiffness from wood, nail and interlayer friction have not

been reported.

Kaneta (13) made theoretical and experimental studies on

damping of nailed joints. He indicated that the main sources of

damping were the friction between framing and sheathing materials

and the plastic yielding of wood in the neighborhood of the nail.

He concluded that, if loading conditions are }mown, load-slip

characteristics of single-nailed joints could be used to

18
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determine those of composite framed panels. He used the specific

damping capacity and the ratio of dissipated work to slip work,

to represent structural damping.

Atherton (3) tested single-nail joints under five cyclic

load levels. He evaluated the effect of specific gravity,

foundation modulus of wood and plywood, and plywood thickness on

dissipated work, and found that load level had the greatest

effect of all variables. The presence of other effects ranged

from negligible to nvDderate, but a strong statistical evidence

for these effects was lacking.

Chou and Polensek (5) cyclically loaded single-nail joints

of Douglas-fir stud and plywood sheathing to evaluate the effect

of changing moisture content in studs on damping. They found

that clawing ratio increased with increasing load in joints with

drying-induced gap, but decreased in joints without gap. They

also indicated that the existence of gap-related interlayer

friction greatly increased the damping ratio.

Polensek and Bastendorff (27) tested nailed joints under

shear and withdrawal loading and joints connected by externally

applied pressure under shear loading to evaluate the hysteresis

loops and damping ratio of 21 types of typical construction

joints in light-frame wood buildings. They concluded that

damping ratios and joint stiffness were highly nonlinear and

decreased with increasing load. They found that lumber species

had the most significant effect on the two properties. The

properties were also affected by the angle between the lumber
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grain and shear load, sheathing materials and nail size. They

showed that the interlayer surface can dissipate a significant

amount of dynamic energy as well as resist she. In another

report, Polensek and Laursen (25) stated that damping ratios of

single-nailed joints increased significantly under increasing

loading rate.

Polensek et al. (26) reported on the effect of material

properties, interlayer friction, loading rate, load magnitude and

assembly quality on joint stiffness and damping. The nailing

technique was found to have the largest effect on joint damping.

The joints constructed by the pushing nails instead of harrimering

created an interlayer gap in joints and resulted in the smaller

joint stiffness and damping ratio than in those with a tighter

interface produced by nail hammering. They also evaluated the

effect of nonlinear restoring force on damping ratio and

concluded that traditionally defined linear restoring force

underestimates the clawing ratio of tightly nailed joints at all

load levels.



III. PROCEDURE

3.1. Theoretical Modeling

Theoretical prediction of joint stiffness is complex and

difficult because of the nonlinear properties of wood and nails.

Therefore, the most successful approach used so far, the concept

of beam-on-elastic-foundation (9, 14), was applied and modified

to include the nonlinear load-slip behavior of wood crushing

under nail in joints with gap. The modification consisted of

incorporating a linear step-by-step approach into existing linear

analysis that was developed by Kuenzi (14).

This chapter also includes an investigation of nonviscous

damping and nonlinear recovery curve in tight joints with

friction. A model (the complete-joint model) used in this

investigation consists of springs and dashpots which were

positioned in either series or parallel.

Fig. 3.1 illustrates the tasks performed in this

investigation. For the model based on the beam-on-elastic-

foundation, the foundation moduli of wood and plywood were

determined by testing nail bearing in wood and plywood,

respectively. The moduli were then used to estimate the backbone

curve and hysteresis loop of joints with gap. The construction

of the complete-joint model consisted of evaluating the

properties of springs and dashpots that represent individual

damping sources: nail bearing in wood, nail bearing in plywood

and interlayer friction. These properties were then substituted

21
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into the complete-joint model to evaluate the nonlinear recovery

curve and nonviscous damping in the complete joints between wood

and plywood. In the final stage, the results from both models

were used in evaluating the contribution to the stiffness and

damping from wood and plywood properties and from interlayer

friction.

3.1.1. Basic Concepts

This section deals with the description of the load transfer

through the joints, which is characterized by load-slip

hysteresis loops obtained in pseudo-dynamic tests.

Joint behavior: When a nailed joint is loaded in shear, a

relative displacanent takes place between the connected members

due to deformation of wood fibers and nail deflection. If load

is fully reversed, symmetric, and cyclic, the resulting load-slip

trace makes a hysteresis loop (Fig. 3.2). Specifically, the loop

is obtained by first completing a half cycle, which begins by

increasing the load from 0 to a mwdmum and unloading to 0, and

then continuing loading as before in an opposite direction until

the other half of the loop is complete. In the theoretical

analysis, the hysteresis loop is symmetrical with respect to

both, load and slip axes. Therefore, a hysteresis half-loop

beginning with slip from zero to the maximum then returning to

zero fully defines the total loop.

Restoring and Damping Force: The half-loop has two load

values at each slip (Fig. 3.2), one for the loading and another
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for unloading trace. The midpoint between these two loads

defines the restoring force, which gets larger with increasing

slip. The trace of all the force versus slip denotes the

recovery curve (Fig. 3.2). Two damping forces with the same

magnitude but opposite sign are determined for each slip. The

difference between the load of the loading trace and the

restoring force of the same slip denotes the positive damping

force, while that between the restoring force and the load of the

unloading trace is designated as negative. The whole half-loop

is identical to the recovery curve if no damping exists.

Damping properties: Viscous damping implies that damping

force is proportional to the velocity. Dissipated work is

defined by the area inside the hysteresis half-loop and load

axis, arx1 nonlinear slip work is the area between the recovery

curve and slip axis (Fig. 3.2). Linear slip work is associated

with the area under the assumed linear recovery curve (Fig. 3.2).

Damping ratio is proportional to the ratio of dissipated to slip

work for both, the linear ard nonlinear recovery curve.

3.1.2. The Concept of the Beam-On-Elastic-Foundation

This concept is the basis for the theoretical model

discussed in this section. The model consists of adapting

Kuenzi's (14) treatment of nail-wood interaction as the beam-on-

elastic-foundation. Kuenzi assurned linear behavior of wood,

which is acceptable under very wall shear loads, but not under

hazardous overloads that need to be considered in evaluating the
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ultimate system load. Thus, the nail bearing under overloads

produces crushing in the wood cell wall which introduces the

nonlinear response. This response was approximated by a linear

step-by-step approach in which the nonlinear behavior was

considered as a sum of different linear responses under small

increments of load.

Another limitation of Kuenzi's analysis was an assumption of

a negligible irrterlayer friction, so that the analysis could be

applied in this study only to joints with interlayer gaps.

Another improvemerit includes the use of foundation moduli that

were directly measured by testing wood and plywood specimens

instead of using inaccurate correlation between the moduli of

foundation and elasticity.

The determination of foundation moduli, the estimation of

slip in joints with gap and the linear step-by-step approach are

outlined next.

3.1.2.1. Foundation Moduli of Wood and Plywood

These moduli were determined from data obtained in nail

bearing on wood and plywood. The procedure presented next is

valid for plywood or wood moduli. The procedure is valid for

linear behavior only, but modifications for nonlinear behavior

are presented later in the text.

The case of a nail partially embedded in wood is discussed

firbt. Fig. 3.3 shows the forces and deformation caused in wood

under deflected nail. End moment, M, is included because in some
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applications the nail head is under rotational restraint that

this moment simulates. A distance of length b can be visualized

as the gap between the wood surface and the loading bracket. The

deflection, yA, and slope, e A, at point A on the nail are

determined by applying solutions for the beam of finite length on

elastic foundation (9). Thus:

YA Pfl (bP)f2 (3.1)

°A = Pf2 (bP - 14) f3 (3.2)

in which P, M, a, b and c are identified in Fig. 3.3. The

length, b, is exaggerated to illustrate the effect of P and M on

the nail. Moment, M, is determined for the condition of zero

slope, in which no rotation is permitted at B. Functions for f1

through f3 are (9):

= (2 A(sinh a coshAa - sinAa cosAa))/g (3.2a)

f2 = (2X 2(sinh2 Xa + sin2X a))/g (3.2b)

f3 = (4 X3(sinhXa coshAa + sinAa cos)a))/g (3.2c)

in which A = (WEI)1/4; K = foundation modulus; E = nail modulus

of elasticity; I = nail moment of inertia; and g = K(sinh2Aa -

sin2X a) .

Next, the deflection, VA-B' and slope, 0A-B, of the nail

between A and B were evaluated by the principle of virtual work

(15). They were found to be:

yA_B = -b2M/(2EI) + b3P/(3EI) + KsbP/(GAr) (3.3)

ek_B = -bM/(EI) + b2P/(2EI) (3.4)



8B =
eA

+8
A-B (3.6)

K and M are determined by solving Eqs. (3.5) and (3.6) with

value of yB obtaining from testing wood-nail interaction and with

boundary condition of 013 equals zero.

The foundation moduli for plywood is determined similarly to

that of wood. The deflected nail shape and forces on plywood are

illustrated in Fig. 3.4. The situation in Fig. 3.4 is similar to

that in Fig. 3.3 with a few minor differences. First, the total

bearing length in Fig. 3.4 depends on the thickness of plywood

instead of on the nail penetration in wood. Second, the nail

part at the point, instead of nail head, is not embedded in wood.

Third, the rotation of nail head is restrained by the contact

with the plywood surface. However, this restraint is assumed to

be small and was not included in the analysis. These differences

do not affect Eqs. (3.1) through (3.6) which are, thus, also

valid for nails embedded in plywood.

29

in which Ks = constant related to distribution of sheer stresses

in the nail cross section (1.129 for round cross section); G =

nail shear modulus; and Ar = area of nail cross-section. The

total nail deflection or wood deformation at B is found by adding

Eqs. (3.1), (3.3) and the deflection between A and B due to slope

at A:

YB YA YA-B 138A
(3.5)

The slope at B is determined by adding Eqs. (3.2) and (3.4):
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3.1.2.2. Slip in Joints with Gap and No Friction

The foundation moduli of wood and plywood are next applied

to predict the corresponding slip in nailed joints with gap (Fig.

3.5). Manent MA and MB are couples resulting from transferring

external load, P, to the wood and plywood surfaces that border on

the gap. The deflection and slope at point A due to wood-nail

interaction equal (14):

YA = -Pfl,W MAf2,W (3.7)

8A -Pf2,W MAf3,W (3.8)

in which subscript W denotes wood and functions fa! f2 and f3 are

defined by Eqs. (3.2a) through (3.2c).

Nail deflection within the gap thickness, b, is defined by

Eqs. (3.3) and (3.4) and the nail deflection due to slope 0A is:

yA_B = -MBb2/(2EI) - Pb3/(3EI) - KsPb/(GAr) - beA (3.9)

The corresponding slope equals:

eA_B = -14Bb/ (El) - Pb2/(2EI) (3.10)

The deflection and slope at point B due to deformation in plywood

are, respectively (14):

YC-B = Pfl,P MBf2,P (3.11)

8C-B -Pf2,P MBf3,P (3.12)

in which subscripts p denotes plywood. The slope at B should be
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the same for the left and the right portion of the nail gio.

Thus:

+ A-B = 0C-B (3.13)

MB is obtained by substituting Eqs. (3.8), (3.10), and (3.12) in

Eq.(3.13) and solving for MB:

MB = P(f2,P f2,14 bf3,W - (32/2E1))

/ (f3,w + f3,p + (b/EI)) (3.14)

The total relative displacement between wood and plywood is

obtained by subtracting Eqs. (3.7) and (3.9) from Eq. (3.11), and

was found to be:

YG = -(YA, YAB) YC-B

= P(f1,1W 2bf2,W b2f3,W f1,P

+ (b3/3E1) + (bKs/GAr))

MB(f2,W bf3,w f2,p (b2/2EI)) (3.15)

For b=0 in Eq. (3.15), the solution became identical to that

of Kuenzi for joints without gap (14). Eqs. (3.7) through (3.15)

were incorporated into the linear step-by-step analysis.

3.1.2.3. The Linear Step-by-step Approach

Slip in joints with gap was determined by adapting Eqs.

(3.1) through (3.15) to the linear step-by-step analysis. This

analysis involves subdividing the load acting on the joint or on

the nail embedded in wood or plywood into small increments during
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which the joint is assumed to behavior linearly. For each

increment, linear responses such as slips and nail deformation

are calculated and accumulated. This approach is outlined in

Fig. 3.6, in which P is the total load applied and y is

deformation. Subscripts W, P, G, and i denote wood, plywood,

wood-plywood joints with gap and interval number, respectively.

The approach results in the slip increments of backbone curve,

loading and unloading trace of joints with gap, based on the data

obtained by testing nail-wood and nail-plywood specimens.

To determine the foundation moduli for each load increment

of this step-by-step analysis, load, P, and slip, yB, defined in

Eqs. (3.1) through (3.6) are replaced by load increment, 6' Pi, and

zyw,i (or Ayp,i for plywood) in Fig. 3.6. For load, P, and total

displacement between wood and plywood, yG, defined in Eqs. (3.7)

through (3.15), the corresponding load increment, Pi, and slip

increment, pyG, i, are used in Fig. 3.6.

The prediction of slip in the backbone curve is based on

option 1 in Fig. 3.6. Secant foundation moduli for wood, Kw,i,

and plywood, K, at each corresponding load increment are

calculated from the backbone curves that can be obtained by

testing nail bearing on wood and plywood. The determination of

these moduli is based on Eqs. (3.1) through (3.6). The secant

moduli are the inputs to Eqs. (3.7) through (3.15) to estimate

the slip increment, 6yG,i, for the backbone curve of joints with

gap. When the limit of the current range of the secant modulus

is reached, the modulus that is valid in the next load range is
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used. The accumulating response, yG,T, is the slip or

deformation that is caused by the total load, PT.

In the next step, the slips for the loading trace of the

half-loop with a maxim= load of PT is estimated. The procedure

first consists of determining the slip for PT fluid the estimated

slip for the backbone trace. Then the slip increment, AyG,i,

corresponding to the load increment, 613i, is calculated. This

process continues until zero load is reached. The detailed process

is shown as option 2 in Fig. 3.6. The maximum slip, YG,T, is

determined from the predicted slip for the backbone curve.

Secant foundation moduli of wood and plywood are calculated

from the loading traces of half-loops with PT by testing nail

bearing on wood and plywood. The corresponding slip increment,

AyG,i, due to load increment, APi, at interval i is estimated by

Eqs. (3.1) through (3.6). The total sli

is determined by subtracting y' i from the previously determined

slip, yG,i, that occurs at Pl. By continuing the process until

P. reached zero, the loading trace is formed.

The same process is applied to option 3 in constructing the

unloading trace by using foundation moduli of wood and plywood

for the unloading traces.

3.1.3. Stiffness and Damping of Tight Joints with Friction

The basic concept of modeling tight joints with friction

lies in representing hysteresis half-loops of individual damping

sources in nailed joints by Kelvin models. The Kelvin models

p, yG,i_i, caused by P1_1



The properties of the Kelvin model were determined from the
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that represent nail bearing on wood, nail bearing on plywood, and

interlayer friction are then combined to form a complete-joint

model to simulate the behavior of tight joints. Each Kelvin

model consists of a nonlinear spring acting in parallel with a

nonviscous dashpot (Fig. 3.7). The nonlinear spring describes

the joint elastic behavior and is associated with slip work in

the wood, plywood or interlayer friction. The nonviscous dashpot

denotes the nonlinear wood crushing and interlayer friction and

is associated with energy dissipation. The behavior of the

spring includes the nonlinear recovery curve and the dashpot

simulates the nonviscous damping force (Fig. 2.3b and 2.3c).

The subdivision of total load of the half-loop into the

restoring and damping force was based on the theoretical

developments of Jacobsen (11). Firb , his formulation of the

nonlinear recovery curve and viscous damping was improved by

taking into account the nonviscous damping. Second, the

nonlinear restoring force and the nonviscous damping force were

modeled by a spring and a dashpot that together formed the Kelvin

model for the half-loop. The final step consisted of

constructing the canplete-joint model to more accurately simulate

the stiffness and damping of tight joints with friction. Details

of the properties for the Kelvin model, and the construction of

the complete-joint model are discussed next.

3.1.3.1. Kelvin Model



FT

FT
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Figure 3.7. Representation of hysteresis half loop by the Kelvin
model: (a) nonlinear model; arxl (b) hysteresis
half-loop for load-slip relation under cyclic load.
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half-loops that were based on the nail bearing properties

determined from tests. However, such half-loops for interlayer

friction could not be obtained experimentally. They were

calculated by subtracting the results of joints with gap from

those of joints with friction.

The relation between the Kelvin model and the hysteresis

half-loop is illustrated in Fig. 3.7. The trace of the sum of

the nonviscous damping force, Fd (dashpot), and the nonlinear

restoring force, Fr (spring), constitutes the loading trace. The

unloading trace is the result of subtracting Fd from Fr, in which

Fr is expressed as (11):

Fr = K(y/Y)AY (3.16)

in which K = slip modulus (1b/in.); y = slip (in.); Y = maximum

slip at one loading cycle (in.); A = constant associated with the

degree of nonlinearity of the recovery curve. Fd was defined by

improving the definition of viscous damping developed by Jacobsen

(11):

Fd = C(y'/Y')BY' (3.17)

in which C = damping coefficient (lb-sec/in.); y' = velocity

(in./sec); Y' = velocity at y.- 0; and B = constant associated with

the shape of the damping force-slip trace (0 for rectangle; 1 for

ellipse; and 2 for parabola). The shaded area in Fig. 2.3c

increases with decreasing B.

To express Fd as a function of slip, y, the principle of



potential and kinetic energy was applied. The elastic potential 

energy is based on Eq. (3.16) and equals (11): 

Ep A(1/ (1+A) )yi+A (3.18) 

and the kinetic energy is defined by (11): 

EK = 1/2 m(y1)2 (3.19) 

in which In is the mass of the system. The total energy equals 

the maximum potential energy at peak slip, Y, as that: 

ET = Ep 

= (1/ (1+A) ) KY2 (3.20) 

At any slip, ET equals: 

ET=EP+EK (3.21) 

By substituting Eqs. (3.18) and (3.20) into Eq. (3.21), EK is 

expressed as (11): 

EK= (1/(1+A))EY2(1 - Z1) (3.22) 

in which Zi = 
(y/Y)1+A. Comparing Eq. (3.19) and Eq. (3.22) 

gives the velocity as a function of slip (11): 

y' = 
V2K/((1+4WIT Y 47,77-Z1 (3.23) 

and the damping force in Fk![. (117) also becomes a function of 

slip: 
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Fd = C1/24/(1+A) Y (1 - Z1) B/2 (3.24)

in which C1 = C/vg.

The practical application of the above equations was based

on traces for Fr-y and Fd-y (Fig. 2.3b and 2.3c) which were from

the the half-loop of nail bearing test. The parameters, A, K, B

and C1, are determined by the least square curve fitting the

traces of Fr-y ani Fd-y to Eqs. (3.16) and (3.24), respectively.

Parameters, A, K, B and C1, were also used to determine the

slip and dissipated work, respectively (11):

SW= (1/ (1+A) ) KY2 (3.25)

CW =1 Fddy

= 2C1I1 ,2K/((1+A)m) Y2 (3.26)

in which I1Y Y)(1-Z1))3/2dy. Eq. (3.26) is helpful in defining

the nonlinear damping ratio:

ER = C/2

= 12 avsw (3.27)

in which 2)/ = the coefficient of critical damping; and 12 =

1/(411 3/2 (1+A) ). If A=1 and Eq. (3.27) defines the

traditional linear damping in which I = rr/4, and 12 = 1/(2Tr)

(17).

3.1.3.2. Complete-joint Model for Joints with Friction

TO predict the behavior of joints with friction, the

complete-joint model is constructed. This model consists of



placing the Kelvin models for nail bearing in wood and plywood

components in series and placing the result in parallel with the

model representing interlayer friction (Fig. 3.8). Kelvin models

representing nail bearing in wood and plywood are in series

because the total joint slip is the sum of slips taking place in

wood and plywood. Both models are places in parallel with the

model representing interlayer friction because the external shear

load is resisted by the canbined action of frictional force and

the nail bearing on wood and plywood.

The three damping sources in the model of Fig. 3.8 are

characterized by the following equilibrium and carrpatibility

conditions:

Fp Fw

FT = Fw +

YT =

= YP + Y
W

Fw = KwYw

F =KYP P P

FI = KIYI

(3.28)

(3.29)

(3.30)

in which F = load; and Y = slip due to F that occur in each

submodel shown in Fig. 3.8 and subscripts T, W, P and I denote

total, wood, plywood, and interlayer friction, respectively. The

relation between the slip modulus and the load in each sulmodel

was expressed by:

(3.31a)

(3.31b)

(3.31c)
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The next step included finding the relation between the

resisting force in wood, Fw, and the total applied load, FT.

Consequently, substituting Eq. (3.31c) into (3.29) gave:

FT FW = EIYI (3.32)

Because YT equals Y1, Eq. (3.32) became:

TI
= (FT - Fw)/KI (3.33)

Next, Eqs. (3.31a) and (3.31b) were substituted into (3.30) to

gave:

YT = (Fwil(w) + (Fp/Kp)

= FW (YW+KP) (KWKP) (3.34)

Finally, equating Eq. (3.33) and (3.34) results in:

FT - Fw = Fw(Kp+Kw)Kil(KpKw) (3.35)

For an external load, FT, the only unknown quantity in Eq. (3.35)

is Fw. The evaluation of Fw from Eq. (3.35) consisted first of

expressing Kw, Kp and K1 as function of Fw by polynomial

regression equations based on teat data. For these regression

equations, parameters A, K, B, and C1 were calculated for each

spring-dashpot submodel (Fig. 3.8). Aftexwards, the restoring

and damping forces were calculated at different slips for wood,

plywood and interlayer friction by Eqs. (3.16) and (3.24). This

information was used in calculating the recovery curves and the
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hysteresis half-loops for each spring-dashpot submodel according

to the procedure described in Section 3.1.1. Finally, the half-

loops were used to evaluate the nonlinear recovery curve and the

half-loop for the complete-joint model.

The procedure to estimate the recovery curve of the

carplete-joint model is obtained next. The recovery curves for

the wood, plywood and interlayer friction shown in Fig. 3.9 are

denoted by OW, OP and 01, respectively. First, the slip at the

same load for CM and OP were added together, which was possible

because they have the sane cyclic load levels (Fig. 3.9). The

resulting curve, represented the behavior of the two suhtiodel

without dashpots on the left part of Fig. 3.8 and identified as

CL in Fig. 3.9. Then, the recovery curve (Ca) for the cornplete-

joint model was formed by adding at selected slip values the load

from OI to that from CL.

The half-loops for the cartplete-joint model were determined

by repeating the above procedure but with the recovery curve

replaced by the loading and unloading trace. The nonlinear

damping properties for the complete-joint model were finally

calculated from the predicted half-loops by using Eqs. (3.16)

through (3.27).

3.2. Experimental Procedure

The testing of nail bearing on wood and plywood provided the

input data to calculate the foundation moduli and the parameters

for Kelvin model representing wood and plywood. The tests of
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joints with gap and fully completed nailed joints between wood

and plywood were used to assess the accuracy of the beam-on-

elastic-foundation model and to estimate the technical logic of

the complete-joint model. Therefore, four types of specimens

subjected to cyclic load test were constructed and tested to

supply the required data. The materials used, specimen types,

and testing procedure are described in this section.

3.2.1. Specimen Description

3.2.1.1. Material Selection

Stud: TWenty kiln-dried Douglas-fir studs of nominal 2- by

4-in, size were chosen from a batch that matched a specific-

gravity histogram of a representative sample of Douglas-fir

studs. A section of 16-in, length was cut from each stud, which

gave a sample of 20 replications. Selections were without any

obvious defects, such as knots, wane, skip and slope of grain.

TO provide the means of connecting the wood section to the

testing apparatus, two 3/8-in. bolt-holes, 1 and 9/16-in, apart,

were drilled parallel to the wide face through a center line

drawn in the narrow face, 5/8 in. away from the stud end on the

other side of nailed joint. The nail site was chosen 2 in. from

the other end. After the holes were drilled, the wood sections

were stored in a Standard Room maintained at a constant

temperature of 70°F and relative humidity-of 65 percent, to

obtain an equilibrium moisture content in wood of about 12
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percent.

Plywood: Two 4- by 8-ft sheets of 19/32-in., 5-ply Douglas-

fir plywood of sheathing grade were purchased from a local

lumberyard. Each sheet was cut into 4-in. by 8-ft strips with

the face grain oriented parallel to the 8-ft side. Each strip

was then cut into 16-in. sections. Twenty such sections were

visually selected defect-free on the basis of knots and

delaminations. Two 3/8-in. holes, 1 and 9/16 in. apart, were

drilled in each section through a center line which paralleled

the 16-in. axis, 5/8 in. away from one of the 4-in. ends. These

two holes provided for connecting the plywood part of the nailed

joint section to the testing machine. After manufacturing, the

plywood sections were conditioned in the Standard Room for about

one year to assure the moisture content of about 12 percent.

Nails: Six penny, galvanized, box nails were used for all

tests. They were of the same manufacture and taken from the same

keg. The nails were 2 in. long with a shank diameter of 0.104

in. and a head diameter of 0.28 in.

3.2.1.2. Specimen Construction

Four specimen types or samples were tested, they were named

as FRICTION-JOINT, GAP-JOINT, WOOD-NAIL and PLYWOOD-MIL sarrple

which were tested to evaluate the friction, the performance of

joints with gap, and the hysteresis loops of nail bearing on wood

and plywood, respectively. After each specimen was tested, it was

disassembled and the wood and plywood sections were again used to
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construct the specimens for the next sample test. The variance

among the samples due to a different origin was thus minimized.

The specimens of FRICTIONJOINT sample were constructed

first A, plywood section was put on the narrow face of a wood

section, so that the center lines of both pieces coincided and

the bottom ends was 4 in. away from each other, which produced a

4-in, length in the contact surface. The nail was then hammered

through plywood and into wood sections exactly at the geometric

center of the interface, 2 in. away from both bottom ends until

the nail head was flush with the plywood surface. Figs. 3.10 and

3.11 illustrate an assembled specimen ready for testing. After

each test, the specimen was disassembled and a 1-in, strip was

cut from the nailed end of each wood and plywood section. Both

sections were then used again for construction of the specimens

for remaining samples

The GAP-JOINT sample was tested next. Its construction was

similar to those of the FRICTION-JOINT specimens except for the

interfacial gap of 0.05 in. The gap was formed by placing two 2-

by 4-in, metal shims of 0.05-in, thickness between the connected

sections on each side of the designed nail site and hammering the

nail. The metal shims were carefully removed from the interface

after the nail was driven into both pieces in the sameway as for

the FRICTION-JOINT specimens. A gap with a uniform thickness of

0.05 in was thus generated, which eliminated friction in the

interface. The length of the contact interface was again 4 in.

After testing, each specimen was disassembled, and a 1-in. strip
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was cut off from the nail ends of each plywood and wood section

and the sections were saved for the construction of remaining

samples.

The third sample tested was the WOOD-NAIL sample (Figs. 3.12

and 3.13). Instead of driving the nail into both sections as in

FRICTION-JOINT iJeLirnens, the nail was harmnered only into the

center line of the narrag face of the wood section 2 in. from the

end until the top of the nail head was 19/32 in. from the wood

surface. This distance was achieved by positioning a plywood

section, with a hole big enough to accommodate the nail head at

the location of the selected nail site. The plywood section was

removed after the nail head was driven flush with the plywood

surface.

The last test was conducted on the PLYWOOD-NAIL sample.

Only plywood sections were used in the specimen construction.

The nail was driven through the plywood section, 2 in. from one

end, until the nail head was flush with the plywood surface. A

steel plate with a hole larger than the nail shank was used to

support the plywood section during during the harmnering to

prevent any damage of the plywood section due to harmer blows and

nail penetration. The plate was removed before testing. The

nails used in this test had exactly the same shank diameter, but

were 1 in. shorter than those previously used in order to

facilitate the attaching of an LVDr used to measure deflection.

The length of the exposed nail shank in the back of the plywood

surface was 13/32 in.
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3.2.2. Testing Arrangement

FRICTION-JOINT and GAP-JOINT specimens were mounted to the

testing machine by brackets that were attached to the machine

frame (Fig. 3.10) . The brackets thickness was as smal 1 as needed

to apply the shear load in order to minimize the bending on the

joint interface. For the GAP-JOINT sample, the bracket thickness

was increased due to the 0.05-in. metal shim that was fastened

between the plywood section and bottom steel bracket to

compensate for the gap thickness. The shim shifted the action

line of the shear force to the line that was close to the joint

interface, thus reducing the bending.

WOOD-NAIL specimens were tested similarly to PLYWOOD-NAIL

specimens. The loading bracket (Fig. 3.12), which was added to

connect the nail to the steel bottom bracket (Fig. 3.12) which

had two 3/4- by 1 and 1/2-in, plates for attaching to the nail.

Each plate had on one edge a 1/8 in. thick semi-hole with a

diameter less than the nail diameter (Fig. 3.12). To attach the

specimen to the testing machine, the plates were positioned with

their semi-holes around the nail shank and two Al len bolts were

tightened to hold the plates together and transfer the load to

the specimen (Fi4. 3.12). The contact length between the nail

and plates was 1/8 in. along the nail, which was enough to

present the rotation of the nail shank inside the loading bracket

and create a fixed-end-moment condition to the nail at the point

of load application.

55



56

In all tests, the slip was monitored by a linear variable

differential transformer (r...vDr) and the load cell provided the

signal that measured the external load. The attachment of LVET

to specimens is shown in Figs. 3.10 to 3.13. The load cell was

placed between the upper loading bracket and the test frame. An

IBM-PC-XT microcomputer acquired discrete points of load and

corresponding slip.

3.2.3. Testing Procedure

All tests were performed in the Standard Room maintained at

an equilibrium moisture content of 12 percent. All samples were

subjected to a cyclic ramp loading. The hydraulically powered

actuator initially moved downward, which pulled the plywood

section away from the wood section. The load and slip which

occurred were designated as positive and in tension. The

actuator moved in the positive direction until a maximum load or

slip was reached, and then it moved in the negative direction

until a zero load was recorded. Thus, the specimen went through

a tension half-cycle. The actuator continued to move in the

opposite direction until a negative peak load was detected. The

loading direction was then reversed until the zero load was

reached at each point the load-slip relation described a

compression half-cycle. The tension and subsequent compression

half-cycle represent a complete loading cycle.

Load was used to control the cycling limit in testing the

FRICTION-JOINT specimens. Each specimen was subjected to three



As discussed before, the condition between the nail and
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loading cycles at each of five load limits (+70, +100, +130,

+160, and +190 pounds) (Fig. 3.14). For each FRICTION-JOINT

specimen, two cycling load limits (one for tension and another

for compression half-cycle) were obtained during each of the

fifteen cycles. Thirty maximum slips were determined for each of

twenty specimens at each of the thirty corresponding load limits.

The average of the twenty replications for each maximum slip due

to the same cyclic load limit were calculated. The resulting

thirty average slips were then used as slip-controlled cycling

Unlit in testing GAP-JOINT specimen to complete fifteen loading

cycles.

The loading function for the MOD-NAIL sample was the same

as that for the PLYWOOD-NAIL sample. TVenty slip-controlled

magnitudes were used as cycling limits (Fig. 3.15). The

magnitudes were between 0.001 to 0.008 in. at 0.001-in.

intervals, between 0.008 to 0.020 in. at 0.002-in, intervals, and

between 0.002 to 0.045 in. at 0.005-in. intervals (Fig. 3.15).

Thus, there was a total of 20 loading cycles completed the

loading function.

The loading rate was 1.5 in./min for all tests instead of

0.15 in./min that was specified by the ASTM. The faster loading

rate was chosen to decrease the testing time and to simulate the

actual dynamic loads more closely.

3.2.4. Evaluation of Nail Loading Bracket
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loading bracket in WOOD- and PLYWOOD-NAIL specimens restrained

the rotation of the nail in the clamping part of the bracket

(Fig. 3.13). To evaluate the degree of this restraint, tests

were conducted on five specimens constructed as follows. The

nail was clamped at a distance 1/2 in. from the nail head by the

loading bracket of Fig. 3.12 and bolted to the bottom steel

bracket in the same way as for WOOD- and PLYWOOD-NAIL specimens.

A loading head acted on the nail shank clamped into a steel jig

at a distance of 1 in. from the nail head (Fig. 3.16). The load

was applied until a substantial amount of deflection was imposed

to the nail. To assess the degree of end restrain, the shape of

the nail shank around the fastening device was visually observed.
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Figure 3.16. Test arrangement investigating effect of clamping
device on nail in WOOD- and PLYWOOD-NAIL specimens.



IV. RESULTS AND DISCUSSION

This chapter covers the experimental results, the data

reduction and analysis, the application of the reduced data to

the theoretical models postulated, and the evaluation of the

accuracy of these models.

4.1. Experimental Results

4.1.1. Stiffness and Damping

Testing of each specimen yielded 15 hysteresis loops, three

cycles at each of five load levels, for FRICTION- and GAP-JOINT

samples, and 20 loops each at different slip levels for WOOD- and

PLYWOOD-NAIL samples. Some loops were not symmetrical with

respect to load axis in FRICTION- and GAP-JOINT samples, and with

respect to slip axis in WOOD- and PLYWOOD-NAIL samples. One

reason for the asymmetrical behavior is the larger percentage of

dense summer wood that bears on one side of the nail, while the

other side bears on the spring wood. Another reason is a

possible small rotation of the wood and sheathing section about

the nail shank when the loading direction is changed. To prevent

the symmetry from obscuring the discussion of the stiffness and

damping, experimental full-loops are considered in this section

instead of half-loops dealt with in Chapter 3.

Typical raw experimental data are illustrated in Fig. 4.1.

The data was first reduced by calculating for each cycle of each
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The median slip which was defined as the average of the

maximum positive and negative slip;

The maximum load with corresponding slip modulus which was

defined as the average of the maximum positive and negative load

divided by median slip;

The dissipated work which was defined as the area enclosed by

the hysteresis loop;

The slip work for the linear recovery curve; and

The linear damping ratio defined by Eq. (3.27) in which 12

equals 1/21.

Tables Al through A4 in Appendix A list the means and

standard deviations of the reduced data. Stiffness of the first

and last cycles in all samples are not included because these

cycles consisted of a partial loop only. The information

presented in these tables is sufficient to calculate the slip

work by Eq. (3.27).

The results from FRICTION- and GAP-JOINT specimens exhibit

the same general trends. Continued cycling at the same load

level affects neither stiffness nor damping significantly (Tables

Al and A2), which was also previously observed by Atherton (3).

Load level has a larger effect on stiffness than on damping

ratio. As expected, higher slip moduli appear at low loads and

decrease significantly with increasing loads because of the

crushing of wood cell walls under nails at higher loads (Fig.

4.2). Consequently, slip and dissipated work increase with
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increasing loads as expected. For FRICTION-JOINT sample, linear

damping ratio stays almost unchanged until the load cycling level

reaches 100 lb and then decreases slowly under increasing load

(Fig. 4.3). The most likely explanation for this increase is the

appearance of a partial gap at high loads when the plywood

section is pulled apart from the lumber. This breaks the contact

in the interface, which reduced friction and damping. However,

for the GAP-JOINT sample, linear damping ratio was found to

steadily increase with increasing loads. The reason for this

increase could have been a partial closing of the gap at

increasing loads because of nail bending, which in turn

introduces friction and larger damping. For WOOD- and PLYWOOD-

MIL specimens, the effect of load on stiffness and damping is

similar to that of the GAP-JOINT (Tables A3 and A4), which was

expected because these specimens are a combination of WOOD- and

PLYWOOD-NAIL specimens.

Figs. 4.2 and 4.3 compare the slip modulus and linear

damping ratio among the four samples tested. The slip moduli and

damping ratio for FRICTION- and GAP-JOINT samples were based on

the second cycle at each load level. All hysteresis loops were

included for WOOD-- and PLYWOOD-NAIL samples. The high stiffness

in FRICTION-JOINT sample at low loads (Fig. 4.2) is due to the

irrterlayer friction which gradually diminishes at high loads at

which tire the nails becane partially withdrawn and interlayer

gaps appear which reduce the stiffness. The traces that relate

stiffness and load of all samples appear to converge to a load at
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which all joint types display gaps. This load was not detected

in this study, because it was larger than the largest cyclic

magnitude used, but Fig. 4.2 displays a strong trend to

convergence. The load at convergence is associated with the load

transfer between the wood and plywood by nail bearing only. For

the sane reason, the linear damping ratios of FRICTION-MINT

sample are much larger at low loads than those of other samples,

and they appear to converge toward the same value as the load

increases (Fig. 4.3).

4.1.2. Nail Rotation in WOOD- and PLYWOOD-NAIL Specimens

The procedure for evaluating the effect of the nail clamping

device used in testing WOOD- and PLYWOOD-NAIL samples is outlined

in Section 3.2.4. The experimental results showed that no

visible displacement occurred in the nail shank either within the

clamping device or between the nail head and clamping region.

Therefore, it was concluded that during the testing, the clamping

bracket prevented the rotation of both, the nail head in the

WOOD-NAIL tests and the nail bottom part that protruded from the

PLYWOOD-NAIL specimens.

4.2. Data Reduction

Experimental hysteresis loops for load-slip relations were

averaged for the use in the theoretical modeling of nailed joint

behavior. This is because in wood structures nails act in groups

arxi average properties are appropriate for the structural analysis.
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The procedure for data reduction somewhat differed from

sample to sartyle. For the tension and compression halves of the

loop in the FRICTION-JOINT sample, the procedure was as follows.

The tension half of the average loop was evaluated first by

dividing the maxirmim load in each replication into load

increments of 10-lb intervals. Each load increment was

associated with two slips, the loading and unloading slip. For

each load interval, the mean and standard deviation of the traces

of twenty test replications were then calculated. The average

loading trace was obtained by connecting points that were defined

by the load at the end of each interval and the corresponding

calculated average slip. The average unloading trace was

determined in the same way. Afterwards, the average compression

half of the hysteresis loop was obtained in the same way.

The tension and compression halves of the average loops for

the GAP-JOINT, WOOD- and PLYWOOD-NAIL sarnples were determined in

a similar way, but the loop was subdivided into slip instead of

load intervals. This is because the test loading in the

specimens was controlled by slip.

The recovery curves of the average loops were determined

next according to definition shown in Fig. 3.2. Figs. 4.4 and

4.5 show the recovery curves for FRICTION- and GAP-JOINT samples.

Comparing the two figures shows that the curves for GAP-JOINTs

are straighter than those for FRICTION-JOINTs, because the main

source of nonlinearity, friction, is absent in the former. As

expected, the recovery curves of WOOD- and PLYWOOD-NAIL samples
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are similar to those of their combination, GAP-JOINT specimens,

and are not shown in the dissertation.

Tables 4.1 and 4.2 summarize the work ratios that were

obtained by dividing the dissipated work by the slip work for

both, linear and nonlinear recovery curves. The linear work

ratios are considerably smaller than the corresponding nonlinear

ratios due to the smaller slip work associated with the nonlinear

recovery curve (Fig. 4.1). At low loads, however, specimens of

the FRICTION-JOINT sample behaved differently from the others;

they had consistently higher nonlinear ratios at all loads than

the other samples. The GAP-JOINT, WOOD- and PLYWOOD-NAIL samples

had higher nonlinear ratios only at high loads, and the two types

of ratios were about the same at low loads (Tables 4.1 and 4.2).

An explanation for this behavior can be found in the recovery

curves of Figs. 4.4 and 4.5. Fig. 44 shows that these traces

are curved at all the load levels in FRICTION-JOINTs. However,

the traces are almost straight for the GAP-JOINT sample at low

loads because lack of friction and curved at the high loads when

wood crushing accumulated significantly. Thus, magnitude of the

linear and nonlinear slip work is about the same at law loads

when specimens display gaps.

In actual construction of wood structures, joints are

constructed with many nails that act as a group. Therefore, the

average of many hysteresis loops that are assumed symmetrical, is

used in defining the load-slip loops of wood structures.

Consequently, the average loops in this study were further
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Table 4.1. Linear and nonlinear work ratios of average loops
for FRICTION- and GAP-JOINT sample.
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Load
(lb)

Linear
work
ratio

Nonlinear
work
ratio

Load
(lb)

Linear
work
ratio

Nonlinear
work
ratio

70 1.652 2.237 26 0.421 0.440
70 1.634 2.174 26 0.383 0.396
100 1.520 2.212 45 0.603 0.653
100 1.615 2.369 45 0.622 0.672
100 1.596 2.369 45 0.609 0.666
130 1.514 2.186 70 0.741 0.836
130 1.470 2.212 70 0.722 0.829
130 1.420 2.180 70 0.704 0.817
160 1.426 2.029 100 0.842 0.993
160 1.294 2.023 100 0.779 0.955
160 1.213 1.985 100 0.735 0.949
190 1.432 2.073 130 1.030 1.294
190 1.225 2.073 130 0.880 1.282

FRICTION-JOINT GAP-JOINT



Table 4.2. Linear and nonlinear work ratios of average loops
for WOOD- and PLYWOOD-NAIL sample.

PLYWOOD-NAIL
Cycle
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# Linear
work
ratio

Nonlinear
work
ratio

Linear
work
ratio

Nonlinear
work
ratio

2 0.478 0.465 0.478 0.496
3 0.503 0.534 0.490 0.515
4 0.578 0.616 0.547 0.591
5 0.616 0.672 0.578 0.628
6 0.647 0.722 0.597 0.647
7 0.653 0.748 0.603 0.666
8 0.660 0.779 0.609 0.685
9 0.704 0.848 0.653 0.754

10 0.704 0.880 0.666 0.798
11 0.697 0.905 0.666 0.817
12 0.685 0.924 0.653 0.842
13 0.678 0.942 0.641 0.861
14 0.660 0.961 0.628 0.880
15 0.766 1.137 0.722 1.024
16 0.798 1.232 0.722 1.087
17 0.829 1.332 0.716 1.137
18 0.854 1.382 0.710 1.194
19 0.892 1.458 0.697 1.238



reduced to half-loops that were assumed to have a symmetrical

mate with respect to the slip axis. The half-loops were

determined by averaging the loading and unloading traces in

tension and compression parts of the average loop. The

properties of such half-loops were used in determining specific

models introduced in Section 3.1.

4.3. Beam-on-Elastic-Foundation Model for Joints with Gap

In this section, the theoretical procedure outlined in

Section 3.1.2 is applied to nailed joints between lumber and

plywood. The effect of interlayer friction was not included in

this model. The data for the WOOD- and PLYWOOD-NAIL samples were

needed to form the model and the data for the GAP-JOINT sample

was used to evaluate the accuracy of the model.

4.3.1. Foundation Moduli of WOOD- and PLYWOOD-NAIL Samples

The three types of foundation moduli, the backbone, loading

and unloading moduli, were evaluated respectively from the

backbone curve, the loading trace and the unloading trace in each

WOOD- and PLYWOOD-NAIL sample. These moduli were subsequently

applied to the beam-on-elastic-foundation model to estimate the

backbone curve and the hysteresis loop of GAP-MINT sample. The

determination of these moduli is discussed next.

4.3.1.1. Backbone Foundation Moduli

Backbone curves of MOD- and PLYWOOD-NAIL samples were used
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in evaluating foundation moduli of wood and plywood sheathing.

They were obtained by connecting points of the extreme cyclic

load levels of the average half-loops obtained in testing. An

exarrple of the resulting backbone traces is illustrated in Fig.

4.6 which shows the mean and the 95% confident intervals based

on 20 replications tested. The other three samples displayed

similar traces.

Further evaluation consisted of using the backbone traces

for WOOD- and PLOD-NAIL samples as inputs for Eqs. (3.1)

through (3.6) to calculate the backbone moduli for wood and

plywood. The moduli were evaluated for the slip intervals used

in testing and are expressed as the secant moduli of each

interval region.

The load increment used in the step-by-step approach was 5

lb. The nail properties are listed in Appendix C together with

the fortran micro-computer program for the step-by-step analysis.

The resulting mean backbone mcduli are shown in Fig. 4.7 together

with the upper and lower 95% confidence intervals. The reason

for the decrease in moduli with increasing load is the previously

discussed wood crushing at high loads. The foundation modulus in

plywood at low load levels is higher than that in wood possibly

because of the nail head bearing on the outer surface of the

plywood which partially restrained the nail head from rotation.

At high loads, the mean backbone moduli of wood and plywood

approach one another, because the fiber around the nail head in

the PLYWOOD-NAIL sample become crushed and the nail head is free
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to rotate.

In evaluating the backbone foundation moduli, the effect of

the clamping moment on the nail are included, which was

introduced by the testing apparatus (Figs. 3.4 and 3.5). Fig.

4.8 shows the means of these moments. As expected, the moments

increase with increasing load because a larger =anent is needed

at high loads to overcome the larger slope of the nail deflection

line at point B. Fig. 4.8 shows that both, WOOD- and PLYWOOD-

NAIL samples, had about the same end moments throughout the

loading.

4.3.1.2. Loading and Unloading Foundation Moduli

These moduli were determined from the loading and unloading

traces of the average half-loop of WOOD- and PLYWOOD-NAIL

samples by applying Eqs. (3.1) to (3.6). The resulting secant

moduli of half-loops are shown in Tables 4.3 and A5.

The relation between load and these moduli of WOOD-NAIL

sample is discussed next. Table 4.3 shags that the loading

moduli in individual half-loops at the same load interval

decrease with increasing cyclic load levels. The reason is the

accumulation of the wood crushing as the number of cycles

increases. As expected, the loading moduli at lm load levels

decrease with increasing load. However, the loading moduli at

high load levels first decrease at lay loads, then increase at

higher loads, and decrease again at the highest load used in

testing. A possible reason is a strain hardening effect taking
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Table 4.3. Loading and unloading foundation moduli of wood.

Unloading:

81

Load
intezval

Foundation Modulus (1b/in.2) for
indicated cyclic load level (lb)

(lb) 20 40 60 80 100 120

Loading:

0 - 10 64399 56545 50591 38319 25894 22629
10 - 20 61779 56164 38126 35367 25574 22403
20 - 40 44265 37217 30795 23042 19536
40 - 60 37186 33545 25765 22217
60 - 80 32236 30511 27531
80 - 100 34786 34221

100 - 120 31421

120 - 100 188386
100 - 80 150732 107697
80 - 60 127930 118195 83651
60 - 40 122897 92401 72158 57059
40 - 20 108477 83152 61556 49855 37003
20 - 10 103213 85181 64882 46984 37871 27603
10 - 0 101439 72549 53045 39721 31330 23468



place after the cell walls in wood directly under the nail

collapsed and the nail starts to bear on the crushed material.

The final decreasing at the highest load is due to the wood

crushing farther away from the nail.

Table 4.3 also shows that the unloading moduli of wood

decrease with decreasing load. The reason is that the

deformation that occurred under the nail during the loading was

not fully recoverable because of partial wood crushing. Thus,

only the recoverable part of the stiffness is active during the

unloading.

The loading and unloading moduli in the PLYWOOD-NAIL sample

(Table A5) have the same trend as those in the WOOD-NAIL sample

(Table 4.3).

4.3.2. Backbone Curve of Joints with Gaps

The mean backbone foundation moduli of Fig. 4.7 were applied

to evaluate slips for the GAP-JOINT sample by the procedure

described in Section 3.1.2. The predicted backbone and

associated experimental traces agreed closely (Fig. 4.9) with the

difference between the two being 7% at 20 lb, 17% at 60 lb, and

3% at the highest load (Table A6).

The contribution of the deformation in wood, plywood, and

the slip in interlayer gap to total slip is discussed next. A

slip ratio is introduced to enhance the practical significance.

The slip ratio is defined as the ratio of the experimental

component slip to the total experimental slip. The resulting
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ratios of about 0.43 for wood and 0.52 for plywood remain

unchanged almost throughout the entire loading range (Table 4.4).

The higher slip ratio of plywood than that of wood indicates that

wood-nail interaction is stiffer than that of plywood-nail. The

reason for this is the longer nail embedment in wood. The

result is a larger resistance to loading and a smaller slip in

MOD-NAIL sample.

4.3.3. Damping of Joints with Gaps

Damping ratios, based on the ratio of the dissipated work to

slip work, were evaluated from the predicted half-loops.

Therefore, the determination of the hysteresis half-loops is

described first The procedure consisted of applying the loading

and unloading foundation moduli of MOD- and PLYWOOD-NAIL samples

(Tables 4.3 and A5) to EV. (3.7) through (3.15) to evaluate the

loading and unloading traces of half-loops. Six average half-

loops were formed with peak loads ranging from 20 to 120 lb with

a 20-lb increment. These predicted loops are equivalent to those

of GAP-JOINT specimens.

The experimental GAP-MINT and the predicted half-loops are

illustrated in Fig. 4.10. The two half-loops show close

agreement except at high load. The possible reason is the

partial interlayer friction, which is activated in experimental

GAP-JOINT specimens at high loads at which it reduces the slip.

This friction is not included in the theoretical analysis because

the magnitude of such friction cannot be determined from the
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Table 4.4. Contribution of wood, plywood and interlayer friction
to total slip of joints with gap based on the beam-
on-elastic-foundation model.

* MB defined in Figures 3.3 and 3.4.

** Column (7) = Column (4)/Column (3);
Column (8) = Column (5)/Column (3); and
Column (9) = Column (6)/Column (3).

Load

(lb)
MB* Slip (in.) Ratio

Total Plywood Wood Gap
(1) (2) (3) (4) (5) (6) (7) (8) (9)

10 -0.40 0.0010 0.0005 0.0004 0.0000 0.516 0.435 0.049
20 -0.78 0.0023 0.0012 0.0010 0.0001 0.516 0.435 0.049
30 -1.14 0.0038 0.0020 0.0017 0.0002 0.516 0.435 0.049
40 -1.47 0.0056 0.0029 0.0025 0.0003 0.515 0.436 0.049
50 -1.76 0.0078 0.0040 0.0034 0.0004 0.515 0.436 0.049
60 -2.06 0.0100 0.0051 0.0044 0.0005 0.513 0.437 0.049
70 -2.32 0.0125 0.0064 0.0055 0.0006 0.513 0.437 0.050
80 -2.48 0.0153 0.0079 0.0067 0.0008 0.515 0.436 0.050
90 -2.55 0.0184 0.0095 0.0080 0.0009 0.518 0.432 0.050

100 -2.52 0.0219 0.0114 0.0094 0.0011 0.521 0.429 0.050
110 -2.39 0.0259 0.0136 0.0110 0.0013 0.525 0.426 0.050
120 -2.22 0.0304 0.0160 0.0129 0.0015 0.526 0.424 0.050
130 -1.87 0.0358 0.0189 0.0151 0.0018 0.528 0.422 0.050
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testing procedure used in this study. The presence of the

friction at high loads in specimens with gap was also observed in

a previous study (4).

In the next step, the linear damping ratio based on the

linear recovery curve was evaluated for both experimental and

predicted hysteresis loop (Table 4.5). Both, the slip and

dissipated work of the predicted half-loops were multiplied by 2

to be equivalent to the experimental whole loops for the GAP-

JOINT sample (Table A2). The dissipated work for the predicted

loops was found to be close to the experimental values except at

high loads at which the predicted values were smaller than the

experimental ones (Fig. 4.11). The reason again was the friction

at high loads that occurred in testing of GAP-JOINT specimens.

Fig. 4.12 illustrates the relation between the predicted and

experimental damping ratios. The two ratios are close to each

other except at a load of 120 lb due to the presence of friction

in testing specimens.

The damping ratios and dissipated work were evaluated only

at loads above 40 lb because the minirrami cyclic magnitude in

testing of WOOD- and PLYWOOD-NAIL samples was about 40 lb. The

experimental loading for these two samples was slip-controlled,

and the same slip produced much larger load magnitudes either in

WOOD- or PLYWOOD-NAIL samples than in the GAP-JOINT sample in

which the slip was a combination of that in wood and plywood.

Thus, accurate load-slip loops with a peak load below 40 lb could

not be predicted because no experimental data existed below that



Table 4.5. Damping properties of hysteresis loops for
GAP-JOINT specimens predicted according to
the beam-on-elastic-foundation model.

Slip Linear Dissipated Linear
(1b) (in.) slip work damping

work (in.-lb) ratio
(in.-lb)

88

20 0.0023 0.046 0.024 0.082
40 0.0056 0.224 0.130 0.092
60 0.0100 0.600 0.390 0.103
80 0.0153 1.224 0.868 0.113

100 0.0219 2.190 1.612 0.117
120 0.0304 3.648 2.672 0.116
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Figure 4.11. Cartparison between the predicted and experimental
dissipated work for joints with gap.
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load. Specimens were not cycled at loads below 40 lb because

previous tests have shown that no hysteresis exists in nailed

joints below 40 lb.

4.4. Complete-joint Model for Nailed Joints between Wood and

Plywood

The damping and stiffness of complete joints were evaluated

by the complete-joint model shown in Fig. 3.8. Two alternatives

were investigated. One was the rigid model in which the nail

rotation was restricted by the mornent due to the clamping device

used in testing WOOD- and PLYWOOD-NAIL specimens. Another was

the flexible mcdel in which the nail rotated freely. Because,

the actual nail rotation was neither restricted nor free, the

experimental slips were expected to fall between the predicted

slips for these two alternatives.

Some of the terminologies used in this prediction are

discussed next. The recovery curve, hysteresis loops, and half-

loops for WOOD- and PLYMOD-NAIL specimens are denoted as

"restrained" if the nail rotation is restricted by the moment due

to the clamping device. These traces are denoted as "free" if

the nail is free to rotate.

This section describes the development of data required to

form the rigid and the flexible model alternatives, the

evaluation of the parameters for Kelvin model from the

experimental data, an the evaluation and accuracy assessment of

the predicted joint stiffness and damping.
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4.4.1. Predicted Hysteresis Half-Loops for Wood and Plywood

Crushing

The half-loops, determined from the results of WOOD- and

PLYWOOD-NAIL samples, represent the restrained half-loops because

of the restricted nail rotation during testing. The

determination of free half-loops for wood and plywood are

discussed next.

The free half-loops for WOOD-NAIL sample were evaluated

first by constructing the backbone curve that had nails which

were free to rotate. The load and slip coordinates for the free

backbone curve were formed by substituting the backbone

foundation moduli of wood (Fig. 4.7) and zero end moment into Eq.

(3.5). Fig. 4.13 illustrates the resulting free backbone trace

together with the restrained trace.

In the next step, the load difference between the free and

restrained backbone curve at the same slip was calculated. This

load difference is denoted as the load adjustxnent. The load of a

free loop at each slip was determined by subtracting the load

adjustment with the same slip from the load of restrained loop.

Fig. 4.14 shows the free and restrained loops with cyclic maximum

slip of 0.015 in. of the WOOD-NAIL sample. The two loops passed

through the same slips at zero load because of no load

adjustment. The free half-loops were then determined from the

free loops according to the data reduction method specified in

Section 4.2.
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The free half-loops of the PLYWOOD-NAIL sample (Fig. B1 in

Appendix B) were determined similar to those of the WOOD-NAIL

specimens.

4.4.2. Predicted Half-Loops for Interlayer Friction

The complete joints contain interlayer friction which is

difficult to evaluate theoretically. Consequently, the loops

that represent irrterlayer friction were determined directly by

subtracting the loops for the GAP-JOINT sample frarn those of the

FRICTION-JOINT sample. Such a subtraction is possible because

the maximum cyclic slip of each cycle in the GAP-JOINT is the

same as that in the FRICTION-JOINT specimens.

Fig. 4.15 depicts the loop with a cyclic maximum load of 130

lb for the FRICTION-JOINT sample together with the corresponding

loop for the GAP-JOINT sample. The difference of loads at the

sane slip between these two loops represents the load contributed

by the friction force only, and the trace of these load

differences represents the loop of the interlayer friction. The

tension and compression halves of these friction loops were

averaged to give the half-loops which were then used in

prediction the behavior of complete joints.

4.4.3. Properties of Predicted Hysteresis Half-Loops

The relations between load and stiffness and damping in

both, restrained and free half-loops of WOOD- and PLYWOOD-NAIL

samples are illustrated in Figs. 4.16 through 4.19. The
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ccmparison between restrained and free half-loops in WOOD-NAIls

is similar to that in PLYWOOD-NAIL specimens. As expected, the

restrained half-loops are stiffer than free half-loops (Figs.

4.16 and 4.17) because part of the applied load was used in

restricting the nail rotation. The smaller load in the

restrained case also resulted in a smaller dissipated work (Fig.

4.18). The larger dissipated work in free half-loops leads to a

larger nonlinear work ratio (Fig. 4.19). Tables A7 and A10 show

the basic properties calculated from the restrained and the free

half-loops in each WOOD- and PLYWOOD-NAIL sample.

Fig. 4.20 shows the calculated half-loops of load transfer

through joints by interlayer friction only for five load levels

used in testing under increasing slip levels. The load first

increased to a maximum of 60 lb at 130-lb load level used in

testing, then decreased to 56 lb at the highest testing load

level of 190 lb. It may be interesting to note that the

variation in the magnitude of levels of frictional force with the

testing load level is small. The possible explanation is that

the maximum frictional force is reduced when the slip starts to

take place and the sliding friction is engaged. A small decrease

in the frictional load level at higher slip is due to partial gap

in the joint which reduces the interlayer friction. Additional

characteristics of the frictional half-loops are sham in Table

A9.

4.4.4. Parameters of Kelvin Model Representing Wood and Plywood

Crushing and Interlayer Friction
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Figure 4.20. Half locps of interlayer friction predicted from
testing data of FRICTION- and GAP-JOINT samples.
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The four parameters in Eqs. (3.16) and (3.24) of the Kelvin

model were evaluated from each half-loop obtained in Sections

4.4.1 and 4.4.2. The half-loop was first subdivided into the

recovery curve and the damping force-slip trace, as shown in Fig.

2.3b and 2.3c, and the parameters were determined by curve

fitting the recovery curve to Eq. (3.16) and the damping force-

slip trace to Eq. (3.23). The nonlinear curve fitting was

accomplished by subroutine RNSSQ in IMSL (30). For WOOD- and

PLYWOOD-NAIL samples, the resulting parameters (Tables 4.6 and

All) determined for each loading cycle of the restrained and free

half-loop. Similar parameters for each loop of interlayer

friction are shown in Table 4.7.

The four parameters that define the half-loops in WOOD-NAIL

sarrple (Table 4.6) exhibited similar trends as those in PLYWOOD-

NAIL sample (Table All). In general, the parameter associated

with nonlinearity, A, increases with the load because more wood

crushed at high loads. For the same reason, slip modulus,

parameter K, decreases with increasing load. Damping constant,

parameter B, which is associated with the area enclosed by the

hysteresis loop, also decreases with increasing load, which

indicates a larger dissipated work at higher loads. Parameter

C1, which is associated with the damping coefficient, decreases

with increasing load. C1 is the weakest parameter, because it

varies the least for both, WOOD- and PLYWOOD-NAIL samples.

The parameters that define the half-loops of interlayer



104

Table 4.6. Least-square curve fitting parameters for half-loops
in WOOD-NAIL sample.

2 37.3 1.023 18560 1.726 22.97 18.3 1.196 9070 1.189 14.42
3 49.1 1.136 16941 1.610 27.01 25.1 1.292 8637 1.083 16.82
4 60.4 1.146 15753 1.378 26.90 31.7 1.289 8253 0.950 17.64
5 70.8 1.179 14787 1.391 27.10 37.5 1.306 7845 1.007 17.97
6 81.0 1.224 14067 1.235 26.99 43.4 1.342 7541 0.932 18.24
7 90.8 1.261 13396 1.158 26.53 49.2 1.380 7259 0.886 18.12
8 100.4 1.290 12699 0.948 25.68 55.1 1.409 6941 0.659 17.64
9 117.8 1.348 11743 0.720 25.25 66.6 1.486 6586 0.538 17.81

10 131.3 1.402 10717 0.553 24.02 76.1 1.556 6104 0.339 17.04
11 143.6 1.500 10036 0.467 22.89 85.2 1.701 5862 0.300 16.42
12 154.8 1.609 9461 0.515 22.22 94.1 1.868 5669 0.326 15.92
13 165.0 1.690 8849 0.409 21.34 101.9 1.981 5384 0.252 15.45
14 174.1 1.783 8373 0.417 20.79 109.5 2.117 5183 0.245 15.07
15 194.0 1.767 7459 0.273 22.05 127.3 2.091 4806 0.155 16.53
16 207.0 1.928 6647 0.305 22.06 141.2 2.359 4465 0.190 16.50
17 216.0 2.028 5877 0.301 22.28 154.6 2.613 4152 0.181 16.66
18 222.0 2.131 5170 0.266 22.02 167.7 2.852 3772 0.141 16.57
19 226.0 2.186 4603 0.271 22.10 179.3 3.178 3586 0.151 16.55

Cycle Restrained Free
# MIMMNI.1110

Load(1b)AKBC1 Load(lb)AKBC1
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Table 4.7. Least-square curve fitting parameters for half-loops
in FRICTION-JOINT sample and in interlayer friction.

Load(lb)

FRICTION-JOINT Interlayer friction

A K B C1 AK BC1

2 71.4 1.715 40151 1.672 131.77 2.415 28835 1.942 155.68
3 70.7 1.667 40842 1.815 130.15 2.228 29193 2.055 149.87
4 99.3 1.610 19987 0.882 94.46 3.390 13352 1.113 119.71
5 100.2 1.696 20156 0.957 90.15 3.606 12984 1.156 114.84
6 100.5 1.656 19405 0.918 87.95 3.766 12723 1.148 113.38
7 128.7 1.394 11767 0.562 66.57 3.920 6827 0.732 89.29
8 130.3 1.572 11326 0.595 60.32 4.788 6256 0.725 84.25
9 131.0 1.612 10883 0.585 57.48 5.096 5948 0.727 81.23
10 159.6 1.371 7465 0.433 46.46 4.366 3493 0.551 62.59
11 161.0 1.612 6765 0.362 40.43 6.220 3072 0.487 59.68
12 162.2 1.696 6387 0.352 37.86 6.967 2861 0.357 57.34
13 188.3 1.283 4027 0.246 33.81 6.303 1573 0.300 46.50
14 189.1 1.882 3784 0.271 29.08 10.206 1375 0.288 47.74
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friction and FRICTION-JOINT sample are listed in Table 4.7. For

half-loops of interlayer friction, the effect of load on the four

parameters is similar to that of the WOOD-NAIL sample. However,

for the interlayer friction sample, both, A and C1 increase and K

and B decrease much faster with increasing frictional load than

that for the WOOD-NAIL sample. The reason for this difference is

that the maximum cyclic slip associated with interlayer friction

increases quickly as the cycle number increased while the level

of the frictional force slightly decreases with increasing slip

(Fig. 4.20). The faster changing rate implies that the major

factor affecting dissipated work is interlayer friction.

Regression analysis were used to represent the parameters

for individual Kelvin mcdels associated with WOOD- and PLYWOOD-

NAIL samples as functions of load. The regression equation and

the resulting coefficients are sham in Table 4.8. The

parameters for half-loops with maximum cyclic load belay 150 lb

were used as inputs in the regressional analysis. The reason is

that the maximum load that was resisted by wood or plywood in a

complete joint did not exceed 150 lb. These regression equations

were used to formulate the complete-joint model.

4.4.5. Damping and Stiffness of Complete Joints

The load that was resisted by wood and plywood in testing

the camplete joint was determined from E4 (3.35). The input

data for Eq. (3.35) includes first, the regression equations that

define the parameters for half-loops of WOOD- and PLYWOOD-NAIL



Table 4.8. Regression coefficients for parameters for half-
loops in WOOD- and PLYWOOD-NAIL sample.

Regression equation: Par = G + GiF* + G2F2
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* F is the maximum load resisted by wood and plywood (Fw and Fp
in Sect 3.1.3.2) in testing a complete joint.

Par G
WOOD-NAIL PLYWOOD-NAIL

Restrained Free Restrained Free

G0 0.984 1.112 1.25 1.244
A G1 0.00169 0.00405 -0.00512 -0.00583

G2 0.000014 0.000036 0.000042 0.000107

Go 22716. 10075. 28988. 13553.
K G1 -129. -64. -171. -102.

G2 0.289 0.172 0.294 0.244

0 2.298 1.601 2.190 1.644
B G1 -0.0152 -0.0209 -0.0186 -0.0216

G2 0.000020 0.000076 -0.000048 0.000078

Go 19.70 16.91 28.82 20.31
C1 G1 0.170 0.00650 -0.0234 -0.0554

G2 -0.001021 -0.000086 -0.000814 0.000074
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samples (Table 4.8) and second, the parameters for half-loops of

the interlayer friction (Table 4.7). This information was then

used in the procedure outlined in Section 3.1.3.2 to estimate the

limits of the solutions that were represented by the restricted and

the free nail rotation. The limits for the stiffness and claming

are shown in Table Al2 together with the experimental results.

It should be noted that the comparison between the

experimental results and the predicted limits is not entirely

independent of each other. The reason is the procedure used in

this study. The properties of modeling the friction were based

on the difference between GAP- and FRICTION-JOINT sample.

However, the experimental results of FRICTION-JOINT sample were

also used to assess the accuracy of the theoretical model of

complete joint The main reason for this is that no other method

was available to evaluate the clamping hysteresis loops. Testing

of another FRICTION-JOINT sample would not have solved the

problem, because there was no reason why one FRICTION-JOINT

sample should be different from the other. Therefore, it was

assumed that the procedure used was not a perfect one, but it was

the best logical alternative available.

Fig. 4.21 compares the experimental recovery curve to

predicted restrained and free traces at 130-lb load level. The

experimental recovery curve lies between the restrained and free

curves as expected. Fig. B2 through B4 shag the comparison of

the experimental and predicted recovery curves at other load

levels. In general, the experimental recovery curve approaches



,-4

1 4

12

100

130

GO

40

0
20

0

20

-40

-GO
0.

SLIP (in.)

Figure 4.21. Comparison between the predicted and experimental
recovery curve at 130 pounds for complete joints.

109

HALF

EXPERIMENTAL
I

LOOP

i I

FREEI
RESTRAINED'

Mr i i

1111111M311111"wwwiffiBTpillei,Fr

"I
)00 0.002 0.004 0.000 0.0013 0.010 0.0'12 0_01,



110

the restrained curve at lower load levels because the nail shank

is tightly embedded in wood arid plywood, which prevent the nail

rotation. Under increasing loads, the experimental recovery curve

approaches the free curve because the nail becomes loose as the

contact between the nail and wood is broken, which allows the

nail to rotate Imre freely.

At the lowest load level of 70 lb, the experimental recovery

curve is stiffer than the restrained traces (Fig. 4.22).

However, the difference is small and is considered an acceptable

experimental variation.

In the next step, dissipated work and nonlinear slip work

are obtained by calculating the area under the predicted half

loop and recovery curve. Figs. 4.23 to 4.25 illustrate the

experimental and theoretical slip, dissipated work and nonlinear

work ratio. The experimental values fall between the two

predicted limits except for the lowest load level as anticipated.

The experimental values approach the rigid limit with no nail

rotation at lower loads, and the flexible limit with free

rotation at high loads for the reasons discussed above for the

recovery curve.

Fig. 4.26 illustrates the predicted and experimental damping

ratio based on both linear and nonlinear recovery curve. The

ratios decrease with increasing load as observed by other

investigations (3, 4, 26, 27). Again, the experimental values

approach those of the rigid limit at RN/ loads and flexible limit

at high loads. The experimental damping ratios based on the



F-1

BO

GO

40

20

0

0

-20

-40
0.0

SLIP (in.)

Figure 4.22. COmparison between the predicted and experimental
recovery curve at 70 pounds for complete joints.

24

111

HALF

EXPERIMENTAL
I

LOOP

I FREE I

.

IIPP
RESTRAINED

Iv
EXPERIMENTAL , A(lif

Ivry- I

000 110004 0.0008 0.0012 0.0010 0.0020 0.00



0.05t,

0.050

0.045

0.040

0.035

a
H 0.025
1-1

0.020

0.015

0.010

0.005

0.000

LOAD (lb)

Figure 4.23. Comparison between the predicted and experimental
maximum cyclic slip for complete joints.

112

..

EXPERIMENTAL

,FLEXIBLE LIMIT
;

....---'
XRIGID

1

LIMIT

1

m BO 100 120 140 I GO 180 20



r-I

6.0

5.0

4.0

1.0

0.0

LOAD (lb)

Figure 4.24. Caparison between the predicted and experimental
dissipated work for canplete joints.

113

EXPERIMENTAL
I

I

FLEXIBLE LIMIT

I

RIGID

1

LIMIT

I
. 100 120 140 160 180 20



3.40

3.20

3.00

2.00
0

LOU

0 2.40

2.20

1-4
1.4

2.000

1.80

1.00

1.40

LOAD (lb)

Figure 4.25. Comparison between the predicted and experimental
nonlinear work ratio for complete joints.

114

1111E.11.1
1111EFLEXIBLEIllk. LIMIT

III
1111ECIIIIIIIM

11111Mal

IM
140 I GO 20C30 80 100 12D 180



0.40

0.36

0

0.32

I-4

0.28

C4

1-1 0.24
0

0.20

0.1G
GO no 100 120 140

LOAD (lb)

Figure 4.26. Comparison between the predicted and experimental
nonlinear damping ratio for complete joints.

160 180 200

115

EXPERIMENTAL
I

LINEAR

1

DAMPING
NONLINEAR

1

RATIO:
1

Akk111116\

1 11lin
RIGID LIMIT

-.km
,

, FLEXIBLE LIMIT



116

linear recovery curve are consistently smaller than those based

on nonlinear ones throughout the loading range (Fig. 4.26). The

reason is the larger slip work associated with the linear

recovery curve.

4.4.6. Contribution of Individual Damping Sources

The contribution of interlayer friction arx1 nail-bearing in

wood and plywood to the overall damping and stiffness in the

complete joint were estimated from the rigid (Table 4.9) and

flexible (Table A13) complete-joint model. The ratio of slip to

the total slip is larger in wood than that in plywood, but they

tend to approach each other at high loads. The reason is the

larger slip mcdulus for plywood at low loads.

The dissipated work increases with increasing load for all

damping sources (Table 4.9). The increase rate is larger for

wood and plywood than for interlayer friction because wood

crushing rapidly increases with the load, while the friction

remains constant or slightly decreases. However, the magnitude

of dissipated work of interlayer friction is much larger than

that of the wood and plywood crushing at all loads. Therefore,

the interlayer friction is the main damping source in a nailed

joint.

Table 4.9 also shows that the slip work due to wood and

plywood deformation is smaller than that in interlayer friction

at law loads but larger at high loads. The reason is the higher

nonlinem-ity in interlayer friction at high loads (Table 4.7)



* 14, P, I and T denote wood, plywood, interlayer friction and
total, respectively.
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Table 4.9. Contribution of wood, plywood and interlayer gap to
slip, dissipated work, and slip work of the rigid
complete joint model.

Load Magnitude Proportion
(lb)

P I T* (W/T) (P/T) (I/T)

Slip (in.):

70 0.0010 0.0008 0.0018 0.0018 0.556 0.444 1.000
100 0.0024 0.0019 0.0044 0.0044 0.545 0.432 1.000
130 0.0050 0.0041 0.0091 0.0091 0.549 0.451 1.000
160 0.0090 0.0079 0.0169 0.0169 0.532 0.467 1.000
190 0.0150 0.0147 0.0297 0.0297 0.505 0.495 1.000

Dissipated work (in.-lb):

70 0.0040 0.0040 0.1000 0.1070 0.037 0.037 0.935
100 0.0280 0.0220 0.2910 0.3400 0.082 0.065 0.856
130 0.1170 0.0890 0.5950 0.8000 0.146 0.111 0.744
160 0.3560 0.2770 0.9510 1.5820 0.225 0.175 0.601
190 0.7910 0.7350 1.2020 2.7200 0.291 0.270 0.442

Slip work (in.-lb):

70 0.0100 0.0070 0.0270 0.0440 0.227 0.159 0.614
100 0.0510 0.0400 0.0550 0.1450 0.352 0.276 0.379
130 0.1680 0.1430 0.0890 0.4000 0.420 0.358 0.225
160 0.4230 0.3910 0.1230 0.9370 0.451 0.417 0.131
190 0.8780 0.9020 0.1110 1.8920 0.464 0.477 0.059
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and, thus, a smaller slip work due to wood and plywood

deformation.

The contribution of individual damping sources to the

properties of the flexible model is shown in Table A13. They are

about the same as those of the rigid model (Table 4.9).

4.5. Sensitivity Study: Effects of Material Parameters on Damping

The four parameters, AL, F4 B and Cl, for half-loops define

the nonlinearity, slip modulus, shape of the trace between the

damping force and slip and the degree of hysteretic behavior,

respectively. The material becanes more linear asAapproaches

1. Slip modulus, F4 defines the material stiffness. The shape

parameter, B, equals: 0 if the damping force-slip trace displays

the rectangular relation (mlumb damping); 1 if the trace is

semi-ellipse (viscous damping); and 2 if the trace is semi-

parabola (quadratic damping). Parameter C1 equals 0 if no

damping is present and no energy is dissipated.

This section deals with the effects of the four parameters

on the damping of a half-loop and of the complete-joint mcdel.

4.5.1. Effects of Material Parameters on Damping of a Half-Loop

The effects of A, K, B and C1 on nonlinear slip wcmic

dissipated work and nonlinear damping ratio, which were

determined fram the predicted half-loops, are discussed first.

The determination of the dissipated work by Eq. (126) requires

the calculation of an integral constant, II, which is affected by
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parameters B and C1 only. Table Al4 shows that the values of II

for A ranged from 1 to 3 and for B from 0 to 2. The same range

of B were selected for the experimental data shown in Tables 4.6,

4.7 and All. The results shag that Ii increases with increasing

A and decreasing B.

The effect of these parameters on damping properties is

illustrated in Table 4.10. The damping properties that were

calculated by A=1 and 1 1 were used as basis for comparison.

Both, the slip and dissipated work decrease with increasing

nonlinearity, but the decreasing rate of dissipated work is

smaller than that of slip work. The result is an increasing work

ratio with increasing nonlinearity. The nonlinear damping ratio,

which depends on K and C1 only (Eq. (3.27)), remains unchanged

regardless the degree of nonlinearity in stiffness.

An increase in K produces a corresponding increase in

dissipated work. However, the increasing rate of dissipated work

with increasing K is smaller than that of slip work. Therefore,

smaller work ratio was observed with a larger K. The damping

ratio decreases with an increasing K (Eq. (3.27)).

Slip work is affected by neither B nor C1, but dissipated

work increases if either B or C1 increases. The nonlinear

damping ratio increases with increasing C1.

4.5.2. Effects of Material Parameters on Damping of Complete

Joints

Further investigation included varying the parameters, A, K,



Table 4.10. Effects of material param9ters on damping and
stiffness for a half loop.

- kK

1 - k

* Damping properties based on A=1 and damping 1-:=1 are
used for canparison.

** SW: nonlinear slip work;
I constant in calculating dissipated work Ma. (3.25));1 .

I: dissipated work;
12 : constant in calculating nonlinear damping ratio

(Eq. (3.26)); and
DR : nonlinear damping ratio.

1 - 1

1 - k7°'5
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A

1 - 3

SW** 1 - 0.500

I1 1 - 1.113

DW 1 - 0.785

Ds/SW 1 - 1.574

12 1 - 0.635

DR 1 - 1

Cl

0 - 1 - 2 - cCi

1.000 - 1 - 1.000 1 - 1

1.274 - 1 - 0.850 1 - 1

1.274 - 1 - 0.850 1 - c

1.274 - 1 - 0.850 1 - c

0.785 - 1 - 1.176 1 - 1

1.000 - 1 - 1.000 1 - c
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B, and C1 for the Kelvin model for each of the five sets of half-

loops for individual damping sources. The study was limited to

changing one parameter at a time. First, the studied parameter

was multiplied by 2 while the other parameters remained constant.

The resulting slip, dissipated work, slip work and nonlinear work

ratio were calculated. Then the multiplier was reduced by 0.25

to 1.75 and the models analyzed. The process was repeated until

the studied parameter was 25% of its original value.

Tables 4.11, 4.12, and A15 to A17 surrEnarize the study

results. The rigid and flexible limits predicted from the

experimental data were used as the base line for comparison. In

Table 4.13, only the effect on the dissipated work is shcmn

because the parameters of shape and hysteresis (B and C1) affect

neither slip nor slip work, and affect the nonlinear work ratio

in the same way as the dissipated work.

The effect on the slip work, dissipated work, and work ratio

of the parameters, A, K, B and C1, for the five load level of the

flexible model (Table A15) are the same as those for the rigid

model (Table 4.11). Furthermore, the effect on darrping due to

plywood crushing is similar to that due to wood crushing.

Therefore, further discussion includes only the effect on dairying

of parameters for plywood crushing and interlayer friction.

Increasing A in either plywood or interlayer friction

decrease both, the dissipated and slip works (Table 4.11).

However, the effect of changing K in plywood on the dissipated

work is negligible at all 3 load levels (Fig. 4.27). The effect



Table 4.11. Effects of nonlinear parameter A on damping and
stiffness of the rigid complete joint model.

* The peak of proportion occurred at 1.25A (1.004) at 100-lb load;
and at 0.5A (1.025) at 130-lb load.
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Load
(lb)

Slip
(in.)

Dissipated
Work

(in.-lb)

Nonlinear
slip work
(in.-lb)

Nonlinear
work ratio

2A - 0.25A 2A - 0.25A 2A - 0.25A 2A - 0.25A

Change A in plywood:

70 1.000-1.000 0.996-1.002 0.943-1.112 1.056-0.091
100 1.000-1.000 0.993-1.004 0.907-1.178 1.096-0.852
130 1.000-1.000 0.985-1.007 0.879-1.231 1.121-0.818
160 1.000-1.000 0.975-1.013 0.855-1.286 1.141-0.788
190 1.000-1.000 0.954-1.036 0.827-1.373 1.153-0.754

Change A in wood:

70 1.000-1.000 0.997-1.002 0.926-1.137 1.077-1.062
100 1.000-1.000 0.992-1.004 0.883-1.222 1.125-0.822
130 1.000-1.000 0.983-1.009 0.855-1.286 1.150-0.784
160 1.000-1.000 0.965-1.017 0.839-1.337 1.151-0.761
190 1.000-1.000 0.947-1.042 0.828-1.386 1.143-0.752

Change A in interlayer friction:

70 1.000-1.000 0.854-1.156 0.750-1.681 1.139-0.687
100 1.000-1.000 0.821-1.292 0.837-1.532 0.981-0.844*
130 1.000-1.000 0.824-1.352 0.900-1.362 0.915-0.993*
160 1.000-1.000 0.848-1.347 0.941-1.236 0.901-1.090
190 1.000-1.000 0.880-1.319 0.974-1.123 0.904-1.175
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Table 4.12. Effects of slip modulus K on damping and stiffness in
the rigid complete joint model.

* The peak of proportion occurred at 0.75K (1.007) at 100-lb load;
at 1K (1.0) at 130-lb load; and at 1.25K (1.0) at 160-lb load.

Load
(lb)

Slip
(in.)

MININIMOINIINIMMIMMNIMIIMMIN010=1.

Dissipated
Work

(in.-lb)

Nonlinear
slip work
(in.-lb)

Nonlinear
work ratio

.,111110,1111WNIMM

2K - 0.25K 2K - 0.25K 2K - 0.25K 2K - 0.25K

Change K in plywood:

70 0.932-1.182 0.879-1.376 0.961-1.091 0.915-1.261
100 0.905-1.291 0.841-1.165 0.942-1.116 0.893-1.447
130 0.882-1.399 0.812-1.842 0.910-1.204 0.893-1.529
160 0.858-1.508 0.786-2.090 0.873-1.348 0.901-1.550
190 0.823.;-1.659 0.731-2.517 0.831-1.549 0.879-1.625

Change K in wood:

70 0.910-1.106 0.844-1.204 0.938-1.064 0.900-1.132
100 0.877-1.334 0.795-1.692 0.923-1.143 0.860-1.481
130 0.853-1.460 0.761-1.974 0.899-1.223 0.846-1.614
160 0.837-1.578 0.741-2.293 0.871-1.353 0.851-1.695
190 0.824-1.716 0.728-2.750 0.844-1.534 0.862-1.793

Change K in interlayer friction:

70 0.578-2.337 0.460-2.944 0.545-2.704 0.845-1.089
100 0.622-1.992 0.522-2.264 0.556-2.394 0.939-0.946*
130 0.664-1.760 0.577-1.870 0.590-2.039 0.979-0.919*
160 0.703-1.578 0.633-1.587 0.641-1.731 0.988-0.917*
190 0.753-1.392 0.722-1.279 0.710-1.461 1.018-0.876
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on slip work by changing A of friction is smaller at high loads,

but the effect is larger at high loads by changing A of plywood

(Fig. 4.28). The same observation with respect to K was also

made for the maximum cyclic slip (Fig. B6), dissipated work (Fig.

B7) and slip work (Fig. B8), and with respect to C1 for the

dissipated work (Fig. 4.30).

Table 4.12 show that K affects damping the most. The

results also show that the slip, dissipated work, and slip work

decrease with an increasing K. The reduction of plywood K

affects the nonlinear work ratio considerably more than that of

friction K, while the increase in either K affects this ratio

very little (Fig. 4.29).

Varying parameter B between 25 and 200 percent changes the

shape of the hysteresis loop, but it affects the dissipated work

less than 5% except at the lowest load level (70 lb) at which B

of the friction loop displays a significant effect (Fig. 4.31).

More pronounced hysteresis or a larger C1 results in a dissipated

work that increases at a linear rate (Fig. 4.30). A change in C1

of irrterlayer friction produces a larger variation of dissipated

work at all load levels but the same change of the plywood has

little effect (Fig. 4.30).

The main observation from the sensitivity study supports

that, for all damping sources, an increase in the dissipated work

can be obtained by decreasing the stiffness parameter K and by

increasing the hysteresis parameter C1. The effect of changing

parameters that define interlayer friction is more prominent at
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low than at high load levels. However, for plywood crushing, the

effect is more significant at high than at low load levels.

4.6. Practical Impact and Application

This investigation has provided information that will

improve the understanding of damping and dynamic stiffness of

nailed joints. The information relates the internal work ratios

in nailed joints, modeling of nonlinear damping and stiffness,

and investigating the effects of material parameters on joint

damping and stiffness.

An important finding is that the nonlinear work ratio which

is an improved estimate of damping is considerably higher than

the traditionally defined linear work ratio. Thus, current

design procedures underestimate damping of wood structures. This

investigation provides the basis for an inclusion of nonlinear

damping into design procedures that can assist with a more

economic design of wood structures in the future. Specific

inarovemnts could be achieved by including the nonlinear work

ratio in the existing programs for dynamics analysis of wood

structures, such as SAPWOOD (26, 27).



V. CONCLUSIONS AND RECOMMENDATIONS

The conclusions were drawn from the experimental work, the

theoretical work, and the sensitivity study.

5.1. Conclusions from Experimental Work

For complete nailed joints and joints with gap, the cycling

at the same load level has a negligible effect on damping and

stiffness.

Dissipated and slip work increase with an increasing load for

all the mechanisms that define the joint behavior.

Linear damping ratio associated with interlayer friction

decreases with increasing load, but increases for damping

associated with wood and plywood crushing.

At small loads, stiffness and linear damping ratios of joints

with friction are much higher than those without friction,

but both properties tend to converge toward the same

magnitude at high loads.

For all test specimens, the ratio between the dissipated and

nonlinear slip work is higher than the same ratio for the

linear slip wail:. One exception is the specimens with gaps

at low loads, in which slip work was almost linear.

5.2. Conclusions from the Theoretical Work

1. Backbone foundation moduli of both, wood and plywood decrease

with increasing loads because of accumulated wood crushing at

high loads. The moduli describing the loading part of the

131



132

hysteresis loops decrease at low loads, increase at

intermediate loads, and decrease again at high loads. The

moduli of unloading part decrease with decreasing loads.

By applying experimental data to the model of beam-on-elastic-

foundation, close agreement was observed between the

theoretical and experimental backbone curve of joints with

gap.

The ratio of component slip to total slip, ranges from 43.5%

(at 40-lb cyclic level) to 42.2% (at 130 lb) for the wood

component, and from 51.6% (at 10 lb) to 52.8% (at 130 lb) for

the plywood component. Therefore, this variation is not

affected by loading level.

For joints with gap, the predicted dissipated work and linear

damping ratio closely agree with the experimental results

except at the highest load level of 130 lb, at which a

partial friction that was present in testing disrupted the

comparison.

The relations between the shear load and the four parameters

that relate to nonlinearity, stiffness, shape of hysteresis

loops, and damping coefficient, at all load levels are similar

for the wood crushing, plywood crushing, interaction of wood

and plywood, and interlayer friction damping. The

nonlinearity increases with increasing loads, but slip

modulus and shape of hysteresis loops decrease with

increasing loads.

The experimental stiffness and damping fall between the rigid



133

and the flexible solution predicted by the canplete joint

model. The experimental values approach the rigid limit at

low loads and the flexible limit at high loads.

The ratio of the dissipated work because of the interlayer

friction to the total dissipated work is larger than that of

either wood or plywood at all loads. The ratio decreases

with increasing loads for irrterlayer friction but increases

for both, wood and plywood.

The percentage of total slip work for interlayer friction is

larger than that for either wood or plywood at low loads, but

srnaller at high loads.

5.3. Conclusions from the Sensitivity Study

For damping properties of half-loops: (a) Slip work decreases

with increasing material nonlinearity and increases with

increasing slip modulus; (b) Dissipated work decreases with

increasing nonlinearity and shape parameter but increases

with increasing slip modulus and the degree of hysteresis

behavior; and (c) Nonlinear work ratio decreases with

increasing slip modulus, but increases with the degree of

hysteresis behavior.

For the damping properties based on the complete-joint model:

(a) The variation of slip modulus has the largest effects

among all parameters; (b) Both, the dissipated and slip work

decrease with increasing slip modulus of each damping source;

and (c) For interlayer friction, the rate of work decrease
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gets smaller at high loads for increasing slip modulus but

the rate gets larger for increasing slip modulus for wood and

plywood.

5.4. Recommendations

The function defining the deflected shape of the nail, woods

and plywood deformation in joints with gap should be studied

to improve the beam-on-elastic-foundation model.

The degree of the partial interlayer friction that occurs in

joints with gap at high loads should be quantified.

The complete joint model developed in this study should be

verified by comparing its prediction to independent test

results.

The procedures and models used in this investigation were

reliable for nailed joint between Douglas-fir lumber and

plywood, but other materials and joint types should be

investigated to broaden the application of this work.

The degree of the rotational restraint of the nail head

embedded in plywood should be investigated.
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Table Al. Properties of FRICTION-JOINT sample.
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Slip Load Slip Dissipated Linear

(in-) (1b) modulus work damping
Cycle (1b/in.) (in.-lb) ratio
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Median : neans of average values of the minimum and maximum slip
per cycle.

Mean : sample mean.

SD : standard deviation.

#
Medianl Mean2 Mean SCP Mean SD Meanan SD

2 0.0017 71.4 49274 20818 0.197 0.076 0.262 0.029
3 0.0016 70.7 50302 21290 0.190 0.076 0.261 0.035
4 0.0043 99.4 26777 10883 0.640 0.210 0.245 0.018
5 0.0044 100.0 26750 11573 0.706 0.218 0.266 0.030
6 0.0044 100.0 26704 11529 0.711 0.223 0.264 0.032
7 0.0090 128.7 16428 6444 1.734 0.476 0.248 0.027
8 0.0096 130.3 15607 6333 1.836 0.438 0.246 0.038
9 0.0108 131.0 15222 6426 1.864 0.448 0.239 0.040

10 0.0176 159.6 10318 3999 4.013 1.083 0.235 0.031
11 0.0194 161.0 9592 3901 4.036 0.955 0.218 0.040
12 0.0207 161.2 9143 3802 4.109 0.996 0.210 0.042
13 0.0367 188.3 6406 2972 9.883 4.801 0.231 0.025
14 0.0410 189.4 5824 2754 9.445 3.796 0.205 0.030



Table A2. Properties of GAP-JOINT sample.
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Slip Load Slip Dissipated Linear
(in-) (1b) mcdulus work damping

Cycle (Win.) (in.-lb) ratio
#

Median- Mean2 mean srP Mean SD Mean SD

,....INIINMMMIIIIIIIINNIOMINOOMMIM

Median : means of average values of the minimum and maximum slip
per cycle.

Mean : sample mean.

SD : standard deviation.

2 0.0022 26.2 12212 1502 0.025 0.010 0.067 0.024
3 0.0021 25.8 12407 1424 0.021 0.009 0.061 0.024
4 0.0046 44.4 9466 995 0.128 0.023 0.096 0.018
5 0.0047 45.0 9542 1018 0.134 0.025 0.099 0.020
6 0.0048 45.4 9498 955 0.136 0.026 0.098 0.019
7 0.0092 68.6 7426 718 0.471 0.073 0.118 0.016
8 0.0098 70.8 7203 702 0.504 0.081 0.115 0.017
9 0.0102 72.2 7032 672 0.525 0.088 0.113 0.017

10 0.0179 98.2 5493 507 1.428 0.182 0.135 0.015
11 0.0196 101.8 5167 472 1.528 0.228 0.122 0.016
12 0.0237 103.6 4956 443 1.585 0.252 0.117 0.017
13 0.0370 130.9 3542 288 5.012 0.544 0.164 0.015
14 0.0413 133.4 3227 258 4.885 0.606 0.141 0.017



Table A3. Properties of WOOD-NAIL sample.

Slip Load Slip Dissipated Linear
(in-) (1b) modulus work damping

Cycle (1b/in.) (in.-lb) ratio
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,IMIINIMNIINIIIIN100/1/4141...

Median : neans of average values of the minima and maximum slip
per cycle.

Mean : sample mean.

SD : standard deviation.

#
Mian1Nean2 Mean SDP Mean SD Mean SD

4=00111FINONIMMIll

2 0.0020 37.4 18936 3855 0.036 0.016 0.074 0.024
3 0.0029 49.1 17103 3069 0.071 0.019 0.081 0.024
4 0.0038 60.4 15908 2819 0.133 0.032 0.093 0.020
5 0.0048 70.8 15062 2610 0.205 0.048 0.098 0.016
6 0.0056 81.0 14329 2298 0.295 0.072 0.102 0.015
7 0.0066 90.8 13787 2017 0.390 0.088 0.104 0.015
8 0.0076 100.4 13221 1749 0.502 0.108 0.104 0.014
9 0.0096 117.8 12184 1470 0.801 0.154 0.112 0.013

10 0.0116 131.3 11336 1382 1.071 0.175 0.112 0.013
11 0.0138 143.6 10574 1281 1.357 0.234 0.110 0.013
12 0.0156 154.8 9938 1179 1.655 0.302 0.109 0.014
13 0.0176 165.0 9392 1091 1.960 0.363 0.107 0.015
14 0.0196 174.1 8889 998 2.276 0:424 0.106 0.015
15 0.0246 194.0 7876 814 3.672 0.608 0.122 0.016
16 0.0296 207.0 7006 686 4.877 0.820 0.127 0.018
17 0.0346 216.0 6256 601 6.171 0.962 0.132 0.019
18 0.0395 222.0 5625 534 7.495 1.109 0.136 0.019
19 0.0445 226.0 5078 480 8.856 1.212 0.141 0.019



Table AA. Properties of PLYWOOD-NAIL sample.

.MONO.MOIMMMNN

Slip Load Slip Dissipated Linear
(in.) (lb) modulus work damping

Cycle (lb/in.) (in.-lb) ratio

Median : means of average values of the minimum and maximum slip
per cycle.

Mean : sample mean.

SD : standard deviation.
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# medianl mean2 mean sp3 Mean SD Mean SD

2 0.0016 38.6 23670 4214 0.031 0.012 0.075 0.022
3 0.0026 53.1 21056 3565 0.066 0.014 0.079 0.015
4 0.0036 67.5 19210 3040 0.130 0.026 0.087 0.013
5 0.0045 79.2 17802 2674 0.205 0.036 0.092 0.012
6 0.0054 89.6 16637 2357 0.288 0.046 0.095 0.011
7 0.0064 99.0 15557 2050 0.382 0.059 0.096 0.011
8 0.0074 107.4 14626 1879 0.482 0.066 0.098 0.012
9 0.0094 123.1 13139 1678 0.760 0.123 0.105 0.014

10 0.0114 135.0 11922 1488 1.022 0.141 0.107 0.012
11 0.0133 144.9 10877 1318 1.281 0.166 0.106 0.010
12 0.0154 153.8 10040 1182 1.541 0.201 0.104 0.010
13 0.0174 161.7 9329 1064 1.793 0.217 0.102 0.009
14 0.0193 168.5 8748 998 2.032 0.243 0.100 0.008
15 0.0242 186.6 7713 868 3.264 0.502 0.115 0.010
16 0.0292 198.5 6809 731 4.186 0.562 0.115 0.008
17 0.0342 207.4 6081 634 5.059 0.620 0.114 0.009
18 0.0392 214.5 5486 550 5.945 0.716 0.113 0.010
19 0.0440 219.6 4986 486 6.759 0.800 0.111 0.011



Table A5. loading and unloading foundation moduli of plywood.

Load
interval

(lb)

alMOMMI=11.11=11111111.11100111111MIIMMIIIFMIM

Loading:

0 - 10 106892
10 - 20 86028
20 - 40
40 - 60
60 - 80
80 - 100
100 - 120

Unloading:

120 - 100
100 - 80 232214
80 - 60 212512 120928
60 - 40 180577 113999 78773
40 - 20 173585 106557 79571 60084
20 - 10 197595 119077 92935 67966 50327
10 - 0 175990 108595 84890 62265 47348

Foundation moduli
indicated load

(1b/in.2) for
level (lb)
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20 40 60 80 100 120

93981
79370
78773

NOINIMNIMMINI

92135 65152 45110 32064
63612 55108 44504 35045
69135 53740 43081 31013
63000 56257 45889 34895

51122 48365 39607
42346 43116

37209

277606
140720
85342
62199
46690
37432
32194



* Column (4) = Colt= (2) - Column (3);
Column (5) = Col= (4) / Column (2).
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Table A6. Comparison between the predicted and experimental
backbone curve of GAP-JOINT sample.

GAP-JOINT Load Load Load
predicted difference ratio---------------

Slip Load (lb) (1b)

(in-) (1b)
(1) (2) (3) (4) (5)*

0.0012 10 12.0 -2.0 -0.200
0.0021 20 18.7 1.3 0.066
0.0032 30 25.9 4.1 0.138
0.0045 40 33.9 6.1 0.153
0.0059 50 41.2 8.8 0.175
0.0076 60 49.5 10.5 0.174
0.0099 70 59.6 10.4 0.148
0.0124 80 69.6 10.4 0.130
0.0153 90 80.0 10.0 0.110
0.0193 100 92.8 7.2 0.072
0.0240 110 105.1 4.9 0.044
0.0289 120 116.8 3.2 0.027
0.0382 130 133.8 -3.8 -0.029



Table A7. Characteristics of half-loops in WOOD-NAIL sample.
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# ( in . ) Load Slip Diss. Nonlin.
(lb) mod. work work

(lb/in) (in-lb) ratio

Load SlipDiss. Nonlin.
(lb) mod. work work

(1b/in) (in-lb) ratio

2 0.0020 18.3 9150 0.008 0.490 37.3 18650 0.018 0.472
3 0.0029 25.1 8655 0.019 0.613 49.1 16931 0.041 0.613
4 0.0038 31.7 8342 0.035 0.668 60.4 15895 0.070 0.658
5 0.0047 37.5 7979 0.053 0.696 70.8 15064 0.104 0.691
6 0.0057 43.4 7614 0.076 0.738 81.0 14211 0.149 0.732
7 0.0066 49.2 7454 0.102 0.759 90.8 13758 0.195 0.755
8 0.0076 55.1 7250 0.132 0.788 100.4 13211 0.252 0.782
9 0.0097 66.6 6866 0.216 0.860 117.8 12144 0.401 0.852

10 0.0116 76.1 6560 0.292 0.893 131.3 11319 0.534 0.882
11 0.0136 85.2 6265 0.372 0.906 143.6 10559 0.674 0.896
12 0.0156 94.1 6032 0.457 0.926 154.8 9923 0.822 0.918
13 0.0176 101.9 5790 0.543 0.941 165.0 9375 0.971 0.936
14 0.0196 109.5 5587 0.640 0.967 174.1 8883 1.134 0.962
15 0.0246 127.3 5175 1.092 1.123 194.0 7886 1.852 1.112
16 0.0295 141.2 4786 1.456 1.204 207.0 7017 2.453 1.208
17 0.0345 154.6 4481 1.868 1.286 216.0 6261 3.130 1.308
18 0.0395 167.7 4246 2.253 1.376 222.0 5620 3.479 1.401
19 0.0445 179.3 4029 2.669 1.424 226.0 5079 4.461 1.484

Free Restrained
Cycle Slip WIIONINIB



Table A8. Characteristics of half-loops in PLYWOOD-NAIL sample.
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Free Restrained
Cycle Slip

# (in.) Load Slip Diss. Nonl in. Load S1 ipDiss. Nonl in.
(lb) mod. work work (lb) mod. work work

(1b/in) (in-lb) ratio (1b/in) (in-lb) ratio

2 0.0016 20.2 12625 0.008 0.547 38.8 24250 0.016 0.541
3 0.0026 28.3 10885 0.018 0.562 53.1 20423 0.035 0.558
4 0.0035 36.4 10400 0.036 0.629 67.5 19286 0.068 0.622
5 0.0045 43.2 9600 0.056 0.652 79.2 17600 0.104 0.644
6 0.0054 49.6 9185 0.078 0.663 89.6 16593 0.144 0.656
7 0.0064 55.8 8719 0.105 0.690 99.1 15484 0.193 0.681
8 0.0074 61.4 8297 0.132 0.699 107.4 14513 0.241 0.690
9 0.0094 73.1 7776 0.216 0.780 123.1 13096 0.382 0.762

10 0.0113 82.2 7274 0.293 0.816 135.0 11947 0.511 0.798
11 0.0133 90.4 6797 0.370 0.835 144.9 10895 0.636 0.814
12 0.0153 97.9 6399 0.447 0.857 153.8 10052 0.764 0.837
13 0.0173 104.5 6040 0.523 0.871 161.7 9347 0.888 0.854
14 0.0193 109.9 5694 0.598 0.893 168.5 8731 1.009 0.876
15 0.0242 124.0 5124 0.996 1.044 186.6 7711 1.621 1.018
16 0.0292 134.0 4589 1.287 1.112 198.5 6798 2.091 1.094
17 0.0341 141.8 4158 1.546 1.147 207.4 6082 2.510 1.135
18 0.0391 149.3 3818 1.830 1.212 214.5 5486 2.972 1.204
19 0.0441 156.1 3540 2.059 1.233 219.5 4977 3.359 1.236



Table A9. Characteristics of half-loops identifying
interlayer friction in nailed joints.
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Cycle
#

Slip
(in.)

Load
(lb)

Slip
modulus
(1b/in.)

Dissipated Nonlinear
work
ratio

work
(in.-lb)

2 0.0017 49.2 28941 0.092 3.573
3 0.0017 48.8 28706 0.085 3.283
4 0.0043 57.3 13326 0.300 4.852
5 0.0044 57.3 13023 0.292 4.748
6 0.0045 57.0 12667 0.292 4.826
7 0.0089 61.0 6854 0.689 5.213
8 0.0096 60.2 6271 0.673 5.438
9 0.0100 59.8 5980 0.674 5.503

10 0.0177 61.8 3492 1.330 5.187
11 0.0194 59.7 3077 1.264 5.842
12 0.0207 59.2 2860 1.270 6.000
13 0.0367 57.7 1572 2.514 5.352
14 0.0409 56.3 1376 2.305 6.238
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Table A10. Characteristics of half-loops in FRICTION-JOINT sample.

Slip
(in.)

Load
(ib)

Slip
modulus
(1b/in.)

Dissipated
work

(in.-lb)

Cycle Nonlinear
work
ratio

2 0.0017 71.4 42000 0.100 2.269
3 0.0017 70.7 41588 0.094 2.162
4 0.0043 99.3 23093 0.360 2.531
5 0.0044 100.3 22795 0.356 2.393
6 0.0045 100.5 22333 0.355 2.367
7 0.0089 128.7 14461 0.926 2.345
8 0.0096 130.3 13573 0.923 2.226
9 0.0100 131.0 13100 0.934 2.184

10 0.0177 159.6 9017 2.082 2.113
11 0.0194 161.0 8299 2.026 2.036
12 0.0207 162.2 7836 2.061 1.993
13 0.0367 188.3 5131 5.072 2.134
14 0.0410 189.1 4612 4.738 2.102



150

Table All. Least-square curve fitting parameters for half-loops
in PLYWOOD-MAIL sample.

Cycle Restrained Free

Load(lb)AKBCLoad(lb)AKBC1 1

2 38.8 1.090 23008 1.556 28.05 20.2 1.174 11962 1.302 19.12
3 53.1 1.099 20575 1.392 26.61 28.3 1.178 10976 1.123 18.26
4 67.5 1.113 18598 1.022 26.23 36.4 1.178 10034 0.839 18.45
5 79.2 1.125 17241 1.004 25.96 43.2 1.186 9379 0.864 18.50
6 89.6 1.142 16097 0.931 25.13 49.6 1.210 8863 0.791 17.92
7 99.1 1.156 15007 0.801 24.56 55.8 1.237 8375 0.633 17.57
8 107.4 1.188 14091 0.855 24.02 61.4 1.284 7971 0.688 17.22
9 123.1 1.207 12528 0.614 23.65 73.1 1.333 7295 0.423 17.16

10 135.0 1.274 11283 0.540 22.73 82.2 1.436 6743 0.358 16.61
11 144.9 1.373 10342 0.442 21.35 90.4 1.576 6319 0.280 15.80
12 153.8 1.499 9606 0.489 20.57 97.9 1.759 6019 0.332 15.26
13 161.7 1.604 8881 0.376 19.45 104.5 1.895 5642 0.234 14.55
14 168.5 1.730 8340 0.395 18.78 109.9 2.059 5367 0.261 14.08
15 186.6 1.747 7360 0.277 19.82 124.0 2.038 4840 0.180 15.29
16 198.5 1.916 6442 0.248 19.09 134.0 2.249 4312 0.177 14.77
17 207.4 2.128 5785 0.243 18:25 141.8 2.520 3930 0.170 14.11
18 214.5 2.273 5107 0.184 17.75 149.3 2.721 3514 0.124 13.77
19 219.6 2.475 4649 0.181 17.07 156.1 3.039 3270 0.124 13.19



Cycle Load Slip Parameters Dissi. Nonlinear
# (lb) (in.) work

A K B C1 (in.-lb) Slip 12 Damp
work ratio

Rigid limit:
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Table Al2. Experimental and theoretical properties of the complete
joint model.

2 71 0.0018 1.879 39605 1.731 134 0.107 0.044 0.136 0.332
5 100 0.0044 1.966 21813 0.972 87 0.340 0.145 0.122 0.286
8 130 0.0091 1.829 13476 0.674 57 0.800 0.400 0.120 0.240

11 161 0.0169 1.781 8976 0.595 39 1.582 0.937 0.120 0.202
14 189 0.0297 1.800 5946 0.515 26 2.720 1.892 0.117 0.168

Experimental:

2 71 0.0017 1.715 40151 1.672 132 0.100 0.044 0.142 0.322
5 100 0.0044 1.696 20156 0.957 90 0.356 0.149 0.129 0.309
8 130 0.0096 1.572 11326 0.595 60 0.923 0.414 0.125 0.278

11 161 0.0194 1.612 6765 0.362 40 2.026 0.995 0.119 0.242
14 189 0.0409 1.881 3784 0.271 29 4.738 2.254 0.110 0.231

Flexible limit:

2 71 0.0021 2.130 33923 1.800 144 0.143 0.048 0.129 0.387
5 100 0.0056 2.560 17339 1.009 96 0.522 0.159 0.109 0.358
8 130 0.0127 2.582 9729 0.628 64 1.361 0.453 0.103 0.309

11 161 0.0257 2.677 5904 0.472 42 2.897 1.100 0.100 0.263
14 189 0.0501 3.016 3508 0.390 28 5.487 2.264 0.094 0.228



Load

(lb)

Dissipated work (in.-lb) :

Magnitude

T* (W/T) (P/T) (I/T)

* W, I), I and T denote wood, plywood, interlayer friction and
total, respectively.
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Table A13. Contribution of wood, plywood and interlayer friction
to slip, dissipated work, and slip work of the flexible
complete joint model.

Proportion

70 0.0030 0.0030 0.1370 0.1430 0.021 0.021 0.958
100 0.0240 0.0180 0.4800 0.5220 0.046 0.034 0.920
130 0.1100 0.0850 1.1670 1.3610 0.081 0.062 0.857
160 0.3820 0.3140 2.2040 2.8970 0.132 0.108 0.761
190 1.0590 0.9900 3.4430 5.4870 0.193 0.180 0.627

Slip work (in.-lb):

70 0.0060 0.0050 0.0370 0.0480 0.125 0.104 0.771
100 0.0380 0.0310 0.0900 0.1590 0.239 0.195 0.566
130 0.1480 0.1300 0.1740 0.4530 0.327 0.287 0.384
160 0.4180 0.3970 0.2830 1.1000 0.380 0.361 0.257
190 0.9560 0.9860 0.3110 2.2640 0.422 0.436 0.137

Slip (in.):

70 0.0012 0.0009 0.0021 0.0021 0.571 0.429 1.000
100 0.0032 0.0025 0.0057 0.0057 0.561 0.439 1.000
130 0.0070 0.0057 0.0127 0.0127 0.551 0.449 1.000
160 0.0137 0.0120 0.0257 0.0257 0.533 0.467 1.000
190 0.0248 0.0253 0.0501 0.0501 0.495 0.505 1.000



Table A14. Effects of least squire parameters A and B on the
integral constant I used in predicting
dissipatallamic.

A
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1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

0.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.2 0.944 0.948 0.951 0.954 0.957 0.959 0.961 0.963 0.965 0.966 0.968
0.4 0.896 0.903 0.909 0.914 0.919 0.924 0.927 0.931 0.934 0.937 0.940
0.6 0.854 0.864 0.872 0.880 0.887 0.893 0.898 0.903 0.907 0.911 0.915
0.8 0.818 0.830 0.840 0.850 0.858 0.866 0.872 0.878 0.884 0.889 0.893
1.0 0.785 0.800 0.812 0.823 0.833 0.841 0.849 0.856 0.863 0.869 0.874
1.2 0.757 0.773 0.786 0.799 0.810 0.819 0.828 0.836 0.844 0.850 0.856
1.4 0.731 0.748 0.763 0.777 0.789 0.800 0.809 0.818 0.826 0.834 0.840
1.6 0.707 0.726 0.743 0.757 0.770 0.782 0.792 0.802 0.811 0.819 0.826
1.8 0.686 0.706 0.723 0.739 0.753 0.765 0.776 0.786 0.796 0.804 0.812
2.0 0.667 0.688 0.706 0.722 0.737 0.750 0.762 0.773 0.783 0.792 0.800

* I is identified in Eq. (3.25).



Table A15. Effects of nonlinear parameter A on damping and
stiffness of the flexible complete joint model.
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* The peak of proportion occurred at 1.0A (1.0) at 130-lb load; and at
0.5A (1.022) at 160-lb load.

Load Slip Dissipated
(lb) (in.) Work

(in.-lb)

Nonlinear
slip work
(in.-lb)

Nonlinear
work ratio

2A - 0.25A 2A - 0.25A

Change A in plywood:

2A - 0.25A

0.968-1.065
0.935-1.130
0.901-1.201
0.869-1.291
0.830-1.446

0.957-1.086
0.917-1.170
0.883-1.254
0.858-1.335
0.835-1.435

0.681-1.868
0.753-1.802
0.827-1.627
0.883-1.466
0.936-1.294

2A - 0.25A

1.031-0.939
1.065-0.887
1.100-0.837
1.127-0.788
1.162-0.726

1.042-0.921
1.083-0.858
1.118-0.804
1.139-0.768
1.149-0.732

1.247-0.622
1.072-0.729
0.964-0.864*
0.915-0.982*
0.887-1.122

70 1.000-1.000 0.998-1.001
100 1.000-1.000 0.995-1.002
130 1.000-1.000 0.991-1.004
160 1.000-1.000 0.979-1.017
190 1.000-1.000 0.965-1.050

Change A in wood:

70 1.000-1.000 0.997-1.001
100 1.000-1.000 0.993-1.004
130 1.000-1.000 0.988-1.008
160 1.000-1.000 0.977-1.025
190 1.000-1.000 0.960-1.050

Change A in interlayer friction:

70 1.000-1.000 0.849-1.161
100 1.000-1.000 0.807-1.314
130 1.000-1.000 0.797-1.406
160 1.000-1.000 0.807-1.437
190 1.000-1.000 0.830-1.451
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Table A16. Effects of slip modulus K on damping and stiffness of
the flexible complete joint =del.

* The peak of proportion occurred at 0.50K (1.04) at 190-lb load.

Load
(lb)

Slip
(in.)

Nonlinear
work ratio

Dissipated
Work

(in.-lb)

Nonlinear
slip work
(in.-1b)

2K - 0.25K 2K - 0.25K 2K - 0.25K 2K - 0.25K

Change K in plywood:

70 0.962-1.093 0.931-1.184 0.978-1.047 0.952-1.131
100 0.939-1.165 0.894-1.132 0.967-1.051 0.924-1.267
130 0.918-1.244 0.862-1.504 0.941-1.098 0.917-1.370
160 0.894-1.327 0.831-1.690 0.905-1.211 0.919-1.396
190 0.858-1.444 0.777-1.976 0.863-1.384 0.900-1.428

Change K in wood:

70 0.946-1.058 0.903-1.111 0.968-1.032 0.933-1.077
100 0.918-1.190 0.852-1.381 0.964-1.056 0.888-1.308
130 0.896-1.282 0.824-1.581 0.944-1.091 0.873-1.450
160 0.881-1.371 0.804-1.791 0.909-1.190 0.885-1.505
190 0.868-1.475 0.781-2.082 0.870-1.360 0.898-1.531

Change K in interlayer friction:

70 0.541-2.859 0.408-4.247 0.524-3.186 0.779-1.333
100 0.571-2.485 0.450-3.296 0.525-2.931 0.857-1.124
130 0.603-2.212 0.495-2.694 0.543-2.506 0.912-1.075
160 0.634-1.985 0.539-2.242 0.585-2.070 0.922-1.083
190 0.673-1.699 0.601-1.706 0.650-1.663 0.925-1.026*
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Table A17. Effects of B and hysteresis C1 on dissipated work
for the rigid ind the flexible model of the complete
nailed joints.

* Variation in B ani C1 affects neither slip nor slip work and
the effects on nonlinear work ratio are the same as that on
dissipated work.

Load
(lb)

Dissipated work (in.-lb)

Flexible mcxlel Rigid model

2B - 0.25B C1 0. 5C12C1 2 2B - 0.25B C1 O. Ci2C1 25

Change B and C1 in plywood:

70 0.997-1.003 1.017-0.987 0.994-1.008 1.035-0.974
100 0.995-1.005 1.034-0.974 0.989-1.013 1.064-0.951
130 0.993-1.007 1.060-0.953 0.984-1.017 1.108-0.917
160 0.993-1.006 1.104-0.919 0.981-1.018 1.168-0.869
190 0.996-1.004 1.172-0.866 0.981-1.019 1.258-0.799

Change B and C1 in wood:

70 0.996-1.004 1.023-0.983 0.992-1.011 1.039-0.970
100 0.994-1.007 1.044-0.966 0.985-1.019 1.081-0.939
130 0.992-1.008 1.077-0.940 0.977-1.025 1.143-0.890
160 0.992-1.006 1.125-0.902 0.974-1.026 1.216-0.831
190 0.995-1.005 1.186-0.857 0.981-1.015 1.274-0.784

Change B and C1 in interlayer friction:_
70 0.879-1.169 1.959-0.281 0.884-1.163 1.926-0.306

100 0.927-1.087 1.921-0.309 0.934-1.073 1.854-0.360
130 0.957-1.043 1.858-0.357 0.964-1.036 1.744-0.442
160 0.978-1.020 1.760-0.430 0.984-1.014 1.599-0.551
190 0.992-1.007 1.627-0.529 0.995-1.004 1.443-0.668
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Figure Bl. Comparison between the restrained and free hysteresis
loop for PLYWOOD-NAIL sample with maximum cyclic slip
of 0.016 inches.
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Figure B2. Comparison between the predicted and experimental
recovery curve at 100 pounds for complete joints.
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Figure 133. Comparison between the predicted and experimental
recovery curve at 160 pounds for complete joints.
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Figure B4. COmparison between the predicted and experimental
recovery curve at 190 pounds for complete joints.
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Figure B7. Effect of slip modulus K for plywood and interlayer
friction on dissipated work of the rigid completejoints.
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Figure 128. Effect of slip modulus K for plywood and interlayer
friction on slip work of the rigid complete joints.
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Appendix C. Program for predicting the backbone curve in GAP-JOINT
specimens based on beam on elastic foundation.

c*******************************************************************

C This program is written in FORTRAN for IBM PC to predict the
backbone curve of GAP-JOINT specimens.

C The formulation is outlined in Sect. 3.1.
C Subroutine ZS POW in IMSL is applied to solve the nonlinear

equations.
Input data are the backbonebone curves in WOOD- and
PLYWOOD-NAIL specimens.

Load increment is set at 5 lb.
c*******************************************************************

IMPLICIT REAL*8(A-H2O-Z)
$INCLUDE: III'vEL

EXTERNAL
SECT,INTEGERN,NSIG,TIMAX,IER

DIMENSION WS(41),PS(41),AMOM(41),
TDEF(41),WDEF(41),BDEF(41),P117(41),
WMD(41),W4R(41),P4D(41),PMR(41),
TMCM(41),P(10),X(2),F(2),WK(21),PTR(41,2),
WTR(41,2),PCA(41),WCA(41),PDR(41),WDR(41),
BER(41),WMF(41),PMF(41),TMW(41),TMP(41)

CHARAC.11,R*10 WFI , PFT , FODEF, FOFMO, FOMOM
$DEBUG

C Input data of backbone curve in MOD- and PLYWOOD-NAIL

WRITE (*,*) 'Input name of file containing data point
(LOAD,SLIP) in WOOD-NAIL sample'

READ (*,'(A10)') WFT
WRITE (*,*) 'Input name of file containing data point

(LOAD, SLIP) in PLYWOOD-NAIL sample'
READ (*,'(A10)') PFI
OPEN (1,FIIE=JPF1',STATUS=1OLD')
OPEN (2,FILE=1WFI',STATUS=1OLD')
READ (1,*) UPTR(I,J),J=1,2),I=2,41)
READ (2,*) ((4171(I,J),J=1,2),I=2,41)
CLOSE (1)
CLOSE (2)

DO 99 1=1,2
PIR(1,I)=0.0
WER(1,I)=0.0



99 CONTINUE

C-----Nail penetration in wood =1.325 in.
in plywood = 0.625 in.

nail properties : d = 0.104;
E = 30000000 psi;
G = 11628 psi;
K=1.1291.129

W1=1.325
PE=0.625
ESTLLL=3.0*10**7
FE1=4*autEL*3.14159*0.104**4/64.0

DO 61 1=1,40
PCA(I)=PTR(I+1,2)-PTR(I,2)
WCA(I)WIR(I+1,2)-WIR(I,2)

61 CONTINUE

TT(0)=0
WDEF(0)=0
PDEF(0)=0
EDEF(0)=0
WMD(0)=0
PMD(0)=0
TMW(0)=0
TMP(0)=0

CPEN (1,FILPAR.AVG',STATUS=1NEW')
OPEN (2,FILE='SEC-AVG',STATUS='NEW)

C-Linear step-by-step procedure

DO 3 1=1,40

C Calculate foundation mcx/uli in wood (WS)

N=2
NSIG=8
ITMAX=2000
P(1)=FEI
P(2)4C
P(10)=WCA(I)
X(1)=1.0*10**2
X(2)=1.0
CALL ZSPU4 (EXTF,NSIG,N,ITMAX,P,X,FNORM,WK,IER)

IF (IER .NE. 0) THEN
WRITE (*,*) 'IER= ',IER
WRITE (*,*) 'I=
PAUSE qDMAR IN ;COD'
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ENDIF
WS (I) =X (1)

WMF (I) =X (2)

TMW(I)=T4W(I-1)+X(2)

fourrlation moduli for plywood (PS)

P(2)=PL
P(10)=PCA(I)
X (1) =1. 0*10**2

X(2)=1.0
CALL ZSPOW (EXTF, NSIG, N, nmAx, P, X, FNORM, WK, IER)

IF (IER .NE. 0) THEN
WRITE (*,*) ' ,IER

WRITE (*,*) 'I=
PAUSE 'ERROR IN PLYWOOD'

ENDIF
PS (I) =X (1)

P1F(I)=X(2)
TMP(I)=IMP(I-1)+X(2)

C-----Calculate functions as Eqs. (3.2a) to (3.2c)

CALL SECT (WS(I),FEI,WL,W1,W2,W4)
INU=W2/2.0

WZ444/4.0
CALL SECT (PS(I),FEI,PL,P1,P2,P4)
RT=P2/2.0
PK=P4/4.0

C-Calculate moment in gap-plywood surface

AMCM(I)=( (-2) *5* (WIff-PJ) -5*0 . 05**2/ (2*FE1/4) 2*5*WZ)
/ (4* (WZ+PK) +0 . 05/ (FEI/4 ) )

IMM(I)=TMOM(I-1)+AMCM(I)

C-----Deformation in wood

SEC1=5*W1
SEC2= (AMOM (I) -0 . 05*5) *W2

WDEF(I)47DEF(I-l)+SEC1+SEC2
WMD(I) MD(I-1)+SEC2
WMR (I) ,1MD (I) /WDEF (I)

C-----Deformation in plywood

SEC3=5*P1
SEC4=-AMCM(I)*(-P2)

PDEF(I)=PDEF(I-1)+SEC3+SEC4
P4D(I)=PMD(I-1)+SEC4
PMR(I)=PMD(I)/PDEF(I)
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C-----Deflection in gap

SEC5=-5*W2
SEC6=(AMOM(I)-0.05*5)*(.474)
SEC7=5*0.05**3/(3*FEI/4)
SEC8=AMOM(I)*0.05**2/(2*FEI/4)
BDEF(I)=BDEF(I-1)+(SEC5+SEC6)*0.05+SEC7+SEC8

-2.85741/1000000

TDEF (I) 4A1DEF (I) +PDEF (I) +BDEF (I)

WDR(I)=WDEF(I)/TDEF(I)
PDR(I)=PDEF(I)/TDEF(I)
BDR(I)=BDEF(I)/TDEF(I)

WRITE (*,*) 'I= ',I

WRITE (1,998) PI,P2,P4,WI,W2,W4
WRITE (2,999) SEC1,SEC2,SEC3,SEC4,SEC5,SEC6,SEC7,SEC8

3 CCNTINUE

CLOSE (1)
CLOSE (2)

C-----PTR : total load
C TDEF, PDEF, WDEF, BDEF : deformation in total, plywood, wood

gap
C MOM : total =anent at gap-plywood surface
C PMD, WMD : deformation in plywood, wood dut to TMOM
C PS, WS : foundation moduli for plywood, wood

WMP : end moment in plywood, plywood

WRITE (*,*) ' Input name of output file of deformation'
READ (*,'(A10)1) FODEF

WRITE (*,*) ' Input name of output file ofmcmnent'
READ (*,'(A10)1) FOMOM

WRITE (*,*) ' Input name of output file of found. moduli'
READ (*,'(A10)1) FOFMO

OPEN (3,FILE=FODEF,STATUS='NEW)
MITE (3,1000) (PTR(I+1,1) ,TDEF(I) ,PDEF(I) ,PER(I) ,

WDEF(I),WER(I),BDEF(I),BDR(I),I=1,40)
CLOSE (3)
OPEN (3,FILE=FO2&M,STATUS='NEW)
WRITE (3,1010) (PTR(I+1,1),TMCM(I),PMD(I),PMR(I),

14AD(I),WMR(I),I=1,40)
CLOSE (3)
OPEN (3,FILF0F14),STATUS=INEW')
WE= (3,1020) (PTR(I+1,1),PS(I),TMP(I),WS(I),9M7(I),I=1,40)

CEASE (3)
998 FORMAT (3X, 6F9.6)

999 FORMAT (3X,8F9.6)
1000 FORMAT(3X,F6.0,7F9.6)
1010 FORMAT(3X,F6.0,F10.3,4F9.6)
1020 FORMAT(3X,F6.0,F10.1,F10.3,F10.1,F10.3)

END
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C-----Calculate functions in Eqs. (3.2a) to (3.2c)

SUBROUTINE SECT (STIP, FEI , AL, Z1, Z2, Z4)

IMPLICIT REAL*8 (A-H,O-Z)
ALAW ( (STIF/FEI) **2) **0.125
AIALAM*AL
DELTA=DSINH (ARG) **2-DSIN(AR3) **2

Z1=2*ALAM/ (DELTA*STIF) * (DSINH (ARG) *DCOSH (ARG)

-L1SIN(ARG) *DCOS (AI))

Z2=2*ALAM**2/ (DETZA*STIF) * (MINH (ARG) **2

+DSIN (ARG) **2)

Z4=4*ALAM**3/ (CELTA*STIF) * (DSINH(ARG) *DCOSH (ARG)

+DSIN (ARG) *DCOS (.J))

RETURN
END

C Calculate foundation moduli

SUBROUTINE EXIT (X, F,N, P)
IMPLICIT REAL*8 (A-H,O-Z)
INTEGER N
REAL*8 P(1)
DIMENSION X (N) , F (N)
ALA= ( (X(1)/P(1) )**2)**0.125
AR--ALA*P (2 )

DEL= (MINH (AR) **2-DSIN (AR) **2) *X(1)

SE1=2*ALA/DEL* (DSINH (AR) *Da)SH (AR)

-DSIN (AR) *DCOS (AR) )

SE2=2*ALA**2/IEL* (DSINH (AR) **2+DSIN (AR) **2)

SE4=--4*ALA**3/DEL* (MINH (AR) *DOOSH (AR)

+DSIN (AR) *DCOS (AR) )

F(1)=5*SE1-5*0.05*(-SE2)+(5*SE2-5*0.05*(-SE4))*0.05
&+X(2)*(-SE2)+(-X(2) ) *0.05**2/ (2*P(1)/4) -P(10)+X(2) * (-SE4) *0.05
&+5*0.05**3/ (3*P (1) /4 ) +2.85741/1000000

F(2)=5*SE2-5*0.05* ( -SE4)+X (2) * ( -SE4)+ ( -X(2) )*0.05/(P(1)/4)
+5*0.05**2/ (2*P (1) /4 )

RETURN
END
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Appendix D. Program for predicting stiffness and damping in
FRICTION-JOINT specimens based of complete joint
model.

c*******************************************************************

This program is written in FORTRAN for IBM PC to predict the
stiffness and damping in FRICTION-JOINT specimens.

The formulation is outline in Sect. 3.1.2.
Subroutine ZSPCW in IMSL is applied to solve nonlinear

equations.
Input data are the regression coefficients for WOOD.- and
PLYWOOD-NAIL samples (Table 4.16), and parameters of
Kelvin model in each cycle of INTERLAYER-FRICTION sample
(Table 4.15).

c*******************************************************************

IMPLICIT REAL*8 (A-H2O-Z)
$INCIDDE:'IMSL'

OCTERNAL FCN
DIMENSION PIA(20),WI0(20),CP(20),C7(20),CF(20),AT(20),

AF(20),BF(20),CPP(20),CWP(20)
REAIA8 KPP(3),KWP(3),KF(20),ISTEP(100),LSTEU(100),LDIV
DIMENSION PAR (20) ,FX(1) ,WK(9)

DIMENSION APP(3),BPP(3),CPC(3),AWP(3),B1P(3),CWC(3)
DIMENSION FLO(20),FSL(20),GL0(20),FJ0(20),FLIN(20),XP(100),

xw(loo) ,xr(loo),sPaz(loo),swcom(loo),STCOM(100) ,

RP(100),F341(100),IC(100),FDP(100),FEW(100),
DPP(100),DPN(100),EWP(100),DWN(100),ETP(100),
XPDP(100),XPEN(100),XWDP(100),XVI1iN(100),ratr(100) ,
XDP(100),XDN(100),RF(100),FDF(100),DFP(100),
FJR(100),FJP(100),FJN(100),DFN(100)

CHARAL1ER*10 TD,PL,FTP,FTW,FPA,FSE,FNI,FNW,ZR(15),ZL(15),YNS,
LSC,FNF

$DEBUG

C-----Read input files

900 CONTINUE
wRrrE (*,*) Input name of file of load in FRICTION-MINT'

READ (*,' (MO) ') FNF
WRITE (*,*) ' Input name of file of parameters in INTERLAYER

-FRICTION'
READ (*, ' (A10) ') FNI

OPEN (1,FILFNF,STATUS='0ID')
READ (1,*) (CYC#, FI0(I),I=2,14)

CIASE (1)
OPEN (1, , STATUS= ' OID ' )
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READ (1,*) (CYCCAF(I),RF(I),CF(I),BF(I),I=2,19)
CLOSE (1)
WRITE (*,*) ' Input Restrained (1) or Unbounded (2)'

READ (*,*) NF
WRITE (*,*) INPUT BEG CYCLE IN ESTIMATION (2)'

READ (*,*) RBEG
WRITE (*,*) ' INPUT END CYCLE (14)'

READ (*,*) REND
WRITE (*,*) ' INpur INTERVAL (3)'

READ (*,*) KENT
WRITE (*,*) ' Input name of file of regressing coe. in

plywood'
READ (*,'(A10)') FIP
wRrrE (k,*) 1 Input name of file of regressing cce. in

wood'
READ (*,'CA10)') FIW
OPEN (1,FILE=FIP,STATUS='OLD')
OPEN (2,FILE=FIW,STATUS.='0LD')
READ (1,*) (APP(I),I=1,3)
READ (1,*) (KPP(I),I=1,3)
READ (1*) (BPP(I),I=1,3)
READ (1,*) (CPC(I),I=1,3)
READ (2,*) (AWP(I),I=1,3)
READ (2,*) (IWP(I),I=1,3)
READ (2,*) (34P(I),I=1,3)
READ (2,*) (CWC(I),I=1,3)

CLOSE (1)
CIASE (2)

C Calculate load resisted by wood and plywood

DO 10 I=KBEG,REND,K1NT
N=1
NSIG=8
ITMAX*2000
FX(1)=10.0
PAR(1)=EPP(1)
PAR(2)=KPP(2)
PAR(3)=KPP(3)
PAR(4)=RWP(1)
PAR(5)=KWP(2)
PAR(6)=KWP(3)
PAR(10)=KF(I)
PAR(11)=FLO(I)

CALL ZSPOW(FeN,NSIG,N,ITMAX,PAR,FX,FNORM,WK,IER)
IF (IER .NE. 0) THEN

WRITE (*,*) IER= ',IER
MITE (*,*) ' CYCLE # = ',I
PAUSE 'ERROR IN ZSPOW'

ENDIF
GLO(I)=FX(1)

10 CONTINUE



C-----Open outfiles containing predicted damping and stiffness

WRITE (*,*) ' Input name of output file of damping'
READ (*,'(A10)') FSE

WRITE (*,*) Input name of output file of stiff.'
READ (*,I(A10)t) LSC

WRITE (*,*) ' Input name of output file of PAR.'
READ (*,'(A10)1) FP&

OPEN (2,FILE=FSE,STATUS=iNEW1)
OPEN (3,FILFPA,STATUS='NEW')
OPEN (5,FTLE=LSC,STATUS=TEW)
DO 990 IY=KBEG,KEND,KINT

C-----Determine load and slip interval used in interpolation

LDIV=0.0
SETV=0.0

IF (IY .LE. 3) THEN
IDIV=1.0
SDIV=0.00005

ELSEIF (IY .GE. 4 .AND. TY .IE. 6) THEN
unv=2.0
SDIV=0.0001

ELSEIF (IY .GE. 7 .AND. IY .LE. 9) THEN
LDIV=3.0
SDIV=0.0002

ELSEIF (IY .GE. 10 .AND. IY .LE. 12) THEN
IDIV=4.0
SDIV=0.0004

ELSE
LDIV=5.0
SDIV=0.0008

ENDIF

Calculate parameters for damping sources

PA=APP (1) +APP(2) *G10 (IY) +APP (3) *GLO (IY) **2
WA=AWP (1) +AWP (2) *GLO (IY) +AWP (3) *GIO (IY) **2

PK=EPP (1) +1G9 (2) *GIA (IY) +KPP (3) *GID (IY) **2
AK=KWP (1) +KWP (2) *GLO (IY) +KWP (3) *GLO (IY) **2

PIE BPP (1) +BPP (2) *GLO (IY) +BPP (3) *GM (IY) **2

WP(1)+P(2) *GID (IY) +BWP (3) *GLO (IY) **2

PC=CPC (1) +CPC (2) *GIO (IY) +CPC (3) *GIO (IY) **2

WC- WC (1) +CWC (2) *GIA (IY) +CWC (3) *GLO (IY) **2

FA=AF (IY)

FIBF (IY)
FC=CT (IY)

FIK=EF (IY)

WRITE (3,1110) PA, PK, PB, PC, WA , AK, WB , WC, FA, FR, FB, FC

1110 FORMAT (1X,3(F6.3,F7.0,F6.3,F7.2))
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C--------Initialize

DO 980 1=1,100
XP(I)=0.
XW(I)=3.
XT(I)=3.
LSTEP (I) =3.
LSTEU ( I) =0 .
SPa4 (I) =:).
SWCOM ( I) =:).
STOCK (I ) =3 .
RP (I) =0 .
I7(I)=0.
RT(I) =O.
RF (I) =3.
FJR (I) =0 .
DPP(I)=3.
D(I) =O.
FDP(I)=3.
MP (I) =3.
17o7N ( I ) =3 .

FEW (I )
DFP(I)=3.
DFN(I)=3.
FDF (I) =0 .
XPDP ( I ) =3.
XPDN (I) .
XWDP (I) =3 .
xw1 (I)=3.
XDP (I) =3.
XDN (I) =0.
DTP (I) =0.
DIN (I) =3.
FJP (I ) =3.
FJN (I ) =3.

980 aZITINUE

C-----Calculate maximum slip

XMP=GID (IY) /PK
XMW=GLO (IY) /AK
XMT---XMP1-XMW

C--Restoring force in wood plywood, and estimated amp INC.)

NL--INT (CID (IY)/LDIV) +1
IF (MOD (GLO ( TY) , LDIV) . NE . 0) NL--NL+1

DO 300 I=1,NL-1
LSTEP ( I) =LDIV* (I-1)
XP ( I) = (LSTEP (I)/ (PK*XMP** (1-PA) ) ) ** (1/PA)
XW (I) = (LSTEP ( I) / (AK*XMW** (1-WA) ) ) ** (1/WA)
XT (I) =XP (I) +XW (I)
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300 CONTINUE
LSTEP (NL) LO (IY)
XP (NL) =XMP
XW(NL)=XMW
XT (NL) =XMI1

C----Restoring force in wood, plywood, estimated (SLIP INC.)

(XMP/SDIV) +1
NSWINT (XMW/SDIV) +1
NST=INT (xmr/ (2*SDIV))+1
IF (M)D (XMP, SDIV) . NE . 0) NSP=NSP+1
IF (MOD (XMW, SDIV) . NE . 0) NSWNSW+1
IF (MOD(XMT, (2*SDIV)) .NE. 0) NST- TST+1

DO 310 I=11, NSI:+9
SPOOM ( I) DINT* (I-11)

310 CCNTINUE
DO 315 I=11, NSW+9

SWCCM ( I ) DIV* (I-11)
315 CONTINUE

DO 318 I=11, NS74-9
STOOM ( I) DIV* (I-11) *2

318 CONTINUE
SPCC1(NSP+10)=XMP
SWCCM(NSW+10)=XMW
STCavI(NST+10) =xmr

I1=2
CO 320 I=11, NS74-9

325 CONTINUE
IF (XT (I1) .LT. STOOM ( I ) ) THEN

11=11+1
GOT 325

ELSEIF (XT(I1) .EQ. sTam (1) ) THEN
RT(I)=LSTEP(I1)

ELSE
SLDP=(LSTEP(11) -LSTEP (11-1) ) / (XT ( I1) -XT (11-1) )
PfT(I)=L9TEP(I1-1)+(STCO1(I)-XT(I1-1))*SLOP

ENDIF
320 CONTINUE

Rr (NST+10) `113(IY)

C Calculate restoring and damping force in wood and plywood
C (SLIP INCREMENT)

DO 350 I=11,NSP+10
RP (I) =PK*SPCCM (I) **PA*XMP** (1-PA)
FDP (I) =PCk (2*PK/ (1+PA) ) **0 5*XMP*

(1-(SPCC4(I)/XMP)**(1+PA))**(PB/2)
DPP(I)=RP(I)+FDP(I)
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DPN(I)=RP(I)-FDP(I)
350 CONTINUE

DO 351 1=11, NSP-I-10
IF (DPP(I) .GT. GLO(IY)) TEEN

NTEM=I
SLOP= (GIA (IY) -DPP(I-1))/(SPCCM(NSP+10)-SPCOM(I-1))
DO 355 IlsITEM, NSP+10

DPP(I1)=DPP(I1-1)+(SPCOM(I1)-SPCC4(I1-1))*SLOP
355 CONTINUE

GOT 352
ELSE

Gallo 351
ENDIF

351 CONTLNUE
352 CONTINUE

DO 360 I=11,NSW+10
R4(I)=AK*SWCOM(I)**WA*XMW**(1 -WA)
FE7(I)=WC*(2*AK/(1+WA))**0.5*XMW*

(1-(SWCO1(I)/XM7)**(1+WA))**(WB/2)
EWP(I)=RW(I)+FEW(I)
EN(I)=r(I)-FEW(I)

360 CONTINUE
DO 361 I=11, NSW+10
IF (EWP(I) .GT. GID(TY)) THEN

NTEI@I
SLOE=(GLO(IY)-EWP(I-1))/(SWOOM(NSW+10)-SWCOM(I-1))
DO 365 NSW+10
D7P(I1)=E1P(I1-1)+(swam(n.)-swcom(n.-1))*SLOP

365 CONTINUE
GM° 362

ELSE
GOTO 361

ENDIF
361 CONTINUE
362 CONTINUE

DO 370 I=11,NST+10
RF(I)=FK*STCOM(I)**FA*MT**(1-FA)
FDF (I) =FC* (2*FK/ (1+FA) ) **0.5*XMT*

(1-(STCOM(I)/XMT)**(1+FA))**(FB/2)
DFP(I)=RF(I)+FDF(I)
DFN(I)=RF(I)-FDF(I)

370 CONTINUE

C-----EXtraploation of load-slip curve ((laving force is SLIP INC.)

11=12
DO 380 1=10,1,-1

DWP(I)=-RW(I1)+FEW(I1)
CFP(I)=-RP(I1)+FDP(I1)
IN(I)=-I(I1) -Ft(Ii)
D(I)=RP(I1)-FDP(I1)
SK(I)=-SM(I1)
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SWOOM(I)=-SWOOM(I1)
I1=I1+1

380 CONTINUE

C-----Interpolate plywood in loading (dimming force is LOAD INC.)

IF (DPP(11) .LE. D1P(11)) THEN
NIA.W.OTT(DPP(11)/LDIV)+1
NUD=MT(DWP(11)/IE01)

IF MOD(DWP(11),LDIV) .NE. 0) NUH=NUB+1
ELSE

NUWIINT(DWP(11)/LDIV)+1
NFJ3=ETT(DPP(11)/IEaN)

IF 040D(DPP(11),IEGN) .NE. 0) NUIE NUB+1
ENDIF

11=2
DO 400 I41LB, NLrl

405 CONTINUE
IF (DPP(I1) .LT. LSTEP(I)) THEN

I1=I1+1
COTO 405

ELSEIF (DPP(I1) .EQ. LSTEP(I)) THEN
XPDP(I) PCOM(I1)

ELSE
SLOP=(SPCOM(I1)-SPCOM(I1-1))/(CPP(I1)-DPP(I1-1))
XPDP(I)=SPCOM(I1-1)+M2TEP(I)-DPP(I1-1))*SLOP

ENDIF
400 CONTINUE

XPDP (NL) =XMP

C-----Interploate wood in loading (dimming force LOAD INC.)
11=2

DO 410 1:41LB, NLrl
415 CONTINUE

IF (DWP(I1) .LT. LSTEP(I)) THEN
I1=I1+1
GCTO 415

EISEIF (DWP(I1) .EQ. LSTEP(I)) THEN
XWDP(I),..eSPOOM(I1)
XDP(I)=XPDP(I)+XWDP(I)

ELSE
SLOP=(SWCOM(I1)-SWCO4(I1-1))/(C1P(I1)-E7P(I1-1))
XWDP(I)=SWCOM(I1-1)+(LSTEP(I)-UdP(I1-1))*SLOP
XDP(I)*XPDP(I)+XWDP(I)

ENDIF
410 CONTINUE

XWDP(NL)=XMW
XDP(NL)=XLIT

C-----Interploate plywood in unloading (damping force LOAD INC.)

DO 420 I=1,NIJfNUB-1



LSTEU(I)=LDIV*(I-NUB-1)
420 CONTINUE

LSTEU (NIANUB) LO (1Y)
11=2

DO 430 I=1,NL4-NUB,1
435 CONTINUE

IF (DPN(I1) .LT. LSTEU(I)) THEN
11=11+1
GCTO 435

ELSEIF (DPN(I1) .EQ. ISTEU(I)) THEN
XPEN(I)=SPCOM(I1)

ELSE
SIOP=(SPCOM(I1)-SPCO1(I1-1))/(DPN(I1)-DPN(I1-1))
XPDN(I)=SPOOM(I1-1)+(ISTEU(I)-DPN(I1-1))*51OP

ENDIF
430 CCNTTNUE

XPDN(NL&NUB)=XMP

C-----Interploate wood in unloading (damping force LOAD INC.)

11=2
DO 440 I=1,N1J+NUa-1

445 CONTINUE
IF (M(Il) .LT. LSTEU(I)) THEN

I1=I1+1
GOTO 445

EISEIF (E1N(I1) .EQ. ISTEU(I)) THEN
XWDN(I)=SWCOM(I1)
XDN(I)=XPDN(I)+XWEIN(I)

ELSE
SLOP=(SWCOM(I1)-SWCOM(I1-1))/(174N(I1)-114N(I1-1))
XWDN(I)=SWCOM(I1-1)+(LSTEU(I)-EWN(I1-1))*5LOP
XDN(I)=XPDN(I)+XWDN(I)

ENDIF
440 CONTINUE

XWDN(NLrl-NUB)=XMW
XEN(NI*NUB)=XMT

C------Estimated damping force in loading (SLIP INC.)

I1=N12+1
DO 500 I=11,NST+9

505 CONTINUE
IF (XDP(I1) .LT. STCOM(I)) THEN

11=11+1
GCTO 505

ELSEIF (XDP(I1) .EQ. STOOM(I)) THEN
DTP(I)=LSTEP(I1)

ELSE
SLOI(LSTEP(I1)-12TEP(I1-1) ) / (XDP(I1)-XDP (11-1) )

DTP(I)=LSTEP(I1-1)+(sroamm-XDP(I1-1) ) *SLOP
END1F
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500 CONTINUE
ETP(NST+10)=GLO(IY)

C-----Estimated damping force in unloadint (SLIP INC.)

11=2
DO 510 I=11,NST+9

515 CONTINUE
IF (XON(I1) =m(I)) THEN

n=n.+1
Garo 515

ELSEIF (X1iN(I1) .EQ. STCOM(I)) THEN
DIN(I)=LSTEU(I1)

ELSE
SLOI(LSTEU(I1)-LSTEU(I1-1))/()CDN(I1)-XDN(I1-1))
rEN(r)=LSTEU(I1-1)+(STCOM(I)-XDN(I1-1))*5LOP

ENDIF
510 CONTINUE

DIN (NSI4-10) =GLO (IY)

C-----Predicted half loop for FRICTION-JOINT sample

DO 520 I=11,NST+10
FIR(I)=RF(I)+ITT(I)
FJP(I)=DFP(I)+CTP(I)
FIN(I)=DFN(I)+ETN(I)

520 CONTINUE

Calculate dissipated work and slip work

PUR=0.0
PSW=0.0
WEW=0.0
WSW=0.0
FIC=0.0
FIS-.0
FJD=0.0
FJS=0.0

DO 600 I=12,NSP+10
WID=SPOO4(I)-SPCOM(I-1)
HDI=DPP(I)-DPN(I)+CPP(I-1)-DPN(I-1)
HRI=RP(I)+RP(I-1)
PCW=POW+WID*HD1/2
PSW=PSW+WID*HRI/2

600 CONTINUE
DO 610 I=12,NSW+10

WID=SWOOM(I)-SWCOM(I-1)
HDI=E1P(I)-UAN(I)+DWP(I-1)-D1N(I-1)
HRI=R7(I)+RW(I-1)
WCW=WCW+WID*BEII/2
WSW=WSW+WID*HRI/2

610 CONTINUE
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DO 630 I=12,NST+10
WID=STCOM(I) -STCavI(I -1)

HET=DFP(I) -CFN(I)+DFP(I -1) -DFN(I -1)
HRI=RF(I)+RF(I -1)
FID=FID+WID*HDI/2
FIS=FTS+WID*HRI/2

630 CONTINUE
DO 640 I=12,NST+10

WID=STOOM(I)-sram(I-1)
HDI=DAES (FJP (I) -FJN (I) +FJP (I-1) -FJN (I-1) )

HRI=FJR(I)+FJR(I-1)
FJ1>F31D+WID*HDI/2
FJS=FJS+WID*HR1/2

640 CONTINUE
FJER=FJD/FJS

C Output energy properties in file

WRITE (2,1000) IY,PCW,PSW,WDW,WSW,FID,FTS,FJD,FJS,FJER
1000 FORMAT(1X,I3,9F7.3)

C Output maximum slip in file

varrE (5,1009) FLO(IY),FSL(IY),GIO(IY),
XMP,XMW,XMT

1009 FORMAT (1X,F9.2,F10.6,F9.2,3F10.6)

C-Output point in predicted locxl to file

WRITE (*,*) savedatapoints in files (YES, 1) (N0,2)'
READ (*,*) NYN
IF (gYN .EQ. 2) GOTO 980

WRITE (*,*) 'Files of second cycles are R2 for Restrained
and U2 for unbounded'
DO 700 1=1,5

ICOM=I*3-1
IF (IY .EQ. ICE) GOTO 710

700 CONTINUE
705 GOT 990
710 CONTINUE

IF MN .EQ. 1) THEN
ZR(2)=R2
ZR(5)=R5
ZR(8)=R8
72(11)=R11
ZR(14)=R14

ELSE
ZR(2)=U2
ZR(5)=U5
ZR(8)=U8
ZR(11)=Ull
ZR(14)=U14
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ENDIF
NBEG=11
NEND=NST+10

OPEN (1,FIL-ZR(IY),STATUS='NEW')
WRITE (1,1002) (STCOM(I),FJR(I),I=NBEG,NEND)

1002 FORMAT (F10.6,F10.3)
CLOSE (1)

OPEN (1,F11.-ZL(IY),STATUS=1NEW1)
WRITE (1,1002) (STCCiM(I),FJP(I) ,IWBEG,NEND)
WRITE (1,1002) (STCO1(I),F3N(I),I=NEND,NBE3,-1)

=SE (1)
WRITE (*4005) 1Y

1005 FORMAT (5X,I5)
990 CONTINUE

CLOSE (2)
CLOSE (3)
CLOSE (5)

980 CONTINUE
WRITE (*,*) ' ANOTHER sEr OF DATA (Y/N) '
READ (*, '(Al)') YNS
IF (YNS . EQ. 'Y' .0R. YNS EQ. 'y') GOID 900

END

C
C-Calculate load resisted by wood and plywood
C

SUEROUTINE FCN (X,F,N,P)
IMPLICIT REAL*8 (A-H2O-Z)
INTEGER N
REAL*8 P(1) ,KP,KW,KF
DIMENSION X (N) , F (N)

KL:=P(1)+P(2)*X(1)+P(3)*X(1)**2
KI@P(4)+P(5)*X(1)+P(6)*X(1)**2
KF=P(10)
F (1) =X (1 ) * (KP+KW)/ (KP*KW) - (P(11) -X(1) ) /KF

REIURN
END
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