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Abstract approved:

Friction dampers have been used successfully to dissipate seismic

energy in steel and concrete structures. The application is new to timber

structures. The objectives of this research were to design a slotted bolted

connection (SBC) and evaluate its potential as a passive energy damper in

timber brace.

The research was conducted in three phases: (1) preliminary tests,

(2) single and dual SBC tests, and (3) tests of the dual SBC mounted to a

timber brace. The preliminary tests showed that brass shims and

compression spring washers contributed to repeatable performance,

validated the SBC design using results from the literature, and

demonstrated that an SBC with predictable hysteresis characteristics could

be designed and fabricated. The expected slip force of 33.4 kN per bolt

was reached.

In Phase II, tests with six single SBC specimens were conducted

following the International Organization for Standardization (ISO) cyclic test

protocol. The six SBCs were later assembled in pairs to make three dual

Robert J. Leichti Rakesh Gupta

Redacted for Privacy



SBCs. These pairs were mounted to a metal anchor and tested to evaluate

capacity and operational characteristics. The shapes of the hysteresis

loops approached ideal and evaluation of the hysteresis diagrams showed

that the six single SBCs were similar. The average slip force and energy

dissipated for the dual SBCs were twice those of the single versions. For

single and dual SBCs, fabrication tolerance reduced the equivalent viscous

damping ratio to 0.3 and less for small displacements. However, the effect

of fabrication tolerance diminished at greater displacements so that the

equivalent viscous damping ratio reached 0.5 or more at larger

displacement.

Phase Ill evaluated the final design of the friction damper with its

connection to the timber brace. The connection to the timber brace was

designed so that the yield mode would be Mode llI. The coefficient of

friction between the wood and steel surfaces was assumed to be 0.6.

Spring washers were included and the bolts were tightened so that a

compressive force perpendicular to the grain would be adequate to prevent

steel-wood slip even if the block dimensions changed due to change in

environmental moisture. Testing showed that bolt tension was sufficient to

hold the connection in place so that energy could be effectively dissipated

in the SBC5 rather than working the attachment connection.

In conclusion, SBC friction dampers can be implemented in a timber

brace although the effect on building performance remains to be studied.
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Slotted-Bolted Friction Damper as a Seismic Energy
Dissipator in a Braced Timber Frame

1. Introduction

1.1 Background

In the 1994 Northridge Earthquake, about half of the $40 billion loss

occurred in wood structures (NEHRP 1994). All but one of 25 fatalities

caused by building damage occurred in woodframe construction (COES

1997). In the 1995 Kobe earthquake, thousands of timber structures

collapsed (AIJ 1995). These examples of structural performance suggest

that woodframe building design for lateral force resistance has been

overlooked and under-researched. Beck's 1998 statement (CUREe

Newsletter, 1998) supports this argument: "Although 99% of the residences

in California are of woodframe construction, there has been surprisingly

little research focused on improving their earthquake resistance."

The seismic response of timber structures is largely controlled by the

quality and the design of the connections. Significant stiffness and strength

degradation and hysteresis pinching were observed in typical timber

connections in strong cyclic loads (Figure 1.1) (Dowrick 1986, Foliente

1994, Foliente 1995). This behavior is caused by the yielding of steel

components in the connection, the fabrication tolerances, and the crushing



of wood fibers. This behavior is detrimental to the overall performance of

timber structures. Hence, the quality of the materials and workmanship of

the connection are critical to the seismic response of woodframe buildings

(CUREe Newsletter 1998).

Figure 1.1. Typical Hysteresis Loops for a Wood Joint with a Yielding Bolt
(Dowrick, 1986)

Light industrial buildings and moderate-rise structures are often

designed as moment-resisting frames that are either braced or unbraced.

Extensive research has gone into controlling and modifying the seismic

response of steel and concrete structures as well as predicting structural

performance (Filiatrault 1990, Filiatrault and Cherry 1988, Filiatrault and

Cherry 1987, Soong and Dargush 1997, Colajanni and Papia 1997,

Colajanni and Papia 1996, Colajanni and Papia 1995, Fitzgerald et al.1989,

2
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Nakashima et al. 1996, Pall et al. 1980, Pall and Marsh 1982, Popovski et

al. 1998, Popovski et al. 1996, Tremblay and Steeimer 1993). Timber

generally performs well under earthquake ground motion because of its

high specific strength (strength-to-weight ratio) and its enhanced strength

under short term loading. Performance of braced timber frames under

earthquake loading has been studied (Prion et al. 1998, Popovski et al.

1998, and Popovski et al. 1996), but timber structures may be competitively

disadvantaged in seismic zones because damping systems have not yet

been evaluated in timber structures. For example, a four-story building of

almost 92,900 square meters recently was designed in timber for a project

in Southern California, but the timber system lacked a supplemental energy

dissipating system resulting in a possible performance disadvantage.

It is common to model a plane frame that is subjected to lateral

forces as a single-degree of freedom system. In a single degree system,

the position of the system can be described in terms of a single coordinate.

Figure 1.2 shows the frame and idealized-mass systems where the load

function is a load-time relationship.
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Figure 1.2. The Structure and Idealized Mass Subjected to a Load Function

The equation of motion for the single degree of freedom system is

(Biggs 1964):

m+ky+cy=F(t)

As shown in equation (1-1) by the cy term, structural damping is

considered to be viscous damping (Biggs, 1964), which implies that the

damping force is opposite but proportional to velocity. The single degree of

freedom model can be revised to incorporate the viscous damping as

shown in Figure 1.3a.



(a) (b)

F(t)

1

Figure 1.3. Singie-Degree of Freedom Models with (a) Viscous Damping,
and (b) Friction Damping

External and internal dampers can be used to reduce displacement

amplitude and frequency. An example of an external damper is a base

isolation system, where the damper system is placed at the foundation of a

building to absorb energy from the ground motion before it reaches the

main structure. Internal damper systems dissipate energy from ground

motion or wind by metal yielding, fluid-viscous flow, visco-elastic response,

or Coulomb friction. The main purpose of all damper systems is to

dissipate energy or to absorb energy from ground motion or wind to prevent

serious damage to primary structural members (or non-structural

components). There is an increasing need for an energy dissipating system

that can improve the seismic performance of timber structures. Popov et al.

(1993) pointed out the advantages of energy-based design for a frictional

energy dissipating connection. Internal energy dissipation can be

introduced by either active or passive control. An active energy dissipation

5
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system uses a computer or manual system to control the building structural

response in case of unexpected lateral force from ground motion or wind. A

passive energy dissipation system is implemented with an energy

dissipation device that operates without the active interference of a

computer or human. Some experts suggest that a passive energy

dissipation system is preferable to active control, because in the event of an

earthquake or other hazard situation, a computer or human may not be

reliable to handle such a large responsibility.

There are two types of passive energy-dissipation methods for

building systems: viscoelastic and mechanical/hysteretic. Fluid dampers

are a viscoelastic energy-dissipation method, while friction dampers, such

as slotted bolted-connections, are mechanical/hysteretic energy-dissipation

systems.

Studies with energy dissipators in wood structures have been

reported by Filiatrault (1990), Dinehart and Shenton (1998), Dinehart

(2000), Duff (1998), Duff et al. (1998), Duff et al. (1996), Duff (1999) and

Bienhaus (2001). The research efforts by Filiatrault (1990) and Dinehart

and Shenton (1998) were conducted for shearwall applications in typical

light-frame wood systems. The studies by Duff (1998) and Duff et al.

(1998) were proof of concept experiments for dissipating energy with a

hidden connector system. Bienhaus (2001) devised a friction damper for a

heavy timber moment-resisting connection.
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Friction dampers work by dissipating energy by friction between two

surfaces; resistance to motion is by simple friction or Coulomb friction

(Soong and Dargush 1999 and Soong 1997). The friction coefficient is a

constant that depends on the contacting surfaces. The single degree of

freedom (SDOF) model representing a friction damper is illustrated in

Figure 1.3b. For a friction damper, Biggs (1964) wrote the equation of

motion as:

mi+ky = F(t)±F (1-2)

From Equation 1-2, it can be seen that friction dampers can be

effective control mechanisms. The friction force (F11) in Equation (1-2) is

always a constant value (a product of coefficient of friction and normal

force) and its direction always opposes the direction of the external force.

The energy dissipated in a friction damped system is equal to the

product of the slip force (F11) and the slip distance. Setting the slip load too

high or too low will result in negligible energy dissipation. An intermediate

slip load where the energy dissipated is close to the input lateral-motion

energy is termed optimum slip load (Filiatrault 1990).

Friction dampers have been implemented successfully in steel and

concrete structural systems (Soong and Dargush 1997). In commercial

application, friction dampers have been used in braced frames, some of

which have been multistory structures. According to Soong and Dargush,



the most common applications of passive dampers are in chevron and

cross-braced structural systems as shown in Figures 1 .4b and I .4a.

Another design might use a toggle brace (Constantinou et al. 2001) as in

Figure 1 .4d. A diagonal brace (Figure 1 .4c) is an attractive design scenario

for an SBC because the connection would be loaded and function purely in

axial compression or tensile modes. In a cross-brace type damper (i.e.,

Pall and Marsh 1982), energy is dissipated by the buckling of steel

members in the intersection. In chevron and toggle braces, the energy is

dissipated not only by axial loading of brace members but also in bending.

Friction force in the chevron-brace does not occur in the direction of brace

members; while in the diagonal brace, the friction force is parallel to the

axial load of the brace member.

Do.mper
DoLmper

Do.mper Damper

8

() (b) Cc) Cd)

Figure 1.4. Alternative Bracing Strategies with Passive Energy Dampers;
(a) Cross-Brace; (b) Chevron Brace; (c) Diagonal Brace; (d) Toggle Brace



Some specific issues relevant to the use of dampers in timber

structures include:

The effect of the interaction of the steel and wood components on

the performance of individual dampers and on the behavior of the

overall system.

The effect of brittle failure of the wood on ultimate system ductility.

The effect of hysteretic behavior of undamped connections in the

frame on global hysteretic behavior.

The member, location, and orientation of friction dampers in specific

design situations.

This study will be the next step toward understanding the behavior of

slotted bolted-connections in timber frames.

The ease of implementation and reliable performance of slotted

bolted-connections for steel frames suggests that it may be possible to

implement them in timber structures as well. It is logical to expect the same

general performance characteristics of SBCs in timber structures as in steel

systems.

A generic SBC has three parts: slotted plate, side plates, and the

bolting apparatus. Figure 1.5 illustrates the connection. It dissipates

energy by friction between the slotted plate and the slide plates. The slip

force (Fe) is controlled by the tensile force in the bolts.

9
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Figure 1.5. Generic Friction Damper

1.2 Objectives

The overall objective of this thesis is to evaluate the potential for

application of passive energy dampers for use in heavy braced timber

frames.

Specific objectives:

- Design a generic friction damper based on slotted bolted-connection

technology.

- Evaluate the performance attributes of the friction damper in terms of

energy dissipation and equivalent viscous damping.

- Evaluate the friction damper performance when it is connected to a

timber brace where the attachment connection was designed using

10



the National Design Specification for Wood Construction (AF & PA

1997).

11



2. Literature Review

2.1 Development of Slotted Bolted Connections

2.1 .1 Development History

Tests by Pall and Marsh (1982) and Filiatrault and Cherry's (1987)

with friction damped braced steel frames subjected to dynamic loading

clearly indicated that a friction damped braced steel frame performed better

than the conventional building system. Friction joints have also been used

for large panel structures. Pall et al. (1980) designed a friction damper for

precast concrete panels and used a nonlinear time-history dynamic

analysis. Filiatrault (1990) studied friction dampers for use in timber shear

walls, and the results showed that it improved the performance under

seismic loading.

Slotted bolted-connections for steel construction were tested first in

1976 at San Jose State University (Venuti 1976). The SBC design was

improved by adding Solon compression washers and DTI washers

(Fitzgerald et al. 1989). Friction joints for seismic control of large panelized

concrete structures were tested in Canada (Pall et al. 1980). Testing under

pseudo-dynamic conditions in Germany (Roik et al. 1988) and dynamic

conditions (Filiatrault and Cherry 1988, Tremblay and Steeimer 1993,

Colajanni and Papia 1995, Colajanni and Papia 1996, Ciampi et al. 1995)

12



13

were also conducted. Fitzgerald et al. (1989) proposed slotted bolted

connections for concentrically braced steel frames. Instead of using only

one slotted plate, as in regular slotted bolted connections, they used three

slotted plates bolted together. Their design was intended to avoid

permanent displacement of the bolted friction damper after an earthquake.

Grigorian and Popov (1994), Grigorian et al. (1992), and Yang and Popov

(1995) greatly improved the behavior of the slotted bolted connection with

the inclusion of brass shims. Slotted bolted-connections have not only

been used in braced frames, but also in moment resisting frames (Bienhaus

2001, Popov and Yang 1995).

Slotted bolted-connections have been produced commercially, e.g.,

Pall and Marsh damper as well as Sumitomo Industries damper

(Constantinou et al. 1998).

2.1.2 Slotted Bolted Connections in Timber Structures

Slotted bolted connections were originally designed for steel

structures and the system has been proven to be effective in terms of cost,

construction, and energy dissipated. Preliminary studies and tests of a

friction damper in timber structures were reported by Duff (1996). His

slotted bolted connection was an internal SBC friction damper. It was

embedded in the wood beam and connected by a threaded steel rod to the

column.
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His preliminary studies showed nearly perfect hysteresis loops

(perfect hysteresis loop is a rigid perfectly plastic behavior) with a zero slip

force for about 2 to 3 mm at the point of reversal (zero force) because the

embedded SBC was slipping in the wood. The experiment resulted an

excellent hysteretic behavior under cyclic loading with negligible strength

and stiffness degradation (Duff et al. 1998) after many cycles.

More recently, Bienhaus (2001) developed a moment-resisting

friction damper for an unbraced timber frame. The connection was based

on the geometry of a Duebelkreis connection, which is a common moment

resisting connection used in European timber structures. The connection

was designed to work as a friction connection at rotation less than the

allowable rotation and as a bearing connection at rotations greater than

allowable rotation. Her test results showed that bolt normal force controlled

the slip load but did not affect rotational stiffness. She also reported

equivalent viscous damping of 0.35 to 0.44 in the range of allowable

rotation. The friction damped connection was a much more effective

energy dissipator than the Duebelkreis connection. In addition, the

connection performance was repeatable and not sensitive to velocity. She

concluded that it would be functional through multiple seismic events

without a significant reduction in energy dissipation performance.
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2.2 The Role of Tribology

Tribology is the study of wear, friction and lubrication of materials. In

SBC design and performance, the friction between contacting surfaces and

the wear characteristics of the surfaces are crucial to both immediate

energy dissipation and durability.

Friction is the resistance to relative motion of contacting bodies. For

engineering purposes, friction is quantified by the coefficient of friction. The

coefficient of friction depends on the atomic level structure of the surface.

Static friction is the slip force needed to make a system start to move.

Kinetic friction, however, is the smallest slip force that a system needs to

keep it moving.

The nominal static slip force or static frictional force is the force

needed to overcome the frictional force of a system at rest. The friction

coefficient between a clean mill steel surface and brass (UNS-260) is in the

range of 0.26-0.30 (Grigorian and Popov 1994). This value was obtained

from the testing of SBCs with "virgin" surfaces, which means the surfaces

had never been used previously for friction testing.

Friction energy is dissipated in the form of particle vibration (Singer

and Pollock 1992). When the atoms in the shear plane are displaced from

their equilibrium position, they reach an unstable configuration and flick

back to another equilibrium position (plastic deformation). The strain

energy in turn degrades into heat.
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Frictional force between various metals is not constant or

continuous. It proceeds with discontinuities, which is called "stick-slip"

behavior. This stick-slip behavior is expected during the SBC test where

two surfaces are sheared. "Stick" occurs when the system is building up

the potential energy and holds the system "static". After the critical energy

level is reached, the two surfaces slide or "slip" and release the initial

potential energy in the form of kinetic energy (velocity), heat, and potentially

material wear. The uniqueness of stick-slip behavior depends on several

yet unknown factors. Bowden and Leben (1939) showed that the stick-slip

behavior of various metals on steel was governed by the melting-point of

the metal, i.e., a lower melting point promotes larger slip. Certain long-

chain fatty acids, however, may prevent stick-slip and allow continuous

sliding to take place.

The other aspect of tribology crucial to SBC performance is "wear".

Wear is a process of removal of material from one or both of two solid

surfaces in solid-state contact (Bhushan and Gupta 1991). Adhesive wear,

often called galling or scuffing, is the form of wear that occurs when two

smooth bodies slide over each other, and fragments are pulled off one

surface and adhere to the other (Rabinowicz 1966). Adhesive wear is

differentiated from abrasive wear, which occurs when a rough hard surface,

or a soft surface containing hard particles, slides on a softer surface, and

plows a series of grooves (Rabinowicz 1966). Abrasive wear occurs when
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the friction contact surfaces are the same materials. The decision by

Grigorian et al. (1992) to use a brass/steel friction interface minimized

abrasive wear and contributed to adhesive wear, which is important to SBC

durability.

There are two types of friction materials: soft and hard. Hard friction

materials, such as steel and iron, have longer service life but lower friction

quality (high coefficient of friction). Soft friction materials, such as copper

and brass, have higher friction quality (low coefficient of friction) but shorter

service life. Materials with low coefficients of friction do not need to build up

heat at the atomic level as much as materials with high coefficients of

friction to start sliding. In a seismic event, a friction damper does not

necessarily need to have a long service life, but it must have a good friction

quality. Soft friction materials with a high enough melting temperature

would be ideal for the system. Sumitomo Industries uses bronze in their

friction dampers. Pall et al. (1980) tested six friction surfaces: mill scale,

sand blasted, inorganic Zinc-Rich paint, metalized, brake lining pads, and

polyethylene coating. Their results showed that the brake-lining-pad friction

surface was better than other types of friction surfaces in terms of slip load

and repeatability. However, Fitzgerald et al. (1989) and Filiatrault and

Cherry (1987) reported that the load resistance values (friction force) for

Pall systems are quite small. Grigorian et al. (1992) added brass shims



"sandwiched" between the steel plates (see Figure 2.1). This was also

implemented in the design by Duff (1998) for an SBC in timber structures.

Side Plates

DTI Washer

3.18 mm (1/8') Brass
Shims

Figure 2.1. Slotted Bolted Connection by Grigorian and Popov (1994)

Bolt pretension is sensitive to the thickness variation, and this affects

SBC slip force control and repeatability. Friction planes must be cleaned

before installation. The addition of brass shims between the outer plates

and the slotted plate helped reduce the surface wear-out of the SBC

system. Brass exhibits abrasive and adhesive wear. Some abrasively

dislodged particles smear and stick on the steel surfaces, which is also

called smearing adhesion. This phenomenon keeps the pretension in the

bolts almost constant before and after the slip event because there is only

small change in total volume of brass and steel. Predicted wear volume in

////

12.7 mm (1/2') DIameter
Bolt A325

_.- ._ Slotted Plate

BeUeviRe Washers
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a brass-steel system is less than in steel-steel by a factor of 25 (Grigorian

and Popov 1994).

Other important factors that affect the selection of friction materials

are cost and availability.

In this project, the friction between metals is important as is the

friction between the wood and metal. Interaction between wood and metal

occurs where the SBC is connected to the timber brace. The steel-wood

connection is an NDS bolted connection design modified to minimize the

slip between wood and steel. There is a wide range in values of the

coefficient of friction between wood and steel. Mckenzie and Karpovich

(1968) developed coefficient of friction values between steel and various

wood species. For dry, rough, and slow rate of friction, the coefficient of

friction ranges from 0.5 to 0.6. USDA (1990), for timber bridges, specified

an average friction coefficient of 0.7 for dry wood against unpolished steel.

2.3 Connection Components and Geometry

Slotted bolted-connections have been fabricated with a number of

different configurations using various materials, tolerances, and bolting

strategies. It has been shown that materials, tolerances, and bolting have

measurable effects on SBC performance.
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2.3.1 Bolt Normal Force

The normal force imposed on the SBC assembly affects the slip

force. This is expected from the fundamental equation for static friction:

F11 =Nxps (2-1)

where slip force (F1) is the product of normal force (N) and static

coefficient of friction (). For an SBC, this equation becomes:

= NB X N XPS x TB (2-2)

where slip force is the product of the number of bolts (NB), number of

friction surfaces (Ne), coefficient of friction and bolt pretension (normal

force)(T8). This is a generic equation used in designing friction dampers.

Several methods of indirectly measuring bolt normal force can be used.

A direct tension indicator washer (DTI) is a round steel washer with

engineered projections on the washer perimeter. When subjected to force

from a tightened nut, the projections flatten and a feeler gauge is used to

measure a gap that is proportional to the bolt force. Direct tension indicator

washers are manufactured in different thicknesses, inside diameters,

outside diameters, and types of steel. The manufacturer provides the

information on the maximum load generated at a given measured

clearance.

The purpose of using DTI washers is to provide assurance that the

minimum specified bolt tension is achieved, and they are widely used in
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steel construction to control bolt tightness. DTI washers based on F959

(ASTM 1994) with method 2 installation were used by Grigorian and Popov

(1994). Method 2 assembly of DTI washers is usually preferred by

manufacturers and users, but for accuracy of predicted slip force and to

avoid the full yielding of the bolts, method I assembly is often preferred by

designers. The difference in these two methods is the location where the

DTI washer is measured. In method 1, the DTI washer is located on the nut

side of the bolt, while in method 2, the DTI washer is located on the head

side of the bolt. Direct tension indicator washers are not essential for SBC

performance because they will not affect the behavior of the SBC as long

as the specified bolt tension is achieved.

In all steel-steel SBCs, the bolt pretension will decrease because of

the wear on the friction surfaces. There are some mechanical conditions

that can cause bolt loosening: embedment relaxation, gasket creep, bolt

creep, vibration, elastic interactions, and differential thermal expansion.

The loss of tension in the bolt can be minimized by storing some potential

energy in a compression washer such as a Belleville washer in the form of

initial deflection. According to Grigorian and Popov (1994), using more than

one Belleville washer in an SBC with brass shims will significantly improve

the performance by maintaining a relatively constant slip force.

A Belleville washer made by Solon Manufacturing Co. is shown in

Figure 2.2. Belleville washers are round washers with a concave shape



when viewed in cross section. They are manufactured with different

thicknesses, inside diameters, outside diameters, and maximum

deflections. They are also available with different stiffnesses. Solon

Manufacturing has published a document that describes washer

performance and applications (Davet 1998).

Thickness

ALtowabte DeFLection

Figure 2.2. Typical Belleville Washer

Different numbers and combinations of Belleville washers can be

used in a bolted connection (Figure 2.3) to accomplish design requirements

for spring displacement and bolt force. In other words, using combinations

of washers in parallel and series might be necessary. When the washers

are used in parallel, the force to compress the washers (Fp) can be

expressed as (Davet 1998):

JFp = n x

l.6T 6

Outside DiQmeter
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where n = number of washers and f = compression force for single

washer. When the washers are used in series (Davet 1998),

JFs =

16T = 2 x n x 6

where T = total deflection, n = number of washer pairs in series, =

deflection per washer, fc = compression force constant for single washer.

For the purpose of identifying the washer combinations, two washers in

parallel are identified as "2p" and two washers in series as "2s". For a

washer combination of two sets of parallel washers in series (4 total

washers), the notation is "2p-s-2p". This Belleville washer combination will

have twice the compression force and twice the deflection of a single

Belleville washer.

(o.)

PQruLteL
CorbInotIoh

(k)p (c)

Series
Conblno.tion

2p-s-2p
Cci'iblno.tion

Figure 2.3. Basic Combinations of Belleville Washers, (a) Parallel
Combination, (b) Series Combination, and (c) 2p-s-2p Combination
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2.3.2 Bolt Clearance

Bolt hole tolerance has a significant effect on the performance of the

SBC. This bolt clearance causes a "pinching effect" on the hysteresis loops

of the SBC under cyclic loading. This effect has been shown by others

(Duff 1998, Filiatrault and Cherry 1987).

ASD for steel (AISC 1989) and the NDS for wood construction (AF &

PA 1997) specify that standard round bolt holes must be 1.6 mm (1/16 in.)

larger than the bolt diameter. Grigorian et al. (1992) proposed an 89 mm

slotted hole and Grigorian and Popov (1994) used a 102 mm slot. In both

cases, 12.7 mm bolts were used and the slot width was 14.3 mm, or 1.6

mm wider than the bolt diameter. The length of the slot can be adjusted to

accommodate the allowable movement of the structural member or the

story drift of the building. For the purpose of comparing the behavior of

SBCs in wood to those used in steel, 102 mm long slotted holes are used,

assuming the designed allowable lateral motion of the frame will not exceed

102 mm.

2.4 Test Protocols

2.4.1 Effect of Test Rate

Test rate is an important parameter when evaluating the mechanical

properties and performance of engineering materials and structural



assemblies. Testing can be divided into four classifications based on test

rate (Naeim 1989):

- Static monotonic test is a slow static load applied in increments (or

continuously) in one direction only until failure or excessive

deformation occurs.

Quasi-static test is a fully reversed cyclic loading at a rate that avoids

inertia effects. In this method, the specimen is subjected to statically

applied increments of deformation at discrete points, and the

magnitudes are calculated based on a predetermined earthquake

input and the measured stiffness and estimated damping of the

structure (predetermined amplitude).

Pseudo-dynamic test is a testing protocol that is a combination of

quasi-static and dynamic testing. In this testing selected points in

the structure are loaded at a relatively slow rate by applying time-

varying displacements based on the incremental dynamic analysis of

the specimen response to a pre-selected input motion, using

measured stiffness data from the preceding loading increment and

prescribed data on specimen mass and damping.
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Dynamic test is a cyclic test protocol based on the dynamic analysis

response of a structure. The relatively rapid rate of the test generally

does not allow close inspection during the test. This is the most

realistic, expensive and complicated method. A typical dynamic test

is the dynamic shake table test (earthquake simulator).

For testing slotted bolt connections in wood structures, the testing

protocol will play a major role in evaluating the behavior of the connection.

It is impossible to predict how a connection will perform in a real

earthquake. To date, there is no standard testing protocol for mechanical

friction dampers. Most of the test protocols for fasteners are designed

specifically to address bolt yielding rather than slipping.

2.4.2 Alternative Test Methods

In a seismic event, the amplitude, frequency, and acceleration of

ground movement change randomly in more than one direction and the

movement is unpredictable. It is difficult to choose the right testing protocol

for SBCs without actually testing them and then comparing the behavior of

the system to what happens in real life.

Two basic structural systems for wood construction are shear walls

(with nailed connections) and wood frame systems. Wood frame systems

(bolted connections) can be divided into braced frame and moment
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resisting frame systems. Both nailed and bolted connections have been

treated as mechanical fasteners using the same test protocol, but in reality

they are different systems.

The sequential phase displacement (SPD) protocol in Figure 2.4 was

developed by Porter (1987). This method was used by TCCMAR (Joint

Technical Coordinating Committee on Masonry Research) for the United

States-Japan Coordinated Earthquake Research Program. This test

protocol was used primarily for masonry wall testing and then later slightly

modified and proposed for mechanical fasteners in wood (Dolan et al. 1996

and Dolan 1994). The SPD protocol has also been used to evaluate metal-

plate connections for wood trusses (Kent et at. 1995). The time-

displacement protocol consists of yielding displacement cycles (early), initial

cycles, and stabilizing cycles. This protocol is no longer favored for timber

connections due to the fatigue failures observed in shear wall tests, while

this type of failure has not been reported in actual seismic damage surveys

(Foliente 1996).



Figure 2.4. Time-Displacement Function in Sequential Phased
Displacement Tests (Dolan 1994)

CUREe's testing protocol for wood frame structures (Figure 2.5) was

proposed by Krawinkler et al. (2000). It is the only protocol with a statistical

basis using nonlinear analysis of about 10,000 earthquakes. It is a quasi-

static cyclic test and can be used to determine cyclic behavior

characteristics of shear walls. It has been proposed as a standard method

for wood frame testing. The test protocol consists of initiation cycles,

primary cycles and trailing cycles (75 percent of primary cycle). The test is

based on reference displacement, A, which is calculated from a preliminary

monotonic test. The sequence of cycles is:

Six cycles with an amplitude of 0.05A (initiation cycles)

- A primary cycle with an amplitude of 0.075A followed by six trailing

cycles
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A primary cycle with an amplitude of 0.IA followed by six trailing

cycles

- A primary cycle with an amplitude of O.2A followed by six trailing

cycles

A primary cycle with an amplitude of O.3A followed by six trailing

cycles

A primary cycle with an amplitude of 0.4z followed by six trailing

cycles

- A primary cycle with an amplitude of O.7A followed by six trailing

cycles

A primary cycle with an amplitude of I .OL\ followed by six trailing

cycles

Increasing steps of the same pattern with an increase in amplitude of

0.5A afterward

Time (second)

0

Figure 2.5 CUREe Protocol
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The International Organization for Standardization (ISO 2001) test

protocol ISO/DIS 16670.3 (Figure 2.6) was designed specifically for

mechanical fasteners in timber structures under seismic action, It is a

quasi-static reversed-cyclic test and it is best used to describe elastic and

inelastic properties of a joint. It can also be used to develop envelope

curves for joints. It is recommended to use a minimum number of 6 static

and cyclic tests and frequency of 0.1-10 mm/sec. The sequence of the

cycles is:

One cycle with amplitude of 0.0125v

One cycle with amplitude of 0.025 v

- One cycle with amplitude of 0.05 v

- One cycle with amplitude of 0.075 Vu

One cycle with amplitude of 0.10 Vu

Three cycles with amplitude of 0.20 Vu

Three cycles with amplitude of 0.40 Vu

- Three cycles with amplitude of 0.60 Vu

Three cycles with amplitude of 0.80 Vu

Three cycles with amplitude of 1.00 Vu

Three cycles with increasing increments of 20% of 1.00 Vu afterward
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Figure 2.6. ISO Protocol

Most of these standard test protocols require a preliminary

monotonic test to give bounds for maximum displacements for each cycle.

The SPD test protocol based its displacement amplitudes on percent of

First Major Event (FME). The CUREe protocol based its displacement

amplitudes on a percentage of A, which is the displacement at 0.8Fm (80

percent of maximum force) after peak load from a monotonic test. In the

ISO test protocol, the displacement amplitudes are based on a percentage

of ultimate joint slip v, which corresponds to slip at failure (case a) or slip at

0.8Fm in the descending portion of the load-slip curve (case b), whichever

occurs first in the test (Figure 2.7). The limiting slip may be taken as 25 mm

for common joints in timber construction (ISO 2001).

31

Velocity = 0.1 to 10
mm/sec



Slip at failure (case a)

O.8F,, (case h)

Figure 2.7 Ultimate Joint Slip for ISO Test Protocol from Monotonic Test

Fitzgerald et at. (1989) used a sinusoidal function test protocol for

their slotted bolted-connections in braced frames. Pall et al. (1980) used a

cyclic loading protocol to test friction joints in large panel structures. In

1992, Grigorian et al. tested slotted bolt connections in steel structures.

Their protocol was a fully reversed displacement with increasing amplitude

and decreasing frequency followed by decreasing amplitude and increasing

frequency. Figure 2.8 illustrates the time-displacement function, which was

apparently influenced by laboratory hardware limitations.
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Figure 2.8. Test Protocol Used by Grigorian and Popov (1994)

Using this protocol, Grigorian and Popov (1994) demonstrated that SBCs

can be used as an effective means for energy dissipation in seismic events

in steel structures. Not all test protocols are fully or symmetrically reversed.

The test protocol used by Cruz and Ceccoti (1996) for reinforced joints

timber and portal frames with expanded tubes is one of many examples.

Their test protocol was not symmetric due to practical machine limitations

(Figure 2.9).

33

IIII



34

Figure 2.9. Non-Symmetric Time-Displacement Function (Cruz and Ceccoti
1996)

In a wood connection, the behavior of the SBC might not be the

same as the SBCs used in steel structures. Because of this, there is a

need to carefully select an effective testing protocol that will describe the

behavior of SBCs in wood structures.

For SBC testing in wood frames, ISO is probably the best available

test standard that fits closely to the objectives and design situation. The

SPD protocol was designed for masonry walls and the CUREe protocol was

designed and tested for shear walls. SBCs have different features from

regular bolted connections, but the ISO test protocol will give a good

approximation of actual behavior in a building and the comparison needed

relative to a traditional bolted connection. SBCs are supposed to carry

loading through friction before the bolts hit the end of the slot, where at that

instant, they react similarly to bolted bearing connections. Because of this

behavior, the displacement amplitudes for the ISO protocol were not based
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on ultimate joint slip from a monotonic test, but on the length of the slotted

holes. The length of the slots for the SBCs was ±51 mm (2 inches), but ±38

mm (1.5 inches) was used for the maximum displacement in the test so that

the bolts were not allowed to hit the end of the slots.

Another test protocol used here was Grigorian and Popov's (1994).

By using the same testing protocol, the results could be compared with

Grigorian and Popov's results for steel structures. The amplitudes were 10,

18, 28,41,28,18, 10mm (0.4,0.7, 1.1, 1.6, 1.1,0.7, and 0.4 inches). The

associated frequencies were 1.0, 0.67, 0.5, 0.25, 0.5, 0.67, and 1.0 Hz.

The amplitudes were expected to be realistic displacements in the brace of

an actual structure, and the basis for the frequencies was the

compression/tension machine velocity limitation (Grigorian and Popov,

1994). There are seven excursions and 10 cycles in each excursions

(Figure 2.8).

2.5 Analysis of Hysteresis Data

2.5.1 Ideal Hysteresis Behavior

Hysteretic energy dissipation can be effectively provided through

friction, which limits deflection. However, most frictional devices are not

self-centering and permanent offset may result. There are four basic types

of force-deflection relationships (Naeim 1989):



Linear, where a system has the same period over all earthquake

load levels.

Hardening, where a system is soft initially and then stiffens as load

increases.

Softening, where a system is stiff initially and then softens.

Sliding, where a system is governed by friction force in the isolated

system.

There are four options that can be considered in a hysteresis model

(Krawinkler et al. 1999):

The basic (non-degrading) bilinear model (unrealistic for wood).

The basic peak-oriented model.

The basic pinching model (more realistic in wood).

Stiffness degradation and strength deterioration.

An "ideal" hysteresis loop for a friction system is where the system is

perfectly elastic and plastic. A "perfect" hysteresis loop, however, is where

a system has a rigid, perfectly-plastic behavior, which is impossible to

achieve. The energy dissipated is the area enclosed by the hysteresis loop.

Since the displacements can be both positive and negative, tension energy

dissipation is the area of the loop where displacement is positive and

compression energy dissipation is the area of the loop where displacement

is negative.
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In a wood structure, pinching can be caused by the sliding of bolts in

the holes of the wood beam. The basic bilinear model and basic peak-

oriented model are better suited than the basic pinching model because in

the pinching model the energy that is supposed to be dissipated in the

bilinear model or peak-oriented model is lost, i.e., not dissipated by the

friction damping system, to the structure (Naeim, 1989). Ideally, this

pinching "area" is constant, regardless of the amplitude of cyclic loading,

except in very small amplitudes. Pinching is an especially important

problem in timber connections, where shrinkage of the wood can loosen the

bolt tightness and allow more "slack" for movement.

To achieve ideal hysteresis behavior, pinching in SBCs must be kept

to a minimum. This can be achieved by using compression washers in the

connections, which will be explained in a later chapter.

2.5.2 Equivalent Viscous Damping

Equivalent viscous damping is used to compare damping

characteristics and for numerical modeling of the dynamic response of

structures. Dolan (1994) defined the equivalent viscous damping ratio, ,

using the equation:

2 x n- x
(2-5)

EH = Hysteretic Energy



Ep = Potential Energy

From Figure 2.10, the hysteretic energy is the area enclosed by the

hysteretic loop A-B-C-D and the potential energy is the area enclosed by

the shaded triangles.

Force

Figure 2.10. Hysteresis Loop A-B-C-D

The maximum possible equivalent viscous damping is achieved

when a hysteresis loop performs a rigid perfectly-plastic behavior, where

the equivalent viscous damping value is 0.64. For a perfect hysteresis loop

where the maximum displacement (x-axis) x and the maximum force (y-

axis) = y, the energy dissipated is 4xy and the energy potential is xy. This

DispLacement
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results in an equivalent viscous damping ratio of (4xy)/((2u)xy) or 4/(2ir) =

0.64.

Cruz and Cecotti (1996) calculated the equivalent viscous damping

ratio for moment resisting connections made with hollow tubes and

densified veneer. They reported values of 0.1 to 0.35. In a recent study,

Bienhaus (2001) had equivalent viscous damping ratios as high as 0.40 in a

rotational SBC. She also showed that in the range of allowable slip,

equivalent viscous damping ratio was constant during each cycle of the

excursion. However, when the SBC went beyond the allowable rotation,

the equivalent viscous damping ratio was reduced to 0.26 but was constant.

In his preliminary tests, Duff (1998) had an equivalent viscous damping

ratio as high as 0.57 with an embedded SBC.

2.5.3 Methods of Characterizing Hysteretic Performance

There are many ways of modeling hysteretic performance. This

characterization of hysteretic curves is important for computer analysis.

The number of parameters used in characterizing hysteresis loops depends

on the quality and quantity of the curvature. A model for a shear wall

hysteretic loop might be too complicated for a bolted connection hysteretic

loop and a model for a friction damper might be too simple for a bolted

connection. The best way to choose which model to use is to find the
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model best fitting the shape of the hysteretic curves and modify it

accordingly.

Kivell et at. (1981) modeled hysteretic curves of moment-resisting

nailed timber joints. Davenne et al. (1998) and Yasumura and Kawai

(1998) characterized timber shear walls with nailed joints under cyclic

loading. Wakashima and Hirai (1997) proposed hysteretic modeling for

naiJed timber-piywood joints under cyclic loadings. Filiatrault and Cherry

(1987) developed a method of characterizing hysteresis loops that also

characterizes the "pinching" in the hysteresis loops. This method, however,

assumes the hysteresis loops to have a rigid perfectly-plastic behavior,

which they do not. Typical shapes of hysteresis loops for friction dampers

are nearly elastic perfectly-plastic with a "pinching" effect. Therefore, we

included a stiffness parameter to improve the original model.

This model is used in Chapter 5 to characterize the hysteresis loops

of a dual SBC attached to timber braces. The purpose of doing this is so

that others can use it for their future research or computer analysis.

2.6 Timber Connections

2.6.1 Mechanical Properties of Wood

The design of the timber connection followed the National Design

Specification (NDS) for wood construction (AF & PA 1997). The NDS
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(1997) uses allowable stress design (ASD), and the NDS Supplement

(1997) provides tabulated design values for:

- Bending stress, Fb

Tension stress parallel to grain, F

Shear stress, F

- Compression stress parallel to grain, F

- Compression stress perpendicular to grain, F1

- Modulus of elasticity (MOE), E

For SBC design, compression stress perpendicular to grain is an

important property because the SBC is held in place by friction between the

steel and wood surfaces. As shown, the static friction is a function of force

normal to the surfaces. This allowable compression stress perpendicular to

grain will be the upper limit for the designed bolt pretension and dimensions

of the steel plates. Embedment of bearing plates and creep perpendicular

to the grain has contributed to losses in tension rods of transversely post-

tensioned timber bridges (USDA 1990).

The dimensional stability of wood with environmental changes could

also be an issue for SBC attachment. Wood shrinks under dry conditions

and swells with increased moisture. Swelling and shrinkage is greatest in

the tangential and radial directions. Design practice assumes that a 6

percent change can occur as a linear function of moisture content in the

radial and tangential directions from 0 to 30 percent moisture content
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(Breyer 1993). This is one of the reasons why there is no precise standard

on how tight the bolts should be in timber connections because tightness

will fluctuate with the moisture content of the wood.

2.6.2 Yield Equations

There are six types of connection yield modes according to the NDS

for wood construction (AF & PA 1997):

Mode 1m represents bearing failure in the main member

Mode I represents bearing failure in the side member

- Mode II represents dowel bearing failure under non-uniform bearing

(rotation of fastener) for single shear connections

Mode lllm represents a plastic hinge in the dowel and crushing of the

wood fibers in the main member for single shear connections

Mode lll represents a plastic hinge in the dowel and crushing of the

wood fibers in the side member

Mode IV represents two plastic hinges in the dowel near each shear

plane.

The yield modes are illustrated in Figure 2.11.
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Figure 2.11. Wood Connection Yield Modes (from NDS 1997)

For wood-to-metal symmetric double shear (metal side members)

connections, where:

(a) the load acts perpendicular to the axis of the bolt
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where:

side members are metal and of identical thickness

edge distances, end distances, and spacing are sufficient to develop

full design values.

only modes Irn, IllS, and IV are possible. In the design method, the

capacities of all three modes are computed, and the lowest value governs

the design. The nominal bolt design values, Z, shall be the lesser of:

=
DtF

4K9

=
k3DtF

1.6(1 + 2Re)Ko

n2
z=

1.6K9 \

2FemFyb

3(1+ Re)

Mode Irn (2-6)

Mode lIla (2-7)

Mode IV (2-8)

D = nominal bolt diameter, inches

tm = thickness of main (center) member, inches

t = thickness of side member, inches

Fern = dowel bearing strength of main (center) member, psi

Fes = dowel bearing strength of side members, psi

K0 = I + (OrnaxI36O)
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°max = maximum angle of load to grain (0° 900) for any member

in a connection

Re Fem/Fes

Fyb = bending yield strength of bolt, psi.



3. Design of the Principal Structural System

A heavy timber structure where SBC technology might be

implemented was designed. The purpose for this step was to develop the

probable design forces to be resisted by the SBC and member sizes for

SBC attachment.

This chapter provides an overview of the basic structure. The

overview includes loading, basic layout and member design of the principal

structural members. The building was assumed to be located in UBC

seismic zone 4.

3.1 Overview of the Building

The building was assumed to be an industrial building. A building

like this might be used for manufacturing or as a warehouse. The building

plan was assumed to be 36.6 m X 36.6 m (120 x 120 ft). The heavy timber

frames were located at each end and at the middle of the plan. The frames

were made up of 6 bays with uniform column spacing. Story height was 6.1

m (20 ft). The end bay in each set of frames was braced, and a single SBC

was used in each brace. A plan and elevation of the structure are shown in

Figure 3.1.
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Figure 3.1. Building Plan and Elevation

3.2 Loads

The building loads were assumed to be 383 N/rn2 (8 psf) roof dead

load, 575 N/rn2 (12 psf) roof live load (exterior walls), and 1,200 N/rn2 (25

psf) snow load. Assuming UBC seismic zone 4 and type A near-fault

source of the earthquake with unknown soil type and using UBC (ICBO

1997) equations 30-4 to 30-8 for seismic base shear, the governing base

shear is 179,300 N (40,300 Ib). The calculation is shown in Appendix B.

For beam and column design, the load combination "Dead+Snow"

governs, which is 39,400 N/rn (2,700 plf) of uniform load on the roof. It was

assumed that the bracing members only carry lateral load. The loadings

are shown in Figure 3.2.

A-A
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V-il 3OD N

Figure 3.2. Simplified Loading Diagram

3.3 Modeling the Primary Structural System

It was assumed that the frames behave as though they are semi-

rigid. A level of 50 percent rigidity (McGuire 1995) was used to characterize

the rotational stiffness of the beam-column connections. The forces and

moments in the members of the frames were calculated using SAP 2000

(Computers and Structures, Inc., 2000), which is a commercial software

package for structural analysis.

The model for the frame at the end of the building is shown in Figure

3.3. The boundary conditions on the columns were pinned at the base.

Nonlinear connection elements (NLLINK) were used to represent the beam-

column connection.
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Roof Uniform Load

Figure 3.3. SAP 2000 Framing Model

NLLINK elements were implemented into the frame model by

inputting the stiffness corresponding to 50 percent rigidity between the

beams and the columns. The value was calculated by using an equation

proposed by Leichti et al. (2000) as shown in Appendix B.

The model calculations were verified by comparing hand and SAP

2000 analyses for both rigid frames and simple pinned truss frames in

Appendix D.

3.4 Designing the Primary Structural System

The primary structural members of the frame were designed based

on the National Design Specification for Wood Construction (AF & PA 1997)

and allowable stress design specification for steel structures (ASD) (AISC

1989). It was decided to use the steel ASD design specification rather than

LRFD because the NDS is also in an allowable stress format.
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The slotted bolted-connection is mounted in the bracing member of

the frame, so the main design concern is determining the approximate

maximum tension and compression forces in the brace. Since this frame is

an indeterminate structure of more than one degree of freedom, the SAP

2000 program was used to calculate the approximate axial force in the

bracing. The input and output files of the program are shown in Appendix

C. From the output file, the maximum axial force of the bracing members of

the structure under various ASD loading combinations was 133,400 N

(30,000 Ib).

The optimum slip load distribution can be determined by a series of

time-step dynamic analyses using computer programs such as DRAIN-2D

(Kannan and Powell, 1973). Filiatrault and Cherry (1988) generated an

efficient numerical model for friction-damped, braced steel plane-frames to

estimate the optimum slip load distribution. lnoue and Kuwuhara (1998)

proposed an optimum damper strength ratio to maximize the equivalent

viscous damping ratio in steel moment frames combined with hysteretic

dampers. Although this can be used to calculate the expected slip load of a

known building structure, it was within the scope of this paper.

3.4.1 Beams

Beams were designed as type 24F-V4 Douglas-fir glulam. It was

assumed that the beams carried only vertical load. The uniform load for
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beams was 39,400 N/rn (2,700 plf). The middle frame was used as the

design case because the tributary area of the center frame was twice that of

the end frames. With a deflection limitation of L/240 (UBC Table 16-D), the

beams were designed to have dimensions of 273 x 495 mm (10 % x 19 1/2

inch).

3.4.2 Columns

The columns were Douglas-fir glulam (DF) combination symbol 3

with 3 laminations. The columns were designed for the axial load

transferred from the uniform load on the beams. Again the middle frame

was used as the design case because the tributary area and hence the

loads were greater than on the end frames, and it was assumed that the

columns only carried vertical load. The dimensions of the columns were

designed to be 273 x 273 mm (10 % x 10 % inch). Detailed calculations are

shown in Appendix B.

3.4.3 Allowable Drift

The maximum allowable building sway or story drift was calculated

according to UBC chapter 1630.10 for story drift limitation (ICBO 1997).

For a building height of 6.1 m (20 ft) and fundamental period of less than

0.7 seconds (as shown in Appendix B), the allowable sway was determined

to be 0.025 times the height of the building or 0.025 x 6.1 rn = 152 mm.



Maximum story drift for lateral force only (without uniform roof load)

calculated with SAP 2000 was 2.7 mm. This value was less than the

allowable of 152 mm. Detailed calculations are shown in Appendix B.

3.4.4 Brace Design

Bracing members for the frame were designed based on lateral force

only. The lateral force was calculated based on the UBC base shear

equation as discussed in Section 3.3. The dimensions of the bracing

members are 254 x 254 mm (10 x 10 inch). Bracing members carried only

axial load and were stability controlled. The slenderness ratio of the

bracing members (le/d) was 34, which is less than the maximum allowed of

50 (AF & PA 1997).

The NDS (AF & PA 1997) permits the use of duration of load factor,

CD = 1.6, when seismic loadings control. However, the UBC (ICBO 1997)

limits CD to 1.33 for seismic governed load combinations. For this project,

CD = 1.6 was used when seismic load combinations governed the design.

Detailed calculations are shown in Appendix B.

52



4. Slotted Bolted Connection Design

The SBC slip force was based on the axial force of the bracing

members. In this study, the bracing member axial force was calculated to

be 133 kN (30,000 Ib) as shown in Appendix B. The width geometry of the

SBC was based on expected width of the timber bracing members as a

matter of convenience.

The SBC system in this study is similar to that described by

Grigorian and Popov (1994) for tests used in a steel frame structure. Since

the SBC was connected to a timber brace, another calculation was

introduced related to moisture induced dimensional change in the timber

brace. Change in the dimensions of the timber brace could cause:

Wood crushing around the bolt hole and under the steel plates;

Bolt bending because of wood shrinkage and yielding because of

wood swelling;

Misalignment of the SBC system with possible damage to the slotted

plates and bolts;

Bolt loosening, ultimately leading to more pinching in the hysteresis

loops of the SBC, lowering equivalent viscous damping ratio (lower

damping performance).

The steel-wood connection of the SBC was designed such that the friction

between the steel plates and timber brace stub will prevent them from
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sliding. In order to achieve this condition, bolt pretension must be

calculated (in traditional bolted connections for timber, there was no

specification for bolt pretension). By making the wood-steel connection as

rigid as possible, the seismic load (energy) can be fully transferred to the

SBC without damaging the wood or steel of the bolted connection.

4.1 Materials and Parts Design

Allowable Stress Design (ASD) as given by AISC (1989) was used to

design the metal parts and bolts in the SBCs.

4.1 .1 Steel Plates

The SBCs in this research were double shear connections like that

shown in Figure 2.1. The steel plates were A36, 12.7mm (/2 inch) thick

with a clean mill scale surface. The thickness and the length of the steel

plates were checked for local buckling as shown in Appendix D. A36 steel

plates have a minimum yield stress (Fr) of 250 MPa (36 ksi) and tensile

strength (Fe) of 400 MPa (58 ksi).

The slot length of the SBCs in the bracing members can be based on

the UBC allowable story drift or the designed maximum drift. This decision

should be based on the purpose of the building and performance desired by

the designers. For tall structures where allowable story drift is relatively

large, the SBCs can be attached to both ends of the bracing members to
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allow for more lateral displacement. The SBC slot length used by others

has been 89 to 102 mm (3.5 to 4 inch). The slot length for this study was

102 mm, and this length was used because it was reflective of prior studies

and within the allowable drift of the prototype structure. Slotted plate

dimension details are shown in Figure 4.1.

Grigorian and Popov (1994) showed that bolt spacing of four bolt

diameters produced a successful replication of a single bolt type behavior

with slip force values increased by a factor equal to the number of bolts.

For this study, the distance between slotted holes was 95 mm, end distance

was 57 mm (greater than 1 .5D = 19 mm), and edge distance was 89 mm for

13 mm bolts. An edge distance minimum of 19 mm for rolled edges or gas

cut plates was taken from ASD-Table J3.5 (AISC 1989). The steel side

plates were designed based on the ASD specification (AISC) as a regular

bolted connection. The side plates had two round holes with distance

between the two bolts and edge distances identical to the slotted plates.

The end distance for the side plates was 102 mm (4 inches), which is larger

than the minimum end distance of 19mm (1.5D). Figure 4.1 shows

dimensions of the slotted portion of the steel plates.



Figure 4.1. Dimension Details of the Slotted Plate

4.1.2 Bolts

High strength bolts are preferred for SBCs because the bolts need

high yield strength and tensile strength for a predictable clamping force on

the joints. Two basic types of high strength bolts are ASTM A325 and

ASTM A490. Previous studies by Grigorian and Popov (1994) and Duff

(1998) used A325 bolts for the system.

Grade 8 bolts (1/2 inch-i 3) were used for the SBC tests. Grade 8

bolts are available in nominal sizes ranging from 6.3 mm (1/4 inch) through

38.1 mm (1½ inch) diameter, and have proof stress of 830 MPa (120,000

psi), yield strength minimum of 900 MPa (130,000 psi), and tensile strength

minimum of 1,040 MPa (150,000 psi). They are made of medium carbon

alloy steel, quenched and tempered.
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The length of the bolts was specified such that the shank was not

shorter than the total thickness of the plates. This prevented bearing on the

threaded portion of the bolt.

From design calculations, two 12.7 mm (1/2 inch) Grade 8 bolts were

adequate for the SBC with service tension of 67 kN (15,000 Ib). The bolts

were checked for bearing strength as shown in Appendix D.

In these tests, the bolts were lubricated with a BOSTIK anti-seize

and lubricating compound (pipe compound with Teflon).

4.1.3 Compression Washers

The location, type, quantity, and combination of Belleville washers

was a subject of experimental investigation and details are given in Chapter

5.

The compression washers used in this study were Belleville washers

manufactured by Solon Manufacturing Co. (Davet 1998). Compression

washers, such as Belleville washers, are essential to the proper behavior of

the SBCs in two ways. First, they minimize the loss of bolt clamping force

at the slip joint caused by vibration. Second, they mitigate the effect of

moisture-related dimensional changes in the connection between the SBC

and the timber brace. The washers should be installed considering the

moisture content of the wood at the time of construction and the expected

range of equilibrium moisture content (EMC) of the brace to allow both
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shrinkage and swelling of the wood member. In this test, the bolt

pretension for steel-wood connections was designed such that the steel

plates would not slide against the wood or crush the wood perpendicular to

grain. This will be further discussed separately in Section 4.2.

4.1.4 Brass Shims

Brass shims were used on each side of the slotted plate to separate

the slotted and side plates. The shims were 3.2 mm (1/8 inch) thick half-

hard cartridge brass (UNS-260) with standard holes. The thickness was

arbitrarily specified following that of Grigorian and Popov (1994). It is

possible to use a thicker or thinner shim, although a greater thickness does

not appear useful and a minimum thickness has not been defined. The bolt

hole was 14.6 mm for the 12.7-mm diameter bolts plus 1.6 mm clearance

(1/16th inch clearance). The length (parallel to the load) of the brass shims

was 102 mm (4 inches), which was the same as the length of the slotted

holes in the plate. The width (perpendicular to the load) of the shims

matched the width of the steel plates.

4.2 SBC-Wood Connection Design

The wood used for the brace stubs was Douglas-fir. This was

received as a piece, 273 x 279 mm (10% x 11 inch) by 1829 mm (72 inch)

in length. At the time of receipt, the moisture content was greater than 20



percent. Three brace stubs were sawn from the high moisture content

timber and then air-dried. The brace stubs were sawn with a bandsaw and

had no other surfacing. At the time of testing, the moisture content was 12

to 13 percent as determined by using a resistance moisture meter having

38-mm prongs. The actual dimensions of the blocks at the time of testing

were 254 mm by 254 mm. Figure 4.2 shows dimensions of the timber

brace stubs as part of the wood-steel connection.

Figure 4.2. Dimension Details of Wood Block

The connection for the SBC to the timber brace was designed

following the NDS (AF & PA 1997) practice for bolted connections; this was

a double shear, wood-metal connection (NDS, section 8.3.2). The metal

side plates were 13 mm, and yield strength was Fyb = 900 MPa. The

appropriate duration of load adjustment applied to the nominal lateral

m
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design value for a single bolt (Z) was CD = 1.6 because of the short duration

loading (wind and seismic). The other adjustments (CM, C, Cg) to the bolt

lateral design value, except for CA (which was 5/7 = 0.71), were assumed to

be 1.0. For a Douglas-fir brace loaded parallel to grain, the bearing

capacity, Fe, is 39 MPa (5,600 psi). The yield equations of the NDS

showed that the connection was governed by a Mode Ills yield mode (two

plastic hinges in the bolts) and that four bolts would be required for the 133

kN (30,000 psi) design axial load (Appendix D).

Mild steel bolts, Grade 2 - (1 inch-8), were used for the wood-steel

connections. The decision to use Grade 2 bolts was made because of the

availability of high strength 254-mm (1 inch) diameter bolts. The bolts are

made of low or medium carbon steel with nominal size range from 6 to 38

mm (1/4 to 1 1/2 inch). For bolts 19 mm to 38 mm (34 to 1 1/2 inch) diameter,

the proof load is 232 MPa (33,000 psi), the yield strength minimum is 253

MPa (36,000 psi), and the tensile strength minimum is 422 MPa (60,000

psi). The bolts for SBCs are used such that the threaded part of the bolt is

excluded from the shear (friction) planes. The bolt slenderness ratio was

I .0 (25.4/25.4), which is defined by the NDS as the ratio of combined side

plate thickness to bolt diameter.

The dimensions of the SBC-woodconnection were calculated in

Appendix D and summarized as:



254mm

27mm 67mm

Figure 4.3. End of Timber Brace Connection Detail

A principal design issue for the SBC-wood connection was SBC

slippage relative to the wood while accommodating minor dimensional

change in the timber brace with shifting equilibrium moisture content. The

bolt normal force between the side plates and the wood-block was

calculated as:
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- End distance 5D = 127mm (end distance < 7D caused CA < 1.0,

shown in Appendix D)

- Spacing between rows of bolts = 121 mm

- Spacing for bolts in a row and parallel to grain = 102 mm

Edge distance, parallel to grain, for lID (=10 inch/I inchl0)> 6 is 76

mm

The geometry of the SBC-wood connection is shown in Figure 4.3.

127mm 1O2m67

12 rm
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Where,

F1= expected slip load

N = number of friction surfaces

Nb = number of bolts

= coefficient of friction

Tb = bolt-pretension

The coefficient of friction between wood and steel has been reported

to vary from 0.5 to 0.7. In the Timber Bridge Manual (USDA 1990), an

average coefficient of friction for dry wood against unpolished steel is given

as 0.70. McKenzie and Karpovich (1968) listed the coefficient of friction of

various wood types; the average coefficient of friction of steel and rough

surface wood and slow velocity loading is about 0.5 to 0.6. Taking the

average of 0.5 and 0.7, the coefficient of friction of steel-wood was taken as

0.6.

Given Nb = 4, N = 2, F = 133 kN (30,000 Ib), and t = 0.6; Tb is

calculated to be 28 kN (6,250 Ib).

The NDS provides no formula, value, or method to specify bolt

tightness in bolted connections. The base value for allowable compression

F11 =NSXNbXPXTb

Tb=
F1

N xNb XJ..L
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strength perpendicular to grain of Douglas-fir wood is 4.3 MPa (625 psi).

The bearing area of the steel-wood connection was 74,200 mm2 (115 in.2).

With four bolts, each tightened to 28 kN (6,250 Ib), the total compressive

load was 111 kN (25,000 Ib), while the actual compressive pressure over

the contacting side plate area was:

=1.5OMPa (217 psi) ,which is less than 4.3 MPa (625 psi).

This value is also more than 0.3 MPa (40 psi), which is the minimum

compressive prestress in service to prevent adjacent member slippage as

stated in the Timber Bridge Manual (USDA 1990).

Belleville washers were used to accommodate the changes in wood

dimension with response to moisture content changes. The type of

Belleville washer was based on the expected bolt pretension and maximum

shrinkage or swelling of the wood.

Rummelhart and Fantozzi (1992) recommended a simple method of

estimating shrinkage in structural lumber where a constant shrinkage value

of 6 percent between moisture contents of 30 percent and 0 percent is used

for both the width and the thickness of a member. Given that the average

equilibrium moisture content of most buildings ranges between 7 to 14

percent, the maximum difference of equilibrium moisture content change is

7 percent. Thus, the maximum shrinkage is:



Maximum Shrinkage: x 7 percent =1.4 percent

For a 254 x 254-mm (10 x 10-inches) wood block, the expected

shrinkage is 3.6 mm (0.14 inch). This means that three Belleville washers

each with 1.2-mm (0.047-inch) total-deflection and fully loaded (flat load) in

series will be sufficient to maintain bolt tension over the expected range of

dimensional change. This will work well assuming a Belleville washer with

28-kN (6,250-Ib) flat load and 1.2-mm (0.047-inch) total deflection is

available and also assuming moisture content of specified wood materials

at installation is approximately 15 percent (in this case 14 percent).

Therefore, the closest available Belleville washer was chosen.

Belleville washer type I 6-M-1 68 has a 26.2 mm (1.030 inch) inside

diameter, 57.2 mm (2.250 inch) outside diameter, 4.4 mm (0.172 inch)

thickness, 5.6 mm (0.219 inch) height, a flat load of 61 kN (13,800 Ib) and a

deflection of 1.2 mm (0.047 inch). At least 7 belleville washers (3.6

mm/(0.45 x 1.2 mm)) in series are needed to accommodate a shrinkage of

3.6 mm (0.14 inch), because only 45 percent of the flat load and deflection

(6250 divided by 13,800) were used. Minimal changes in dimension were

expected during testing, so three washers were considered to be adequate

to prevent the loss of bolt tension caused by dimensional change during the

testing program.
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5. Experimental Studies

5.1 Experimental Studies Overview

It was previously shown that SBCs in steel structures have a

relatively stable hysteretic behavior and provide good structural damping in

steel buildings. The intent here is to use SBC technology in a heavy wood

frame structure. Testing was conducted in three phases: Phase I, the

preliminary tests; Phase II, the single and dual SBCs; and Phase Ill, the

dual SBC mounted in a timber brace.

Phase I was conducted to study the basic material and hardware

effects on SBC performance. These preliminary tests were intended to

show the effects of Belleville washers, the bolt pretension, and also the

velocity or frequency of the cyclic loading protocol on the slip force. Part of

the process was also to replicate work reported in the literature by Grigorian

and Popov (1994) with special attention to the test protocol for SBC

performance assessment.

Phase II addressed further development of a test protocol, first with a

series of tests with a single SBC and then two SBCs operated in a parallel

system SBC. The single and dual SBCs were mounted to steel fixtures for

these tests so that the SBC performance could be evaluated without being

influenced by the boundary conditions.
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Phase Ill was conducted to assess the connection between the SBC

and the timber brace. For this study, the dual SBCs were mounted to a

wood brace stub, where the connection between the SBC and the brace

stub was the focus of attention, and the dual SBCs functioned in parallel.

5.2 Methods of Hysteresis Analysis

The tests conducted in Phases I, II, and Ill produced displacement

and load data that were plotted in hysteresis diagrams. An idealized

hysteresis diagram is shown in Figure 5.1, which shows that the

displacement-load behavior forms a series of closed trapezoidal-shaped

forms with each fully reversed loading cycle.

Six important properties were calculated from the hysteresis

diagram: maximum force, maximum displacement (or as Dmax in Figure

5.1), average slip force (F1), stiffness, energy dissipated, and equivalent

viscous damping. In a situation where the average slip force is equal to

maximum force, the hysteresis loop has a perfectly plastic behavior.



Figure 5.1. Idealized Hysteresis Diagram Showing Stiffness and Average
Slip Force

The maximum force was the greatest load recorded in the first

quadrant of each cycle. To calculate the average slip force, the slip loads

were averaged in each cycle where the displacements were from 0 to 80

percent of the maximum displacement in the first quadrant (where the value

of slip force and displacement were positive), as shown in Figure 5.1. The

average slip force values were the average from the cycles in an excursion

of three cycles of the same amplitude. In special cases, the procedure for

calculation of average slip forces was modified, for example: where the

hysteresis loop was non-symmetric or when there was not enough data to
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support the calculation (low amplitude cycles). Where non-symmetric, the

calculation of average slip force included quadrant 2 (positive slip force and

negative displacement) as shown in Figure 5.1.

Stiffness in the hysteresis loops was calculated as the ratio of load to

displacement. Stiffness was also used in Chapter 5 as one of the

parameters to characterize hysteresis diagrams. It was used to describe

the rigidity of the SBC system and the mounting fixtures, and was usually

calculated based on the initial loading before the SBC started sliding. The

stiffness in this study was calculated based on the first upstroke loading of

each starting cycle as illustrated in Figure 5.1.

The calculations of energy dissipated and equivalent viscous

damping were explained in Chapter 2.5.

5.3. Phase I: The Preliminary Tests

5.3.1 Objectives

Phase I was a group of four tests that were planned to resolve

unknowns regarding the hardware effects on SBC performance. The four

separate tests made it possible to predict the normal force in each bolt, the

effect of compression-spring washers on the SBC performance, and to

verify the design by replicating published experiments. The results were

used in the subsequent tests.
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The objectives of Phase I were:

To assess loading and unloading performance of compression spring

washer stacking combinations.

To assess the potential effects of Belleville washer quantity and

location on SBC performance.

To establish a nut torque-normal force calibration.

To conduct initial performance testing with the SBC including the

tests published by Grigorian and Popov (1994).

5.3.2 Assessing Compression Spring Washer Combinations

As an SBC connection is worked, smearing adhesion and abrasive

wear occur. In order to keep the connection tight and provide a predictable

slip force, compression washers were included in the assembly.

The objective of this study was to quantify the displacement and load

characteristics of single and multiple compression spring washers in

parallel, series, and combinations of parallel and series. Figure 2.3 shows

compression spring washers in parallel and series.

5.3.2.1 Methods

The compression spring washers in this test were Belleville washers

type 8-EH-1 12 SOLON. They had an outside diameter of 38.1 mm, and the

total allowable compressive displacement was 0.94 mm (Figure 2.2). This
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washer had a 27 kN (6000 Ib) compressive capacity when fully

compressed.

A notation was adapted to encode the washer combinations. The

notation used "p" to indicate parallel, "s" to indicate series, and a comma

separates the head of the bolt and the nut of the bolt. If no comma is

present, the washers were all on the nut end of the bolt. Thus, "3p-s-3p"

means two sets of three parallel washers in series under the nut. A

designation "1 ,3p" indicates one washer under the head and 3 parallel

washers under the nut.

The washers were stacked in the preferred sequences (single, 2p,

3p, 2s, 2p-s-2p, and 3p-s-3p) on a 12.7-mm bolt that was passed through a

thick steel tube. The head of the bolt was compressed using a hydraulic

actuator. A linear variable differential transformer (LVDT) was set up so

that displacement could be recorded automatically. At given displacement

increments, the load was recorded in both the loading and unloading

modes. The washers were loaded and unloaded slowly (static) to facilitate

data acquisition. The test set up is shown in Figure 5.2.



Figure 5.2. BeHeville Washer Compression Test Set Up

5.3.2.2 Results

The load-displacement diagram of the results is shown in Figure 5.3.

The single washer and the washer combinations exhibited a displacement-

load hysteresis, that is, they did not load and unload via the same path.

The hysteresis pattern shows stiffness degradation of the washers after

loading.

Doubling the number of washers in parallel (2p) doubled the

compression load of the combination, while having a constant deflection.

Stacking the washers in series (2s) caused the displacement to double

while the compression load was constant. Using three washers in parallel
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increased the flat load limit to three times of that in a single washer and

three washers in series tripled the deflection of that in a single washer,

while the flat load limit was similar to that of a single washer. These tests

verified the equations given by Davet (1 998).
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Figure 5.3. Displacement-Load Patterns for Belleville Washer
Combinations Under Compressive Loading and Unloading

5.3.2.3 Conclusions

When Belleville washers were stacked in parallel, the combination

increased the compression load as a linear function of the number of

washers. When Belleville washers were stacked in series, however, the
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combination increased the deflection as a linear function of the number of

washers or sets of parallel stacked washers in series.

For long-term use and maximum performance, it is not

recommended to load compression washers close to their flat load limit so

that the washers perform in their eiastic region.

5.3.3 Effect of Belleville Washer Quantity and Location

The objectives of this test were to evaluate the effect of Belleville

washer quantity in the bolted connection and also to investigate whether

washer position, i.e., on the nut side or the head side of the bolt, would

affect the performance of the SBC.

5.3.3.1 Methods

Five different washer combinations were tested in a single SBC

configuration to evaluate the effect of quantity and location of the washers.

The test matrix is shown in Table 5.1. The tests were conducted under a

three-cycle sinusoidal function as shown in Figure 5.4. Instrumentation for

the tests was similar to the typical single SBC test set up as shown in

Figure 5.5. The frequency of the sinusoidal function was 0.1 Hz and the

cycle amplitudes were 25 mm (1 inch). The displacement and load data

were recorded at a rate of 1.0 Hz.



3-Cycles Sinusoidal

30

120
E.10

Figure 5.4. Typical 3-Cycle Sinusoidal Time-Displacement Function

Table 5.1. Test Matrix for Washer Combinations, Quantity and Location

Belleville washers
Combination

1 03p 68
2 3p,0 68

3 3p,0 81

4 0,6p 68

68

74

a,

E 0
a,
U 2 4 8

a,

-20

-30

Time (sec)
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MTS Function
Generator

MTS
ControUer

MIS
Hydraulic
Actuator

Internal
LVDT

I-
i External
I Load CeU

Slotted Bolted
Connection

Computer
(Lab View
Software)

Figure 5.5. Schematic of Test Instrumentation for Phases I and II

An MIS hydraulic actuator, which was controlled by the MTS 407

controller, provided the force to operate the SBC. The MTS controller

generated the sinusoidal function, but a function generator was used for

more complex time-displacement functions in later tests (Phase Ii and

Phase Ill). The outputs from the internal LVDT and the load cell were

recorded in the computer using the LabView data acquisition program.



Mounting fixtures and detailed connections are shown in Figure 5.6

with details (Part A, C, D, E, G, H) in the Appendix D.
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Figure 5.6. Single SBC Test Set Up, Part Details are in Appendix D

5.3.3.2 Results

Five comparisons were made using the load-displacement data. The

visual hysteresis diagram comparisons are shown in Figures 5.7 to 5.11.

The shapes of the hysteresis loops were fairly square which showed a good

energy dissipating performance. Pinching was observed and the energy

lost due to pinching was consistent throughout the tests. The tests were

compared in pairs.

*2Ciiw*gha,i Rod Q,vI
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Figure 5.7. Washer Combination 3p on the Nut Side of the Bolts (Test I)
Compared to Washer Combination 3p
on the Head Side of the Bolts (Test 2)

Figure 5.8. Increased Torque Value from 68 kN.mm in Test 2
to8l kN.mminTest3

77

12



Figure 5.9. Added Washers in Parallel from 3p in Test I to 6p in Test 4

Figure 5.10. Washer Combination 3p in Test I Compared to 3p-s-3p
in Test 5
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Figure 5.11. Washer Combination 3p-s-3p in Test 4 Compared to 6p
in Test 5 (Same Number of Washers)

In Figure 5.7, the effect of washer position, i.e., under the head

versus under the nut, is shown. This is a comparison of tests 1 and 2

(Table 5.1). The hysteresis performance was judged to be the same in both

tests. Thus, it was concluded that the washer or washer set can be

positioned under either the nut or the head of the bolt.

In Figure 5.8, the effect of nut-tightening torque is shown, i.e.,

torques of 68 kNmm and 81 kNmm. The comparison was between tests 2

and 3. The higher tightening torque caused the average slip force to

increase from 60 kN to 74 kN but did not affect SBC stiffness response.

Thus, nut-tightening torque affects SBC performance.

Figure 5.9 shows the comparison of tests 1 and 4. Here, the

comparison is three washers versus six washers; in each case the washers

79



80

were in parallel under the nut. It appears that using twice as many washers

did not influence the performance of the SBC. The minimum number of

washers (one, two, or three) was not investigated. It appears unlikely that

four or five washers would result in performance other than that shown.

Figure 5.10 shows the comparison between tests I and 5, the single

washer set in parallel was compared to two sets of three parallel washers in

series. The reason for stacking three parallel washers in series is to double

the allowable deflection. The numerical data are given in Table 5.2. It

appears from these single tests that the maximum force and slip force were

greater for test 5 (0, 3p-s-3p washer combination) than for test I (0,3p

washer combination), the maximum force was 16 percent greater and the

average slip force was 8.3 percent greater. Visually, the two loops look

similar but not enough replication was done to statistically prove the

difference was real.

The final comparison was between tests 4 and 5 (Figure 5.11) where

the same number of washers was used but they were assembled as a

single set of six parallel washers "0,6p" in test 4 and as two parallel sets of

three each in series for test 5. The data suggest that force was increased

for the parallel/series assembly as compared to the parallel-only assembly.

More allowable deflection (flexibility) in 3p-s-3p washer combination was

thought to cause better load transfer from nut torque to bolt pretension with

little washer deformation.



The five tests were conducted to assess potential effects of

compression spring washer numbers and location and the applied torque.

Stiffness ranged from 45 to 53 kN/mm, and equivalent viscous damping

ratios ranged from 0.51 to 0.55. Belleville washer combinations do not

appear to have any affect on stiffness and equivalent viscous damping.

Stiffness was affected by how well the whole test set up was connected.

Table 5.2. Hysteresis Analysis Results: Summary of Washer
Combination Tests
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5.3.3.3 Conclusions

The five comparisons lead to conclusions that will be useful in Phase

II and Phase Ill tests:

The washer set can be assembled under either the nut or the head

with no differential effect.

- Increasing the tightening torque will increase the slip force but will

not affect equivalent viscous damping.

- Increasing the tightening torque will not affect the stiffness.

Test
Maximum

Force

(kN)

Max disp.

(mm)
Average

(kN)

Initial
stiffness
(kN/mm)

Energy
dissipated

(kNmm)

Equivalent
viscous

damping

63 26.3 60 53 5702 0.55
2 64 25.9 59 50 5622 0.54

3 79 26.0 74 45 6903 0.54

4 67 25.9 59 52 5518 0.51

5 73 25.9 65 50 6013 0.51
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For parallel washer assemblies, three washers were as effective as

six washers.

- Washer assemblies are more effective when used as parallel/series

assemblies rather than parallel-only assemblies.

5.3.4 Torque-Normal Force Calibration

The objective of the torque-normal force testing was to establish the

relationship between the bolt normal force (pretension) and the torque

applied to the nut when tightening the bolt. This was needed because

friction in the SBC was a function of bolt normal force.

5.3.4.1 Methods

The apparatus for this test involved an 89-kN (20-kip) load cell that

had a 12.7-mm (0.5-inch) bolt passing through it as shown in Figure 5.12.

The bolt (grade 8) had 13-pitch threads and was lubricated. A standard hex

nut was used on the bolt. Six compression spring washers (8-EH-1 12

SOLON) were used between the nut and the face of the load cell. The

washers were stacked in a sequence that was described as three in parallel

in series with three in parallel, or 3p-s-3p. The complete apparatus for this

test is shown in Figure 5.12. A torque wrench, calibrated in foot'pound

units to a maximum of 210 kNmm (150 lbft), was used to tighten the nut.



Standard Hex
Nut

Compression
Sprfrg Washer
Combination

Load CeLL

Hard Re9uLaj
Washers

V

CaripbeU
21X

/High Strength
BoLt

Figure 5.12. Load Cell with Through Bolt, Compression Spring Washers,
and Hex Nut as used for Torque-Normal Force Calibration

Load data were measured by using a Campbell 21X as the excitation

and output device.

The test was conducted by tightening the nut up to 92 kNmm of

torque at an increment of 7.0 kN.mm while the load experienced (tension or

normal force in the bolt) by the load cell was recorded continuously. The

maximum load recorded was 74 kN. The bolt could not be tightened

beyond this point. The test was repeated five times.
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5.3.4.2 Results

The torque-normal force (torque-bolt pretension) data were plotted

for visual inspection in Figure 5.13. The torque-load relationship was nearly

linear and highly repeatable over the load range from 0 to 50 kN. Beyond

50 kN, the torque load relationship showed some variability. To reach the

value of 53 kN (12,000 Ib) of bolt tension, the nuts were torqued to about 71

kNmm (52 lbft). A non-linear regression of the torque-load data had an r-

square value of 0.99. The function of torque-load was shown in Equation

5.1 with T = torque (lb.ft) and F = bolt normal force/bolt tension (lb):

t{FIT}= -25.42+ 1 24.42T+2. I 6T (5.1)

1st

2nd

3rd

4th

*5th
Regressed

Torque-Bolt Normal Force Calibration

Figure 5.13. Bolt Normal Force Vs. Torque Relationship with 3p-s-3p
Belleville Washer Combination and Lubricated Bolts
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From the design case given in Chapter 3, the SBC may need to have

133 kN of slip force. Given Equation (2-2) with a coefficient of friction of

0.3, N = 2, and 4 bolts total (two bolts per SBC); the bolt tension (IB)

calculated is 53 kN (12,000 lb) which corresponds to a torque value of 71

kN.mm as shown in Figure 5.13.

5.3.4.3 Conclusions

The torque-normal force testing showed that a quadratic relationship

existed between torque as measured by the torque wrench and the normal

load applied by the bolt. The equation 5.1 can be used to predict the bolt

normal force (pretension) when tightening bolts in the SBC system. The

bolts must be torqued to a value of 71 kNmm to meet the ultimate capacity

of the connection for the case study building.

5.3.5 Initial Performance Testing

Initial performance testing was conducted to accomplish two

objectives:

1. To study the effect of compression washers and torque with different

amplitudes and frequencies of a simple cyclic test on SBC operating

characteristics.
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2. To verify that the SBC in this study performed in a manner similar to

others reported in the literature; the baseline in this case was

Grigorian and Popov (1994).

5.3.5.1 Methods

The first objective of initial performance testing was investigated by

testing the prototype SBC. The experimental plan was to conduct five sets

of five tests; the tests were not replicated.

Mounting fixtures and connections for this test are shown in Figure

5.6. The test instrumentation schematic was similar to the previous test

(See Figure 5.5). In this test set, a three-cycle sinusoidal load-

displacement function was used. The experimental parameters, frequency,

amplitude, washer combination, and tightening torque are given in Table

5.3.

To identify the experiments, 'X-Y' refers to test number Y in set

number X. Amplitudes were varied within each test set. Torque values and

washer combination were determined from previous tests.
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Table 5.3. Test Matrix to Evaluate Effects of Washers, Torque, Amplitude,
and Frequency

1

Determined after washer combination tests
2

Determined after Torque-Load calibration tests

The cells of the test matrix in Table 5.3 are explained as:

- Set 1 used no washers in the SBC and had tests at five amplitudes.

- Set 2 used a O,3p washer assembly and tests at five amplitudes.

Set Test Frequency
(Hz)

Amplitude
(mm)

Washer
combination

Torque

(kN mm)
1 0.1 5.1 0 68

2 10.2

3 20.3
4 25.4

38.1

2 0.1 5.1 0,3p 68
2 10.2

3 20.3
4 25.4

38.1

3 0.1 5.1 0,3p-s-3p1 68
2 10.2

3 20.3
4 25.4

38.1

4 0.1 5.1 0,3p-s-3p1 712

2 10.2

3 20.3
25.4

38.1

5 0.5 5.1 0,3p-s-3p1 712

2 10.2

3 20.3
25.4

5 38.1



Set 3 used a 0,3p-s-3p washer assembly at five amplitudes.

Set 4 used a 0,3p-s-3p washer assembly at five amplitudes and a

tightening torque of 71 kN.mm.

Set 5 used a 0,3p-s-3p washer assembly, torqued at 71 kN.mm, at

five amplitudes and an increased frequency of 0.5 Hz.

The planned comparisons of calculated performance features were:

- The effect of washer assemblies - comparisons of sets 1, 2, and 3.

- The effect of torque - comparisons of sets 3 and 4.

The effect of amplitude - comparisons of tests I to 5 within each set.

The effect of frequency - comparison of sets 4 and 5.

The second objective was addressed by conducting a set of tests

using the time-displacement function given by Grigorian and Popov (1994)

as shown in Figure 2.8. Grigorian and Popov's sinusoidal protocol

consisted of 70 cycles where each excursion amplitude and frequency were

represented by 10 cycles each. The amplitudes were 10 mm, 18 mm, 28
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respectively. The frequency-amplitude function for the Grigorian and Popov

(Grigorian and Popov 1994) test is given in Table 5.4.

mm, 41 mm, 28mm, 18mm, 10.2mm (0.4, 0.7, 1.1, 1.6, 1.1,0.7, and 0.4

inch), while the frequencies were 1.0, 0.67, 0.5, 0.25, 0.5, 0.67, 1.0 Hz



Table 5.4. Sinusoidal Function by Grigorian and Popov (1994) for
Verification of SBC Performance
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The combination of Belleville washers was 0,3p-s-3p, which was two

sets of three parallel washers in series on the nut side of the bolts and the

bolts were lubricated before the nuts were torqued. The torque was 71 kN-

mm (52 lb-ft), which was the value needed to reach 53 kN (12,000 Ib) of

bolt tension (obtained from the torque-load tests).

5.3.5.2 Results

Test Sets I to 4 (Table 5.3) were completed at 0.1 Hz, but increasing

the frequency to 0.5 Hz exceeded the oil capacity of the MTS valve body.

Also, the test frame had shown some propensity to flex under high loads.

As a result, the valve body was replaced with one having greater oil

capacity, and bracing was added to the test frame. In addition, the brass

shims and the slotted plate were replaced at this point because of wear on

the original parts. Then, test Sets 3A and 4A (original set up) were

repeated as 3B and 4B and test set 5B was conducted at the planned rate.

Excursion Amplitude
(mm)

Frequency
(Hz)

Cycles

1 10 1 10

2 18 0.67 10

3 28 0.5 10

4 41 0.25 10

5 28 0.5 10

6 18 0.67 10

7 10 1 10
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The data shown in Table 5.5 are results for A and B, which refer to tests

before (A) and after (B) the machine and SBC modifications.

Average slip forces were compared from all sets of tests. Results

from Set IA and Set 2A (Figure 5.14 and Figure 5.15) showed there was an

increase in average slip force from a range of 36 to 45 kN for Set IA to a

range of 52 to 61 kN for Set 2A or about 36 to 44 percent (Table 5.5). The

increase was caused by the addition of Belleville washers in Set 2A such

that the torque applied was fully transferred to the bolt pretension.

However, there was no observable difference in average slip force when

the number of Belleville washers was increased from 3p to 6p in Set 2A and

Set 3A (Figure 5.15, and Figure 5.16). This was also shown in the previous

discussion regarding washer combinations. By comparing Set 3A and Set

4A, where the torque was increased from 68 to 71 kNmm (50 to 52 lbft),

the average slip force increased from a range of 55 to 63 kN to a range of

58 to 68 kN or a 5 to 8 percent increase of the average friction force (Figure

5.16, Figure 5.17, and Table 5.5). The same behavior was observed in

comparisons between Set 3B and Set 4B, where the average slip force

increased from 55-57 kN to 69-76 kN (Figure 5.18 and Figure 5.19).

Increasing frequency from 0.1 Hz (test 4B) to 0.5 Hz (test 5B) caused

higher variation in the average slip force in amplitudes larger than 20 mm

(0.8 inch) (Figure 5.20). Tests 5B-3, 5B-4, and 5B-5 had greater slip forces

than tests 4B-3, 4B-4, and 4B-5 (Table 5.5).



Figure 5.14. Hysteresis Loops of Set IA Tests Where No Belleville
Washers Were Used

Figure 5.15. Hysteresis Loops of Set 2A Tests Where Belleville Washers
with Combination 3p Were Used
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Figure 5.16. Hysteresis Loops of Set 3A Tests Where Belleville Washers
with Combination 3p-s-3p Were Used

Figure 5.17. Hysteresis Loops of Set 4A Tests Where Torque Value was
Increased From 68 kNmm to 71 kNmm
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Figure 5.18. Hysteresis Loops of Improved Set 3A (Set 3B) Tests Where
Belleville Washers with Combination 3p-s-3p Were Used

Figure 5.19. Hysteresis Loops of Improved Set 4A (Set 4B) Tests Where
Torque Value was Increased From 68 kNmm to 71 kNmm
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Figure 5.20. Hysteresis Loops of Set 5B Tests Where Frequency Was
Increased to 0.5 Hz

The stiffnesses ranged from 50 to 79 kN/mm for all tests where Set

2A and Set 5B were at the lower range (55 to 65 kN/mm). Since stiffness

values from Set 3A/4A and Set 3B/4B did not show apparent differences, it

was concluded that the new braces on the test frame did not impact the

SBC performance.

The equivalent viscous damping calculation was based on the

average energy dissipated values for the three cycles of each excursion

(n=3). Energy dissipated values did not explain much of the SBC

performance, however, equivalent viscous damping values were quite

different: a higher damping ratio indicated better system damping

performance.
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(-) Not available

Table 5.5. Preliminary Test Results

Set Test Maximum Force Max Displacement

(mm)

B

Average

JkN)
A

Fslip

B A

Stiffness

(kN/mmj

B

Energy Dissipated
(kNmm)

A B J

Equivalent
Damping

A

Viscous
Ratio

BA B A

1 44 - 5.4 - 36 - 76 - 630 - 0.42 -

2 43 - 10.6 - 38 - 77 - 1420 - 0.49 -
3 41 - 21.2 - 38 - 72 - 2970 - 0.54 -
4 44 - 26.5 - 38 - 77 - 3740 - 0.51 -

5 53 - 38.3 - 45 - 52 - 6580 - 0.52

2 1 63 - 5.0 - 52 - 60 - 760 - 0.38 -

2 68 - 10.1 - 59 - 55 - 2000 - 0.46 -

3 65 - 20.3 - 61 - 55 - 4400 - 0.53 -

4 63 - 25.1 - 59 - 57 - 5520 0.55
5 60 - 38.7 - 54 - 60 - 7990 - 0.55 -

3 1 70 65 5.3 5.2 55 55 78 77 680 910 0.29 0.44
2 70 65 10.3 10.2 63 57 73 79 1920 2090 0.43 0.51
3 67 65 20.5 20.5 62 57 63 72 4410 4380 0.51 0.53
4 67 65 25.5 25.7 60 57 59 79 5470 5430 0.51 0.52
5 80 66 38.4 38.6 57 56 50 63 8180 8240 0.42 0.52

4 1 75 73 5.2 5.1 58 69 74 70 760 1060 0.31 0.46
2 74 74 10.2 10.2 68 67 71 67 2120 2380 0.45 0.51

3 73 79 20.6 20.5 67 70 79 66 4840 5240 0.52 0.52
4 74 78 25.4 25.6 68 70 79 61 6120 6690 0.52 0.53
5 91 83 38.3 38.6 65 76 61 57 9310 10830 0.42 0.54

5 1 - 74 - 5.1 - 73 - 55 - 1040 - 0.44
2 - 77 - 10.1 - 74 - 55 - 2470 - 0.51

3 - 86 - 20.1 - 82 - 65 - 5510 - 0.51
4 - 91 - 25.4 - 91 - 59 - 7420 - 0.52
5 - 101 - 38.4 - 100 - 55 - 11960 - 0.50
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From Table 5.5, most of the equivalent viscous damping ratio values

range from 0.42 up to 0.55, with some lower values (0.29 to 0.38) for small

amplitude cycles. The low damping ratio at the low amplitudes occurred

because a relatively large fraction of the energy at low amplitude was

absorbed by the slack in the connection system. It can be seen from the

hysteretic loops at low amplitude that the percentage of "chip-off" or

"pinching" area of the overall energy dissipated was more significant than

for the hysteretic loops at higher amplitudes. As discussed in Chapter 2, a

perfect hysteresis loop has an equivalent viscous damping value of 0.64.

The average slip force reported by Grigorian and Popov (1994) for

the imposed sinusoidal function test ranged from 53 to 66 kN (11,900 to

14,800 Ib), with early cycles near the expected/designed slip force value of

67 kN (15,000 Ib). The maximum force ranged from 66 to 106 kN (14,800

to 24,000 Ib), with higher slip forces near the end of the strokes as shown in

Figure 5.21 and Table 5.6. The equivalent viscous damping ratios of the

tests were in a range from 0.32 to 0.48 (Table 5.6). These values could be

higher if the potential energy calculation excluded the spikes at the end of

the strokes.

The shape of the hysteresis curves was fairly square with spikes at

the end of each stroke.

At this point, the SBC had been worked through at least 700 cycles

at high amplitudes, load spikes could be seen at the end of the strokes and



also the average slip force in the middle range was slightly lower

(hysteresis loops are compressed vertically).

Displacement (mm)

Figure 5.21. SBC Behavior from the Time-Displacement Function of
Grigorian and Popov (1994)

Table 5.6. Results of SBC Verification of Performance Tests where Data
are Mean Values from Ten Cycles (n=1O)
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Amplitude
Maximum

Fslip

(kN)

Max
disp.

(mm)

Average
Fslip

(kN) I(kN/mm)

InitIal
stiffness

Energy
dissipated

(kNmm)

Equivalent
viscous

damping ratio

1 75 10.0 66 69 1909 0.41

2 73 17.7 64 63 3858 0.48

3 76 28.0 63 76 6253 0.47

4 106 41.2 56 58 8611 0.32

5 71 28.4 58 82 j
5773 0.46

6 67 17.7 55 86 3386 0.45

7 66 9.9 53 56 1599 0.39
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After many cycles, inspection of the brass shims revealed that the

bolt holes in the shims were deformed and also that the brass shim

surfaces were abraded (Figure E.9). The holes in the brass shims were

stretched (no longer a perfect circle) in the direction of the load and bulged

in thickness. These two events (scratching and bulging) caused the load

spikes in the hysteresis loops at the end of the strokes, when the end of

holes hit the deformed brass shims. This kind of behavior was initially not

expected because there was no previous information showing the effect of

many cycles on the hysteresis loops and the behavior of the SBC.

There was a pinching effect or "chip" in the hysteresis curves. This

pinching was caused by the slack at the bolt-hole in the connections and

also some other slack in the mounting fixtures. This behavior was also

observed by other researchers (Grigorian and Popov 1994, Duff 1998).

Average maximum force values occurred at the end of the strokes

and were used to calculate equivalent viscous damping ratios. The

difference in average slip force and maximum force provided an estimate of

the load spike at the end of the stroke. If the difference was high, the

equivalent viscous damping ratio was low.

The average slip force for Grigorian and Popov's protocol test

decreased from 66 to 53 kN (14,800 to 11,900 Ib), which was a decrease in

SBC performance of about 20 percent after about 70 cycles. The mean

stiffness was 70 kN/mm (399,000 lb/in) with a standard deviation of 12
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Figure 5.22. Cumulative Travel by Slotted Plate in the Verification of
Performance Tests

5.3.5.3 Conclusions

Initial performance testing showed that washer combination 3p-s-3p

(from Section 5.3.2 and 5.3.3) worked well for the 53 kN (12,000 Ib) slip

force. A higher variation of slip force was observed in higher frequency

tests (frequency of 0.5 Hz), especially in displacement amplitudes larger

than 20 mm (0.8 inch).
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kNImm (67,800 lb/in). Pinching in the hysteresis loops also contributed to

the lower value of equivalent viscous damping, especially for lower

amplitudes. The cumulative travel distance of the slotted plate in Figure

5.22 was similar to that reported by Grigorian and Popov in 1994.
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It was observed throughout the experiment that the specimens tend

to develop "spikes" at the end of the strokes for high displacement

amplitudes, especially at 38 mm (1.5 inch) as they accumulate travel

distance. These spikes were caused by the deformation of brass shims

after many cycles. In the process, the brass shims have experienced

surface abrasion and also had deformation around the bolt holes. The load

spikes could be detrimental to the performance of SBC system. An SBC

system, with a designed F51, could get stuck if it cannot overcome the

unexpected resistant force (load spikes limit larger than F81).

Equivalent viscous damping was calculated as the ratio of energy

dissipated divided by 2ic times the energy potential, as discussed in section

2.5.2. Since maximum load values often occurred at the end of the strokes,

the energy potential was calculated as maximum force times the maximum

displacement divided by two (triangular area). The implication of this was

that when the energy dissipated increased, the equivalent viscous damping

value increased; but when the maximum load increased, the equivalent

viscous damping value decreased. This can be seen in the results (Table

5.5 and Table 5.6) if the maximum force was high (because of force

spikes), the equivalent viscous damping value was low (compare equivalent

viscous damping ratios and hysteresis loops of Tests 3A and 4A to 3B and

4B).
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Pinching in the hysteresis loops was observed in the experiments as

a combined result of bolted connection and mounting fixture slack. This

behavior in the hysteresis diagrams was also shown in other literature as

discussed in Chapter 2.

The expected slip force of 67 kN (15,000 Ib) was reached with an

equivalent viscous damping ratio up to 0.54. This was also verified by the

results using Grigorian and Popov's test protocol. Some of the differences

in the experiment compared to Grigorian and Popov's were:

- Larger dimensions for the SBC;

- Specimens had been used multiple times, resulting "force spikes" in

the hysteresis diagram;

- More slack in the system, resulting in more pinching.

5.4 Phase II: SBC Characteristics

5.4.1 Objectives

The objectives of Phase II were to evaluate the operating

characteristics of the single SBC and then the dual SBC combination using

the proposed ISO loading protocol (ISO 2001).
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5.4.2 Material and Methods

Six replicate SBC specimens were produced. This is the minimum

number of test specimens recommended by the ISO test method.

For individual SBC testing, the mill scale steel surfaces were wiped

with a clean cloth prior to assembly. After the six individual SBCs were

tested, the SBCs were disassembled. New brass shims were installed and

then the SBCs were reassembled and mounted to an aluminum bracket in

pairs for the dual SBC tests.

The SBC5 were systematically combined for the dual testing by

using SBCs I and 6 as SBC dual unit 1, SBCs 2 and 5 as SBC dual unit 2,

and SBCs 3 and 4 as SBC dual unit 3. The SBC dual unit 3 was tested

three times to verify repeatability of SBC performance after three ISO tests.

The test protocol was based on ISO/DIS 16670.3 (ISO 2001), which

is a test method for mechanical fasteners in wood structures. The time-

displacement function, shown in Figure 5.23, was made up of ten different

amplitudes; one cycle each for the first 5 amplitudes (leading cycles) and

then five excursions of increasing amplitude with three cycles each.



6

6

The First Five Leading Cycles

Time (sec)

Figure 5.23. Time-Displacement Function of ISO Test Protocol Based on
38.mm (1.5 inch) Reference Displacement (SBC Slot Length); (a) Complete

Time-Displacement Function; (b) Leading Five Cycles

The time-displacement function for the ISO test is supposed to be

based on the reference displacement from a monotonic test. Langlois

(2002) showed that the effect of reference displacement within bounds had

a limited effect on the measured properties of a wood shear wall assembly.

Bienhaus (2001) used the allowable sway of the building to construct a
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time-displacement function for tests of a heavy timber connection with a

friction damper. For these reasons, it was determined that the time-

displacement function could be based on the SBC slot length rather than on

a monotonic test result. To this end, the maximum displacement amplitude

was ±38 mm (1.5 inch) and this was the reference displacement used to

construct the time-displacement function for Phase II and Phase Ill. The

test standard called for a test velocity from 0.1 to 10 mm/sec. The single

and dual SBC tests were conducted at 10 mm/sec. The digital version of

the ISO displacement-time test protocol is tabulated in Table 5.7.

Table 5.7. ISO Time-Disp acement Function Based on Slot Length

Tightening torque was shown to be a direct measure of normal force

in the connection and was correlated to slip force in Phase I in the torque-

normal force calibration test. The intent was to target the slip force at 67 kN

(15,000 Ib) and 133 kN (30,000 Ib) for the single and dual SBCs,

1 1 0.5

2 1 1.0

3 1 1.9

4 1 2.9
5 1 3.8

6 3 7.6
7 3 15.2

8 3 22.9

9 3 30.5
10 3 38.1
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respectively. For both single and dual SBC tests, the scheduled tightening

torque was 71 kN.mm (52 lbft) with Belleville washer combination type

0,3p-s-3p.

The single SBC configuration was shown in Figure 5.6. The dual

SBC configuration is shown in Figure 5.24. The test instrumentation

schematic was similar to SBC tests in Phase I as shown in Figure 5.5.
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Figure 5.24. Typical Dual SBC Configuration, Part Details are shown in
Appendix D

5.4.3 Results and Discussion

Prior to the test, the new slotted steel plates were cleaned using

paint thinner. This was not expected to change the surface condition

dramatically, but the average slip force jumped from the expected force of
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67 kN (15,000 Ib) to a range of 85 to 90 kN (19,000-20,000 Ib) with a bolt

pretension of 53 kN (12,000 Ib) (Figure 5.25). Apparently, the new steel

surface had a coefficient of friction of 0.42 (90 kN / (53 kN x 2 x 2))

compared to 0.32 (67 kN / (53 kN x 2 x 2)) for the SBC in Phase I tests.

The change in friction coefficient made it necessary to either resurface the

new slotted plates or work with the existing steel plates and the increased

friction coefficient. The decision was to work with the existing steel plates

and adjust bolt pretension accordingly to maintain the target slip force.

With the change in coefficient of friction between steel and brass,

bolt pretension was lowered to keep the slip load at 67 kN (15,000) as

designed for single SBC tests. Bolt pretension was calculated to be 40 kN

(67 kN / (0.42 x 2 x 2)). This value corresponded linearly with a torque

value of 54 kN.mm (40 lb.ft) (calculated as 71 kN.mm /(53 kN x 40 kN)).

The result of this change is shown in Figure 5.26. The torque modification

provided the desired average slip force of 67 kN (15,000 Ib).



Single SBC (ISO) with 71 kN-mm Torque

1

4.IIi-jIi,pF
150

Displacement (mm)

Figure 5.25. Hysteresis Loop of ISO Test with Extra-Clean Surface
Condition and 71 kNmm (52 Ib.ft) of Torque

Single SBC (ISO) with 54 kN-mm Torque

Figure 5.26. Hysteresis Loop of ISO Test with Extra-Clean Surface
Condition and 54 kNmm (40 Ibft) Torque

The results of the six replicate ISO tests are shown in Appendix F

and summarized in Table 5.8. Figure 5.27 shows visual comparisons of the

six single SBC tests.
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Table 58. Mean and Standard Deviation of Single and Dual SBC Test Results

Test Set Cycle or
Excursion

Maximum Force
kN

Maximum
Dis.Iacement mm Avera.e Fsli. kN Stiffness (kN/mm

Energy Dissipated
kN'mm

Equivalent Viscous
Dam 'in. Ratio

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
Single SBC ISO 1st - - 0.3 0.1 - - - - 0 0 0.00 0.00

(6 tests) 2 - - 0.8 0.1 - - - - 0 0 0.00 0.00
3rd 47 12 1.8 0.1 - - 64 12 150 10 0.30 0.06
41b

51 10 2.7 0.1 - - 71 12 330 60 0.40 0.11
ffi 56 8 3.7 0.1 - - 70 10 540 80 0.43 0.09

6th (3) 69 5 7.6 0.0 59 4 69 12 1570 110 0.48 0.04
7th (3) 73 4 15.2 0.1 66 4 68 14 3740 220 0,54 0.03
8th (3) 75 3 22.9 0.0 68 3 66 11 5860 330 0.54 0.03
9th (3) 75 1 30.5 0.0 68 4 63 12 7900 480 0.55 0.03
10th (3) 76 1 38.2 0.0 67 3 70 10 9820 570 0.54 0.03

Dual SBC ISO jst
- 0.3 0.1 - - - - 0 0 0.00 0.00

(#1, #2, #3a) 2' - - 0.8 0.0 - - - - 0 0 0.00 0.00
3rd 78 6 1.8 0.0 - - 49 7 100 40 0.12 0.05
4th 112 8 2.6 0.1 - - 47 11 280 80 0.15 0.06
5th 127 14 3.6 0.0 - - 49 6 450 80 0.16 0.04

6th (3) 150 12 7.5 0,1 140 10 47 2 2100 140 0.30 0.04
7th (3) 152 13 15.2 0.1 136 10 46 3 6370 340 0.44 0.03
8th (3) 151 15 22.8 0.1 134 10 46 1 10150 450 0.47 0.03
9th (3) 150 13 30.5 0.1 131 9 45 3 13900 640 0.49 0.02
10th (3) 153 23 38.2 0.0 129 11 47 3 17430 1000 0,48 0.05

Dual SBC ISO 1st - - 0.3 0.1 - - - - 0 0 0.00 0.00
(#3a, #3b, 3c) 2nd - - 0.8 0.1 - - - - 0 0 0.00 0.00

3rd 78 7 1.7 0.1 - - 47 1 67 40 0.08 0.04
4th 120 2 2.7 0.0 - - 51 1 240 40 0.12 0.02
5th 136 10 3.6 0.1 - - 48 2 430 50 0.14 0.03

6th (3) 150 12 7.4 0.0 140 9 49 1 2200 60 0.32 0.02
7th (3) 149 11 15.1 0.1 133 8 47 1 6360 300 0.45 0.01
8th (3) 144 9 22.9 0.0 131 8 46 3 10260 570 0.49 0.00
9th (3) 141 6 30.5 0.0 129 7 45 2 14000 750 0.52 0.00
10th (3) 138 8 38.2 0.0 126 8 50 1 17480 1080 0.53 0.00
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Figure 5.27. Displacement-Load Performance for Single SBCs: (a) SBCI,
(b) SBC2, (c) SBC3, (d) SBC4, (e) SBC5, (f) SBC6

The first five cycles (leading cycles) of the ISO test had such low

amplitudes that the behavior of the SBC and the hysteresis curves could

not be analyzed. In the first two cycles, the SBC was still inactive because
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V
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the displacement was too low to be transferred to the SBC. The first two

leading cycles were fully absorbed by the connection slack in the test

fixture, but not in the SBC. In the first five cycles, the SBC did not slip. The

equivalent viscous damping ratios of the first five cycles averaged 0, 0,

0.30, 0.40, and 0.43 respectively (n = 6), which were less than 0.55 of the

later excursions (Table 5.8).

Looking at all six figures of hysteretic loops (Figure 5.27), the shapes

of the loops are similar to each other. SBC 1 in Figure 5.27 had an

asymmetry problem, where the area of the hysteretic loops in compression

(displacement negative) was slightly smaller than in tension (displacement

positive). This could have been caused by a misalignment of the SBC

specimen along the load path. SBC 2 and 5 also had similar problem,

although the differences were not large. There were no substantial force

spikes at the end of each stroke as observed in the previous tests with worn

shims, thus showing the value of the "virgin" surface condition.

The average F1 for all six single SBC tests was 66 kN (excluding

the first five leading cycles). Average maximum force for all six tests

ranged from 69 to 76 kN (excluding the first 5 cycles). The average

stiffness ranged from 63 to 71 kN/mm for the single SBC tests. The first

two cycles were to small to get accurate stiffness and maximum force

values. The average energy dissipated from the six tests is shown in Table



Ill
5.8, and the average viscous damping ratios (n 6) ranged from 0.48 to

0.55, excluding the first 5 cycles.

For the dual SBC tests, the average maximum force ranged from

150 to 153 kN (excluding the first five cycles). Average F11 for all three

dual SBC tests ranged from 129 to 140 kN compared to the designed value

of 133 kN. Average equivalent viscous damping ratio for the three dual

SBC tests ranged from 0.30 to 0.49 (excluding the first five cycles).

Average stiffness for the dual SBC tests ranged from 45 to 49 kN/mm.

Thus, the stiffness of the dual SBCs was lower than for the single units.

Lower equivalent viscous damping values in the dual SBC tests compared

to single SBC tests were mostly caused by lower stiffness and a higher

pinching effect in the dual SBC (lower energy dissipated values).

Average values, average energy dissipated values, and the

average maximum force values for the dual SBC were doubled compared

to those of the single SBC. This confirmed that the bolts in the specimens

were acting independently with no group effect.

The results of dual SBC tests are shown in Figure 5.28 and

summarized in Table 5.8. Data from each test are given in Appendix F.

The hysteresis loops in Figure 5.28 are similar and the shapes of the loops

are fairly square with little pinching effect.
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126 to 140 kN, the average stiffness ranged from 45 to 51 kN/mm, and the

average viscous damping ratio ranged from 0.32 to 0.53. The calculation of

these variables excluded the first five cycles, except for average stiffness

calculation, because stiffness values can still be calculated for low

amplitudes. Comparing the average results from test Dual SBC 1, Dual

SBC 2, and Dual SBC 3; the differences are small. As shown in Figures

5.28c, 5.28d, and 5.28e, the hysteresis loops of the repeated tests were

fairly square with good repeatability. There were no force spikes at the end

of the strokes, which was identified earlier as a sign of brass shim

deformation. A Comparison was made between average equivalent

viscous damping ratios of 0.30 to 0.49 from dual SBC tests and repeat dual

SBC tests of 0.32 to 0.53; no difference could be concluded. From Table

5.8, the standard deviations for the average equivalent viscous damping

ratio for the three repeated dual SBC tests were less than 0.02 (excluding

the first five cycles), and this is even lower than the value from single and

dual SBC tests of 0.04. This verified that the dual SBC loading can be

repeated three times without any changes in performance.

Hysteresis loops from SBC 3a have slightly lower average F11 than

for SBC 3b and 3c (Table 5.8 and Figure 5.28). Apparently, SBC 3a was

under-torqued, which caused a lower bolt pretension and lower This

can be concluded by comparing dual SBC 1, dual SBC 2, and dual SBC 3a

in Table F.2.
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The maximum displacement output for single SBC, dual SBC, and

repeated dual SBCs were close to the input displacement functions from

the protocol. This showed that the SBC specimens moved according to the

input protocol with little error.

The differences between single and dual SBC performance

characteristics were due to different attachments and supports. This was

shown in the average stiffness values, e.g., single SBC ranged from 63 to

71 kN/mm and the dual SBC ranged from 45 to 51 kN/mm. Stiffness values

are lower in the dual SBC compared to single SBC tests because the

mounting plate, where the SBCs were connected, was too flexible.

However, in the dual SBC tests, there was no significant problem with

hysteresis asymmetry like that shown in Figure 5.27a. The reason could be

that the dual SBCs with 2 bolts per SBC were more stable or resistant to

asymmetric movement compared to the single SBCs. The connection

fixture for the dual SBC set up was designed such that each of the two

single SBCs in a dual SBC were expected to slide simultaneously.

However, it was observed in the dual SBC tests that one of the SBCs

started sliding before the other. This behavior caused the dual SBC system

to act as a single SBC for a short period of time, and during this time the

dual system only had half the expected slip force. This characteristic

contributed to a larger pinching area in the hysteresis loops.



5.5 Phase Ill: Dual SBC on Timber

5.5.1 Objectives

The objective of Phase Ill was to observe the displacement-load

performance of dual SBCs when mounted on a timber brace (SBC-wood)

with special attention to the performance of the wood-S BC connection. The

SBC-wood performance was also compared to the dual SBC when

mounted on the metal fixtures.

5.5.2 Material and Methods

The experimental plan was to perform three replicate SBC-wood

tests. Each specimen consisted of dual SBCs mounted on a timber brace

stub. Two new slotted plates were mounted in a dual system such as in

Phase II, new brass shims were used and the side plates were reused. The

steel surfaces were treated similarly to the Phase II specimens and 54

kNmm (40 lbft) torque was used when tightening the nuts. The repeat

tests of dual SBC in Phase II (dual SBC 3a, dual SBC 3b, and dual SBC 3c)

showed that the performance of SBCs, especially the friction coefficient,

was not changed after being repeated three times. The bolted connection

yield mode calculations from Appendix D showed that yield Mode Ills was

expected to govern if the connection was loaded to failure. With these

115
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considerations, for each test repetition the timber brace stub was changed

and the dual SBC (slotted plates and the brass shims) was reused.

The dual SBC-wood test configuration is shown in Figure 5.29. The

shaded area is the wood block.
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Figure 5.29. Typical SBC-wood Connection Test Set Up, Part Details are in
Appendix D

The dual SBC test instrumentation schematic is shown in Figure 5.30

and the SBC design and detail drawings are shown in Appendix D.

The test protocol followed from that in Phase II and Figure 5.23, such

that the same time-displacement function, velocity, control method, and

actuator assembly were used. In Phase Ill, two external LVDTs were

added to the apparatus to monitor slip between the wood and steel plates

and one external LVDT monitored slip between the SBC (side plates) and
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Figure 5.30. Schematic of Test Instrumentation for Phase III
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the top connection fixture (as shown in Figures E23, E24, and E25 in

Appendix E). This was to verify that no slippage was occurring between the

steel plates and wood block and between the SBCs and metal mounting

fixture. As discussed in Chapter 2, minimizing the slipping of bolts in their

holes can decrease the pinching effect and maximize energy dissipation.

Data from the load cell, internal LVDT, and external LVDTs were monitored

and recorded at 1.0 Hz.
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After each test, the data files were imported into EXCEL so that

hysteresis diagrams could be drawn.

5.5.3 Results and Discussion

The shapes of the hysteresis loops for this phase (Figure 5.31) were

similar to those in Phase II (Figure 5.28). The hysteresis loops were shown

to be fairly square with small pinching, which shows that the SBC

performance was excellent.
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Figure 5.31. Load-Displacement Performance of Dual SBCs-Wood: (a) Dual
SBC-Woodl, (b) Dual SBC-Wood2, (c) Dual SBC-Wood3
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The average slip force from all three tests ranged from 117 to 129

kN, which was a slightly lower (up to 12 percent lower) but still a reasonable

result compared to the designed slip force of 133 kN (30,000 Ib). The

reason for the performance differential was not clear. It is possible that

lower F11 values in Phase Ill tests were caused by a lower coefficient of

friction between the steel plates and the brass shims because the steel

plates in Phase Ill were not from the same batch as the steel plates in

Phase II. Hence, the surface characteristics may have been somewhat

different between the sliders used in Phase II and Phase Ill.

There was a physical difference between Phase II and Phase Ill

connections. In Phase Ill, there was also friction between wood and steel

(slotted plates and wood). Although the slip between the wood and steel

was very small, it contributed to pinching in Phase Ill hysteresis loops. The

sliding between the wood and steel in tests was recorded and was found to

be insignificant relative to the total travel distance.

Duff (1998), reported some pinching and slippage at the point of load

reversal (zero force). Duff's internal SBC had zero-force slip between the

SBC and the timber. His internal SBC slipped freely inside the timber

before the steel and brass started to slip. The results from Phase III tests

showed some pinching, but it was not at the point of zero force. The steel

and wood were prevented from slipping by friction in the bolted connection

between the SBC steel plates and the wood block.
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The detailed test results are given in Table F.4 in Appendix F, and

the summary of the test results is given in Table 5.9. The leading five

cycles were excluded because the data were inconsistent (the amplitudes

were too small). The sixth excursion was the first displacement where the

SBC slipped (fabrication tolerance became insignificant compared to the

total displacement).

From the test data of Figure 5.32, it was shown that the average slip

forces were greatest at the sixth excursion and then decreased

continuously to the end of the test, although the decrease was less than 10

percent from the sixth to tenth excursion. Thus, there was some

degradation of slip force throughout the test. The average stiffness in the

SBC-wood specimens ranged from 64 to 85 kN/mm (Table 5.9). The

difference between energy dissipated values was less than 5 percent for

the comparison between dual SBC tests (Phase II) and the dual SBC-wood

tests (Phase Ill). The average equivalent viscous damping ratio ranged

from 0.37 to 0.53. While the dual SBC and the dual SBC-wood curves

appear to be on top of each other in Figure 5.32, the average slip force for

the single SBC was half of the dual SBC with or without wood attached.



(-) values not obtainable

Table 5.9 Dual SBC-Wood Statistical Summary (n = 3)

Cycle or Maximum
Equivalent
Viscous

Excursion Maximum Force Displacement F11 Stiffness Energy Dissipated Damping Ratio
(kN) (mm) (kN) (kN/mm) (kNmm)

Std. Std. Std. Std.
Mean Std. Dev. Mean Std. Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev.

1St
- 0.4 0.2 - - - - 0 0 0.00 0.00

2 - - 0.6 0.1 - - - - 0 0 0.00 0.00
3rd

106 6 1.7 0.0 - - 80 6 100 30 0.09 0.03
4th 126 4 2.5 0.0 - - 85 12 320 40 0.16 0.02
51h 130 2 3.5 0.1 - - 79 4 550 30 0.19 0.01
6th

137 2 7.4 0.1 129 2 73 6 2320 120 0.37 0.02
7th

135 2 15.1 0.1 124 2 83 4 6200 80 0.48 0.01
8thi

132 1 22.8 0.1 121 2 64 11 9810 60 0.52 0.00
gth

131 1 30.4 0.1 119 1 78 11 13320 100 0.53 0.00
10th

142 3 38.2 0.1 117 2 77 12 16720 300 0.49 0.00
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Figure 5.32. Average Slip Force Throughout the ISO Test: Single SBC,
Dual SBC, Dual SBC with Wood, and Repeated Dual SBC

Figure 5.33 showed that the equivalent viscous damping ratio

reached a maximum value of 0.53 at the ninth excursion. The low value of

equivalent viscous damping in the early cycles were mostly caused by the

higher percentage of pinched area in the hysteresis loops for smaller

amplitudes in the test. Stiffness and deformation of brass shims can also

affect the shape of the hysteresis loops and equivalent viscous damping

ratio. Single SBC tests showed a higher equivalent viscous damping ratio

especially in the leading cycles, which means that single SBC specimens

probably had less fabrication slack. Dual SBC and dual SBC-wood tests,

however, show similar patterns and values throughout the test.
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Figure 5.33. Average Equivalent Viscous Damping Ratio Throughout the
ISO Test: Single SBC, Dual SBC, Dual SBC-Wood (DSBCw), and

Repeated Dual SBC

For use in future research, especially in computer analysis using the

SBC, the hysteresis loops of Phase Ill tests were characterized. Table 5.10

gives the summary of hysteresis loop characteristics for the dual SBC-wood

under ISO test protocol. The values were calculated based on the model

proposed by Filiatrault and Cherry (1987). Since the hysteresis loops were

not rigid as the model proposed, a stiffness parameter was added to the

table. The calculation values are illustrated in Figure 5.34. It appeared

that the values of Fl, F2, Dl, and D2 were similar throughout the ISO test

for each specimen, except for the small amplitude leading cycles. This

means the area of pinching throughout the test was nearly constant.
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Figure 5.34. Hysteresis Characteristic Parameters
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(-) The amplitude of the hysteresis loop is too small so that it cannot be
calculated accurately
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Table 5.10. Summary of Characteristic Hysteresis Parameters for Each
Excursion Amplitude in the ISO Protocol for Dual SBC-Wood Tests

Test Amplitude set Stiffness Fl F2 Dl D2

kN/mm kN kN mm mm

DSBCw1 1St 21

2nd 35
3rd 73 112

4th 96 - 122

5th 75 57 117 2.4 3.2
6th 70 54 128 1.8 7.8

7th 87 55 125 2.1 7.8
8th 53 58 122 2.1 7.3
9th 85 52 119 2.2 7.8

10th 65 54 116 2.1 9.3

DSBCw2 1St 13

2nd 38

3rd 83 - 93

4th 73 122

5th 83 60 125 2.5 3.3
6th 80 53 127 2.6 4.4
7th 81 56 122 2.1 4.1

8th 74 54 119 1.8 4.6
9th 83 58 118 2.0 4.5
10th 89 59 117 2.2 5.1

DSBCw3 1St 7

2nd 38

3rd 84 - 106

4th 85 - 130

5th 79 57 122 2.4 4.1

6th 70 58 131 2.4 5.8

7th 80 55 126 2.0 4.8

8th 66 56 122 2.0 5.8

9th 65 54 120 2.3 6.1

10th 79 62 119 1.7 5.9



6. Conclusions and Recommendations

Friction damper technology was investigated for use in timber brace.

SBCs appear to be inexpensive to build and maintain, but the most

important trait of an SBC friction damper is the well-controlled force

resistance from friction.

Compression washer is important in the design of SBC. Various

combination and quantity of the compression washers can be use based on

the bolt normal force. Nut torque and bolt normal force was calibrated to

give a desired slip force. Initial performance tests validated the design.

A generic friction damper was designed and tested with attention to

the SBC-wood connection. Basic energy related parameters were

calculated from hysteretic load-displacement data. The equivalent viscous

damping ratio from dual SBC-wood tests showed a value of up to 0.53

compared to 0.64 for the perfect hysteresis behavior (rigid-perfectly plastic

hysteresis loop). This was considered to be an excellent performance of

SBCs for timber bracing. The results also agree with Duff s preliminary

tests in 1998.

Imperfect SBC performance characteristics were related to

hysteresis pinching and load spikes; and were apparent in the calculated

values for equivalent viscous damping ratio. Pinching in the hysteresis loop

was caused by fabrication tolerance and it reduced the energy that could be
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dissipated in the system. It was realized that there were several conditions

that can increase slack in the SBC: bolt loosening after multiple cycles and

shrinkage of the wood member due to moisture loss. Both of these

situations can cause bolts in the connection to lose their pretension force,

and at worst, destroy the connection. Compression spring washers, such

as Belleville washers, did an excellent job of minimizing this condition in the

lab. In the dual SBC set up, the lag time between the first and the second

single SBC movement also contributed in pinching. The effects of

compression perpendicular to the grain and the embedment strength of the

timber brace stubs appeared to be negligible with the addition of Belleville

washers in the steel-wood connection design. It was also shown that the

combination of NDS bolted connection design and ASD for steel works in

designing the SBC-wood connection system.

With these results, no obstacles are apparent to the implementation

of SBCs in timber structures.

Recommendations for further study:

- The effect of high frequency on the slotted bolted-connection needs

to be studied.

The surface condition of the steel plates varied and possibly

changed during and after the test. To safely reuse the steel plates

after a cyclic loading event, surface reconditioning must be studied
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further. Replacement of brass shims after an earthquake event may

be required.

With accumulated travel distance, load spikes occur in the hysteresis

loops because of the deformation of brass shims, especially near

bolt holes. The expected number of cycles, where deformation begin

to occur and methods to prevent it, need further study.

There are possibilities for alternative hardware in the design of SBCs

for friction surfaces.

- Most Belleville washers are manufactured with high flat load and low

deflection. For use in timber, lower flat load and higher deflection

compression washers are more desirable.

SBCs are not limited for use in concentrically braced frames, but can

be used in "knee braced" frames and possibly roof or floor braced

structures.

- The most efficient combination of quantity and location of SBC5 in a

building system needs to be analyzed.

The use of compression washers proved to be an advantage for

timber connection. With the right set of washers and bolt normal

force, it might be possible to relax the requirement for bolt hole

clearance.

- Investigation of the combined damping from the SBCs and the

damping inherent in timber structures is needed.
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Appendix A: Notation

a horizontal distance from load on bracket to center of column, in.
= rigidity factor/joint stiffness

A area of cross section, in2
Ab = ground floor area of structure, in2
Ae effective area, in2
Ag = gross area, in2
Am = cross sectional area of main member, in2
A5 = total cross sectional area of side member, in2
b = width of a section area, in.
c = distance from neutral axis to extreme fiber, in.
Ca seismic coefficient
Cb bearing area factor
CD = load duration factor
CF size factor for sawn lumber
Ch = shear stress adjustment factor
CL = beam stability factor
CM = wet service factor
Cp = column stability factor
C temperature factor

= volume factor for structural glued laminated timber
C, = geometry factor for connections
6 = deflection of Belleville washer

= total deflection of Belleville washer
d = depth, in.
D = nominal bolt diameter, in.
Dmax = maximum displacement in quadrant I
Amax maximum deflection, in.
AlL = total deflection, in.
E earthquake load, plf
E = tabulated elastic modulus, psi
E' = allowable elastic modulus, psi
Eb = modulus of elasticity of the beam, psi
Eh = horizontal earthquake load, lb
Em elastic modulus of main member, psi
E5 = elastic modulus of side members, psi
E = vertical earthquake load, lbs

= modulus of elasticity in strong axis, psi
E' = allowable modulus of elasticity x-axis bending, psi
fb = actual bending stress, psi
Fb = tabulated bending design value, psi
Fb' = allowable bending design value, psi
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fbx = actual bending stress, psi
FbX = tabulated bending design value for x-axis bending, psi
FbX' = allowable bending design value for x-axis bending, psi

= actual compression stress, psi
F = tabulated compression strength, psi
F' = allowable compression strength, psi
FçE = critical buckling design value for compression member, psi
FcE = critical buckling design value for compression member in planes of

lateral support, psi
F± = tabulated compression design value perpendicular to grain, psi
F1' = allowable compression design value perpendicular to grain, psi
Fern = dowel bearing strength of main member, psi
Fes = dowel bearing strength of side member, psi
fg = actual bearing stress parallel to grain, psi
Fg = tabulated bearing stress parallel to grain, psi
Fg' = allowable bearing stress parallel to grain, psi
Fp = compression force where Belleville washers are in parallel
F = compression force where Belleville washers are in series

= slip force in SBC, N
f = actual shear stress parallel to grain, psi
F = tabulated shear design value parallel to grain, psi

= allowable shear design value parallel to grain, psi
Fyb bending yield strength of fastener, psi
y = load/slip modulus for a connection, lb/in.
h = height above the base to level n, ft (m)

= moment of inertia, in4
lb = moment inertia of the beam, in4
k = rotational stiffness of the connection, kNm/rad
KE = Euler buckling coefficient for columns
KL = loading condition coefficient for glue laminated beams
K0 = angle to grain coefficient for bolt and lag screw connections

= span length of bending member, in.
= distance between points of lateral support of compression member,
in.
= effective span length of bending member, in.
= effective length of compression member, in.

L = beam length, ft
M = maximum bending moment, lb-in.
Ps = static coefficient of friction
n = number of fasteners in a row
N = normal force
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Na = near-source factor used in the determination of Ca in seismic zone
4 related to both the proximity of the building of structure to known
faults with magnitudes and slip rates

NB = number of bolts
N = number of shear surfaces
N = near-source factor used in determination of C, in seismic zone 4

related to both the proximity of the building or structure to known
faults with magnitudes and slip rates

p = redundancy/reliability factor
Pmax = maximum limit of redundancy factor
Pmin = minimum limit of redundancy factor
P = total concentrated load or total axial load, lb
rmax = ratio for determining redundancy/reliability factor
R = numerical coefficient representative of the inherent overstrength

and global ductility capacity of lateral force-resisting systems
s = center to center spacing between adjacent fasteners in a row, in.
S = section modulus, in3
S = snow load, plf
S = section modulus for x-axis bending, in3
tm = thickness of main member, in.
t = thickness of side member, in.I = natural period of a building according to UBC, sec
T =tension load, lb

= tension of bolts or bolt normal force, lb
V = base shear, lb
Vmax = maximum base shear, lb
Vmin = minimum base shear, lb
w = uniform load for deflection calculation, lb/ft
W =total uniform load, lb
Z = tabulated lateral design value for a single fastener connection, lb
Z' = allowable lateral design value for a single fastener connection, lb



Assumptions:

- Assume total roof dead load = 20 psf (typical 7-20 psf according to
Breyer, 1993)

- Seismic zone 4 (assumed)
- W = weight (dead load)= 20 lb/ft2x60 ftx 120ft = 144,000 lb

(tributary area)
- Soil type SD (unknown type of soil)
- Snow load 25 psf

Seismic Base Shear Calculation

For seismic base shear,

T = C x h3I4

h = 20 ft
C= 0.02

T0.19s

Appendix B: Building Sketch and Design

Figure A.1. Building Plan and Elevation

(UBC 30-8)

A-A

(height of the building)
(all other building)
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V=
RxT

R = 5.6

= 1.0

V = 173,233 lb = 173 kips

For minimum base shear,

Ca 044'<1a

Na = 1.5

Ca = 0.66

Vmin 0.11XCaXIXW

Vmin = 10,454 lb = 10.5 kips

For maximum base shear,

Vmax
2.SXCa xIxW

R

Vmax = 42,429 lb = 42.4 kips

For seismic Zone 4, V shall not be less than:

0.8xZxN xlxWv4-
R

(UBC 30-4)

(ordinary heavy braced
timber)
(assume standard
occupancy structures)

(UBC Table 16-Q, for
seismic zone 4 and soil type
Sd)

(UBC Table 16-S, for
source type A and <2 km to
source)

(UBC 30-6)

(UBC 30-5)

(UBC 30-7)
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C =0.64xN (UBC Table 16-R)
N = 2 (UBC Table 16-T, for source type A and <2 km to source)
C, = 1.28



D

D+L+(LrorS)

D+(Wor--)
1.4

0.9 x D ± ----
1.4

D+IL+S+ E O75
1.4)

p=2 20

rmax x jAb

rmax assumptions:

(UBC)

(UBC 30-3)
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Z = 0.4 (UBC Table 16-I)

V4 = 16,457 lb

V mm <V max < V and V4 <Vmax, SO V (governs) = Vmax = 42,429 lb = 189 kN

Load Combination

Snow load
Dead load
Earthquake load

Load combination according to ASD,

D = 20 psf x 60' = 1,200 plf (typical roof dead load 7 to
20 psf, Breyer 1993)

Lr = 0 plf (no live loads)

S = 25 psf x 60 ft = 1,500 plf (assumed snow load)

E =pxEh+EV (UBC 30-1)

E = 0 (ASD taken as 0)
Eh=42,429lb



- considering E-W direction
middle frame governs (Figure A.1)

- flexible diaphragms
including 5% eccentricity for shear

- excluding uniform roof load
cross braced in one bay

For 5% eccentricity of 60 ft span = 3 ft,

Total Shear = V
Shear at one of the bracing member in the middle frame = V/4

V "33 27x +

r
6O 60

max

rmax = 0.25
AB= I2Oftxl2Oft= 14,400 ft2

p:::2

p = 1.33

Pmin = 1.0 < P < Pmax = 1.5, so p (governs) = 1.33

E = 56,430 lb

For beams and colums, UBC 12-8 governs which is D + S combination:

Vertical Load = w = D + S = (1,200 + 1,500) plf = 2,700 p11

For bracing members, exclude gravity load:

Horizontal force = ElI .4 = 56,430 lb/I .4 = 40,307 lb

20

- O.25xj14,4O0
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w2700 p12

20'

V40,307.17 lbs

Figure A.2. Simplified frame loading

Beam Desian

For bending check,

Use 24F-V4 (Douglas-fir Glulam),
Assume beam is fully supported by roof deck and purlins.

Fb = 2,400 psi
Fb'=FbXX(CDXCMXCtXCVXCL) (NDS2.3.1)

CD = 1.15 (snow load governs)
CM = 1.0
Ct = 1.0
C, = 0.9 (assumed first)
CL = 1.0
So use C',,

Fb'= 2,400 x(1 .15x 1 .Oxl .OxO.9)

Fb' = 2,484 psi

Assume simply supported beam (semi-rigid in real building),
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(a) Bear, and Column design (a) Brocing r'rer'rbers design



M
w x L2

8

L = 20 ft'
w = 2,700 plf

M
2,700 x 202

8

M = 135,000 !b-ft

S = 600 in3

For deflection limit,

E' = E X(CM c)

E = 1,800,000 psi

E' = 1,800,000 psi

Li
5xwxL4

IL 384xExI

L
ax 240

AMax = 1.0"

5x(2,700--12)x(20x12)
LITL _1.O_

384 x 1 ,800,000x I

= 5,400 in4

Looking at Table Ic in the NDS Supplement,

(NDS 2.3.1)

(I must be larger than 5,400 in4)
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Try 10 3hx 19

A = 209.6 in2
S = 681.3 in3> 600 in3
I = 6,643 in4> 5,400 in4

(21\1b0 12hIb0 (5.125\hhbo
Cv=KLxI X x 1.0

L1 d) b

KL= 1.0
d = 19 1/2
b = 10 3/4"

(21h/b0 1 12 \1/10 p5.125
1/10

C =1.0 xJ
xi 9.5J X 10.75] 1.0

Bending Check!

M
b_S

Fb' = Fb < (CD X CM X C x C)

Fb' = 2,484 psi > 2,378 psi (OK!)

Shear Check!

1.5xV
A

(NDS 2.3.1)

(NDS 5.3.1)

(NDS Table 5.3.2)

(NDS 3.4-2)

146

fb
135,000x12

681.3

fb21378 psi

Cv0.89 0.9 (as assumed)



Assume simply supported beam,
wxLV= dxw

2

d = 19 in.

V = 27,000 lb 4320 lb = 22,680 lb

F
1.5x(22,680)

- 209.6

162 psi

F' = F x (CD x CM x C x CH)

F = 190 psi
CH = 1.0

F'= 190x(1.15x1.Oxl.Oxl.0)

F'=219psi>162psi

For deflection check,

E' E x(CM < c)

E = 1,800,000 psi

E' = 1,800,000 psi

I

bd3

12

5xwxL4
- 384 x E x I

10.75x19.5
12

(NDS 2.3.1)

(strong axis)
(always 1.0 for glu lam)

(OK!)

(NDS 2.3.1)
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1= 6643 in4

5x(2,70012)x(20x12)4
IL 384 x I ,800,000x 6643

A flO4LITL - J.O I

L
ax

240

AMax = 1.0 >0.81"

Length of Bearinq for Beams

At the end column, the axial load is the maximum shear = V,

P = 27,000 lb

1 '_E X(CMXCtXCb)I - I
CM = 1.0
Ct= 1.0
F1 650 psi

C
_+0.375

b
£b

For b < 6 in. and de > 3 in., Cb = 1.0

27000 =650x[1.Oxl.Oxl.0]

b=3.86in.-4in. (minimum bearing length
measured parallel to grain)

(OK!)

(= V)

(NDS 2.3.1)

(NDS 2.3-1)
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Column Desiqn

For compression check,
Columns are assumed to have axial loads onI'
Column tributary area = 60 ft x 20 ft = 1,200 ft
P for axially loaded column 20 ft x 2,700 plf = 54,000 lb
Load combination (D+S) governs
Try 10 3/4 x 10 % Douglas-fir glulam combination 3 with 3 laminations,

fcA
A = 116 in2

= 54,000 lb/I 16 in2 = 467 psi

F= F x (CD X CM x C x CF x C

CD 1.15
CM = 1.0
Ct= 1.0
CF 1.0
F = 1,850 psi

CP=

-2
Fee

F

c

C = 0.9

F
_F<<E

ce - ( \2
'e

KE = 0.418
E = 1,800,000 psi

= 20' = 240 in.
d = 10.75 in.

(NDS 2.3.1)

(snow load governs)

(NDS 3.7-1)

(NDS 3.7-1)
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F
0.418x1,800,000

ce
(20x12"2
( l0.75

Fce = 1,510 psi

= F (CD X CM x C X CF)

= 1,850 psi x(1.15x 1.0 x 1.0 x 1.0)= 2,128 psi

(1,510
1+i

C L2,128
2x0.9

p1,510 -
1+

\2,128
2x0.9

2
1,510

2,128
0.9

Cp = 0.61

F'= 1,850x(1.15x1.0x1.0x1.0xO.6]

F' = 1,297 psi> F = 467 psi (ok)

End Bearinq Load at Middle Column

fg =
P

A

A = 10.75 in. x 10.75 in. = 116 in2
P = 54,000 lb

fg=467 psi

Fg' = Fg x(CD x c)

Fg = 2,360 psi

F91= 2,360 x (1 .15x 1.0)

(NDS 3.7-1)

(double of V value)

(NDS 2.3.1)
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Fg' = 2,714 PSj > 467 psi (OK!)

Joint Stiffness

kxL
a. = Exl

L = 20' = 6096 mm
Eb = 1,800,000 psi = 12,411 MPa
lb = 6642.5 in4 = 2765 (x 106) mm4
a = 10

k
a xEb XIb

L

k = 56,293 kNm/rad

Stress in Bracing

Assumptions:
- joint method

pinned at supports
single bay calculation (approximate value)
Fax = FbX = half of total lateral load = (40,307/2) = 20,154 lb

- indeterminate structure, so use SAP2000 to calculate
- earthquake load duration applies; use CD = 1.6 as permitted by NDS.

(See Figure A.2b)

=FAIxcos45°+Fax 0

FAI = 28,501 lb

(Leichti and Hyde, 1999,

eq.1)

(semi rigid factor from
Leichti and Hyde, 1999)
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This value was checked with SAP2000 program as shown in Appendix C.
The resulting maximum axial force of the bracing members is 30,045 lb.

Bracing Design and Check

50
d

Le = 20'Icos45° = 28.28' = 339 inch (brace length)

- 33.94' <50' (OK!)

Tension check!

= (CD X CM x C x CF)

Co = 1.6
CM = 1.0
Ct= 1.0
CF = 1.0
Ft = 1,000 psi

F' = 1,600 psi

Use lOx 10 in. (actual dimension) select structural sawn lumber
(posts and timbers) WCLIB, (NDS Supplement)

f=ItA
T = 30,000 lb
A 100 in2

F = 300 psi < 1,600 psi (OK!)

(NDS 2.3.1)
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Compression check!

f P
CA

30,000
C lOx 10

= 300 psi

CD = 1.6
CM 1.0
C= 1.0
CF = 1.0

psi

F' = F x (CD x CM x C x CF X c)

Kce = 0.3
c = 0.8
E = 1,600,000 psi
F = 1150 psi
e 28.28ft.

d = 10 in.

F =KceXE
Ce (2 '.2

F
0.3x 1,600,000

ce (28.28x12\2

10

(NDS 2.3.1)

(NDS 3.7-1)
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Fce4i7pSj

F* = F (C0 x CM X C x CF)

F* = 1 ,150x(1 .6x1 .Oxl.Oxl .0)

FC = 1840 psi

(417
1+i

184O

2x0.8

(4172
1+

1840
2 x 0.8

(417
1840

0.8

Cp0.215

F' = 395 psi > 300 psi (OK!)
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Appendix C. SAP 2000 Analysis of Building Frame

SAP2000 program was used to analyze a timber frame with semi-
rigid connections. Nonlinear link element (NLLink) was used for nonlinear
time-history analysis. This link element can be used to model local
structural nonlinearities such as gaps, dampers, isolators, and the like.
Nonlinear behavior is exhibited only during nonlinear time-history analyses.
For all other analyses, this link element behaves linearly.

To verify the function of NLLINK element, several examples were
proposed:

Simple supported beam
- Fixed-end support beam
- Simply supported beam with NLLINK elements

NLLINK elements were attached to the system with related rotational
stiffness and were set to a 50 percent stiffness according Leichti et al.
(2000) approach. From these examples, the moments were observed.
Results showed that system with NLLINK elements had end-moments less
than the fixed-end support system. Another set of examples was also
proposed:

Simply supported frame with rigid joints
Simply supported frame with NLLINK joints

- Simply supported frame with NLLINK joints and stiffness
components set to infinity

From these examples, the simply supported frame with NLLINK joints had
less end-moment values compared to the rigid joints and when the stiffness
components were set to infinity (very large value), the end-moment values
were the same as the rigid joints. At the end, NLLINK elements were
attached to the building frame in question. These results are shown below:



90,000 lb-pt

15,874 lkj-$-t

nply Supported

135,000 lb-ft

90,000 lb-Pt

Fixed End Suppor±ed

45,000 tb-Ft

Simple Supported with
ULLIEK (Semi-Rigid)

119,186 lb-8t

Figure C.1 Beam System Comparison

Simply Supported Beam with Distributed Load

Input FHe

SYSTEM
DOFUX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
1 X=-1O Y=O Z=O
2 X=1O Y=O Z=O

RESTRAI NT
ADD=1 DOF=U1 ,U2,U3,R1 ,R3
ADD=2 DOF=U2,U3,R1,R3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=15.18705 W=489.024

15,874 lb-f-t
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T=0 E=4.176E+09 U=.3 A=.0000065 FY=5184000
NAM E=CONC I DES=C M=4.657306 W=1 49.9904
T=0 E=5.184E+08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W=149.9904
1=0 E=5.184E+08 U=.2 A=.0000055

FRAME SECTION
NAME=FSECI MAT=STEEL SH=R 1=1.5,1 A=1.5 J=.2934568

I=.28125,.125 AS=1.25,1.25

FRAME
I J=1,2 SEC=FSECI NSEG=4 ANG=0

LOAD
NAME=LOADI CSYS=0
TYPE=DISTRIBUTED SPAN

ADD=1 RD=0,1 UZ=-2700,-2700

OUTPUT
No Output Requested

END

The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X"1" -10
GRID GLOBAL X "2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z"4" 0
MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000

FCSHEAR 576000
STATICLOAD LOADI TYPE DEAD

END SUPPLEMENTAL DATA
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Output File

JOINT DISPLACEMENTS

158

JOINT LOAD Ui U2 U3 Ri R2 R3

I LOAD1 0 0 0 0 7.66E-04 0

2 LOADI 0 0 0 0 -7.66E-04 0

JOINT REACTIONS

JOINT LOAD Fl F2 F3 Mi M2 M3

I LOAD1 0 -1.19E-27 27000 0 0 6.06E-12

2 LOAD1 0 5.52E-28 27000 0 0 -6.06E-12

FRAME ELEMENT FORCES

FRAME LOAD LOC P V2 V3 T M2 M3

1 LOADI 0 0 -27000 327E-12 0 6.OSE-i2 0

1 LOADI 5 0 -13500 1.63E-12 0 -6.21E-12 101250

1 LOAD1 10 0 3.64E-12 -i.67E-27 0 -1.03E-ii 135000

1 LOAD1 15 0 13500 -1.63E-12 0 -6.21E-12 101250

1 LOAD1 20 0 27000 -3.27E-12 0 6.06E-12 -i.02E-i0

JOINT SPRING FORCES

JOINT LOAD Fl F2 F3 Ml M2 M3

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-v F-Z M-X M-Y M-Z X Y Z

ALL LOAD1 0 -6.40E-28 54000 0 0 1 .76E-26 0 0 0



Fixed Supported Beam with Tributary Load

Input File

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
I X=-IO Y=O Z=O
2 X=1O Y=O Z=O

RESTRAINT
ADD=I DOF=U1 ,U2,U3,R1 ,R2,R3
ADD=2 DOF=U1,U2,U3,R1,R2,R3

PATTE RN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=15.18705 W=489.024
T=O E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W=149.9904
T=O E=5.184E+08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W=149.9904
T=O E=5.184E+08 U=.2 A=.0000055

FRAME SECTION
NAME=FSEC1 MAT=STEEL SH=R T=1.5,1 A=1.5 J=.2934568

I=.28125,.125 AS=1.25,I.25

FRAME
1 J=1,2 SEC=FSECI NSEG=4 ANG=O

LOAD
NAME=LOAD1 CSYS=O
TYPE=DISTRIBUTED SPAN

ADD=I RD=O,1 UZ=-2700,-2700

OUTPUT
No Output Requested

END
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The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X "1" -10
GRID GLOBAL X "2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z "4" 0
MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000

FCSHEAR 576000
STATICLOAD LOADI TYPE DEAD

END SUPPLEMENTAL DATA

File Output

JOINT DISPLACEMENTS

JOINT LOAD Ui 02 U3 Ri R2 R3

I LOAD1 0 0 0 0 0 0

2 LOAD1 0 0 0 0 0 0

JOINT REACTIONS

JOINT LOAD Fl F2 F3 Ml M2 M3

1 LOAD1 0 -2.49E-27 27000 0 -90000 -1 .25E-26

2 LOAD1 0 i85E-27 27000 0 90000 -3.82E-26

FRAME ELEMENT FORCES

FRAME LOAD LOC P V2 V3 T M2 M3

I LOADI 0 0 -27000 3.27E-12 0 i.09E-11 -90000

1 LOADI 5 0 -13500 l.63E-12 0 -1.350-12 11250

1 LOADI 10 0 -1.46E-i1 -4.54E-28 0 -5.45E-12 45000

1 LOADI 15 0 13500 -1.63E-12 0 -1.36E-12 11250

1 LOAD1 20 0 27000 -3.27E-12 0 1.09E-11 -90000



JOINT SPRING FORCES

JOINT LOAD Fl F2 F3 Ml M2 M3

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-V F-Z M-X M-Y M-Z X V Z

ALL LOAD1 0 -6.40E-28 54000 0 0 -7.34E-27 0 0 0

Simply Supported Beam with NLLINK and Tributary Load

Input File

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
I X=-IO Y=0 Z=0
2 X=l0 Y=0 Z=0

RESTRAINT
ADD=1 DOF=U1 ,U2,U3,R1 ,R3
ADD=2 DOF=U2,U3,R1,R3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=1 5.18705 W=489.024
T=0 E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W149.9904
T=0 E=5.184E+08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W149.9904
T=0 E=5.184E08 U=.2 A=.0000055

FRAME SECTION
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NAME=FSECI MAT=STEEL SH=R T=1 .5,1 A=1 .5 J=.2934568
l=.28125,.125 AS=1.25,l.25

NLPROP
NAME=SPRING TYPE=Damper

DOF=U1 KE=IE+12 CE=O
DOF=U2 KE=IE+12 CE=O
DOF=U3 KE=1E+15 CE=0
DOF=R1 KE=IE+13 CE=0
DOF=R2 KE=IE+13 CE=O
DOF=R3 KE=2.515216E+07 CE=0

FRAME
I J=1,2 SEC=FSEC1 NSEG=4 ANG=0

NLLINK
1 J=1 NLP=SPRING ANG=0 AXDIR=+Z
2 J=2 NLP=SPRING ANG=O AXDIR=+Z

LOAD
NAME=LOADI CSYS=0
TYPE=DISTRIBUTED SPAN

ADD=1 RD=0,1 UZ=-2700,-2700

OUTPUT
No Output Requested

END

The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X "1" -10
GRID GLOBAL X"2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z lP4I 0
MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000

FCSHEAR 576000
STATICLOAD LOADI TYPE DEAD

END SUPPLEMENTAL DATA
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Output File

JOINT DISPLACEMENTS

JOINT LOAD UI U2 U3 Ri R2 R3

JOINT REACTIONS

JOINT LOAD Fl E2 F3 Ml M2 M3

FRAME ELEMENT FORCES

JOINT SPRING FORCES

JOINT LOAD Fl F2 F3 Ml M2 M3

NLLINK ELEMENT FORCES

NLLINK LOAD LOC P V2 V3 T M2 M3

163

FRAME LOAD LOC P V2 V3 T M2 M3

1 LOADI 0 0 -27000 3.27E-12 0 6.91E-12 -15874.2

1 LOAD1 5 0 -13500 1.63E-12 0 -5.35E-12 85375.8

I LOAD1 10 0 0 -1.26E-27 0 -9.44E-12 119125.8

1 LOAD1 15 0 13500 -1.63E-12 0 -5.35E-12 85375.8

I LOAD1 20 0 27000 -3.27E-12 0 6.91E-l2 -15874.2

1 LOAD1 0 0 0 0 0 0 15874.19

1 LOAD1 0 0 0 0 0 0 15874.19

2 LOAD1 0 0 0 0 0 0 -158742

1 LOADI 0 0 0 0 6.31 E-04 0

2 LOAD1 0 0 0 0 -6.31E-04 0

1 LOADI 0 -I.36E-27 27000 0 0 4.99E-12

2 LOADI 0 7.22E-28 27000 0 0 -4.99E-12



2 LOAD1 0 0 0 0 0 0 -158742

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-V F-Z M-X M-Y M-Z X V Z

ALL LOAD1 0 -640E-28 54000 0 0 2.1OE-26 0 0 0

53,890 lb-ft 53990 lb-ft 53,890 lb-ft 53,890 lb-ft14196 b-ft 14196 lb-ft

53,81.-ft 53.89-ft 14.196
91,110 Ib-

RESTRAINT

Single Ssppo,'ted F nsne
with Rigid Joints

120,804 lb-ft

Single Ssppo'ted FJ-one
with IILLIOK Joirrts (0en
Rigid)

53,8.-ft 53.89
81,110 16-

Single Soppoted Frsne
with QLLIOK Joints (with
Stiffness Conponents
ore Set to Infinite)

Figure C.2 Simple Frame Comparison

Simply Supported Frame with Riqid Joints

Input File

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
1 X=-1O Y=O Z=O
2 X=-1O Y=O Z=20
3 X=1O Y=O Z=O
4 X=1O Y=O Z=20
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ADD=1 DOF=U1 ,U2,U3,R1 ,R3
ADD=3 DOF=U1 ,U2,U3,R1 ,R3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=1 5.18705 W=489.024
T=0 E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W=149.9904
T=0 E=5.184E+08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W=149.9904
T=0 E=5.184E+08 U=.2 A=.0000055

FRAME SECTION
NAME=FSECI MAT=STEEL SH=R T=1 .5,1 A=1 .5 J=.2934568

I=.28125,.125 AS=1 .25,1.25

FRAME

LOAD
NAME=LOADI CSYS=0
TYPE=DISTRIBUTED SPAN

ADD=3 RD=0,1 UZ=-2700,-2700

OUTPUT
No Output Requested

END

The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X "1" -10
GRID GLOBAL X "2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z "4" 0
GRID GLOBAL Z "5" 20
MATERIAL STEEL FY 5184000

165

1 J=1,2 SEC=FSECI NSEG=2 ANG=0
2 J=3,4 SEC=FSECI NSEG=2 ANG=0
3 J=2,4 SEC=FSECI NSEG=4 ANG=0



JOINT REACTIONS

JOINT LOAD Fl F2 F3 MI M2 M3

1 LOADI 2694.513 0 27000 0 0

3 LOADI -2694.51 0 27000 0 0 0

FRAME ELEMENT FORCES

166

MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000
FCSHEAR 576000

STATCLOAD LOADI TYPE DEAD
END SUPPLEMENTAL DATA

Output File

JOINT DISPLACEMENTS

FRAME LOAD LOC P V2 V3 T M2 M3

1 LOAD1 0 -27000 -269451 0 0 0 0

1 LOAD1 10 -27000 -2694.51 0 0 0 26945.13

1 LOADI 20 -27000 -2694.51 0 0 0 53890.27

2 LOAD1 0 -27000 2694.513 0 0 0 0

2 LOAD1 10 -27000 2694.513 0 0 0 -26945.1

2 LOAD1 20 -27000 2694.513 0 0 0 -53890.3

3 LOAD1 0 -2694.51 -27000 327E-12 0 8.96E-12 -53890.3

3 LOAD1 5 -2694.51 -13500 1.63E-12 0 -3.31E-12 47359.73

3 LOADI 10 -2694.51 7.28E-12 -1.67E-27 0 -7.39E-12 81109.73

3 LOAD1 15 -2694.51 13500 -i.63E-12 0 -3.31E-12 47359.73

3 LOADI 20 -2694.51 27000 -327E-12 0 8.96E-12 -53890.3

JOINT LOAD Ui U2 U3 Ri R2 R3

I LOAD1 0 o 0 0 -I.51E-04 0

2 LOADI 4.30E-06 o -6.62E-05 0 3.07E-04 0

3 LOAD1 0 o 0 0 1.51E-04 0

4 LOAD1 -4.30E-06 o -8.62E-05 0 -3.07E-04 0



JOINT SPRING FORCES

JOINT LOAD Fl F2 F3 Ml M2 M3

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-V F-Z M-X M-Y M-Z X V Z

ALL LOAD1 0 -6.40E-28 54000 6.40E-27 0 1.56E-26 0 0 10

Simply Supported Frame with NLLINK at Joints

Input File

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
1 X=-10 Y=O Z=O
2 X=-1O Y=O Z=20
3 X=1O Y=O Z=O
4 X=1O Y=O Z=20
5 X=-1O Y=O Z=20
6 X=1O Y=O Z2O

RESTRAI NT
ADD=1 DOF=U1 ,U2,U3,R1 ,R3
ADD=3 DOF=U1 ,U2,U3,R1 ,R3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=15.18705 W=489.024
T=O E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W=149.9904
T=O E=5.184E+08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W=149.9904
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T=O E=5.184E+08 U=.2 A=.0000055

FRAME SECTION
NAME=FSECI MAT=STEEL SH=R T=1 .5,1 A1 .5 J=.2934568

I=.28125,.125 AS=1 .25,1.25

NLPROP
NAME=SPRING TYPE=Damper

DOF=U1 KE=IE+12 CE=O
DOF=U2 KE=IE+11 CE=O
DOF=U3 KE=IE+15 CE=O
DOF=R1 KE1E+13 CE=O
DOF=R2 KE=IE+13 CE=O
DOF=R3 KE=2.515216E+07 CE=O

FRAME
I J=1,2 SEC=FSECI NSEG=2 ANG=O
2 J=3,4 SEC=FSEC1 NSEG=2 ANG=O
3 J=5,6 SEC=FSECI NSEG=4 ANG=O

NLLINK
1 J=2,5 NLP=SPRING ANG=O AXDIR=+Z
2 J=4,6 NLP=SPRING ANG=O AXDIR=+Z

LOAD
NAME=LOADI CSYS=O
TYPE=DISTRIBUTED SPAN

ADD=3 RD=O,1 UZ=-2700,-2700

OUTPUT
No Output Requested

END

The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X"l" -10
GRID GLOBAL X "2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z "4" 0
GRID GLOBAL Z "5" 20

168



JOINT REACTIONS

JOINT LOAD Fl F2 F3 Ml M2 M3

FRAME ELEMENT FORCES
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MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSH EAR 5760000 FC 576000

FCSHEAR 576000
STATICLOAD LOADI TYPE DEAD

END SUPPLEMENTAL DATA

Output File

JOINT DISPLACEMENTS

FRAME LOAD LOG P V2 V3 I M2 M3

1 LOAD1 0 -27000 -709.819 0 0 0 0

1 LOADI 10 -27000 -709.819 0 0 0 7098.192

1 LOADI 20 -27000 -709.819 0 0 0 14196.38

2 LOAD1 0 -27000 709.8192 0 0 0 0

2 LOADI 10 -27000 709.8192 0 0 0 -7098.19

2 LOAD1 20 -27000 709.8192 0 0 0 -14196.4

3 LOAD1 0 -709.819 -27000 3.27E-12 0 6.82E-12 -14196.4

3 LOADI 5 -709.819 -13500 i.63E-12 0 -544E-12 87053.62

3 LOAD1 10 -709.819 2.18E-i1 -2.47E-27 0 -9.53E-12 120803.6

3 LOAD1 15 -709.819 13500 -163E-12 0 -5.44E-12 87053.62

JOINT LOAD UI U2 U3 Ri R2 R3

1 LOAD1 0 o o 0 -3.99E-05 0

2 LOADI 1 .14E-06 o -8.62E-05 0 8.1OE-05 0

3 LOAD1 0 o 0 0 3.99E-05 0

4 LOAD1 -1.14E-06 o -8.62E-05 0 -8.1OE-05 0

5 LOAD1 I.13E-06 o -8.62E-05 0 6.45E-04 0

6 LOAD1 -1.13E-06 O -8.62E-05 0 -6.45E-04 0

I LOADI 709.8192 0 27000 0 0 0

3 LOAD1 -709.819 0 27000 0 0 0



3 LOAD1 20 -709.819 27000 -327E-12 0 6.82E-12 -14196.4

JOINT SPRING FORCES

JOINT LOAD Fl F2 E3 Ml M2 M3

NLLINK ELEMENT FORCES

NLL)NK LOAD LOC P V2 V3 T M2 M3

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-Y F-Z M-X M-Y M-Z X Y Z

ALL LOAD1 0 -6.40E-28 54000 4.27E-27 -1 .98E-1 1 2.31 E-28 0 0 13 33333

Simply Supported Frame with NLLINK at Joints (with Stiffness set to
Maximum)

Input File

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
1 X=-10 Y=0 Z=0
2 X=-10 Y=0 Z=20
3 X=10 Y0 Z=0
4 X=10 Y0 Z=20
5 X=-10 Y=0 Z=20
6 X=10 Y=0 Z=20
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1 LOAD1 0 -27000 -709.819 0 0 0 14196.38

I LOAD1 0 -27000 -709.819 0 0 0 14196.38

2 LOAD1 0 -27000 709.8192 0 0 0 -14196.4

2 LOAD1 0 -27000 709.8192 0 0 0 -14196.4



RESTRAINT
ADD=1 DOF=U1 ,U2,U3,R1 ,R3
ADD=3 DOF=U1,U2,U3,R1,R3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=1 5.18705 W=489.024
T=0 E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W=149.9904
T=0 E=5.184E-'-08 U=.2 A=.0000055

NAME=OTHER IDES=N M=4.658087 W=149.9904
1=0 E=5.184E+08 U=.2 A=.0000055

FRAME SECTION
NAME=FSEC1 MAT=STEEL SH=R T=1 .5,1 A=1 .5 J=.2934568

I=.28125,.125 AS=1 .25,1.25

NLPROP
NAME=SPRING TYPE=Damper
DOF=U1 KE=IE+12 CE=0
DOF=U2 KE=IE+11 CE=0
DOF=U3 KE=IE+15 CE=0
DOF=R1 KE=1E+13 CE=0
DOF=R2 KE=IE+13 CE=0
DOF=R3 KE=IE+14 CE=0

FRAME
I J=1,2 SEC=FSEC1 NSEG=2 ANG=0
2 J=3,4 SEC=FSEC1 NSEG=2 ANG=0
3 J=5,6 SEC=FSECI NSEG=4 ANG=0

NLLINK
I J=2,5 NLP=SPRING ANG=0 AXDIR=+Z
2 J=4,6 NLP=SPRING ANG=0 AXDIR=+Z

LOAD
NAME=LOAD1 CSYS=0
TYPE=DISTRIBUTED SPAN

ADD=3 RD=0,1 UZ=-2700,-2700

OUTPUT
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No Output Requested

END

The following data is used for graphics, design and pushover analysis.
If changes are made to the analysis data above, then the following data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRIDGLOBAL X"l" -10
GRID GLOBAL X "2" 10
GRID GLOBAL Y "3" 0
GRID GLOBAL Z"4" 0
GRID GLOBAL Z "5" 20
MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000

FCSH EAR 576000
STATICLOAD LOADI TYPE DEAD

END SUPPLEMENTAL DATA

Output File

JOINT DISPLACEMENTS

JOINT REACTIONS

JOINT LOAD Fl F2 F3 Ml M2 M3

FRAME ELEMENT FORCES
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JOINT LOAD Ui U2 U3 Ri R2 R3

1 LOAD1 0 o o 0 -1.51E-04 0

2 LOADI 4.33E-06 o -8.62E-05 0 3.07E-04 0

3 LOAD1 0 o o 0 i.51E-04 0

4 LOAD1 -433E-06 o -8.62E-05 0 -3.07E-04 0

5 LOAD1 4.30E-06 o -8.62E-05 0 307E-04 0

6 LOAD1 430E-06 o -8.62E-05 0 -3.07E-04 0

1 LOAD1 2694.507 0 27000 0 0 0

3 LOAD1 -2694.51 0 27000 0 0 0



JOINT SPRING FORCES

JOINT LOAD Fl F2 13 Ml M2 M3

NLLINK ELEMENT FORCES

NLLINK LOAD LOC P V2 V3 T M2 M3

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-V F-Z M-X M-Y M-Z X V Z

ALL LOAD1 0 -6.40E-28 54000 4.27E-27 1.78E-11 -2.22E-22 0 0 13.33333
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FRAME LOAD LOC P V2 V3 T M2 M3

1 LOAD1 0 -27000 -2694.51 0 0 0 0

I LOADI 10 -27000 -2694.51 0 0 0 26945.07

1 LOAD1 20 -27000 -2694.51 0 0 0 53890.13

2 LOAD1 0 -27000 2694.507 0 0 0 0

2 LOAD1 10 -27000 2694507 0 0 0 -26945.1

2 LOADI 20 -27000 2694.507 0 0 0 -53890.1

3 LOAD1 0 -2694.51 -27000 3.27E-12 0 8.96E-12 -53890.1

3 LOAD1 5 -2694.51 -13500 1.63E-12 0 -3.31E-12 47359.87

3 LOADI 10 -2694.51 1.66E-07 -9.03E-24 0 -7.39E-12 81109.87

3 LOADI 15 -2694.51 13500 -1.63E-12 0 -3.31E-12 47359.87

3 LOAD1 20 -2694.51 27000 -3.27E-12 0 8.96E-12 -53890.1

1 LOADI 0 -27000 -2694.51 0 0 0 53890.13

I LOAD1 0 -27000 -2694.51 0 0 0 53890.13

2 LOADI 0 -27000 2694.507 0 0 0 -53890.1

2 LOAD1 0 -27000 2694.507 0 0 0 -53890.1



Building Frame (SAP2000) for Axial load at Bracing Members

Given:
- Building frame in Figure C.3

Subjected to a lateral load of 40,307 lb
- Members dimensions are given
- English Units
- Semi-rigid connection, with NLLINK elements connecting beams to

columns

Find: Maximum axial load of the bracing members (members 19 and 20)

Results:
- Member 19 has an axial load of --30045 lb (in compression)

compared to the estimated value of 28,501 lbs (Appendix B).
- Member 20 has an axial load of 26616 lb (in tension)

SAP2000 Input and Output are shown below:

SAP2000 Input

SYSTEM
DOF=UX,UZ,RY LENGTH=FT FORCE=LB PAGE=SECTIONS

JOINT
1 X=-60 Y= 10 Z=0
2 X=-60 Y=10 Z=20
3 X=-60 Y=10 Z=20
4 X=-40 Y=1 0 Z=20
5 X=-40 Y=10 Z=20
6 X=-40 Y=10 Z=20
7 X=-20 Y=10 Z=20
8 X=-20 Y=10 Z=20
9 X=-20 Y=10 Z=20
10 X=1.83691E-15 Y=10 Z=20
11 X1.83691E-15 Y=10 Z=20
12 X=1.83691E-15 Y=10 Z=20
13 X=20 Y=10 Z20
14 X=20 Y=10 Z=20
15 X=20 Y=10 Z=20
16 X=40 Y=10 Z=20
17 X=40 Y=10 Z=20
18 X=40 Y=10 Z=20
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19 X=60 Y=10 Z=20
20 X=60 Y=10 Z=20
21 X=60 Y=l0 Z=O
22 X-40 Y=l0 Z=O
23 X=-20 Y=10 Z=0
24 X=l.83691E-15 Y=1O Z=O
25 X=20 Y=1O Z=0
26 X40 Y=10 Z=0

RESTRAI NT
ADD=1 DOF=U1,U2,U3
ADD=21 DOF=U1,U2,U3
ADD=22 DOF=U1 ,U2,U3
ADD=23 DOF=U1 ,U2,U3
ADD=24 DOF=U1 ,U2,U3
ADD=25 DOF=U1 ,U2,U3
ADD=26 DOF=U1 ,U2,U3

PATTERN
NAME=DEFAULT

MATERIAL
NAME=STEEL IDES=S M=1 5.18705 W=489.024
T=0 E=4.176E+09 U=.3 A=.0000065 FY=5184000

NAME=CONC IDES=C M=4.657306 W149.9904
1=0 E=5.184E+08 U=.2 A=.0000055

NAME=WOOD IDES=N M=1 .0901 W=35.0784
T=0 E=2.592E+08 U=.3 A=.0000055

FRAME SECTION
NAME=BEAM MAT=WOOD SH=R 1=1 .625,.8958 A=1 .455675

J=.2551861 I=.3203243,9.734312E-02 AS=1.213063,1.213063
NAME=COLUMN MAT=WOOD SH=R T=.8958,.8958 A=.8024875

J=9.069429E-02 1=5.366751 E-02,5.366352E-02 AS=.6687396, .6687396
NAME=BRACING MAT=WOOD SH=R T=.8333,.8333 A=.6943889

J=6.790645E-02 1=4.0181 33E-02,4.01 81 33E-02 AS=.5786574,.5786574

NLPROP
NAME=SPRING TYPE=Damper
DOF=U1 KE=1E+12 CE=0
DOF=U2 KE=IE+12 CE=0
DOF=U3 KE=1E+15 CE=0
DOF=R1 KE=1E+13 CE=0
DOF=R2 KE=1E+13 CE=0
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DOF=R3 KE=4.151982E+07 CE=0

FRAME
I J=1,2 SEC=COLUMN NSEG=2 ANG=0
2 J=3,4 SEC=BEAM NSEG=4 ANG=0
3 J=6,7 SEC=BEAM NSEG=4 ANG=0
4 J=9,10 SEC=BEAM NSEG=4 ANG=0
5 J=12,13 SEC=BEAM NSEG=4 ANG=0
6 J=15,16 SEC=BEAM NSEG=4 ANG=0
7 J=18,19 SEC=BEAM NSEG=4 ANG=0
8 J=20,21 SEC=COLUMN NSEG=2 ANG=0
9 J=5,22 SEC=COLUMN NSEG=2 ANG=0
10 J=8,23 SEC=COLUMN NSEG=2 ANG=0
11 J=11,24 SEC=COLUMN NSEG=2 ANG=0
12 J=14,25 SEC=COLUMN NSEG=2 ANG=0
13 J=17,26 SEC=COLUMN NSEG=2 ANG=0
19 J2,22 SEC=BRACING NSEG=2 ANG=0 IREL=R3 JREL=R3
20 J=l,4 SEC=BRACING NSEG=2 ANGO IRELR3 JREL=R3

NLLINK
I J=2,3 NLP=SPRING ANG=0 AXDIR=+Z
5 J=4,5 NLP=SPRING ANG=0 AXDIR=+Z
6 J=6,5 NLP=SPRING ANG=0 AXDIR=+Z
7 J=7,8 NLP=SPRING ANG=0 AXDIR=+Z
8 J=9,8 NLP=SPRING ANG=0 AXDIR=+Z
9 J=10,11 NLP=SPRING ANG=0 AXDIR=+Z
10 J=12,11 NLP=SPRING ANG=0 AXDIR=+Z
11 J=13,14 NLP=SPRING ANG=0 AXDIR=+Z
12 J=15,14 NLP=SPRING ANG=0 AXDIR=+Z
13 J=16,17 NLP=SPRING ANG=0 AXDIR+Z
14 J=18,17 NLP=SPRING ANG=0 AXDIR+Z
15 J=19,20 NLP=SPRING ANG=0 AXDIR=+Z

LOAD
NAME=QUAKE CSYS=0

TYPE=FORCE
ADD=2 UX=4030717

OUTPUT
No Output Requested

END

The following data is used for graphics, design and pushover analysis.
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If changes are made to the analysis data above, then the fo'lowing data
should be checked for consistency.

SAP2000 V7.40 SUPPLEMENTAL DATA
GRID GLOBAL X "1" -60
GRID GLOBAL X "2" -40
GRID GLOBAL X "3" -20
GRID GLOBAL X "4" 0
GRID GLOBAL X "5" 20
GRID GLOBAL X "6" 40
GRID GLOBAL X "7" 60
GRID GLOBAL Y "8" -10
GRID GLOBAL Y "9" -6
GRID GLOBAL Y "10" -2
GRID GLOBAL Y"ll" 2
GRID GLOBAL Y"12" 6
GRID GLOBAL Y "13" 10
GRID GLOBAL Z "14" 0
GRID GLOBAL Z "15" 20
MATERIAL STEEL FY 5184000
MATERIAL CONC FYREBAR 8640000 FYSHEAR 5760000 FC 576000

FCSHEAR 576000
STATICLOAD QUAKE TYPE QUAKE

END SUPPLEMENTAL DATA
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SAP2000 Output Data

JOINT DISPLACEMENT

JOINT REACTIONS

179

JOINT LOAD Ui U2 U3 Ri R2 R3

1 QUAKE 0.00E+OO 0.00E+O0 0.00E+00 aooE+oo 5.17E-04 0.00E+00

2 QUAKE 8.72E-03 0.00E+00 2.04E-03 0.00E+00 2.73E-04 0.00E+00

3 QUAKE 8.72E-03 000E+OO 2.04E-03 0.00E+00 2.65E-04 0.00E+00

4 QUAKE 7.71E-03 0.00E+00 -i.79E-03 0.00E+00 8.50E-05 0.00E+00

5 QUAKE 7.71E-03 0.00EOO -1.79E-03 0.00E+00 5.73E-05 0.00E+00

6 QUAKE 7.71E-03 0.00E+00 -i.79E-03 0.00E+00 1.31E-05 OOOE+O0

7 QUAKE 7.70E-03 0.00E+00 -1.46E-05 0.00E+00 -6.78E-05 0.00E+00

8 QUAKE 7.70E-03 0.00E0O -1.46E-05 0.00E+00 -3.98E-05 0.00E+00

9 QUAKE 7.70E-03 0.00E+00 -1.46E-05 0.00E+00 -3.30E-05 O.00E+00

10 QUAKE 7.69E-03 O.00EO0 4.49E-06 0.00E+00 2.95E-05 0.00E+00

11 QUAKE 7.69E-03 0.00E+00 4.49E-06 0.00E+00 3.53E-05 0.00E+00

12 QUAKE 7.69E-03 0.00E+00 4.49E-06 0.00E+00 2.35E-05 0.00E+00

13 QUAKE 7.68E-03 0OOE+0O -i.11E-06 0.00E+00 1.37E-05 0.00E+00

14 QUAKE 7.68E-03 0.00E+00 -1.11E-06 0.00E+00 2.34E-05 0.00E+00

15 QUAKE 7.68E-03 0.00E+00 -1.11E-06 0.00E+00 i.51E-05 0.00E+00

16 QUAKE 7.68E-03 0.00E00 2.23E-06 0.00E+00 1.i8E-05 0.00E+00

17 QUAKE 7.68E-03 0.00E+00 2.23E-06 0.00E+00 1.94E-05 0.00E+00

18 QUAKE 7.68E-03 0.00E+00 2.23E-06 0.00E+00 8.77E-06 0.00E+00

19 QUAKE 7.68E-03 0.00E+00 -5.42E-06 0.00E+00 3.82E-05 0.00E+00

20 QUAKE 7.68E-03 0.00E+00 -5.42E-06 0.00E+00 5.47E-05 0.00E+00

21 QUAKE 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.48E-04 0.00E+00

22 QUAKE 0.00E+0O 0.00E+00 0.00E+00 0.00E+00 5A9E-04 0.00E+00

23 QUAKE 0.00E+00 000E+00 0.00E+00 0.00E+00 5.96E-04 000E+00

24 QUAKE 0.00E+00 0.00E+00 O.00E+00 0.00E+00 5.58E-04 0.00E+00

25 QUAKE 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.64E-04 0.00E+00

26 QUAKE 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.65E-04 0.00E+00

JOINT LOAD Fl F2 F3 Mi M2 M3

1 QUAKE -18838 0 -40025 0 0 0

21 QUAKE -34 0 56 0 0 0

22 QUAKE -21279 0 39875 0 0 0

23 QUAKE -44 0 152 0 0 0

24 QUAKE -36 0 -47 0 0 0

25 QUAKE -38 0 12 0 0 0



7 QUAKE
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26 QUAKE -38 0 -23 0 0 0

FRAME ELEMENT FORCES

FRAME LOAD LOCATION P V2 V3 T M2 M3

1 QUAKE

0 21204 17 0 0 0 0

10 21204 17 0 0 0 -170

20 21204 17 0 0 0 -339

2 QUAKE

0 -19045 -41 0 0 0 339

5 -19045 -41 0 0 0 543

10 -19045 -41 0 0 0 746

15 -19045 -41 0 0 0 949

20 -19045 -41 0 0 0 1152

3 QUAKE

0 -190 150 0 0 0 1836

5 -190 150 0 0 0 1086

10 -190 150 0 0 0 336

15 -190 150 0 0 0 -414

20 -190 150 0 0 0 -1164

4 QUAKE

0 -146 -2 0 0 0 -280

5 -146 -2 0 0 0 -270

10 -146 -2 0 0 0 -260

15 -146 -2 0 0 0 -250

20 -146 -2 0 0 0 -240

5 QUAKE

0 -110 45 0 0 0 488

5 -110 45 0 0 0 264

10 -110 45 0 0 0 41

15 -110 45 0 0 0 -182

20 -110 45 0 0 0 -406

6 QUAKE

0 -72 33 0 0 0 346

5 -72 33 0 0 0 180

10 -72 33 0 0 0 14

15 -72 33 0 0 0 -152

20 -72 33 0 0 0 -318



8 QUAKE

9 QUAKE

10 QUAKE

11 QUAKE

12 QUAKE

13 QUAKE

19 QUAKE

20 QUAKE

NLLINK ELEMENTS

0 -34 56 0 0 0 442

5 -34 56 0 0 0 160

10 -34 56 0 0 0 -122

15 -34 56 0 0 0 -404

20 -34 56 0 0 0 -686

0 -56 -34 0 0 0 -686

10 -56 -34 0 0 0 -343

20 -56 -34 0 0 0 0

0 -18630 -34 0 0 0 -683

10 -18630 -34 0 0 0 -342

20 -18630 -34 0 0 0 0

0 -152 -44 0 0 0 -885

10 -152 -44 0 0 0 -442

20 -152 -44 0 0 0 0

0 47 -36 0 0 0 -727

10 47 -36 0 0 0 -364

20 47 -36 0 0 0 0

0 -12 -38 0 0 0 -751

10 -12 -38 0 0 0 -376

20 -12 -38 0 0 0 0

0 23 -38 0 0 0 -759

10 23 -38 0 0 0 -380

20 23 -38 0 0 0 0

0 -30045 0 0 0 0 0

14 -30045 0 0 0 0 0

28 -30045 0 0 0 0 0

0 26616 0 0 0 0 0

14 0 0 0 0 0

28 26616 0 0 0 0 0

NLLINK LOAD LOC P V2 V3 I M2 M3
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1 QUAKE

o -41 -19045 0 0 0 -339

0 -41 -19045 0 0 0 -339

5 QUAKE

0 18780 -225 0 0 0 -1152

0 18780 -225 0 0 0 -1152

6 QUAKE

0 -150 190 0 0 0 1836

0 -150 190 0 0 0 1836

7 QUAKE

0 150 -190 0 0 0 1164

0 150 -190 0 0 0 1164

8 QUAKE

0 2 146 0 0 0 -280

0 2 146 0 0 0 -280

9 QUAKE

0 -2 -146 0 0 0 240

0 -2 -146 0 0 0 240

10 QUAKE

0 -45 110 0 0 0 488

0 -45 110 0 0 0 488

11 QUAKE

0 45 -110 0 0 0 406

0 45 -110 0 0 0 406

12 QUAKE

0 -33 72 0 0 0 346

0 -33 72 0 0 0 346

13 QUAKE

0 33 -72 0 0 0 318

0 33 -72 0 0 0 318

14 QUAKE

0 -56 34 0 0 0 442

0 -56 34 0 0 0 442

15 QUAKE

0 56 -34 0 0 0 686

0 56 -34 0 0 0 686

GROUP JOINT FORCE SUMMATION

GROUP LOAD F-X F-Y F-Z M-X M-Y M-Z



ALL QUAKE 0 0 0 0 0 0

(SUM AT X=0, Y=10, Z=14.61 539)
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1/8" Brcss SHins

Appendix D: Damper Design

1/2k Diameter' BaLe A325

U

I
///7

Figure D.l. Typical SBC

Typical characteristics of SBC:
- Slotted hole length: 102 mm (4 inch) with 1.6 mm bolt clearance

o Typical hole length is 89 mm to 102 mm (3.5" to 4") long
o It depends mostly on the designed allowable story drift of the

building
- Bolt diameter: 12.7 mm (½ inch)

Bolt grade: grade 8 (A325 or better)
o To be conservative, use a high-grade bolt. The bolts are not

supposed to fail under cyclic load
- Belleville washers: Solon Compression EHI 12

o There are various types of Belleville washers. The
information on these products is available from the
manufacturer

Distance between slotted holes: 95 mm (minimum 4D)
o This distance is designed to avoid a group effect in multiple

bolt design.
- Brass shims: 3.2 mm (1/8 inch) thick, 102 x 273 mm
- End distance: 51 mm (larger than I .5D)
- Edge distance for 12.7 mm (½ inch) bolts, gas cut: 19.1 mm

SlotteH Pbe

EedeviHs \JsHens

184



Metal-Wood-Metal Double-Shear Connections

For Yield Mode Im,

D = 1.0 in.
tm = 10 in.
t = 0.875 in.
K9 = 1.0
Fern = 5,600 psi
Fes = 58,000 pSi
Fyb = 45,000 psi

D x tm X Fern

4xK0

1.Ox lOx 5,600

4x1.0

Z = 14,000 lb

For Yield Mode lII,

z= k3XDXtsXFem
1.6 X (2 + Re)'< K9

k3 1+
2 x (1 + Re) 2 x FYb (2 + Re)X D2

Re 3XFemXts2

Re
Fe:

R
5,600

e - 58,000

Re = 0.09655

(NDS 8.3-1)

(NDS 8.3-3)

k3 _1+ 2 x(1 + 0.09655) 2x 45,000 x(2 + 0.09655)x 12

0.09655 3 x 5,600 x 0.8752
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k3=5.11

Z = 7,471 lb

For Yield Mode IV,

CA=O.7l4

n=2
E = 29,000,000 psi
Em = 1,600,000 p5
Am = 100 jfl2
A = 10 in.2

(NDS 7.3-1)
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Cg
mx(1_rn2xn)

[nx[(1+REA xmn)x(1+m)_1+m2] [ 1rn

Z
D2 2 x Fern x FYb

(NDS 8.3-4)
1.6xK0 3 < (1 + Re)

z=
12 2 x 5,600 x 45,000

1.6x1 3x(1+O.09655)

Z = 7,736 lb

Z (governs) = 7,471 lb (Yie'd Mode Ills, smallest Z)

Z'=ZX(CD XCM XC XCg xCj (NDS)

Z = 7.471 lb
CD = 1.6
CM = 1.0
Ct= 1.0

c= Actual - End - Distance
Full - Design - End - Distance

;
=



(s[ 1u=1+yxi xl +
LEmXAm ExA

s4
V = (270,000)x (D15)

= 270,000

u =1+270,000x
1

+
2 [1,600,000 xl 00 29,000,000 xl 0

u = 1.00524

m = U - iju2 1

m =1.00524_j1.005242 I

m0.9027
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Cg -
0.9027x(1_0.90272x2)

1 [ 1+0.55
[2 x {(i + 0.55 x 0.90272)x (1 + 0.9027)-I + 0.90272)<2]j Li - 0.9027

REA

or

- ExA

(whichever is lower)
Em x Am

REA -
EmXAm

E8xA

R
29,000,000x10

= 1.81
1,600,000x 100

or

R
I ,600,000x 100

= 0.55
29,000,000xlO

R= 0.55



CgO934

Z'= 7.471x(1.6x1 .Oxl.OxO.934x.714)

Z'=79721b

Number of bolts,

N=
z,

P = 30,000 lb

N-30'°°°
7972

N = 3.76 4 bolts (4 bolts are adequate for the
bolted connection design)

Connections

- 1-in, diameter Grade 2
- Double shear (wood - metal connection)
- Width=lOin.

For end distance requirement of the bolts with loading parallel to the grain
and for softwoods member,

- Base end distance = 7D = 7 in. (full design)
- Minimum end distance = 3.5D = 3.5 in. (reduced design value)
- Actual end distance = 5 in. (actual) (top of wood block - governs)
- Other-end end distance = 7 in. (full design) (bottom of wood block)

(see Part J Figure)

Spacing required between rows of bolts,

- Minimum distance is 1.5D = 1.5 in.
- Actual spacing between rows of bolts = 4.75 in. (>1.5 in.)

Spacing required for bolts in a row,
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- For loading parallel to grain
o Full design = 4D = 4 in.
o Reduced design = 3D = 3 in.

- Actual spacing for bolts in a row = 4 in. (full design)

Minimum edge distance,

For loading parallel to the grain when lID = 10 > 6,
o Minimum distance is I .5D = 1.5 in. or,
o 0.5 (spacing between rows of bolts) = 0.5 (1.5) = 0.75 in.

(minimum spacing between rows of bolts used)
o 0.5 (spacing between rows of bolts) = 0.5 (4.75) = 2.375 in.

(actual spacing between rows of bolts used) - Governs
Actual edge distance = 2.625 in. (>2,375 in.)

Bearinq Check for SBC bolts

Given:

T = 15 kips (in shear)
Ae =A = 5.375-2x(1/2x(1/2 + 1/16)4.81 inch2
Ag = 10%xY2= 5.38 inch2
Grade 8 bolts

Check,

fa T/Ag 15/5.38 = 2.79 ksi <[0.60xF=21.6 ksi] OK
faT1Ae15/4.81 =3.12ksi<[0.50xF=29ksi] OK

Fasteners,

R (single shear) = m x Ab x F = 2 x 0.1963 x 40 = 15.7 kips/bolt

Allowable capacity in bearing when deformation around the hole is concern
(ASD-J3.7.l), and Le> 1.5d and s>3d,

R (bearing) = 1.2 x F x d x t = 1.2 x 58 x % x 1/2 = 17.4 kips/bolt
Shear value is the smaller of the two and therefore controls,

R = 15.7 kips/bolt
1 =(number of bolts)x R = 2 x15.7 = 31.4 kips>15 kips OK
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Check Plate Thickness for SBC

Assume,
- Plate asa column

Pinned at both ends (conservative)
Load P = 15,000 lb
A36 steel plates were used
Plate length of concern = L = 22 1/2 - 2 3 - 4/2 = 15.5 inch (see Part
I plate on dual SBC-Wood detail drawing - conservative estimate)

- Ag = 5.375 inch squared (10 % x 1/2 inch squared)
F = 36,000 psi
Plate thickness = 1/2 inch

- E = 29,000,000 psi

Calculations,

P
=-= 15,000/5.375 = 2791 psi

K = I (pinned at both ends)
L = 15.5 inch

bh3
- 0.1120 inch4, where b = 10% inch and h = ½ inch

12

r= =0.l444inch

107.3
r

Cc=

so,

2n2E - 126> 107.3
F
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Fa =

(KL2

I F
2C2

311<fl !1
5 r) r+
3 8C 8C3

- 12,021 psi > 2791 psi ( fa) OK!
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SinqIe SBC
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9,, 5,,
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10,

13,
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1' 4
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16
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Part A: Top plate connection of single and double SBC

Part C: Typical Side plate
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Part D: Typical Slotted plate
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Part E: Typical bottom angle
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Part C: Typical 1/8" brass shim
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Part H: Top plate connection of single SBC
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Double SBC
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a
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Part B: Typical top angle for Dual SBC
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4

Part F: Aluminum block spacer
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Double SBC-wood

10"
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2
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16

0 0

Part I: Typical slotted plate for Dual SBC-wood system

9,,
0116

Part J: Typical wood block

1
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10"

1I 10"

Part K: Hold-down steel plate

2

Part L: Top plate connection fixture
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Appendix E: Pictures

Figure E.1. Single SBC Set-Up
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Figure E.2 Slotted Plate After Numerous Cycles

Figure E.3. Brass Shim Particles in the Slotted Holes
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Figure E5. Brass Shims After Numerous Cycles (Sliding Surface):
Scratching and Brass Shims Deformation
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Figure E.4. Smearing Adhesion of Brass Shim Particles on the Surface of
the Slotted Plate Concentrated at Mid-Slot



Figure E.6. Brass Shims After Numerous Cycles (Non-Sliding Surface)

Figure E.7. Bent Brass Shims Because of Numerous Cycles
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Figure E.8. Non-Uniform Scratch on Brass Shim

Figure E.g. End of Slotted Holes Scratches the Brass Shim
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Figure E.1O. Side Plate (Non-Sliding)

Figure E.11. Dual SBC Set-Up
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Figure E.12. Close-Up View of the SBC

Figure E.13. Dual SBC Mounted to the Test Table
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Figure E.14. Mounting Fixture to the MIS Actuator

Figure E.15. Side View of Dual/Tandem SBC
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Figure E.16. Dual SBC-Wood Set-Up
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Figure E.17 Close-Up View at the Wood Block Mounted to the Test Table

Figure E.18. Side View of Dual SBC-Wood
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Figure E.19. Top Mounting Fixture for Dual SBC-Wood

Figure E.20. Wood Block Before the Test
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Figure E.21. Wood Block After the Test

Figure E.22. End of Wood Block where a Hole was Drilled
for the Threaded Rod
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Figure E.23. LVDT Mounted to Measure Displacement
Between Wood and Steel Plates
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Figure E.24. LVDT Mounted to Measure Displacement for
Both Sides of SBC
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Figure E.25. LVDT Mounted to Measure the Bolt Movement on the Side
Plates and the Mounting Fixture
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Appendix F: Individual Test Hysteresis Analysis Table
from Phases II and III

(See Next Page)
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Table F.1. Tabulated Results of ISO Tests

Test
set -

Maximum F511
(KN)

Max Displacement
(mm)

#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6

ISO - - - - - - 0.2 0.3 0.4 0.4 0.3 0.2
(single) - - - - - - 0.9 0.7 0.7 0.8 0.8 0.8

70 39 48 40 43 39 1.7 1 .8 1.7 1.8 1.8 1.7
70 44 53 46 50 45 2.7 2.6 2.8 2.6 2.6 2.8
72 50 58 53 54 52 3.5 3.7 3.7 3.8 3.7 3.6
76 65 74 68 63 67 7.5 7.6 7.6 7.6 7.5 7.6
76 69 78 75 67 71 15.2 15.3 15.3 15.3 15.2 15.1

; 78 74 79 75 72 73 22.9 22.9 23.0 22.9 22.9 22.9
75 74 77 76 73 75 30.6 30.6 30.6 30.5 30.6 30.6
75 77 77 75 76 76 38.2 38.2 38.3 38.2 38.2 38.2

#1 #2 #3a #3b #3c None #1 #2 #3a #3b #3c None

ISO - - - - - - 0.4 0.2 0.4 0.2 0.3 -
(double) - - - - - - 0.8 0.7 0.8 0.9 0.7 -

78 72 85 78 72 - 1.8 1 .8 1.8 1.7 1 .5 -
114 104 118 119 122 - 2.7 2.5 2.7 2.6 2.7 -

142 115 124 138 144 - 3.7 3.6 3.7 3.5 3.5 -
156 157 136 153 160 - 7.5 7.4 7.4 7.4 7.4 -

154 163 137 152 159 - 15.2 15.1 15.2 15.1 15.0 -
153 165 135 147 152 - 22.9 22.7 22.9 22.9 22.9 -
157 157 134 143 147 - 30.4 30.5 30.5 30.6 30.5 -

S 173 157 129 138 146 - 38.2 38.2 38.2 38.2 38.2 -



Table F.2. Tabulated Results of ISO Tests

-
01

Test Set Amplitude
Set

Average F11
(KN)

- - -- Stiffness
(kN/mm)

#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6

ISO - - - - - - - - - - - -

(single) 2 - - - - - - - - - - - -
3rd 67 36 45 39 41 37 44 69 58 75 74 62
4th

64 42 49 44 46 41 51 70 74 75 68 88
5th 60 47 54 50 50 44 52 74 79 78 71 66

6th(3)
54 56 66 61 57 58 47 77 80 67 73 68

7th(3) 63 64 72 70 63 67 54 62 83 79 80 52
8Th(3) 64 68 73 70 65 67 47 73 71 74 70 61
gtfl(3)

63 68 72 71 64 67 42 70 61 75 69 61
10th (3) 62 68 70 70 64 66 53 76 78 65 77 69

#1 #2 #3a #3b #3c None #1 #2 #3a #3b #3c None

1st-
(double) 2 - - - - - - - - - - - -

3rd
78 58 71 65 69 - 44 57 47 48 47 -

4th
107 66 68 76 84 - 35 56 50 50 52 -

5th 126 93 96 118 121 - 44 56 48 46 50 -
6thl(3) 149 142 130 141 148 - 45 48 49 47 50 -7th(3)

142 142 124 136 140 - 42 49 47 46 48 -
8th(3)

138 141 122 132 137 - 45 46 48 43 48 -
9th(3) 135 138 121 131 134 - 45 43 48 44 44 -10th(3)

134 137 117 128 133 - 45 46 50 50 49 -



Table F.3. Tabulated Results of ISO Tests
Test Set Equivalent Viscous Damping

. #1 #2 #3 #4 #5 #6

iso S s s S 0 0 0 0 0 0
(single) I S S I S S 0 0 0 0 0 0

I . 0.18 0.34 0.33 0.32 0.30 0.35
I 0.18 0.48 0.41 0.47 0.45 0.39

0.25 0.48 0.46 0.46 0.47 0.45
5; S 0.39 0.49 0.5 0.5 0.51 0.49

s 0.48 0.54 0.54 0.55 0.55 0.55
; 0.48 0.55 0.55 0.57 0.55 0.55

; ; 0.5 0.56 0.57 0.58 0 54 0.55
S ;;; II S I ; 0.49 0.54 0.56 0.57 0.52 0.54

#2 #3b #3c None #1 #2 #3a #3b None

ISO 0 0 0 0 0 - 0 0 0 0 0 -
(double) 2 0 0 0 0 0 - 0 0 0 0 0 -

3rd
61 132 114 39 47 - 0.07 0.17 0.12 0.05 0.07 -

4th 189 352 288 216 226 - 0.1 0.21 0.14 011 0.11 -
5th 362 505 491 400 397 - 0.11 0.19 0.17 0.13 0.13 -

6tfl(3) 1944 2212 2133 2223 2242 - 0.26 0.3 0.33 0.31 0.3 -
7th(3) 6695 6389 6018 6439 6613 - 0.45 0.41 0.46 0.45 0.44 -
8th(3) 10439 10387 9630 10422 10737 - 0.47 0.44 0.5 0.49 0.49 -gth(3) 14177 14356 13161 14195 14627 - 0.47 0.48 0.51 0.52 0.52 -
10th(3) 17759 18218 16300 17706 18418 - 0.43 0.48 053 0.53 0.53 -



(-) values not obtainable

Table F.4 Dual SBC-Wood Results
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Test Max F
(kN)

Max D
(mm) (kN)

Stiffness
(kN/mm)

Energy
Dissipated
(kN-mm)

Dual SBC-Wood #1
1st Cycle 0.5 0

2nd Cycle 0.7 0
3rd Cycle 112 1.6 106

4th Cycle 122 2.5 270
5th Cycle 128 3.3 539
6th Amplitudes 136 7.3 128 70 2188
7th Amplitudes 137 15.1 125 87 6114
8th Amplitudes 132 1 22.8 122 53 9771

9th Amplitudes 130 30.4 119 85 13260
10th Amplitudes 139 38.4 116 65 16395

Dual SBC-Wood #2
1st Cycle - 0.2 o
2nd Cycle 0.5 0

3rd Cycle 100 1.7 132
4th Cycle 125 2.5 346
5th Cycle 131 3.5 582
6th Amplitudes 136 7.3 127 80 2419
7th Amplitudes 133 15.1 122 81 6226
8th Amplitudes 132 22.7 119 74 9776
9th Amplitudes 130 30.4 117 83 13269
10th Amplitudes 144 38.1 117 89 16806

Dual SBC-Wood #3
1st Cycle 0.3 0

2nd Cycle 0.8 0

3rd Cycle 106 1 1.7 66
4th Cycle 130 2.5 330
5th Cycle 130 3.6 521

6th Amplitudes 139 7.5 131 70 2365
7th Amplitudes 136 15.2 126 80 6262
8th Amplitudes 133 22.9 122 66 9879
9th Amplitudes 132 1 30.5 120 j 65 13440
10th Amplitudes , 144 1 38.2 119 79 16967

Equivalent
Viscous
Damping

0

0
0.09
0.14
0.2
0.35

1 0.47
0.52
0.53
0.49

o

0

1
0.13
0.18
0.2

0.39
0.5

0.52
0.53
0.49

0

0

0.06
0.16
0.18
0.36
0.48
0.52
0.53
0.49




