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Engineering analysis of heavy timber structures under dynamic loads

is generally lacking. Some literature suggests that heavy timber structures

are stiffer than expected, but popular engineering opinion is to the contrary.

In addition, prior research has shown that passive friction dampers can be

used in timber structures for the intended purpose of increasing energy

dissipation under seismic loadings. This study was conducted based on the

hypothesis that heavy timber structures require bracing for seismic design

and further that heavy timber performance under seismic loads will benefit

from the addition of passive dampers.

A computational study was designed to assess the performance of a

two-dimensional model heavy timber structure when it is subjected to a

seismic ground motion. Five building systems were included in the

investigation; all were two story, single bay timber frames with 1-percent

inherent material damping. The frames were differentiated by connection

characteristics, the presence or absence of bracing, and the presence or

absence of friction damper devices. The five building systems were:
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(1) moment-resisting frame (rigid connections, no bracing); (2) semi-rigid

frame (semi-rigid connections, no bracing); (3) pinned braced-frame (pinned

connections, concentric braces); (4) braced damped pinned-frame (pinned

connections, cross braces with dampers); (5) semi-rigid damped frame

(semi-rigid connections, concentric bracing with dampers). By subjecting

these five structural configurations to the same ground motion, the effects

of the connection rigidity, bracing, and dampers can be resolved as

measured by story drift and member forces.

The ground motion used was a corrected, unscaled, USGS Loma

Prieta record with maximum acceleration of 1.05 g. The study frame was

designed with access floor loading with computer use for a geographic

location near San Francisco following the Uniform Building Code and the

National Design Specification for Wood Construction. Beams and columns

were glulam. The semi-rigid connections were designed as a dowel circle

connection following DIN 1052, which is widely used in Europe.

The software used for the investigation was DRAIN-2DX. Semi-rigid

connection behavior was implemented using the Florence Model. The

DRAIN-2DX software does not have a dedicated damper element. A

damper element would produce a rectangular displacement-force

hysteresis when subjected to a fully reversed cyclic load; the key features of

this hysteresis behavior are brace stiffness followed by nearly zero stiffness

at a defined force. A brace-damper superelement was created by using two

compression/tension link elements in parallel with an inelastic bar element.

This combination of elements produced the necessary behaviors, and the

performance was verified in a single story, single bay frame subjected to a

piecewise forcing function and demonstrated in a two story, one bay timber

structure.

The results of the analyses for the five building systems are specific

to the Loma Prieta seismic ground motions. The semi-rigid moment-

resisting frame remained within allowable drift limits, which suggests that



the dowel circle connection produces satisfactory moment resistance. The

braced pinned-frame and the braced-damped, pinned and semi-rigid frames

responded similarly to each other because the large cross-section timber

brace in the low rise, low mass system results in an extremely stiff

structure. These structures are so stiff that the damper does not function.

Evidence suggests that a rotational damper may be functional in semi-rigid

connections of unbraced timber frames, but computational development of

the rotational damper is needed.
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NOTATION

A = axial force, area of the cross section [ft2]

AB = average floor area [ft2]

As = cross sectional area of side member [in2]

Am = cross sectional area of main member [in2]

b = width of bending member [in], b identification term for
column according to NDS

Ca = seismic coefficient given in Table 16-Q of the UBC

Cb = bearing area factor

Cc = curvature factor

CD = load duration factor

Ce = pressure coefficient given in Table 16-G of the UBC

Cf = form factor

Cfu = flat use factor

CL = beam stability factor

Cm = wet service factor

Cp = column stability factor

Cq = pressure coefficient given in Table 16-H of the UBC

Ct = numerical coefficient given in section 1630.2.2 of the UBC,
temperature factor for NDS design

Cv = seismic coefficient given in Table 16-R of the UBC, volume
factor for glulam NDS design

c = identification term for column, aid factor used for static
frame calculation



NOTATION (continued)

D = dead load [lb]

Di beam = dead load for beam (first story, single) [lb]

D2beam = dead load for beam (second story, single) [lb]

DRoof = roof dead load [lb]

DFloor = floor dead load [lb]

Disidewall = dead load (side wall, first story) [lb]

D2sidewall = dead load (side wall, second story) [lb]

Dlfrontwall = dead load (front wall, first story, single) [lb]

D2frontwall = dead load (front wall, second story, single) [lb]

d = depth of the member [in], dowel diameter [in]

d1 = wide face dimension [in]

d2 = narrow face dimension [in]

E = earthquake load [lb]

Eaxial = modulus of elasticity for axial loading [psi]

Eelastic = modulus of elasticity for elastic area [psi]

Eh = earthquake load due to the base shear, modulus of
elasticity for plastic region (hardening) for DRAIN-2DX [psi]

E, = load effect resulting from the vertical component of the
earthquake [lb]

E1 = earthquake force for second story [lb]

E2 = earthquake force for first story [lb]

E' = design value for modulus of elasticity [psi]
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NOTATION (continued)

= modulus of elasticity for plastic area [psi]

= modulus of elasticity for side member [psi]

= modulus of elasticity for main member [psi]

= allowable modulus of elasticity for x-x axis for NDS [psi]

= allowable modulus of elasticity for y-y axis for NDS [psi]

= modulus of elasticity for bending about the x-x axis [psi]

= modulus of elasticity for bending about the y-y axis [psi]

= factor as function of site class and mapped short period
maximum considered earthquake spectral acceleration

= allowable design value for bending stress [psi]

= tabulated bending design value [psi]

= tabulated bending design value multiplied by all applicable
adjustment factors except Cv [psi]

= tabulated bending design value multiplied by all applicable
adjustment factors except Cv [psi]

= critical buckling design value for bending members

= maximum load per fastener for beam [lb]

= maximum load per fastener for column

= tabulated compression stress design value [psi]

= design value for compression stress perpendicular to grain
[psi]

= allowable design value for compression stress [psi]
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NOTATION (continued)

= tabulated compression design value multiplied by all
applicable adjustment factors [psi]

= critical buckling design value for compression members

= dowel bearing strength for main member

= dowel bearing strength for side member

= dowel bearing strength parallel to grain [psi]

= dowel bearing strength perpendicular to grain [psi]

= dowel bearing design value at an angle to grain

= dowel bearing design value for side member at an angle to
grain

= dowel bearing design value for main member at an angle to
grain

= bending yield strength per fastener

= maximum load per fastener for design

= column load per fastener resulting from axial load

= beam load per fastener resulting from axial load

= Normal force

= load per fastener resulting from moment

= column load per fastener resulting from shear load

= beam load per fastener resulting from shear load

= allowable design value for tension stress

= tabulated tension design value, friction force, concentrated
force on the top



NOTATION (continued)

Fv' = allowable design value for shear stress

Fv = tabulated shear design value, factor as function of site class
and mapped is period maximum considered earthquake
spectral acceleration

Fx = design seismic force applied at level x

Fy = yield force

= natural frequency [Hz]

fbi = actual edgewise bending stress [psi]

fb2 = actual flatwise bending stress [psi]

fc = actual compression stress [psi]

ft = actual tension stress

fv = actual shear stress

= Specific gravity

= story height

hi = height at level i

hn = building height

hx = height at level x

= seismic Importance factor, moment of inertia

= Importance factor

k3 = factor for dowel yield equations

KbE = Euler buckling coefficient for beams

KcE = Euler buckling coefficient for columns
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NOTATION (continued)

= rotational stiffness

= spaced column fixity coefficient

= angle to grain coefficient for dowel-type fastener condition

= angle to grain coefficient for dowel-type fastener side
member

= angle to grain coefficient for dowel-type fastener main
member

= stiffness for Florence Model

= live load; length of bending member between points of zero
moment; length of a beam

= Loma Prieta

= roof live load

= length of the beam

= effective span length of compression member

= effective span length of compression member 1

= effective span length of compression member 2

= unsupported length between intermediate supports

= moment

= moment in the corner

= yield moment

= mass

= near source factor given in Tables 16-S and 16-U of the
UBC



NOTATION (continued)

= number of shear split rings; number of fasteners

= design wind pressure

PB = braced pinned frame

PD = pinned damped braced frame

Peak D = peak displacement

PGA = peak ground acceleration

= lateral design value per bolt

Q' = allowable lateral design value per bolt

Qtot = actual lateral value for all bolts

= uniform load

qs = wind stagnation pressure

= factor to be used for the base shear calculation

RG = Rigid frame

RB = slenderness ratio of bending members

= radius of dowel circle

= element-story shear ratio for second story

r2 = element-story shear ratio for first story

rmax = maximum element-story shear ratio

= snow load

Sa = design spectral response acceleration

SBC = slotted-bolted connection



NOTATION (continued)

SDS = design spectral response acceleration for short period

SD1 = design spectral response acceleration for 1-s period

SR = semi-rigid frame

SD = semi-rigid, braced damped frame

Ss = peak ground acceleration for short period

Si = peak ground acceleration for 1-s period

Sms = maximum spectral response acceleration for short period

Smi = maximum spectral response acceleration for 1-s period

Syc = compression yield stress

Syi = tension yield stress

T = building period

To = period for design response spectrum

Ts = period for design response spectrum

tm = thickness of main member

ts = thickness of side member

U1,2 = displacements 1 and 2

V = base shear and total design lateral force, shear force

Vm = force resulting from the moment

Vmax,B = shear force for the beam

Vmax,c = shear force for the column

WDLFloor = floor dead load (single)



NOTATION (continued)

WDLFloor = floor dead load (uniform)

WLLFloor = floor live load (single)

WLLFloor = floor live load (uniform)

WDLr = roof dead load (single)

WDLr = roof dead load (uniform)

WLLr = roof live load (single)

WLLr = roof live load (uniform)

Wlsidewall = dead load (side wall, first story)

W2sidewall = dead load (side wall, second story)

Wlfrontwall = dead load (front wall, first story, single)

W2frontwall = dead load (front wall, second story, single)

Wlfrontwall = dead load (front wall, first story, uniform)

W2frontwall = dead load (front wall, second story, uniform)

Wcolumn = Weight of the column

Wbeam = weight of the beam

Wbracing = weight of the bracing

W, = total weight for the second story

W2 = total weight for the first story

Wtotal = total weight for the building

W = total weight of the building

wx = portion of w at level x



NOTATION (continued)

= portion of w at level i

WiL = wind force 0-15 ft inwards

W2L = wind force 15-20 ft inwards

W3L = wind force 20-24 ft inwards

W1 R = wind force 0-15 ft outwards

W2R = wind force 15-20 ft outwards

W3R = wind force 20-24 ft outwards

WR = wind force roof upwards

= wind load

= uniform beam load

= coefficient use for NDS

= seismic zone factor, nominal design for dowel type fastener

a = factor used for moment calculation

13r = aid factor for moment calculation

Li = actual deflection

Aallow = allowable deflection

Am = maximum inelastic response displacement

As = static differential story displacement

= displacement

= coefficient of friction

= reliability/ redundancy factor



NOTATION (continued)

= rotation 1 and 2

= maximum angle of load to grain

= yield stress

= circular frequency



NONLINEAR DYNAMIC ANALYSIS OF HEAVY TIMBER FRAME

STRUCTURES INCLUDING PASSIVE DAMPING DEVICES

INTRODUCTION

Although timber structures generally perform well in seismic events,

they can fail and do sustain damage in earthquakes. In recent earthquakes,

like Kobe, Japan (1995) and Northridge, California (1994) timber structures

were damaged and lives were lost (Popovski et al. 1996, 1999, 2002).

Based on forensic studies after those events, an organized attempt (e.g.

shear wall investigation, studies of connection behavior, etc) was initiated

by the Consortium of Universities for Research in Earthquake Engineering

to improve the structural performance of light-frame timber structures.

Generally, in the past, the objective has been to prevent the loss of life in a

severe earthquake with minor damage in smaller earthquakes. Design

codes have recognized the need for a balance between life safety and

costs.

Timber structures are generally categorized into light-frame or heavy

frame systems. Light framing is usually used in residential construction, and

heavy timber frames in commercial structures, where architectural

requirements necessitate larger spans. Leichti et al. (2002) showed that

heavy timber frames can also be a good structural solution for residential

buildings. Earthquake resistant design focuses on lateral load resisting

systems. In light timber framing, shear walls in combination with diaphragm

systems are used for lateral force resistance; while in heavy timber frames,

bracing or moment resisting frame systems are used for that purpose.

Bracing is effective but has the disadvantage of restricting movement of

occupants within the structure. Moment-resisting frames offer many

architectural advantages but can be difficult to construct. Timber frame
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structures generally are viewed as pinned structures (Bulleit et al. 1999).

Knee bracing is used in these structures.

Timber structures have a global structural damping of 15-20 percent,

whereas the material damping accounts for <1 percent (Basic et al. 1996).

The global structural damping is attributed to the connections (Ceccotti and

Vignoli 1990). Therefore, several studies (Popovski et al. 1996, 1999, 2002;

Ceccotti and Vignoli 1988, 1989, 1990; Ceccotti et al. 1994; Buchanan and

Fairweather 1994) were conducted to examine potential benefits of

damping from connectors. It was stated that the connection slack increases

the natural period of the structure and reduces the seismic forces.

Therefore, it was suggested to develop displacement-based design instead

of using force-based design. A less rigid design concept should be

considered to achieve better performance because connection slack can

help to increase the natural period of the structure (Deam and King 1994).

Buchanan and Fairweather stated that a more ductile procedure is

desirable, but with capacity design to ensure no member failure.

Connections differ in their behavior; they are classified into three

categories, rigid, semi-rigid and pinned. Pinned members can rotate without

restriction, rigid connections have no relative rotation between the

connected members, and semi-rigid connections are in between these two

cases. The degree of rigidity of the connection influences the deformed

shape and the moment at the connection. The actual joint stiffness is a

function of connection rotational stiffness and beam flexural stiffness

(Leichti et al. 2000). Mechanical timber connections are generally viewed as

semi-rigid (Ceccotti and Vignoli 1990). To control rigidity, special attention

and care should be paid to the issue of connection detailing.

Knowing that passive damping devices improve the performance of

steel structures, the concept was also examined in several timber research

projects (Duff et al. 1998; Bienhaus 2001; Tjahyadi 2002). A friction
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damper, a type of passive energy dissipater, was studied for

implementation into timber frames. Previously, this damper had shown

good performance in steel frames under quasi-static loading (Grigorian et

al. 1992). Duff et al. (1998) modified the damper for a timber beam-column

connection detail. Tjahyadi (2002) used it successfully in a timber brace.

Bienhaus (2001) used the damper as part of a connection in a moment-

resisting frame connection based on the European Duebelkreis connection.

This rotational connection showed excellent energy dissipation and only

slight signs of use even after many cycles of fully reversed cyclic loading.

The results suggested that no replacement of the damping device is

needed following an earthquake.

The nonlinear dynamic and static analysis program, DRAIN-2DX,

was developed at the University of California (Berkeley), for earthquake

analysis. It provides an element library with six original elements; simple

inelastic bar, plastic hinge beam-column, connection, elastic panel,

compression/tension link, and fiber beam-column element (Prakash et al.

1993; Powell 1993). In addition, a new subroutine for semi-rigid connections

was developed by a different research group. The Florence Model was

developed to represent the hysteretic performance of semi-rigid

connections in heavy timber structures. It was developed at the University

of Florence, Italy by Ceccotti and Vignoli (1988).

The initial premise of this study was that heavy timber frame

response to earthquake loading is a function of connection and bracing

stiffness and that the response could be improved by the addition of the

friction damper hardware. To address that assumption, a computational

study was planned to analyze heavy timber frames and to assess their

performance in seismic events. Five frames were considered in the study;

moment-resisting frames with rigid and semi-rigid connections; a braced

pinned-frame; braced, damped pinned-frame; and a braced, damped semi-
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rigid frame. The displacement, forces in the frame members, and building

period were used to evaluate the influence of connection rigidity and

damper activity on the structural response. The DRAIN-2DX program was

used for the nonlinear dynamic analysis. The Florence Model was used for

models with semi-rigid connections. DRAIN-2DX does not have a friction-

damper superelement, thus one objective was to create and verify a friction-

damper superelement.

Ultimately, the results of this investigation will provide additional

information that will facilitate design of heavy timber structures in high

seismic zones. These analyses are critical for timber to compete as an

engineering material.

This thesis is written in manuscript format. The literature review is

followed by a manuscript written for the Journal of Structural Engineering.

The appendices provide many critical details of the study that cannot be

included in the journal manuscript.



LITERATURE REVIEW

WOOD AS A MATERIAL

As a biological material, timber has mechanical properties that differ

with wood quality and species. Furthermore, the anatomical structure of

wood results in orthotropic strength and elastic properties. Ductile behavior

is shown for loading in compression perpendicular to the grain, while

tension, parallel and perpendicular to the grain, and shear cause brittle

failures (Bodig and Jayne 1982). Bending and compression parallel to the

grain are generally marked by an initial linear behavior that is followed by

nonlinear behavior. In North America, an allowable stress for tension

perpendicular to grain is not given (NDS 2001a), but European design

standards do offer an allowable tension stress perpendicular to grain (STEP

1 1995). Allowable stresses for bending (Fb), shear (Fv), compression

parallel to grain (Fe), and tension parallel to grain (Fe) are based on the

lower fifth-percent tolerance limit of each property. The modulus of elasticity

(E) and allowable stress for compression perpendicular to grain (Fcl ) are

mean-based properties. At the design value level, all of the allowable

properties are within the elastic behavior range and should be statistically

well removed from the average failure value.

Timber structures are generally known for their good performance in

earthquake events. Wood materials provide a critical damping ratio less

than one percent, which is common for other materials as well (Basic et al.

1996). Research has shown that for timber structures a damping ratio

estimate between 15 to 20 percent can be expected (Basic et al. 1996). It is

commonly accepted that timber's brittle failure modes negatively affect the

seismic performance (Basic et al. 1996). Thus, the good performance in

earthquake events is mainly related to its high strength to weight ratio and

good behavior under short-term loadings. Highly redundant timber systems

5
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show large energy dissipation due to typical connections in timber design.

However, forensic investigations have shown that timber structures may still

experience severe damage and failure in earthquakes (Popovski et al.

1996).

LOMA PRI ETA EARTHQUAKE

The Loma Prieta earthquake occurred at 5.04 pm (PDT) on Tuesday,

October 17, 1989. It was measured as 7.1 on the Richter magnitude scale.

It occurred about 18 km beneath the surface in the Santa Cruz Mountains,

with its epicenter about 16 km northeast of Santa Cruz and 30 km south of

San Jose. A rupture of a 40 km segment of the San Andreas Fault caused

the event. It was felt as far south as Los Angeles, north to the Oregon

border, and east to Nevada. The result was $7 billion damage in an area

about 8000 km2. The strong shaking lasted less than 15 s. The greatest

loss of life in the event occurred when the Cypress Street Viaduct

collapsed, which is an elevated segment of Highway 880, where 42 people

were killed. A total of 62 people were killed, 3757 injured, 367 businesses

destroyed and 12,000 people were left homeless (Earthquake Spectra

1990).

The main damage was observed in precode structures, especially

unreinforced masonry structures in Santa Cruz, Watsonville, San Francisco

and Oakland. In the Marina district of San Francisco, wood-frame buildings

failed because of the soft first stories (Earthquake Spectra 1990).

Unreinforced masonry buildings, which were often constructed

before the current building codes, were severely damaged. These buildings

usually had wood-frame roofs and floor systems supported by thick brick

walls with no reinforcement. These structures showed brittle failures. The
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main failure modes were out-of-plane brickwork failure, diaphragm

flexibility/failure, in-plane brickwork failure and pounding. Out-of-plane

failure is caused by brickwork which is not sufficiently anchored to the rest

of the structure. The earthquake forces excite the masonry wall in bending

out of its plane where the resulting flexural stresses exceed the tensile

strength, leading to rupture and collapse. For in-plane failure, the

unreinforced masonry structure is not able to withstand reverse load cycles,

and failure of the lateral load resisting system causes collapse of the

structure as a consequence. If the strong motion duration is short, the

structures may not collapse completely. If the displacement in a diaphragm

exceeds the deflection capacity of the joining wall, the wall will collapse.

Sometimes the roof diaphragm is torn off the wall and ledger beams fail,

and the structure collapses. Pounding usually does not cause collapse of

the structure, but pounding of two adjacent buildings can cause shear

failure in the brickwork (Earthquake Spectra 1990).

Wood construction failed on a huge scale in this event, and wood-

frame residential construction was the type of structure with the most

significant losses. Up to this point, wood-frame structures were generally

considered safe and not likely to result in major financial losses (National

Research Council 1994).

CONNECTIONS

A common assumption for timber frames is that the connections lack

rigidity. Usually, timber portal frames are connected with glulam rivets,

steel-gusset plates or glued bars, and most timber frames also require

bracing to complement the lateral force resisting system.
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Three connection behaviors can be made in connection design,

pinned, rigid and semi-rigid. Connection rigidity is defined based on the

rotation of structural members relative to each other. In the pinned case,

members rotate with no restriction. For rigid connections, the members do

not rotate relative to each other, and the semi-rigid case lies between these

two cases. Connection rigidity influences the bending moment and governs

the deformed shape. Several factors are responsible for the behavior of the

connection. The actual joint stiffness depends on connection rotational

stiffness and beam flexural stiffness (Leichti et al. 2000). Plastic behavior in

the connections is often cited as a mechanism to dissipate energy (Basic et

al. 1996) or to modify the building period (Deam and King 1994).

Ductility and energy dissipation in the connections improve the

structural performance in seismic events. Ceccotti and Vignoli (1994)

studied different frame configurations under dynamic loading with an

emphasis on mechanical connections and found that semi-rigid connections

significantly improve the load capacity range before structural collapse. For

a simple portal frame with semi-rigid connections, the ratio between the

acceleration value at the point of collapse and the acceleration value at the

elastic limit was 10 times higher than in the same frame with rigid

connections. For a three-story portal frame, the ratio was 15 times higher

than in the rigid frame (Ceccotti and Vignoli 1988). Later, they tested

several different frame configurations, and confirmed the performance of

portal frames with semi-rigid connections. It was also found that a portal

frame with dowel circles and steel plates would resist large earthquakes

better than glued connections were used. This might seem contradictory,

but the relationship between joint stiffness and beam stiffness must be

considered, which confirms that semi-rigid behavior is a function of both

properties (Ceccotti and Vignoli 1990). It was found that the more rigid
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joints are influenced by the elastic behavior of the column and ultimately

influence the portal frame ductility (Ceccotti et al. 1994).

It is important to identify possible material stresses that might cause

failure to optimize the structural performance in an earthquake (Popovski et

al. 1996; Popovski et al. 2002). Popovski et al. (1996) stated that it is crucial

to provide a connector that is more ductile than the timber member. In

addition, brittle wood failure can be prevented by using a larger connector

spacing than the code minimum. Also, connections should be avoided that

cause tension perpendicular to the grain.

Several types of bolted connectors are available; all show hysteretic

pinching behavior due to connector yielding and wood failure. Hysteretic

pinching indicates a reduction in damping. The deformation magnitude, with

no strength reduction, appears to be more important. Nails and glulam

rivets resist low amplitude reversed cyclic loading without severe strength

deterioration, and have good damping characteristics (Foliente 1996).

Popovski et al. (1996) studied glulam rivets and found that glulam

rivet connectors compared with bolted connections show superior

performance. No significant strength reduction was noted after mild cyclic

testing because the displacements occurred as elastic bending in the rivets.

Large displacements without failure are possible with high energy

dissipation because the yield mode shifted from rivet bending to wood

compression.

Dowels proved to be efficient for braced frames, and the best

performance was shown by slender mild dowels with large spacing to

prevent wood failure. Slender bolts behaved similarly to dowels and showed

ductile behavior. Low slenderness causes higher stress on the wood, which

results in splitting and bearing capacity loss. High slenderness bolts

perform better, but failures still occur with wood splitting. Smaller bolts

produce higher energy dissipation in the connection (Popovski et al. 2002).
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In addition to the previously cited studies, Buchanan and Fairweather

(1994) did a study of glulam connections in seismic design for single story

and multistory frame systems. They also reached the conclusion that the

connections are the most critical parts in the structure. To gain ductile

performance, adequate steel components are needed to ensure plastic

yielding. They suggested that a capacity driven design should be used in

order to eliminate failure in nonductile parts, like the wood or adhesive. It

was also stated that large structural ductility factors are not needed

because the low building mass creates small seismic forces. lnterstory

deformations should govern the design process. (Buchanan and

Fairweather 1994). Connection slack can improve performance under

seismic loading. A displacement-based design would also lead to better

performance, because it is less rigid than force-based design (Deam and

King 1994).

In 2001, Bienhaus conducted a reversed cyclic test of a dowel circle

(Duebelkreis) connection. Her results showed the dowel circle was linear-

elastic in the design range and could undergo displacements as much as

three times the allowable rotation before failure. The hysteresis

performance was pinched and nonlinear beyond the design rotation as the

yield mode included wood yielding and later plastic bending of the metal

dowels. Pinching is the condition in which the hysteresis loop narrows, or

pinches, at low load levels.

BRACING

To resist earthquake ground motions a lateral load resisting system

is needed, and bracing is one option. Bracing carries primarily axial loads,

and long members are known to be more efficient in tension than in
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compression. Diagonal bracing has the disadvantage of limiting movement

of occupants inside the facility (Prion et al. 1998; Popovski et al. 1999).

In the 1995 Kobe, Japan earthquake, a large percentage of the

collapsed structures were post and beam construction, and inadequate

bracing was one of the main causes for failure (Popovski et al. 1996).

Bracing needs to provide adequate stiffness, but with some energy

absorption capacity and smaller member forces and reactions. This

combination of performance requirements indicates a need for a balance of

strength, stiffness and ductility (Popovski et al. 1996).

FRICTION DAMPERS

Background

The principle of energy dissipation by friction is used in several

different dampers. Friction dampers are not affected by frequency, repeated

loading cycles, and amplitude (Housner et al. 1997). Pall and Marsh

developed the Pall device (Housner et al. 1997), that is inserted in a cross

bracing member. This damper and other friction dampers are not designed

to respond to wind forces, but to react only to earthquake induced forces.

For the damper to work properly, the damper is set to a specific slip force

so that it will slide before yielding occurs in the structural members. This

damper was studied in detail, so force-displacement hysteresis data were

obtained. The following other types of friction dampers were also developed

(Housner et al 1997): the Sumitomo friction damper, energy dissipation

restraint, and slotted bolted connection. Of these varieties, only two have

been used in real structures. The Pall friction damper was used for new and

retrofitted buildings in Canada, and the Sumitomo damper in Japan

including a 31-story steel frame building (Housner et al. 1997).
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The material at the interface of the damper is important and could

change over the service life of the device. For example, corrosion could

develop, which will affect the predicted performance in the seismic event.

Steel with a high chromium content may be used, to reduce corrosion

between steel and brass surfaces. One also needs to estimate the effect

inactive time will have on the device. At present, no studies of the long-term

behavior have been performed (Housner et al. 1997).

Filiatrault and Cherry (1988) conducted a study with a scaled

moment-resisting frame, braced moment-resisting frames, and braced

friction-damped frames. Their results showed that friction damped

structures responded much better than the other two configurations to high

intensity ground motions. Constantinou et al. (1998) summarize the results

of the other investigations of friction-damped structures and the results

seem to indicate improved structural performance in multistory buildings

when friction dampers are used in braced systems. However, no

discussion is given on the strategy for slip force determination.

Slotted-Bolted Connection

Slotted-bolted connections (SBC) are one type of friction damper.

The energy dissipation mechanism in bracing is yielding in tension and

inelastic buckling. The presence of SBC's in the bracing facilitates inelastic

energy dissipation without inelastic member buckling.

Investigations of SBC application in bracing were reported by

FitzGerald et al. (1989). This passive energy device was also studied by

Grigorian et al. (1992). The usual damping devices were complicated to

manufacture, required expensive materials, or hard to install, so their

objective was to develop a simple system avoiding these pitfalls. The SBC
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system consists of a main plate with elongated holes parallel to the loading

direction flanked by brass shims on either side, and two side plates. A bolt

with compression washers is used to hold the system together. The applied

torque force on the nut is based on the desired slip force because slip force

is a function of friction coefficient and normal force. As soon as the axial

compression or tension force exceeds the slip force limit, the system starts

to slide and dissipates energy by the friction and heat between the plates

(Grigorian et al. 1992). Testing has shown bolt tension over many test

cycles remains nearly constant, and that the system is a very stiff elastic,

perfectly plastic yielding member.

One potential problem with SBC connections is that they are not self

centering. It is possible that a strong ground motion could leave the SBC-

damped structure in an out of plumb position.

Based on the knowledge gained from Grigorian's research, others

attempted to insert SBC's into timber structures because it is known that

timber connections tend to decrease in strength and stiffness during strong

cyclic loading. Duff et al. (1998) changed the application to a timber beam-

column connection. The damper contained two outer bronze plates and an

inner slotted steel block, with a high strength steel rod at one end. They

investigated the behavior under manually-controlled, static, compression

and tension load cycles. Results showed a good hysteretic response, nearly

constant slip force, with slight pinching. It was concluded from the test

results that SBC's might be a good way to improve the performance of

timber structures in earthquakes.

Tjahyadi (2002) experimentally implemented SBC's into a timber

brace. A frame structure was designed to determine the earthquake forces

and the damper slip force was adjusted accordingly. An equivalent viscous

damping ratio up to 0.53 was measured. Pinching and load spikes were

observed in the testing. Pinching was caused by metal wear and surface
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scouring, and decreased the energy absorption. Increasing slack is caused

by bolts loosening over several cycles and wood shrinkage. To prevent loss

of bolt pretension force, compression-spring washers were used. It was

suggested that slotted bolted connections would perform well for timber

frame systems in earthquakes.

In addition, a study was reported with SBC's implemented in a

moment-resisting timber frame system (Bienhaus 2001). The European

Duebelkreis connection was used in combination with the SBC's. For the

Duebelkreis connection, dowels are laid out in a circular pattern. The SBC's

are integrated into the connection and bolts were used rather than dowels.

A double shear connection with one beam and two columns is used for the

Duebelkreis. The circular configuration of the connection requires circular

slots to facilitate the rotation. It was shown that even after repetitive fully-

reversed cyclic loading, the connection worked well, especially in

comparison to the normal Duebelkreis connection, which showed damage

after testing. The main advantage is that the connection did not show

significant signs of wear, and the rotational SBC in a Duebelkreis does not

need replacement after an earthquake (Bienhaus 2001).

DRAIN-2DX

DRAIN-2DX is structural analysis software that is used to perform

two-dimensional, static and dynamic nonlinear analysis. If three-

dimensional analysis is required, DRAIN-3DX can be used. Static analysis

uses gravity load in combination with static loads, or purely static loads.

Dynamic analysis is performed using ground acceleration/displacement

records, dynamic force records, initial velocity patterns or response spectra.

The structural masses are lumped together at the nodes, in order to keep
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the mass matrix diagonal. If that is not the case, the non-diagonal terms

are ignored. Additionally, a viscous damping matrix proportional to the

element stiffness and nodal masses can be specified. Both analysis types

are done in segments determined by the user; for example, with static load

increment steps, or dynamic analysis time steps that can be either constant

or variable. Forces, displacements, rotations, mode shapes, and periods

may be calculated based on the type and objective of the analysis. For

nonlinear static analysis, the stiffness is modified for each step. Analysis

ends when the load magnitude or a specified maximum displacement is

reached. If desired, P-A effects can be considered. The geometry setup

usually contains nodes with three degrees of freedom; X and Y translations

and rotation R. Nodes can be individually restrained or slaved to another

node. Nodes are connected with different element types, which are

provided in the element library (Prakash et al. 1993).

The program contains six different element types. A brief summary

of all elements is given here. (1) First, a simple inelastic bar element is

available for truss bars, simple short columns, and nonlinear support

springs. Only axial forces are transferred, and an option is provided for

yielding in tension and compression or yielding in tension and buckling in

compression. Strain hardening can also be included. Strain hardening is

considered using two parallel components, elastic and elastic-perfectly-

plastic. Other options include P- A effects and viscous damping. Element

loads are applied along the length and forces can be applied at the element

nodes.

(2) A plastic hinge beam-column element is provided for modeling

beams and beam-columns of steel and reinforced concrete. This element

is an elastic beam, with rigid plastic hinges on its ends, and as an option,

rigid end zones. Variable cross sections are possible via flexural stiffness

coefficients, and elastic shear deformations may be considered. The plastic
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hinges at the ends may experience yielding (under bending only), and

moments may be specified differently at the ends. Other options include P-

A effects, viscous damping, and static load application. In addition, strain

hardening and yield surfaces and axial force behavior need to be

implemented based on the case.

A connection element is provided for rotational and translational

connections. This is a zero-length element that connects two nodes. It

behaves elastically or inelastically, no second order effects are considered,

and viscous damping can be applied. A modified version of the basic

element will find application in this work (Florence Model).

An elastic panel element for rectangular panels considers

extension, bending and shear stiffness. This element considers every

structural panel as a single elastic element, with four nodes and eight

displacements. This results in five deformation modes, vertical

extension/bending, horizontal extension/bending and shear. The element is

still not fully developed.

A compression/tension link element is available to resist axial

forces. Applications could be a cable with initial slack, or bearing elements

pre-stressed in compression or with initial gaps. The element acts in tension

with finite stiffness and slack in compression; for compression, it has finite

stiffness in compression with an opening gap in tension. It is used

elastically or inelastically, viscous damping is provided, but no P-A effects

are available.

Finally, there is a fiber beam-column element, which is used for

beams and beam-columns. Yielding and strain hardening in steel, cracking

in concrete, with post cracking effects, and semi-rigid connections at the

ends may be considered. Cross sections are constant over the length, and

may be divided in fibers if desired. Plastic hinges, elasticity in shear, P-A
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and viscous damping effects are possible. There are still some uncertainties

in using the element (Powell, 1993).

DRAIN-2X does not have a friction damper element. A friction

damper element would have defined stiffness that changes instantaneously

to zero stiffness and translates through a measured displacement. It may

be possible to develop a friction damper superelement by using several

different types of elements in combination. Kasai (1992) developed a quasi-

superelement for walls in a light-frame structure. He was working with

ANSYS software and combined plate, truss, beam, and nonlinear spring

elements to produce the quasi-superelements that were energetically

equivalent to detailed shear wall models.

FLORENCE MODEL

Research to study the relationships between mechanical joint

stiffness and earthquake performance (Ceccotti and Vignoli 1988) was used

to develop the Florence Model. The Florence Model (Fig. 1) is a subroutine

that models semi-rigid connections in timber in DRAIN-2DX including the

hysteretic behavior of the mechanical connection (Ceccotti and Vignoli

1990). For mechanical nonglued timber connections, the displacement-

force response is a butterfly shape. It appears that way because there is

little energy dissipation in the second and fourth quadrants. Usually

stiffness degradation, with a decrease or increase in resistance in

consecutive cycles, is observed. Based on test data evaluation, a hysteretic

cycle was proposed. Four new subroutines for DRAIN were developed,

INEL7 (controls all input operations, initializes data), STIF7 (stiffness

calculation at every time step); RESPT (deformation and force increment

calculation), and OUT7 (performs output). Input parameters are defined as:
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angle a is the initial stiffness, angle 13 is stiffness in the yield phase, angle y

corresponds to the degrading slope line, and angle 6 is the force-

displacement slope for joint slip. In addition, two moments, My (yield

moment) and My/10 (intersection of slip line with moment axis) are defined.

Different criteria are established to describe the hysteretic behavior.

For simplicity, only the response in the first quadrant is explained because

the third quadrant is similar. First, the rotation direction is considered

(positive and negative). The response is initially elastic and can remain

elastic or enter the inelastic range at the yield moment. After reaching the

yield moment, the slope is reduced, and the slope of the unloading path will

be parallel to the loading path. This pattern continues until joint slip starts,

which corresponds to the initial slip line. The joint continues to slip until it

reaches the negative rotation range. Two cases are observed: first the joint

remains elastic, slip stops at the initial line and continues from there;

second, if the joint already has a nonlinear history, it stops at the last

unloading line of the previous loading. After that point, the element enters

stiffness degradation, which corresponds to slope y. This pattern continues

over the following cycles (Ceccotti and Vignoli 1989).

The subroutine was verified with full scale, quasi-static testing. The

verification model does not follow exactly the curved lines of the test data, it

is a linear approximation of the shape, and pinching is considered. This is

considered adequate. The comparison of the model and the actual

response showed good agreement (Ceccotti et al. 1994).
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Fig. 1. Schematic Drawing of the Florence Model

SUMMARY

Heavy timber structures are expected to respond to seismic loadings

based on their connections and bracing. Seismic loading can be applied

computationally based on a scaled response spectrum or as an actual

acceleration-time history for a site (e.g. 1989 Loma Prieta earthquake).

DRAIN-2DX is a software tool available for nonlinear dynamic

analysis of structures. Its use for timber structures is facilitated by the

development of the Florence Model for semi-rigid connections. However, a

friction damper element is not currently available.
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ABSTRACT: Engineering analysis of heavy timber structures under

dynamic loads is generally lacking. Some literature suggests that heavy

timber structures are stiffer than expected, but popular engineering opinion

is to the contrary. In addition, prior research has shown that passive friction

dampers can be used in timber structures for the intended purpose of

increasing energy dissipation under seismic loadings. This study was

conducted based on the hypothesis that heavy timber structures require

bracing for seismic design and further that heavy timber performance under

seismic ioads will benefit from the addition of passive dampers.

A computational study was designed to assess the performance of a

two-dimensional model heavy timber structure when it is subjected to a

seismic ground motion. Five building systems were included in the

investigation; all were single bay, two story timber frames with 1-percent

inherent material damping. The frames were differentiated by connection

characteristics, the presence or absence of bracing, and the presence or

absence of friction damper devices. The five building systems were: (1)

moment-resisting frame (rigid connections, no bracing); (2) semi-rigid frame

(semi-rigid connections, no bracing); (3) braced pinned-frame (pinned

connections, concentric braces); (4) braced damped pinned-frame (pinned

connections, concentric braces with dampers); (5) braced damped semi-

rigid frame (semi-rigid connections, concentric bracing with dampers). By

subjecting these five structural configurations to the same ground motion,

21
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the effects of the connection rigidity, bracing, and damper can be resolved

as measured by story drift and member forces.

The ground motion used was a corrected unscaled USGS Loma

Prieta record with maximum acceleration of 1.05 g. The model frame was

designed with access floor loading with computer use for a geographic

location near San Francisco following the Uniform Building Code and the

National Design Specification for Wood construction. Beams and columns

were glulam. The semi-rigid connections were designed as a dowel circle

connection following DIN 1052, which is widely used in Europe.

The software used for the investigation was DRAIN-2DX, and semi-

rigid connection behavior was implemented using the Florence Model. This

software does not have a dedicated damper element. A damper element

would produce a rectangular displacement-force hysteresis when subjected

to a fully reversed cyclic load; the key features of this hysteretic behavior

are brace stiffness followed by translation at nearly zero stiffness at a

defined force. A brace-damper superelement was created by using two

compression/tension link elements in parallel with an inelastic bar element.

This combination of elements produced the necessary behaviors, and the

performance was verified in a single story, single bay frame subjected to a

piecewise forcing function, and demonstrated in a two story, one bay timber

structure.

The analysis results are specific to the Loma Prieta seismic ground

motions used. The semi-rigid moment-resisting frame remained within

allowable drift limits, which suggests that the dowel circle connection

produces satisfactory moment resistance. The braced pinned-frames and

the braced damped pinned-frames responded similarly to each other

because the large cross-section timber brace in the low rise, low mass

system results in an extremely stiff structure. Evidence suggests that a
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rotational damper may be functional in semi-rigid connections of unbraced

frames.
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INTRODUCTION

Earthquake performance of timber structures generally has been

considered to be very good. However, in recent earthquakes such as Kobe,

Japan, and Northridge, California, timber structures were severely damaged

and lives were lost (Popovski et al. 1996, 1999, 2002). The design objective

of building codes has been to prevent the loss of life in a severe earthquake

while allowing minor damage in smaller earthquakes. Life safety,
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serviceability and costs are balanced in this approach, but improved

performance-based design strategies are becoming more widely

recognized.

Heavy timber frames with semi/rigid connections are usually used in

commercial structures, where large unrestricted areas are desired.

However, Leichti et al. (2002) showed that heavy frames are also

reasonable in residential construction. Earthquake design requires a lateral

load resisting system that can be achieved by adequate bracing or moment

resisting connections. Braced frames have the disadvantage that they limit

occupant movement within the structure. Moment resisting frames are often

difficult to construct in timber. Timber frame buildings, one form of heavy

timber construction, rely on knee braces because the connections behave

as though they are pinned (Bulleit et al. 1999).

It is also commonly accepted that timber structures have inherent

damping between 15-20 percent, whereas the inherent material damping is

less then one percent (Basic et al. 1996). The beneficial increase in

damping is caused by the mechanical connections (Ceccotti and Vignoli

1990).

Connections for frame construction are classified into three

categories: rigid, semi-rigid and pinned. Rigid connections allow no rotation

between the members, and by definition, pinned connections allow

members to rotate without restriction. Semi-rigid connections are in

between these two cases. Rigidity influences the deformed shape and

therefore the bending moments in the beams and columns. The actual joint

stiffness is a function of connection rotational stiffness and beam flexural

stiffness, and it is considered difficult to impossible to create moment

resisting frames without bracing in timber (Leichti et al. 2000). Mechanical

timber connections are generally viewed as semi-rigid (Ceccotti and Vignoli

1990).
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Since passive damping devices have improved the performance of

steel structures, the application to timber structures was explored in several

research projects (Duff et al. 1996; Bienhaus 2001; Tjahyadi 2002). A

friction damper, a type of passive energy dissipater called a slotted bolted

connection was used in a timber brace with very good damping results by

Tjahyadi (2002). Bienhaus (2001) used the damper as part of a connection

in a moment resisting frame based on the European Duebelkreis

connection. This rotational connection showed only slight signs of use even

after many cycles of fully reversed quasi-static loading. The results

suggested that no replacement of the damping device would be needed

after an earthquake event.

An issue with friction dampers is the design level at which they

should slip and effectively become a part of the structural energy dissipation

system. The current design (APEG 1999) practice appears to be that the

slip force in a damper should be set at two times the maximum static force

in the brace. However, NEHPR (1997) has a design example where the

damper is set at 0.75 times the maximum expected force in the brace

based on static forces. Filiatrault and Cherry (1988) conducted an analysis

of a three-story steel structure and assessed the effect of slip-force level. In

1989, FitzGerald et al. indicated that a 1.33 factor should be applied to the

bolt slip level design.

A nonlinear dynamic and static analysis program, DRAIN-2DX, is

used in this project. It provides a library with six original elements; simple

inelastic bar, plastic hinge beam-column, connection, elastic panel,

compression/tension link, and fiber beam-column element (Prakash et al.

1993, Powell 1993). In addition, several new element subroutines have

been developed by different research groups. The Florence Model was

developed at the University of Florence, Italy by Ceccotti and Vignoli

(1988). This element models semi-rigid timber connections under dynamic



26

loading conditions. However, DRAIN-2DX does not have a damper

element.

Others have developed superelements to represent complex

behavior in structural analysis. Kasai (1992) developed a quasi-

superelement for light-frame shear walls. His objective was to produce a

computationally efficient and energetically equivalent replacement for a

detailed shearwall model. He used truss, beam, plate, and nonlinear spring

elements in ANSYS to create the quasi-superelement. Kasai et al. (1994)

and Kasai and Leichti (1992) used these elements to model complete light-

frame structures. A similar strategy may be viable to produce a brace-

damper superelement for use in the analysis of heavy frame timber

structures.

The initial objective was to analyze heavy timber frames using

DRAIN-2DX to assess the influence of connection rigidity and dampers on

their performance in seismic events where the metrics of evaluation were

story displacement and member forces. Five frames that encompassed

connection and brace rigidity and friction damper types were considered in

the study: moment-resisting frames with rigid and semi-rigid connections; a

braced pinned-frame; braced, damped pinned-frame; and a semi-rigid

connected, braced, damped frame. An essential component of the study

was the development and verification of a brace-damper superelement for

use in DRAIN-2DX.

MODEL STRUCTURE DESIGN

A building located near the San Francisco Airport is designed for this

study. The two story, single bay building serves an industrial purpose and is

7.315 m deep, story height is 3.658 m, and the bay width is 6.096 m. The
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building is idealized from a three-dimensional structure into a two-

dimensional structure for the models. The primary building structural

material is Douglas-fir glued-laminated timber (glulam). The walls and floors

are typical light framing, e.g., solid sawn lumber joists and wood studs with

structural panel sheathing, and gypsum board interior surfaces. The

columns are spaced columns oriented so that the front wall beams separate

the column members and the side wall beams frame into one column

member.

The loading is determined according to the Uniform Building Code

(UBC 1997). For live load, a uniform load of 4.79 kN/m2 for access floor

systems was used. Members were designed for the most severe load

combination according to Section 16 in the UBC. A braced pinned-frame

and a braced rigid-frame version of the same frame were analyzed using

SAP 2000 to calculate the static design forces. Then using the allowable

stress design method of the NDS (AF&PA 2001a, AF&AP 2001b), beam,

column and bracing sizes were determined. The semi-rigid connection

design was based on the European connection called a dowel circle (DIN

2000). For the pinned case, split ring connectors were assumed. For both

cases, the connector spacing governs the member sizes. This is because of

the large live load, which creates high shear forces.

The analysis considers five different configurations (Fig. 2). Frame

(a) is a rigid frame. Frame (b) is analyzed with semi-rigid beam-column

connections (dowel circle connection). A frame with concentric braces (c)

and pinned beam-column connections is investigated. The fourth

configuration frame (d) is the same as frame (c) except that it contains a

friction damper (slotted-bolted connection) in all of the braces. The last case

is a concentrically braced frame with friction dampers in each brace and

semi-rigid beam-column connections (e). As shown in Table 1, the member

cross sections are the same for all five frame configurations.
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FIG. 2. Overview of the Five Frame Configurations Used in the Study

TABLE 1. Material Properties, Cross Section Data and Connection
rm tion for the Five Analysis Models

a) Rigid frame, Semi-rigid frame, braced pinned-frame, braced
damped pinned-frame, e) braced damped semi-rigid frame, 1) Moment of
inertia, 2) Cross section, 3) Yield moment negative and positive, 4) Modulus
of elasticity, 5) Yield stress positive and negative, 6")
Connection stiffness,10), 11) Connection rotation limit, 12) Maximum moment

-
Model Property Units

_ _

Ra) SRL') PIP PDa) Sipe)

Column

11)

A2)

Md+p 3)

rn4

m2

N-m

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

E4 N/M2 1.10E+10 1.10E+10 1.10E+10 1.10E+10 1.10E+10
I m4 0.011 0.011 0.011 0.011 0.011

B eam
A

My,eld+,_

m2

N.m

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

E N/m2 1.10E+10 1.10E+10 1.10E+10 1.10E+10 1.10E+10
A m2 - - 0.049 0.049 0.049

Brace aykAd5) N/m2 - - 1.14E+07 5.28E+05 5.28E+05
E N/m2 - - 1.17E+10 1.17E+10 1.17E+10

K16) N-rad - 5.40E+06 - - 5.40E+06

k27) N-rad - 6.90E+05 - - 6.90E+05

k38) N-rad - -7.70E+05 - - -7.70E+05

Beam 1(46) N-rad - 6.30E+05 - - 6.30E+05
0110) rad - 0.025 - - 0.025
0211) rad - 0.09 - - 0.09
my12) N - 7.70E+03 - - 7.70E+03



NUMERICAL TOOLS

Brief on DRAIN-2DX

DRAIN-2DX was used to conduct the nonlinear static and dynamic

analyses. The program contains a library of six elements. In addition,

researchers have developed additional element subroutines that can be

used within the program. The six elements available in DRAIN-2DX are the

plastic hinge beam-column element, inelastic bar element, connection

element, elastic panel element, compression/tension link element, and fiber

beam-column element. User manuals and instructions by Prakash et al.

(1993) and Powell (1993) provide descriptions and use of each element in

the library.

The element used to model semi-rigid connector behavior in the

timber frames is the Florence Model, developed by Ceccotti and Vignoli

(1988). It models either force-displacement or moment-rotation

relationships. The model requires six stiffness values to create the

appropriate hysteresis loop. First, an initial connection stiffness value is

defined and operates from start to the first inserted displacement/rotation

value, both define the yield moment. The second stiffness becomes

operational after yield occurs, and ends with the second

displacement/rotation. The other stiffness values are responsible for the

behavior after reaching maximum force or moment. The pattern varies for

this part of the response. Fig. 3 illustrates the hysteretic behavior and

values used to implement the Florence Model.

29
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FIG. 3. Schematic Drawing of Option 1 for the Hysteretic Behavior of Semi-
Rigid Connections

Brace-Damper Superelement

The brace-damper superelement incorporates the behavior of the brace

and the friction damper. The brace is a square timber with a slotted-bolted

friction damper. The hysteretic response data (Fig. 4) were obtained for the

friction damper in a timber brace that was tested using a fully reversed

quasi-static cyclic test protocol (Tjahyadi 2002). The computer model is set

up to produce an ideal deformation-force response hysteresis, which is a

rectangular shape without pinching or load spikes. Pinching is the condition
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in which the hysteresis loop narrows, or pinches, at low load levels.

Importantly, the brace with the friction damper must produce the same

response when loaded in tension and compression.

The brace-damper superelement was created by using elements

from the DRAIN-2DX library the inelastic bar element and two

compression/tension link elements. These were combined such that they

acted in parallel as shown in Fig. 5.

The initial stiffness of the brace is controlled by the modulus of

elasticity and area of the inelastic bar element. When the force in the brace

reaches the damper slip force, then the damper slips without additional

resistance until the force in the brace is less than the slip force or the

damper reaches the displacement limit. When the brace force falls below

the slip force, the damper is again controlled by the modulus of elasticity

and area of the inelastic bar element. Once the slip force of the damper is

reached in the opposite direction, it slips without additional resistance in the

reverse direction.

In order to produce this response, the inelastic bar element is assigned

an elastic, perfectly plastic behavior. The plastic response represents the

slip in the friction damper. The compression/tension link elements are

working in parallel with the inelastic bar. The compression/tension link

elements are defined with an initial slack that corresponds with the slip

length of the friction damper. Thus, if the inelastic bar slips and

displacement reaches the defined limit, then the compression/tension link

engages, just as the friction damper would, and the new stiffness is that of

the brace.

The input parameters for the brace-damper superelement were the

same as for the basic inelastic bar element. Since the hysteretic response

of a friction damper is rectangular, the second stiffness should be zero. The

implication of a zero-valued plastic stiffness is that the strain hardening ratio



will be zero (strain hardening ratio = Eplastk, elastic,.../E 1 This condition is not

permitted, thus, the slope is made small; the smallest value permitted

according to the DRAIN-2DX source code is 1E-5. This value is small

enough that it is considered adequate to represent zero slope, and the

responses created based on this assumption support that theory.

Dual SBC-Wood Hysteresis #1

Displacement (mm)

FIG. 4. Hysteresis Data for a Friction Damper in a Wood Brace (Tjahyadi
2002)

To verify the three distinct responses and fully reversed behavior of

the superelement, the superelement was tested with a three-piece sine

function (Fig. 6). The segment 0, 1, 2 was to produce a linear elastic

response from the brace. Segment 2, 3, 4 was intended to produce yielding

(plastic behavior in the inelastic bar), which corresponds to slip in the

damper; damper slip is modeled by plastic behavior in the bar combined

with slack in the compression/tension link. Finally, segment 4, 5, 6 was to

demonstrate that the damper slip would stop at a specified point (end of

32
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slack in the compression/tension link) and that the new stiffness would be in

effect (elastic stiffness of the compression/tension link element). The force-

time response of the superelement to the three segment sine function is

shown in Fig. 7. The hysteretic behavior of the brace-damper superelement

under the sine wave is shown in Fig. 8. The elastic response is difficult to

see in Fig. 8. The slip displacement is obvious in both figures. The effect of

hitting the displacement limit is apparent as the load spike in Fig. 7 and Fig.

8 and is accompanied by an impact oscillation as shown in Fig. 7.

INELASTIC BAR

FIG. 5. Representation of the Brace-Damper Superelement Made up of an
Inelastic Bar Element and Two Compression/Tension Link Elements

The final superelement verification was in a braced, damped, rigid steel

frame. The subject frame was a single story, single bay frame (2 x 2 m)

with a slotted-bolted damper in each of the concentric braces. Lumped

masses of 3654 kg were placed at the beam-column nodes. The modulus

of elasticity for all of the structural members was 2.1E1 1 N/m2. The beam

properties were A = 13.4E-4 m2, I = 12.7E-3 m4, column properties were A

= 13.4E-4 m2, I = 12.7E-3 m4 and brace properties were A = 7E-4 m2, and I

= 6.85 E-3 m4. The slip force was set at 13000 N. The system was excited



Time Cs]

FIG. 6. Increasing Sine Wave as Ground Acceleration for Brace-Damper
Superelement Verification

As a demonstration of the brace-damper superelement in an

application, the superelement was used in a timber frame similar to that

shown in Fig. 2d, which is pin-connected, braced, and damped. Two cases

were run, one where the brace-damper does not reach the mechanical limit

(PD 1) and one where the brace-damper does reach the mechanical limit of

the damper (PD2). These were compared to a braced pinned-frame as

shown in Fig. 2c with the same size brace but no damper. In these cases,

the braces were reduced in section (A = 0.0012 m2) to force the damper to

engage during the analysis. A Loma Prieta ground motion as shown in

Fig. 9 was used as the input record. This record has a maximum of 1.05 g.

I
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by the Loma Prieta ground acceleration record (Fig. 9). The superelement

force-displacement response is shown in Fig. 10. The response hysteresis

is rectangular and effectively represents the response behavior of the

brace-damper superelement to the ground motion of the input record.

DAMPER SLIP STOP

YIELD

ELASTIC

-----7"----...----/
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Time [24

FIG. 7. Brace-Damper Superelement Force vs Time Response Under the
Increasing Sine Wave

The results of this analysis are given in Table 2. The column moments

and axial forces in the braces were reduced for PD1 relative to the PB

structure, which suggests that the damper is effective at reducing the

effects of the seismic loading. However, if the damper hits the mechanical

limit as in PD2, then the axial forces in the columns and braces are

amplified, exceeding those in the PB frame which had no damper. The

reduced member forces are similar to the results of others where

performance was improved for friction damped structures relative to braced

and rigid moment-resting frames. Previous experimental and numerical

studies with steel structures did not report the effects of dampers striking

the maximum slip distance, which results in undesirable large member

forces.
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FIG. 8. Hysteretic Behavior of the Brace-Damper Superelement Under the
Increasing Sine Wave

The superelement appears to work well except that the brace cross

section must be unrealistically small in order to cause the damper to

activate in low-rise braced structures with low mass. A shortcoming of this

strategy is that when the brace cross section is reduced, then the brace

does not contribute to building stiffness in proportion to the real cross

section.
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FIG. 9. Ground Acceleration Record for Loma Prieta (1989), Station Palo
Alto VA Hosp - Bldg 1 (USGS 2002)

Table 2. Summary of the Displacements and Member Forces for the First
and Second Story; Ratios of PDi/PB Are Shown Parenthetically

PB: Pinned braced; PD1: Pinned damped, damper does not reach travel
limit; PD2: Pinned damped, damper does reach travel limit; Peak Displ.:
peak story displacement; 1st: 1st story; 2nd: 2nd story
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Structure

Peak Displ. Column Column Brace Period

1st 2nd 1st 2nd 1st I 2nd
[s]

[mm]
M V A MIV A A

[Nm] [N] [N.m] [N] [N]

PB 4 8 7143 1953 10740 7143 1953 3455 7449 6714 0.141
PD1 28 56 4299 1175 3242 4299 1175 1081 2106 2101 0.141

(7) (7) (0.60) (0.60) (0.30) (0.60) (0.60) (0.31) (0.28) (0.31) (1)

PD2 80 160 6019 1646 15210 6019 1646 4984 11382 10804 0.141
(20) (20) (0.84) (0.84) (1.42) (0.84) (0.84) (1.44) (1.53) (1.61) (1)
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FIG. 10. Hysteretic Behavior of the Brace-Damper Superelement in a Single
Story, Single Bay, Rigid Steel Frame Subjected to a Loma Prieta Ground
Motion

MODEL STRUCTURES ANALYSES

Models Set Up

Five different models were run with one earthquake ground

acceleration record (Loma Prieta). The record is shown in Fig. 9.

All frames have masses that are assigned based on tributary dead

loads and positioned at the end nodes of each beam. The total mass

applied on the top floor is 5346 kg and the first floor has 7268 kg. The

columns are continuous from foundation to roof for all models.

3.0a-02
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The rigid moment-resisting frame (Fig. 2a) was constructed with

beam/column elements and has a pinned foundation. The properties

assigned to the members are listed in Table 1.

The second frame (Fig. 2b) was modeled as moment resisting with

semi-rigid beam-column connections. Beam/column elements model the

continuous column and the beams, and the semi-rigid connections use the

Florence Model. The properties assigned to the connections are listed in

Table 1. The properties for the semi-rigid connection are from Bienhaus

(2001) and were scaled to the current design problem, based on ratio of

radius of the dowel circle and number of dowels (Eiden 2003).

The third model is a braced frame with pinned beam-column

connections (Fig. 2c). Inelastic bar elements model the braces and the

beams since the beams are pin-connected to the column. Member

properties are given in Table 1.

The fourth case (Fig. 2d) has the same beam and column elements

as the regular pinned structure (Fig. 2c), but the brace-damper

superelement has been added. The allowable modulus of elasticity of the

wood parallel to the grain provides the preslip stiffness of the brace. The

slip force for all dampers is set at 9781 N, which is 0.35 times the expected

force in the first floor brace, as determined by applying the static

earthquake force according to the UBC (Eiden 2003).

The last model (Fig. 2e) has semi-rigid connections and employed

the Florence Model, and the brace-damper superelement. The slip force for

all brace-damper superelements is set at 9781 N, which is 0.35 times the

force in the first floor brace based on a static force analysis.



Results and Discussion

The analysis results for the five frame configurations are shown in

Table 3. The ground acceleration record was measured at a site with

NEHRP soil classification D (USGS 2000). This soil type filters the high

frequency contribution from the record and amplifies the low frequency

content. The ground acceleration produced maximum story displacements

that were very small in the RG frame, which represents an idealized

connection condition. However, even the SR frame produced story drifts

that were a fraction of the 2.5-percent limit specified in the UBC. This result

occurs because the timber structure is relatively low mass and the dowel

circle beamcolumn connection is relatively high stiffness. The beams and

columns of the SR frame remain elastic.

The PB, PD and SD frames are dominated by the stiffness of the

brace. The beams in these models were modeled with inelastic bars rather

than beam-column elements, thus the beams appear to have no moment or

shear (Table 3.). The three frames have identical story drifts because the

damper never operates. The damper does not operate because the brace-

damper element is grossly stiff for the structural system.

The analysis results suggest that low-rise timber structures may not

have sufficient mass to effectively use friction damper technology in braced

systems. A rotational friction damper similar to the system devised by

Bienhaus (2001) may have greater merit than a brace damper. The

effectiveness of the rotational damper would be tied to rotation in the semi-

rigid connection; for small rotations, the value of this technology might be

questioned as well. Computational issues with zero stiffness and rotation

limitation make the rotational friction damper beyond the scope of this

investigation.
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Table 3. Forces, Story Displacement and Rotation Results for the Models Under the Loma Prieta Record;
Ratios of SR/RG Are Shown Parentheticall

RG: Rigid; SR: Semi-rigid; PB: Pinned braced; PD: Pinned braced damped; SD: Semi-rigid braced damped
M: Moment; V: Shear; A: Axial ; 1st: 1st sto ; 2: 2nd StO

Frame

Peak D Beam Beam Column Column Brace Connection

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

[mm]
M VA M VAM V A M V A A M

[N.m] [N] [N-m] [N] [N.m] [N] [Wm] [N] [N] [N.m]

RG 1.620 2.310 26660 8748 0 11060 3629 0 26693 7207 12380 11060 3106 3629 - - -2.76E04 -7.75E03

SR 37.900 72.900 49920 16380 0 46390 15220 0 49560 16890 31600 46390 9471 15220 - - -5.10E04 -4.74E04
(23.4) (31.6) (1.9) (1.9) (4.2) (4.2) (1.9) (2.3) (2.6) (4.2) (3.1) (4.2) (1.8) (1.6)

PB 0.114 0.180 0 0 0 0 0 0 829 227 7555 829 227 1839 7540 3580 -

PD 0.114 0.180 0 0 0 0 0 0 829 227 7555 829 227 1839 7540 3580 - -

SD 0.114 0.180 106 35 0 51 17 0 104 239 7563 51 196 1838 7520 3540 -7.28E01 -3.50E01



CONCLUSIONS

The development of the brace-damper superelement and the

analyses of the five frame systems were completed. The results are

confined to the Loma Prieta ground motion studied. The frequency content

as well as acceleration of other ground motions may produce other results.

The semi-rigid moment resisting frame had larger displacements and

member forces than the moment-resisting structure, but remained

within the allowable drift limits for the Loma Prieta ground motion.

For the braced frame designed for the San Francisco location, the

braced pinned, braced damped pinned, and the braced damped

semi-rigid structures performed in a similar manner. The bracing size

was governed by slenderness requirements for elastic compression

performance, and this stiff brace controls the lateral displacement.

The brace-damper superelement was demonstrated in a low rise,

low mass, timber structure by using an unrealistically small brace

cross section. Member forces in the braces and axial forces in the

columns were amplified when the damper reached the end of the

defined travel limit.

The results of this numerical investigation parallel those reported in

the literature; the use of friction dampers is not an effective strategy

for energy dissipation in low rise (less than five stories), low mass,

braced structures. Another form of passive damper might produce

different results.
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A rotational damper may be functional in the more flexible semi-rigid

moment resisting structures, but a rotational damper element

requires further computational development.
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CONCLUSIONS

In the design of the model structures, the controlling load case for

the beams was the high live load, which results in large beam shear forces.

The beam shear forces drive the spacing requirements of the beam-column

connection hardware and actually require greater beam depth and column

width than needed to carry the design loads. The design also results in a

large timber brace with cross sectional dimensions limited by member

slenderness criteria. As a result, the heavy-frame timber system is over-

designed with respect to stiffness.

The development of the brace-damper superelement and the analyses

of the five frame systems were completed. The results are confined to the

Loma Prieta ground motion studied. The frequency content as well as

acceleration of other ground motions may produce other results.

The semi-rigid moment-resisting frame had larger displacements and

member forces than the moment-resisting structure, but remained

within the allowable drift limits for the Loma Prieta ground motion.

For the braced frame designed for the San Francisco location, the

braced pinned, braced damped pinned, and the braced damped

semi-rigid structures performed in a similar manner. The bracing size

was governed by slenderness requirements for elastic compression

performance, and this stiff brace controls the lateral displacement.

The brace-damper superelement was demonstrated in a low rise,

low mass, timber structure by using an unrealistically small brace

cross section. Member forces in the braces and axial forces in the
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columns were amplified when the damper reached the end of the

defined travel limit.

The results of this numerical investigation parallel those reported in

the literature; the use of friction dampers is not an effective strategy

for energy dissipation in low rise (less than five stories), low mass,

braced structures. Another form of passive damper might produce

different results.

A rotational damper may be functional in the more flexible semi-rigid

moment resisting structures, but a rotational damper element

requires further computational development.
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1 DESIGN FOR TWO STORY, SINGLE BAY, HEAVY-TIMBER FRAME

STRUCTURE

The building is idealized from a 3-dimensional structure into a 2-

dimensional structure as shown in Fig. Al for the purpose of modeling. The

building is 24 ft deep, story height is 12 ft, and the bay width is 20 ft. The

primary building structural material is Douglas-fir glulam. The walls and

floors are typical light framing, e.g., solid sawn lumber joists and studs,

wood structural panel sheathing, and gypsum board interior surfaces. The

columns are spaced columns oriented so that the front wall beams separate

the column members and the side wall beams frame into one column

member. The building design was completed using inch-pound units. This

was necessary because the NDS (AF&PA 2001a) design equations and

material design properties published in the NDS Supplement

(AF&PA2001b) are written in these units. The allowable stress design

method of the NDS (AF&PA 2001a) is used.

FIG. Al. Two Story, Single Bay, Heavy-Timber Frame Structure
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1.1 Structural gravity loads on 2-D Frame

1.1.1 Floor dead load

The contributions of framing, ceiling, sheathing, roofing/floor are

included. Partitions are not accounted for in this structure. Based on typical

values, floor and roof dead loads of 20 psf are assumed. The tributary width

for floor and roof is 12 ft and the length is 20 ft.

WDLFloor =20 psf *20 ft *12 ft = 4800 lb (1)

WDLFr = 20 psf *12 ft = 240
...... ft

1.1.2 Floor live load

The function of the building is not clearly defined, so one of the

heaviest loading cases is assumed. It is assumed to be an access floor

system with computer use. For this condition the UBC (Table 16-A) assigns

100 psf as the floor live load.

WLLFloor =100 psf *20 ft *12 ft = 24,000 lb (2)

=100 psf*12 ft =1200wuybor ft

1.1.3 Roof dead load

Typical values for roof dead loads of 20 psf is assumed.

WDLr = 20 psf *20 ft*12 ft = 4800 lb

w DLr = 20 psf *12 ft = 240
ft
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1.1.4. Roof live load

The roof live load was determined based on the UBC (1997), Table

16-C. The roof is flat with a total area of 480 ft2. Based on the given

conditions the table provides a value of 16 psf. Reduction in roof live load is

not taken.

WLLr =16 psf *20 ft *12 ft = 3840 lb (4)

w LLr =16 psf *12 ft
=192ft

(4a)

1.1.5 Dead load (side wall)

The wall dead load includes contributions from studs, gypsum, and

sheathing. An acceptable approximate value for this is 11 psf. The tributary

width of the side wall is 12 ft, the tributary height for the top floor is 6 ft and

for the first floor 12 ft.

W1 sidewall 11psf*12 ft*12 ft =1584 lb (5)

W2sidewall =11psf*6 ft*12 ft= 7921b (5a)

1.1.6 Dead load (front wall)

The wall dead load includes contributions from studs, gypsum, and

sheathing. An acceptable approximate value for this is 11 psf. The length of

the front wall is 20 ft, the tributary height for the top floor is 6 ft and for the

first floor 12 ft.

W 2frontwall =11 psf *6 ft = 66
ft
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W2frontwall = 11psf*6 ft*20 ft =1320 lb (6a)

W lfrontwall = 11 psf *12 ft = 132 (7)Ttib

Wlfrontwall = 11psf*12 ft*20 ft=2640 lb (7a)

1.2. Weight calculation

Specific gravity of wood, G = 0.5 (NDS Supplement 2001) (8)

Unit weight of water = 62.4 lb/ft3 (9)

1.2.1 Weight calculation for each column (2*5.5x33)

The member sizes are governed by the connection design. These

are the minimum sizes required based on the shear capacity of the

connection and the spacing requirements for the connectors.

2*(5.5 in*33 in)*12 ft*0.5*62.4 lb/ft3 =944 lbWColumn =

112 1)2
ft

1.2.2 Weight calculation for each beam (8.75x33)

The beam member sizes are selected based on required section and

the column sizes to facilitate construction, shown in the NDS beam

calculation section. The weight calculation is the total weight of the beam.

(10)



WBeam = *20 ft*0.5*62.4 lb/ft3 =12511b (11)(8.75 in* 33 in)

(12J2
ft

Since this is a 3-D structure, the weight of the beam perpendicular to

the plane of the frame must be considered. Therefore, the beam weight is

calculated over the 12 ft tributary length perpendicular to the frame. The

load is a single concentrated load at each end of the 20 ft beam.

(8.75 in * 33 in)
= 2 *12 ft*0.5*62.41b/ft3 = 7511b (11a)

(12J2
ft

1.2.3 Weight calculation for each bracing member (8.75x8.75)

The bracing members are chosen to match with beam and column

design, based on design practice and slenderness of the bracing (see brace

design).

(8.75 in* 8.75 in) * 23.32 ft *0.5 * 62.4 lb/ft3 = 386 lbWBracing =
(12)

2(12J

1.2.4 Total tributary weight for second story

W, = 12511b + 0.5*(2*944 lb+ 2*386 lb+ 26401b)+

4800 lb +1584 lb+ 2*7511b =11,787 lb

D1Beam = D2Beam
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1.2.5 Total tributary weight for first story

W2 =12511b + 4800 lb + 0.5*(4*(944 lb + 386 lb) + 2* 2640 lb)

+ 2*15841b+2*7511b =16,021Ib

1.2.6 Total weight calculation for the building

Since the total building weight includes the 6 ft at the bottom story,

which is not considered on each story level, it is higher than the addition of

first and second story tributary weights.

Wtotal = 4*(9441b+ 3861b+15841b)+2*(12511b+ 4800 lb+ 2640 lb)
(15)

+ 4*751Ib+ 2* 792 lb + 2*1584 lb = 36,794 lb

1.3 Seismic base shear

1.3.1 Location and Seismic Specification

The building is a generic building. The Design was checked for a

location in the area near the San Francisco International Airport. This area

is mainly used for industrial purposes. Wind Exposure C from UBC (1997)

is assumed. The location is near two faults, the San Andreas and the

Hayward Fault, both of which are classified as type A faults. The structure

lies between 5 and 10 km from the San Andreas Fault. This information was

obtained from the Maps of Known Active Fault Near-Source Zones in

California and Adjacent Portions of Nevada (1998), which is recommended

for use with the UBC (1997). The area is in Seismic Zone 4 according to the

UBC (1997). As a result of the location, no snow loading is used in the

design.
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Seismic Source -Type A

Distance to the next fault - 5 to 10 km

Seismic Zone -4

Soil Type - unknown, SO SD is assumed

1.3.2 Estimated building period

According to the UBC (1997), Section 1630.2, the building period

can be determined approximately with method A. For wooden buildings a Ct

of 0.02 is given. The height of the top floor ha is 24 ft.

T = Ct *(h)0.75 = 0.02(,/ft0.75)*24 ft°15 = 0.217 s (16)

1.3.3 Base shear calculation, according to UBC (1997), static procedure
(Section 1630.2)

In accordance with the UBC (1997), section 1630, the appropriate

values (from Tables 16-1, 16-K, 16-N, 16-Q, 16-R, 16-S, 16-T, Figure 16-2)

are:

Nv = 1.6 s Near Source Factor, determined for Seismic Source A and

distance < 10km

Na = 1.2 Near Source Factor, determined for Seismic Source A and

distance < 10km

Z = 0.4 Seismic Zone Factor, for seismic Zone 4

I = 1.0 Seismic Importance Factor, based on standard occupancy

category

R = 5.6 Building frame system is heavy timber, ordinary frame system

T = 0.217 s from equation 16
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governs the design
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Factors Ca and Cv (seismic coefficients, determined for soil type and

seismic zone) are calculated per the UBC (1997).

Ca = 0.44*Na = 0.44 *1.2 = 0.528 (17)

C, = 0.64 *N, = 0.64 *1.6s = 1.024 s (18)

C*IV=v *W
R*T

1.024 s*1.0
=

5.6 *0.217
*36,794 lb = 31,005 lbV

s

For maximum total design base shear:

=
2.5*Ca *1*W

V

V =
2.5*0.528*1.0 *36,7941b = 86731b

5.6

For minimum total design base shear

V =0.11*Ca*I*W

V = 0.11*0.528 *1.0 *36,794 lb = 2137 lb

For Seismic Zone 4, the minimum total design base shear

0.8*Z*N,*1*wV=

V =
0.8*0.4*1.6*1.0 *36,794 lb = 3364 lb

5.6

1.4 Vertical force distribution

The vertical force distribution procedure follows section 1630.5 (UBC

1997).

V = total design lateral force (lb)

Ft = concentrated force on the top



wx = portion of w at level x

hx = height (ft) at level x

WI = portion of w at level i

hi = height (ft) at level i

Fx = Design seismic force applied at level x

V =Ft _FE Fi
i=1

F= 0, because T=0.217s <0.7s

(V - F )w hFx nt xx

E wih;
i=1

1.5 Seismic loads

Section 1630.1 in the UBC (1997) defines the seismic loads.

E = pEh +E (25)

p = 2
20 (26)

rmax

The value of rmax is the largest ratio of the maximum horizontal

component of the axial brace force divided by the total story shear.

According to the static analysis is using SAP2000, the axial force in the

upper brace is 3471 lb, the lower brace is 5070 lb. Because of the geometry

TABLE Al. Vertical Force Distribution on me iwo-wory structure
Story wx (lb) hx (ft) wxhx (1b.ft) Fx (lb)

1 11,787 24 282,888 5164

2 16,021 12 192,252 3509

z - - 475,140 8673
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of the building a horizontal component of 2976 lb for the upper one is

determined based on angle functions and the total story shear is 5164 lb.

For the lower one a horizontal component of 4347 lb is determined and the

story shear is 3509 lb. AB is the ground floor area of the structure, 480 ft2.

Calculation of r for the upper floor calculation

r1
2976 lb

= 0.576
' 5164 lb

X = V20 ft* 24 ft = 21.91ft

p = 2
20 =0.415

0.576*21.91ft

The code requires a minimum of 1.0 and allows a maximum of 1.5 for p, so

it is equal to 1.0.

Calculation of r for the lower floor calculation

r2 =
4347 lb =1.239
3509 lb

Ific =1/20 ft* 24 ft = 21.91ft

p = 2
20 =1.262

1.239 *21.91ft

Since the code requires the use of the maximum r value, p = 1.262 is used

for the calculation of the earthquake forces.

Ev = 0 , because Allowable Stress Design is used

Ei = 5164 lb*1.262 = 6517 lb (for 2nd floor)

E2= 3509 lb*1.262 = 4427 lb (for 1st floor)



1.6 Wind loads

The wind load calculation follows the procedure described in Division

III, Section 16 of the UBC (1997). The following parameters are obtained

from Tables 16-F, 16-G, 16-H and 16-K.

P = Ce *Cq *cis *1,, (27)

P = design wind pressure (based on height, occupancy, location, and wind

direction)

lw = 1.0 (Importance factor, based on occupancy of the building)

qs = 16.4 psf (Wind stagnation pressure, based on basic wind speed of 80

mph for the given location)

Ce0-15 1-- 1.06, Ce15-20 = 1 .1 3, Ce20-25 = 1 .19

(Combined height, exposure and gust factor coefficient, for 0-15 ft, for 15-

20 ft and for 20-24 ft)

Cq = 0.8 inward (Pressure coefficient for the windward wall)

Cq = 0.5 outward (Pressure coefficient for the leeward wall)

Cq = 0.7 outward (Pressure coefficient for the roof)

The tributary length is 12 ft.

Design wind pressure for windward wall, from 0-15 ft

P0-15 =1 .06*0.8*16.4 psr1.0 = 13.91 psf *12 ft = 167 lb/ft

Design wind pressure for windward wall, from 15-20 ft

P15-20 =1.13*0.8*16.4 psf*1.0 = 14.83 psf*12 ft = 178 lb/ft

Design wind pressure for windward wall, from 20-24 ft

P20-24 =1.19*0.8*16.4 psf*1.0 = 15.61 psf *12 ft = 187 lb/ft

Design wind pressure for leeward wall, from 0-15 ft

P0-15 =1.06*0.5*16.4 psf*1.0 = 8.69 psf *12 ft = 104 lb/ft

Design wind pressure for leeward wall, from 15-20 ft

P15-20 =1.13*0.5*16.4 psf*1.0 = 9.27 psf *12 ft = 111 lb/ft

Design wind pressure for leeward wall, from 20-24 ft
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P20-24 =1.19*0.5*16.4 psf*1.0 = 9.76 psf *12 ft = 117 lb/ft

Design wind pressure for the roof

PRoof =1.19*0.7*16.4 psf*1.0 = 13.66 psf *12 ft = 164 lb/ft (roof)

164 lb/ft

20ft -

FIG. A2. Wind Loading on the Structure
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1.7 Load combinations

The ASD load combinations are listed in the UBC (1997), Section 1612.3

TABLE A2. UBC Load Combination and Load Function

68

Load Function EQN

Combination No.

(1) D (30)

(2) D+L+(LrorS) (31)

(3E) D + W (32)

(3W) D +(E/1.4) (33)

(4) 0.9D ± (E/1.4) (34)

(5E) D + 0.75 (L + (Lr or S)+W) (35)

(5W) D + 0.75 (L + (Lr or S)+(E/1.4)) (36)

Ei = 6517 lb (Table 1)

E2 = 4428 lb (Table 1)

W1L = 187 lb/ft (total wind force calculation)

W2L = 178 lb/ft (total wind force calculation)

W3L = 167 lb/ft (total wind force calculation)

WiR = 117 lb/ft (total wind force calculation)

W2R = 111 lb/ft (total wind force calculation)

W3R = 104 lb/ft (total wind force calculation)

WR = 164 lb/ft (total wind force calculation)

L= 1200 lb/ft (equation 2a)

Lr = 192 lb/ft (equation 4a)

DRoof = DFloor = 240 lb/ft (equation 1a and 3a)

Difrontwall = 11 psf*12 ft = 132 lb/ft (equation 7)



D2frontwall = 11 psf*6 ft = 66 lb/ft (equation 6)

D 1 sidewall 11 psf*12 ft*12 ft= 1584Ib (equation 5)

D2sidewan = 11 psf*6 ft*12 ft = 792 lb (equation 5a)

(8.75 in* )
*12 ft *0.5* 62.4 lb/ft3 = 7511b (equation 11a)D 1 Beam = 33 in'

(ft12)2

D2Beam =
(8.75 in

* 33 in) *12 ft * 0.5 * 62.4 lb/ft3 = 7511b (equation 11a)
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Loads were applied to the structure to determine the governing

cases for the design, and SAP2000 was used for these analyses. Floor

dead load was uniformly applied to the floor beam, and dead load from the

front walls was applied as a uniform load over the length of the beam. The

roof beam gets loads from half of the top wall while the floor beam gets

loading from half of the second floor wall and half of the first floor wall. The

beams in the plane of the frame are loaded with concentrated loads at each

end to include the weight of the beams which are perpendicular to the

frame. Additionally the load from the sidewall was applied following the

pattern for the front wall. For load designation 1, only dead loads were

considered (Dnoor, D1frontwo, D2frontwall, D1sidewall, D2sidewall D1Beam and D2Bearn).

Fig. A3 illustrates the dead loads on the structure.
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L. 20ft

132 lb/ft

240 lb/ft

FIG. A3. Load Combination 1, According to UBC 1997

The second case (Fig. A4) was dead load in combination with floor

live and roof live load (DFloor, D1frontwall, D2frontwall, D1sidewall, D2sidewall, D1Bearn,

D2Bearn, L and Lr), which is combination 2.
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20ft

FIG. A4. Load Combination 2, According to UBC 1997

The third combination, 3W, includes dead load and wind or seismic

forces (Fig. A5). Dead load was combined with wind loading (DRoor, D1frontwall,

D2frontwall, Disidewall, D2sidewall, DiBeam, D2Beam and W).
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f '751 lb 751

15841 /1584 lb
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1011111111111111111 240 lb/ft
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Fig. A5. Load Combination 3W, According to UBC 1997
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In load combination 3E a service level earthquake load (E/1.4) was

applied (Fig. A6), as required by UBC (1997).
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Fig. A6. Load Combination 3E, According to UBC 1997
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Fig. A7. Load Combination 4, According to UBC 1997

The last load combination, 5E, is a contribution of all forces except

snow load, which is not applied in this case. Wind and seismic forces are

not combined. Additionally, all forces, except dead load, are reduced by 25

percent to account for the lower probability of combined loadings. First,

dead load, live load and wind load are combined as illustrated in Fig. A8.

The last combination is shown in Fig. A9, which substitutes earthquake load

for wind load.
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In the load combination 4, dead load was reduced to 90 percent of its

full value, and E/1.4 was applied (Fig. A7).

676 lb 676 lb

713 lb 713 lb

14261 426 lb
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Fig. A8. Load Combination 5W, According to UBC 1997
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Fig. A9. Load Combination 5E, According to UBC 1997

74

) (3110

) 792 lb

66 lb/ft

144 lb/ft

240 1"

1 um
I 11111111

mum
111111111
1111 1111111111 III

lb 751

I158411 5841b

l

IIIMPIA111111111
91320

lb /ft

1'1111111 1111111111 240 lb/ft

12

140 lb/ft
lb

1584 1

751

584 lb
87 lb/ft

12ft 5;ft 134 lb/ft g
83 lb/ft

lb/ft900I I hi III
132 lb/ft111111

=Mall
I 111111111

IIIflUIlllmiI 240 lb/ft

15ft
12ft

125 lb/ft



1.7.1 Example input for SAP

The input files show geometry data, material and section properties

of the individual members, loading and boundary conditions. The input file

is for load combination 2, which is dead load, live load, plus roof live load.

SAP2000 v7.10 File: A LC _2TEST lb-ft Units PAGE 1

5/16/03 10:23:42

STATIC LOAD CASES

STATIC CASE SELF WT

CASE TYPE FACTOR

LOAD1 DEAD 0.0000

SAP2000 v7.10 File: A_ LC _2TEST lb-ft Units PAGE 2

5/16/03 10:23:42

JOINT DATA

JOINT GLOBAL-X GLOBAL-Y GLOBAL-Z

RESTRAINTS ANGLE-A ANGLE-B ANGLE-C

75

1 -10.00000 0.00000 0.00000 1 1 1 1 0

1 0.000 0.000 0.000

2 -10.00000 0.00000 12.00000 0 0 0 0 0

0 0.000 0.000 0.000

3 -10.00000 0.00000 24.00000 0 0 0 0 0

0 0.000 0.000 0.000

4 10.00000 0.00000 0.00000 1 1 1 1 0

1 0.000 0.000 0.000



5/16/03 10:23:42

FRAME ELEMENT DATA

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 4

76

FRAME

R1

JNT-1 JNT-2

R2 FACTOR

SECTION

LENGTH

ANGLE RELEASES SEGMENTS

1 1 2 COLUMN 0.000 000000 2

0.000 0.000 0.000 12.000

2 2 3 COLUMN 0.000 000000 2

0.000 0.000 0.000 12.000

3 4 5 COLUMN 0.000 000000 2

0.000 0.000 0.000 12.000

4 5 6 COLUMN 0.000 000000 2

0.000 0.000 0.000 12.000

5 2 5 BEAM 0.000 000033 4

0.000 0.000 0.000 20.000

6 3 6 BEAM 0.000 000033 4

0.000 0.000 0.000 20.000

7 1 5 BRACING 0.000 000033 2

0.000 0.000 0.000 23.324

8 4 2 BRACING 0.000 000033 2

0.000 0.000 0.000 23.324

9 2 6 BRACING 0.000 000033 2

0.000 0.000 0.000 23.324

10 5 3 BRACING 0.000 000033 2

0.000 0.000 0.000 23.324

5 10.00000 0.00000 12.00000 0 0 0 0 0

0 0.000 0.000 0.000

6 10.00000 0.00000 24.00000 0 0 0 0 0

0 0.000 0.000 0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 3



5/16/03 10:23:42

MATERIAL PROPERTY DATA

MAT MODULUS OF POISSON'S THERMAL WEIGHT PER MASS PER

LABEL ELASTICITY RATIO COEFF UNIT VOL UNIT VOL

STEEL 4.176E+09 0.300 6.500E-06 489.024 15.187

CONC 518400000 0.200 5.500E-06 149.990 4.658

OTHER 1800000.00 0.290 0.000 0.000 0.000

WOOD 230400000 0.290 0.000 0.000 0.000

SAP2000 v7.10 File: A_ LC _2TEST lb-ft Units PAGE 5

5/16/03 10:23:42

MATERIAL DESIGN DATA

MAT DESIGN STEEL CONCRETE REBAR CONCRETE

REBAR

LABEL CODE FY FC FY FCS

FYS

STEEL S 5184000.0

CONC C 576000.000 8640000.0 576000.000

5760000.0

OTHER N

WOOD N

SAP2000 v7.10 File: A_ LC _2TEST lb-ft Units PAGE 6

5/16/03 10:23:42

FRAME SECTION PROPERTY DATA

SECTION MAT SECTION DEPTH FLANGE

FLANGE WEB FLANGE FLANGE
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0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 8

5/16/03 10:23:42

78

5/16/03 10:23:42

FRAME SECTION PROPERTY DATA

SECTION AREA TORSIONAL MOMENTS OF INERTIA

SHEAR AREAS

LABEL INERTIA 133 122 A2

A3

FSEC1 1.500 0.293 0.281 0.125 1.250

1.250

BEAM 2.007 0.000 1.264 8.883E-02 0.000

0.000

BRACING 0.535 0.000 2.353E-02 2.353E-02 0.000

0.000

COLUMN 2.521 0.000 1.589 4.413E-02 0.000

LABEL LABEL

THICK THICK

TOP

FSEC1 STEEL

TYPE

WIDTH THICK

BOTTOM BOTTOM

1.500

WIDTH

TOP

1.000

0.000 0.000 0.000 0.000

BEAM WOOD 1.500 0.833

0.000 0.000 0.000 0.000

BRACING WOOD 1.500 0.833

0.000 0.000 0.000 0.000

COLUMN WOOD 1.500 0.833

0.000 0.000 0.000 0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 7



0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 9

5/16/03 10:23:42

FRAME SECTION PROPERTY DATA

SECTION TOTAL TOTAL

LABEL WEIGHT MASS

FSEC1 0.000 0.000

BEAM 0.000 0.000

BRACING 0.000 0.000

COLUMN 0.000 0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 10

5/16/03 10:23:42

SHELL SECTION PROPERTY DATA

SECTION MAT SHELL MEMBRANE BENDING MATERIAL

79

FRAME SECTION PROPERTY DATA

SECTION SECTION MODULII PLASTIC MODULII RADII OF

GYRATION

LABEL S33 S22 Z33 Z22 R33

R22

FSEC1 0.375 0.250 0.563 0.375 0.433

0.289

BEAM 0.919 0.244 0.000 0.000 0.000

0.000

BRACING 6.481E-02 6.481E-02 0.000 0.000 0.000

0.000

COLUMN 1.156 0.193 0.000 0.000 0.000



LABEL LABEL TYPE THICK THICK ANGLE

SSEC1 CONC 4 1.000 1.000 0.000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 11

5/16/03 10:23:42

SHELL SECTION PROPERTY DATA

SECTION TOTAL TOTAL

LABEL WEIGHT MASS

SSEC1 0.000 0.000

1.7.2 Example output for SAP

The output file contains the result of applying load combination 2. It

presents the joint displacements and reactions and the reactions in the

individual members.

SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 1

5/16/03 10:24:03

JOINT DISPLACEMENTS

80

U2 U3

0.0000 0.0000

0.0000 -4.948E-04

JOINT LOAD Ul

R1 R2 R3

1 LOAD1 0.0000

0.0000 -3.180E-06 0.0000

2 LOAD1 -2.618E-05

0.0000 0.0000 0.0000



SAP2000 v7.10 File: A LC 2TEST lb-ft Units PAGE 3_ _
5/16/03 10:24:03

FRAME ELEMENT FORCES

81

3 LOAD1 -4.432E-06 0.0000 -6.272E-04

0.0000 2.811E-06 0.0000

4 LOAD1 0.0000 0.0000 0.0000

0.0000 3.180E-06 0.0000

5 LOAD1 2.618E-05 0.0000 -4.948E-04

0.0000 0.0000 0.0000

6 LOAD1 4.432E-06 0.0000 -6.272E-04

0.0000 -2.811E-06 0.0000

SAP2000 v7.10 File: A LC 2TEST lb-ft Units_ _ PAGE 2

5/16/03 10:24:03

JOINT REACTIONS

JOINT LOAD Fl F2 F3

M1 M2 M3

1 LOAD1 1066.5564 0.0000 24578.0000

0.0000 0.0000 0.0000

4 LOAD1 -1066.5564 0.0000 24578.0000

0.0000 0.0000 0.0000
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FRAME

1

LOAD

M2

LOAD1

LOC

M3

P V2 V3

0.00 -23947.20 -15.23 0.00

0.00 0.00 0.00

6.00 -23947.20 -15.23 0.00

0.00 0.00 91.37

12.00 -23947.20 -15.23 0.00

0.00 0.00 182.74

2 LOAD1

0.00 -6409.18 15.23 0.00

0.00 0.00 182.74

6.00 -6409.18 15.23 0.00

0.00 0.00 91.37

12.00 -6409.18 15.23 0.00

0.00 0.00 0.00

3 LOAD1

0.00 -23947.20 15.23 0.00

0.00 0.00 0.00

6.00 -23947.20 15.23 0.00

0.00 0.00 -91.37

12.00 -23947.20 15.23 0.00

0.00 0.00 -182.74

4 LOAD1

0.00 -6409.18 -15.23 0.00

0.00 0.00 -182.74

6.00 -6409.18 -15.23 0.00

0.00 0.00 -91.37

12.00 -6409.18 -15.23 0.00

0.00 0.00 0.00
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11.66 -1226.05 0.00 0.00

0.00 0.00 0.00
23.32 -1226.05 0.00 0.00

0.00 0.00 0.00

9 LOAD1

0.00 -221.22 0.00 0.00

0.00 0.00 0.00
11.66 -221.22 0.00 0.00

0.00 0.00 0.00
23.32 -221.22 0.00 0.00

0.00 0.00 0.00

10 LOAD1

0.00 -221.22 0.00 0.00

0.00 0.00 0.00
11.66 -221.22 0.00 0.00

0.00 0.00 0.00
23.32 -221.22 0.00 0.00

0.00 0.00 0.00
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Table A3 and Table A4 summarize the forces generated for all load

combinations required by the 1997 UBC. It lists the most severe forces

generated for each member. The most severe force governs the design

process, and the governing load combinations are listed in Tables A5 and

Table A6.

TABLE A3. Summa of Forces in Mernoers or me virinea name
Pinned Frame M (ft.lb) A (lb) V(lb)

LC 1 Column 84 -10388 10256

LC 1 Beam 18600 591 7

LC 1 Bracing 0 -525 0

LC 2 Column 183 -23937 15

LC 2 Beam 78600 1211 15720

LC 2 Bracing 0 -1226 0

LC 3W Column 2264 -6216 1169

LC 3W Beam 18600 66,-21 3720

LC 3W Bracing 0 -3546 0

LC 3E Column 1119 -15520 93

LC 3E Beam 18600 -620 3720

LC 3E Bracing 0 -5095,3814 0

LC 4 Column 1110 -14480 93

LC 4 Beam 16750 -679 3350

LC 4 Bracing 0 -5043, 3867 0

LC 5W Column 1344 -21253 851

LC 5W Beam 63600 662 12720

LC 5W Bracing 0 -3313, 1271 0

LC 5E Column 934 -24406 78

LC 5E Beam 63600 1353 12720

LC 5E Bracing 0 -4478, 2204 0
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TABLE A4. Summa of Forces in Members ot the Rigid Frame
Rigid Frame V(Ib)

LC 1 Column 3849 1328

LC 1 Beam 11257 1560 3720

LC 1 Bracing 0 0

LC 2 Column 19983 3477

LC 2 Beam 46201 3031 15720

LC 2 Bracing 0 0

LC 3W Column 7720 1649

LC 3W Beam 13018 576 3924

LC 3W Bracing 0 0

LC 3E Column 15648 1606

LC 3E Beam 15080 346 4107

LC 3E Bracing 0 0

LC 4 Column 9814 1472

LC 4 Beam 13959 189 3737

LC 4 Bracing 0 0

LC 5W Column 21746 3180

LC 5W Beam 38783 1925 12567

LC 5W Bracing 0 0

LC 5E Column 22406 3149

LC 5E Beam 40332 1752 13010

LC 5E Bracing 0 0



TABLE A5. Summary of Governing Forces in Members of the Pinned

a parenthetical value is the governing load case

-

87

a parenthetical value is the governing load case

Pinned Frame M (ft.lb) A (lb) V (lb)

Column 2264 (3W)a -6216(3W) 10256 (2)

Beam 78600 (2) 1211 (2) 15720 (2)

Bracing 0 -5095 (3E) 0

3867 (4)

TABLE A6. Summa of Governin Forces in Members of Iii la Frame.

Rigid Frame M (ft.lb) A (lb) V (lb)

Column 22406 (5W) a -6868 (5W) 3477 (5W)

Beam 46201 (2) 3031 (2) 15720 (2)

Bracing 0 -4846 (3E) 0

3792 (4)

The story drift calculations were done for the braced pinned-frame.

The static differential story displacement was calculated (difference

between story displacements) where the displacement values were

obtained from the static elastic analysis procedure with only earthquake

load.

Maximum inelastic response displacement (UBC 30-17)

Am = 0.7*R*As (28)

with

As = A2 - Al = 3.312E-4-2.462E-4 = 0.85E-4 , R = 5.6,

Am = 0.7*5.6*0.85E- 4 = 3.3E-4 ft , and T = 0.217 s <0.7

therefore allowable drift (UBC 1630.10.2)

Am 0.02512 ft= 0.3 ft



1.8.1 Design values and equations

The design equations are obtained from the NDS (2001), which is an

allowable stress design method. The base design stresses are from the

NDS Supplement (2001).

Design Value for bending stress (psi) with applicable adjustment factors

= F *b CD *Cm * Ct * CL *CV *Cfu *C, *Cf (29)

Design Value for tension stress (psi) with applicable adjustment factors

F; = Ft *CD *Cm *Ct (30)

Design Value for shear stress (psi) with applicable adjustment factors

F;, *CD *C *m Ct (31)

Design Value for compression stress perpendicular to grain (psi) with

applicable adjustment factors

= F *c,*Cm Ct *Cb (32)ci

Design Value for compression stress (psi) with applicable adjustment

factors

=F *CD *Cm * Ct * Cp (33)

Design Value for modulus of elasticity (psi) with applicable adjustment

factors

=E*Cm*Ct (34)

where

CD = load duration factor

CM = wet service factor, not applicable

Ct = temperature factor, not applicable

CL = beam stability factor

Cv = volume factor

Cfu = flat use factor, not applicable
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Cc = curvature factor, not applicable

Cf= form factor, not applicable

Cb= bearing area factor, not applicable

Cp = column stability factor

CL

1-4FcE

Cp =

Fb j

2c
)

-

where

Fb*= tabulated bending design value multiplied by all applicable adjustment

factors except Cfu, Cv and CI,

=
KbEE:y

F., -

uc 1:2123

RB miledb2

KbE=0.610, for products with COVE 0.11, which includes glulam.

1 1 1

cv =(21)x(12)x(5.125)x
_ 1.0

L ) d ) b

where

x = 10 for Douglas-fir

L = length of bending member between points of zero moment, ft

d = depth of bending member, in

b = width of bending member, in

1+ (Fc

2c

Fb)

C)

_ 2

-2

C

0.95

89

(35)



where

Fc*= tabulated compression

adjustment factors except Cp.

K K E'cE X y
FcE =

NI )2
KcE = 0.418, for products with COVE 0.11

Kx = 2.5 for fixity condition "a", for spaced columns only

c= 0.9 for glulam

le = effective span length of compression member, in

le = 2.06l ,for single spans

le =1.631u +3d , for multiple spans

1.8.2 Design checks

1.8.2.1 Bending and Axial Compression Check

This interaction equation is found in NDS (2001), Section 3.9.

where

fc <F cEcEl=
K*

E2

fbl fb2+ +

2

i _ _1.0

]
F1[1(f Ei)1 Ft2 [1 (f eE2) (fb,E )

for either uniaxial or biaxial bending, and

K*'
fc <FcE2=

cE

( e )
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design value multiplied by all applicable

(40)

(41)



for biaxial bending, and

KbE
*E

fc <FbE =
(RB )2

for biaxial bending, with

fbl = actual edgewise bending stress

member)

fb2 = actual flatwise bending stress

member)

d1= wide face dimension

d2 = narrow face dimension

1.8.2.2 Bending and axial tension check

ft , fb 1.0
Ft Fb

and

fb < 1 0
Fb**

where

Fb* .7-: tabulated bending design value multiplied by all applicable adjustment

factors except CL

Fb** = tabulated bending design value multiplied by all applicable

adjustment factors except Cv
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(bending load applied to narrow face of

(bending load applied to wide face of



5wI4
A =

384E.!

1.8.2.3 Shear stress

The shear equation was obtained from Section 3.4, NDS (2001).

1.5Vf, = Fv
A

where

V = shear force

A = area of the cross section

1.8.2.4 Deflection

The allowable deflection is determined for dead and live load

simultaneously.

allow 240
(48)

The deflection equation for a simply supported beam will also be used for

the rigid frame case, which will produce a conservative estimate of

deflection.

1.8.3 Pinned Frame Design

1.8.3.1 Connection Design

The design for the connection is guided by section 12 in NDS (2001).

Type: Split ring connection

(49)
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Diameter: 4 in

Number of faces of member with connector on the same bolt: 1

Net member thickness over 3 in

Group B, because of Douglas-fir

Loaded perpendicular to the grain

Shear Force V = 15,720 lb

Design value per connector and bolt Q = 3660 lb

Member sizes:

beam 8.75x33 in

spaced column, each part 5.5x33 in

5.50'

Fig. A10. Connection Detail with Split Rings

C,= 0.625

n = 4

Es = Em = 1,700,000 psi

Am = 19.5 in * 8.75 in = 170.63 in2

As = 19.5 in * 5.5 in * 2 = 214.5 in2

EsAs = 364,650,000 lb
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EmAm = 290,071,000 lb

REA=0.796

7 = 500,000 lb/in

s = 6 in

(50)

m = 0.876

0.876(1-0.8768) .F1+0.7961
cg = [4(0+ 0.796*0.8764)0+0.876)-1+ 0.876" )1 L1-0.876 i (51)

= 0.986

Q = 3660 lb*0.986*0.625 = 2255 lb (52)

Qtot 8*2255 lb =18040 lb >15720 lb

The connection design determines the member sizes because of the

spacing requirements given by the NDS for edge, and intermediate

distance. The final sizes were determined after several efforts to identify the

smallest allowable size. The bracing was sized to match the beam and

column dimensions to facilitate constructability.

1.8.3.2 Column design

1.8.3.2.1 Column Parameter definition

Governing Load combination: D+W for bending and axial and D for shear

Material: 24F-V4 DF

Material properties according to NDS (2001):

Fb = 2400 psi

F= 240 psi

Fc= 1650 psi

94

* 6 in
u =1+ 500000

1 1 ] =1.009
in 2 [290071000 lb

+
364650000 lb
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Ex = 1,800,000 psi

Ey = 1,600,000 psi

Load Duration Factor:

CD = 1.33, NDS permits1.6, but the UBC1997 limits CD 1.33 for

bending and axial, and CD = 1.0 for shear

Member size: spaced column, each part 5.5x33 in

The column is loaded in compression and bending, which requires a

combined loading case investigation. Additionally, shear is checked.

Deflection and shortening of the column are ignored.

1.8.3.2.2 Bending Stress Calculation

F1; =Fb*CD*CL*Cv

1 1 1

cv =( 21 )10( 12 )15.125)10
= 0.904

19.5 ft 33 in 5.5 in

Ft: =2400 psi*1.33 = 3192 psi

iu is the unsupported length, between intermediate supports

lu =12 ft*12i%=144 in

depth of the member

d=33 in

According to the NDS (2001), the following equation applies to a multi-span

bending member. This specification follows the footnotes of NDS Table

3.3.3. For this case,

lu =4.57

le =2.06*12 ft*12 iyft= 297 in



1297 in * 33 i
RB

n

=J
=18.0

5.52 in2

c.bE
0.610 *1,600,000 psi

= 3545 psi
18.02

1+(3016 psi/
/3192 psi)

CL =
1.9

= 0.793

< use CI_ =0.793

F1; = 2400 psi 1.33 * 0.883 = 2819 psi

1.8.3.2.3 Compression Stress Calculation

= F, *CD * Cp

F; =1650 psi*1.33 = 2195 psi

le =1.0*12 ft*12 iryft=144 in

2.5 * 0.418 *1,600,000 psi
FeE = = 87,809 psi

(144
in/ )2
/33 in)

1+187,809 p%195 psi)

=
2 * 0.9

, -
1+ (87,809 psi/

))/2195 psi
2* 0.9

rc =1650 psi*1.33 *0.997 = 2189 psi

2
87,809 psi

2195 Psi
= 0.997

0.9
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1.8.3.2.4 Combined-Bending and Compression Check

6216 lb
f. = =17.12 psi

2*5.5 33 in

2264 ft*Ib*12
fb =

ft = 13.61 psi

2*
5.5 in * 332 in2)

6

13.61 psi
= 0.01 1.0[17.12 psi12

2531psi [1417.12 psi/2189 psi
/87809 psi)]

1.8.3.2.5 Shear Stress Calculation

rv -'V *CD

rv =240 psi*1.0 = 240 psi

1.8.3.2.6 Shear Stress Check

1.5*11691b
2* 5.5 in * 33 in

= 4.8 psi

fv - 5 Psi = 0.02 <1.0
F, - 240 psi
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1.8.3.3 Beam design

1.8.3.3.1 Beam Boundary Conditions

Governing Load combination: D+L+Lr

Material: 24F-V4 DF

Material properties according to NDS (2001):

Fb = 2400 psi

F= 240 psi

Fc= 1650 psi

Ey = 1,600,000 psi

Load Duration Factor:

CD = 1.0, NDS (2001), because first story beam experiences the most

severe force, and since Lr is not applied to that beam, beneficial CD

contribution cannot be considered.

Member size: 8.75x33 in

1.8.3.3.2 Bending Stress Calculation

Ft; = Fb *CD *(CL. or Cv)

1 1 1

(
21 )10( 12

33 in

)1
8.75 i5.125

)10
Cv =20 ft

= 0.861
n

F1: = 2400 psi 1.00 = 2400 psi

le = 2.06*20 ft*12 iryft= 494 in

For the purpose of establishing effective length le, the member does

not match any of the loading requirements given in the NDS (2001). So the

most severe case is assumed, which requires the factor 2.06.
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1494 in * 33 in
=14.59RB =1

8.752in2

F
0.610 *1,600,000 psi

= 4580 psi1 bE =
14.592

.1+(4580 psi/
/2400 psi )

CL=
1.9

(4580 psi/ )
2

4580 psi
/2400 psi 2400 psi

= 0.953
1.9 0.95

I _ _

Cv < CL ... use Cv =0.861

rb = 2400 psi*1.0 * 0.861= 2066 psi

1.8.3.3.3 Compression Stress Calculation

*C * Cp

F: = 1650 psi *1.0 =1650 psi

le =1.0*12 ft*12 ii-nt-=144 in

FcE =
0.418

*1,600,000,
psi

= 35,124 psi
(144 inX3in)--

psi )
Cp =

.1+ (35,124 ps*X650

2*0.9

(35,124p/ )-2 35,124 psi/

=0.995
/1650 psi /1650 psi

2* 0.9 0.9

4.
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F, =1650 psi*1.0 *0.995 =1642 psi

1.8.3.3.4 Combined Bending and Compression Check

12111b
fc = =4.20 psi

8.75 in * 33 in

78600 ft*Ib*12 iry
b=

(8.75 in* 332 1n2)
6

[ 4.19 psi 12± 594 psi

1642 psi 2066 psi[1(4.2 psi

1.8.3.3.5 Shear Stress Calculation

* CD

F;, =240 psi*1.0 = 240 psi

1.8.3.3.6 Shear Stress Check

fv =
1.5 *15720 lb

=81.66 psi
8.75 in*33 in

fv 81.66
Psi = 0.340 1.0

= 240 psi

594 psi

35124 psi)]

= 0.29 . 1.0
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A allow

1.8.3.3.7 Deflection Check

20ft*12in
ft = 1in

240

A = ,i3 =0.11in<1,
5*1440 %*(20 0*(12 iryft

384*1,800,000 psi*
8.75 in *(33 inY

12

1.8.3.4. Bracing design

1.8.3.4.1 Bracing Parameter Definition

Governing Load combination: 0.9 D + E/1.4 for compression and tension

Material: 24F-V4 DF

Material properties according to NDS (2001):

Fb = 2400 psi

F= 240 psi

Fc= 1650 psi

Eaxial = 1,700,000 psi

Load Duration Factor:

CD = 1.33, NDS (2001) permits1.6, but the UBC (1997) limits

CD 1.33

Member size: 8.75x8.75 in

The bracing is loaded only in axial compression and tension. The section

reduction for connection hardware is unknown and is ignored in the design.
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1.8.3.4.2. Compression Stress Calculation

F.c = Fc *CD *Cp

F 1650 psi *1.33 = 2195 psi

le =1.0*23.32 ft*12hyft= 280 in

Slenderness ratio

I, 280 in 32 50
d 8.75 in

0.418 *1,700,000rsi = 695 psi. ,cE =

(280
in/ )--
/8.75 in

.1+1695 P%195
psi)

Cp =
2*0.9

i+(695 psi
2195 psi)

2* 0.9

=1650 psi *1.33*0.303 = 665 psi

1.8.3.4.3 Compression Stress Check

5043 lb
fc =

8.75 in * 8.75 in
= 66 psi

fc 66 psi
= 0.01 .0

665 psi

2
695 psi

2195 psi 0.303

0.9
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1.8.3.4.4 Tension Stress Calculation

F; =F *CD

Ft =1100 psi *1.33 = 1463 psi

1.8.3.4.5 Tension Stress Check

3867 lb
ft = 8.75 in*8.75 i

= 51psi
in

ft 51 psi 0.03 1.0
F; - 1463 psi

1.8.4 Rigid frame design

1.8.4.1 Connection design, momentenduebelkreis

1.8.4.1.1 Force Determination

The Dowel Circle is a European approach for moment resisting

connections. The equations are based on the German standards, DIN1042

or the equivalent Eurocode 5. SAP 2000 analysis of the rigid frame was

conducted. The bending moment, shear and axial forces were significantly

different from the braced-pinned frame. The member sizes used in the

pinned frame were sufficient to meet the requirements of the rigid frame. By

using the same member sizes, the building geometry and mass for both

structures are the same, which is critical when performance of the

structures are compared. Both designs are governed by the spacing

requirements for the connectors. Since the shear force is large, it governs

the connector design for both cases.
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Member sizes:

beam 8.75x33 in

spaced column, two parts each 5.5x33 in

Dowel diameter d =0.5 in

Radius of dowel circle

r= 0.5h-end distance =0.5-h-4-d = 0.5-33 in- 4*1in =12.5 in (53)

Number of fasteners:

n< 2*Tr*r 2*Tr*12.5
in

= =13.09, n=13 (54)
6*d 6*1in

Load per fastener resulting from the moment:

m*r 46201ft*Ib*12 hyft 12.5 in
Fm=

nr2
=

13*12.52 in2
=3412 lb (55)

Column:

Load per fastener resulting from the axial load:

= -F
A 24036 lb = 18491b (56)

Load per fastener resulting from the shear load:

Sc 1665 lb
=128 lb

n 13

Beam:

Load per fastener resulting from the axial load

A 3031Ib
=233 lb

Load per fastener resulting from the shear load:

F, = B

S 15720 lb
=1209 lbSB n 13



Z= d* tm *Fen'
4*Kon.,

z=d*ts*FeS
2*Kes

k3 *d* ts *Fern

Z=1.6*(2+Re)*Kem

105

Maximum load per fastener

Column:

Fc = Fs,c +VF2, =128 lb 43412 2Ib2 18492Ib2 =2995 lb (60)

Beam:

FB = FB,B 1-1/Fh2A FL =1209 lb+V341221b2+23321b2 =4613 lb (61)

Ftmax=4613 lb

1.8.4.1.2 Allowable force per fastener

The connection is a double shear connection and can be calculated based

on the NDS (2001), Section 11.

Mode 1m (62)

Mode Is (63)

Mode Ills (64)

z= d2

3*(1+Re)
d2 eli2*Fen,*Fyb

Mode 1m where: (65)

1(3=-1+112*(1+RJ
2*Fyb*(2+Re)*d2

Re 3*Fem *t:
(66)

Re =Fein /Fee (67)

tm = thickness of main (center) member, in

ts = thickness of side member, in

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

Fes = dowel bearing strength of side member, psi
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Fee =5600 psi

Fei = 2250 psi

Fy
Fyb = (68)

d = nominal bolt diameter, in

Ke =1+(3m,./360°) (69)

= maximum angle of load to grain 0°._090° for any member in a

connection

*F
Fee

Fell el=
Fee * sin213+Fei*cos20

1.8.4.1.3 Design Calculations for given conditions

tm = 8.75 in, ts = 5.5 in ,G=0.50 Douglas Fir Larch

80,000 psi
+

95,000 psi =87,500 psiyb =
2 2

d=1 in

Fell =11,200 psi*0.5 =5600 psi

Fel =2250 psi

The angle of load to grain is different for the column and the beam.

Beam (main member):

[3412 lb + 23311=71.65°Om =arctan[Fm +'B =arctan
FS,B

1209 lb

(70)



Fell Fel

Feem Fen * S1n28m + Fei *.COS2em

5600 psi* 2250 psi =2392 psi
5600 psi* sin271.65°+ 2250 psi*cos271.65°

Ke =14 °max ) =1+171'651 =1.20
m 360° 360°

Column (side member):

Os =90°em =90°-71.65° =18.35°

Fen *Fel
Fees =

Feu * Sin213m +Fel *COS2em

5600 psi 2250 psi
=

5600 psi*sin218.35°+ 2250 psi*cos218.35°
=4880 psi

Kes

=1+(3b13,,,a_xe)

=1 (18.481_1.05
U 360°)

R Feme 2392 psi =0.49

e Fes8 4880 psi

2*(1+R ) 2*Fyt,*(2 +Re)*d2
k3=-1+Il e + *t:

=
1+112*(1+0.49) 2* 87,500 psi*(2+0.49)*12 in2

1.844
0.50 3* 2411 psi*5.5 m

d* tm *Fen, 1in * 8.75 in * 2392 psi 4364 b
ZO q 1 -- -

°.'-' 4*Kem 4*1.20

2*d*ts /Tea 2*1in * 5.5 in*4871psi
Z83, = 12768 lb

` 2*Kes 4*1.05

2* k3 *d*ts*Feme 2 *1.844*1in*5.5 in*2392 psi _6793 lb

Z83-3 = 1.6*(2 + Re )*Kes 3.2 *(2 +0.49)* 1.05
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l2* d2 2*Feme *Fyb 2*12 in2 112*2392 psi*87,500 psi

Z8 3-4 1 .6*K em 3*(1+Re) 3.2*1.20 3*(1+0.49)

=5044 lb

min (Z8.3-1, Z8.3-2, Z8.3-3, Z8.34) = Z8.3-1 = 4364 lb

Z'=Z*(CD*Cm*Ct*C9*CA) from NDS (2001 ),Table 10.3.1

with

CD = 1.0, because load combination D+L+Lr

Cm = 1.0

Ct = 1.0

Cg = 1.0

CA = 1.0

Z'.4364 lb*(1.0*1.0*1.0*1.0*1.0). 4364 lb

1.8.4.4.4 Member shear force in connection area

fv =1.5*V
AB

with

Column: V =Vm +sc
2

Beam: Vmax,B Vm S2B

and

M n*r 46,201ft*Ib*12 iryft* 13*12.5 in
V =[ *

in2
m TT n*r2 11 13*12.52

Column: Vmaxc =15,019 lb 16651b=14,1871b
, 2

=15,019 lb
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15720 lb =22,879 lbBeam: Vm,B =15,019 lb+
2

1.8.4.1.5 Shear Check for Beam

F'=240 psi*1.25 =300 psi

1.5*22,879 lb
fv ==0.396 *1.0(8.75 in*33 in)

300 psi

1.8.4.1.6 Shear Check for Column

Fvi=240 psi*1.25 =300 psi

1.5.14,187 lb
Tv = (5.5 in*33 in) =0.391.1.0

300 psi

1.8.4.2 Column design

1.8.4.2.1 Column Boundary Conditions

Governing Load combination: D+0.75 [L

Material: 24F-V4 DF

Material properties according to NDS (2001):

Fb = 2400 psi

= 240 psi

Fc= 1650 psi
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Ey = 1,600,000 psi

Load Duration Factor:

C0=1.33, NDS (2001) permits1.6, but the UBC (1997) limits

CD 5- 1.33.

Member size: spaced column, both parts 5.5x33 in

A combined loading case is investigated, because the column is loaded in

compression and bending, Additionally shear, is checked; deflection and

shortening of the column are ignored.

1.8.4.2.2 Bending Stress Calculation

Fi; = Fb * CD * C *L CV

1 1 1

21 )10( 12 )10(5.125)10
= 0.904

cv = (19.5 ft 33 in 5.5 in

=2400 psi*1.33 = 3192 psi

lu is the unsupported length, between intermediate supports

lu =12ft*12 ii-nt-144 in

depth of the member

d= 33 in

According to the NDS (2001), the ratio of unsupported length to depth is

used to determine the effective length. Based on the footnotes of NDS

Table 3.3.3, when lid <7, then le = 2.06*Iu For this case the equation below

governs.

lu
-j--c= 4.57 <7

Then, effective length is



le =2.06*12 ft*12 iryft= 297 in

RB =1/297
in* 33 in

5.52 in2
=18.0

c 0.610 *1,600,000 psi
= 3016 psi. bE =

18.02

/3192 psi)
1+0016 psi/

CL=
1.9

2
.1+ (70,242 psi/ 70,242 psi

/2195 psi) 2195 psi
= 0.997

2 * 0.9 0.9

3016 psi/
/3192 psi

= 0.793
0.95
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1- -

Fi, = 2400 psi*1.33 * 0.793 = 2533 psi

1.8.4.2.3 Compression Stress Calculation

F,' = Fe *CD *CP

=1650 psi*1.33 = 2195 psi

le =1.0*12 ft*12 iryft=144 in

FcE =
2.5 * 0.418 *1,600,000 psi = 70,242 psi

(144 in/ in)2

i+(70,242 p%
=

psi)

pC
2 * 0.9

-1+(3016
psi

3192 psiY

2

1.9



rc = 1650 psi*1.33 * 0.997 =2187 psi

1.8.4.2.4 Combined Bending and Compression Check

6868 lb
fc = 2 * 5.5 in* 33 in

=29 psi

22406 ft*Ib*12 iry
fb =ft =135 psi

2*(5.5
in *332 in2

)
6

135 psi
=-. 0.06 1.0[ 29 psi 12

2187 Psi 2573 psi[1 (19 ps/V0242 psi)]

1.8.4.2.5 Shear Stress Calculation

* CD

rv = 240 psi*1.33 = 319 psi

1.8.4.2.6 Shear Stress Check

1.5 * 3477 lb
iv =

2 * 5.5 in * 33 in
14 psi

fv 14 psi =0.04<1.0<1.0
F., 319 psi
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1.8.4.3 Beam design

1.8.4.3.1 Beam Boundary Conditions

Governing Load combination: D+L+Lr

Material: 24F-V4 DF

Material properties according to NDS Supplement (2001):

Fb = 2400 psi

F= 240 psi

Fc= 1650 psi

E = 1,800,000 psi

Load Duration Factor:

CD = 1.0, because design is done for first story beam which governs design,

because it experiences the most severe condition, and since the beam

does not have roof live load, the less beneficial factor has to apply.

Member size: 8.75x33 in

1.8.4.3.2 Bending Stress Calculation

Ft; =Fb *C * (CI_ or Cv)

1 1 1

21 ji° 12 )1° 5.125 )1°
CV 0.899= =

(13 ft 33 in 8.75 in

= 2400 psi *1.0 = 2400 psi

le = 2.06*20 ft*12 iryft= 494 in

For the purpose of effective length le calculation, the member does not

match any of the loading requirements given in the NDS (2001). So, the
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1494 in*33 in
RB- \I 8.752 in2

=14.59

c 0.610 *1,600'000 = 4585 psi
I bE = 14.592

1+ /4585 psi/
/2400 psi)

CL=
1.9

1.9 0.95

I _

Cv < CL :.use Cv = 0.899

=2400 psi*1.0 *0.899 = 2158 psi

1.8.4.3.3 Compression Stress Calculation

= FcD*C *Cp

F: =1650 psi*l= 1650 psi

le =1.0*12ft*121%=144 in

FE =
0.418 *1,600.000 psi =12,645 psic

(144 in /
/33 In)
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most severe case is assumed. For a conservative solution the factor 2.06 is

used.

-1+ (4585 psi/
/2400 psi)-

2
4585 psi

2400 psi
= 0.953



1+(12,645 psi/ .)
/2063 psi)

'-'P= 2 * 0.9

\

-2
-1 4. (12,645 psi/ 12,645 psi

/2063 psi) 2063 Psi = 0.985
2 * 0.9 0.9

-

F psi *1.0 * 0.985 =1625 psi

1.8.4.3.4 Combined Bending and Compression Check

30311bfb == 10.5 psi
8.75 in * 33 in

46,201ft*Ib*12in
fb =

, 8.75 in * 332 in2
,ft = 349 psi

l )
6

[10.5 psi ]2 349 psi vi =0.16 '1.0
1625 psi 2158 psi[1(1°'5Psi//12645 psi)]

1.8.4.3.5 Shear Stress Calculation

F,, = *Cc,

rv = 240 psi *1.0 = 240 psi
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1.8.4.3.6. Shear Stress Check

f = 15*15720 lb
= 82 psi

v 8.75 in * 33 in

fv 82 psi
= 0.34 .0

F 240 psi

1.8.4.3.6 Deflection Check

20 ft*12 in
allow = 240

=lin

5*1440 lip *204 ft4 *123 (inj3
ft ft

A = =0.11 in<lin
384 *1,800,000 psi*

8.751n *333 in3

12

1.8.4.4 Bracing design

1.8.4.4.1 Bracing Boundary Conditions

Governing Load combination: D + E/1.4 for compression and for tension

Material: 24F-V4 DF

Material Properties according to NDS (2001):

Fb = 2400 psi

F= 240 psi

Fc= 1650 psi

EAxial = 1,700,000 psi

Ex= 1,800,000 psi
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Ey= 1,600,000 psi

Load Duration Factor:

CD = 1.33, NDS (2001) permits1.6, but the UBC (1997) limits

CD 1.33

Member size: 8.75x8.75 in

The bracing is loaded axially in compression and tension.

1.8.4.4.2 Compression Stress Calculation

= F, *C *D Cp

F: =1650 psi*1.33 = 2195 psi

le =1.0*23.32 ft*12 iryft= 280 in

Slenderness ratio

I e 280 in 32 50

d 8.75 in

0.418 *1,600,000 psi = 653 psicE

( 280 in )2

8.75 in)

1+(653 psi/ psi)/21951--)
Cp =

2 * 0.9

=1650 psi*1.33 * 0.286 =628 psi

i+(653
psi

2195 psi

2*0.9

2

653 psi
2195psi 0.286

0.9
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1.8.4.4.3 Tension Stress Calculation

F; = Ft * CD

rt = 1100 psi *1.33 =1463 psi

1.8.4.4.4 Compression Stress Check

4803 lb
fc = = 63 psi

8.75 in* 8.75 in

!2. 63 psi
rc 628 psi

1.8.4.4.5 Tension Stress Check

3792 lb
ft = 8.75 in* 8.75 in

=50 psi

!L. 51 psi
F; 463psi=

0.11 1.0
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Appendix B

Loma Prieta Earthquake
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2 LOMA PRIETA EARTHQUAKE

The Loma Prieta Earthquake occurred at 5:04 pm (PDT) on

Tuesday, October 17, 1989. It was measured as 7.1 on the Richter

magnitude scale. It was caused by a rupture of a 40-km segment of the San

Andreas Fault about 18 km beneath the surface in the Santa Cruz

Mountains, with its epicenter about 16 km northeast of Santa Cruz and 30

km south of San Jose. It was felt as far south as Los Angeles, north to the

Oregon border, and east to Nevada. The result was $7 billion damage in an

area of about 8000 km2. The strong shaking lasted less than 15 s. The

greatest loss of life in the event occurred when the Cypress Street Viaduct

collapsed, which is an elevated segment of Highway 880, where 42 people

were killed. A total of 62 people were killed, 3757 injured, 367 businesses

destroyed and 12,000 people were left homeless (Earthquake Spectra

1990).

The main damage was observed for precode structures, especially

unreinforced masonry structures in Santa Cruz, Watsonville, San Francisco

and Oakland. In the Marina district of San Francisco, wood-frame buildings

failed because of the soft first stories (Earthquake Spectra 1990).

Unreinforced masonry buildings, which were often constructed

before the current building codes, were severely damaged. These buildings

usually had wood-frame roofs and floor systems supported by thick brick

walls with no reinforcement. These structures showed non-ductile brittle

failures. The main failure modes were out-of-plane brickwork failure,

diaphragm flexibility/failure, in-plane brickwork failure and pounding. Out-of-

plane failure is caused by brickwork which is not sufficiently anchored to the

rest of the structure. The earthquake forces excite the masonry wall in

bending out of its plane where the resulting flexural stresses exceed the

120



121

tensile strength, leading to rupture and collapse. For in-plane failure, the

unreinforced masonry structure is not able to withstand reverse load cycles,

and failure of the lateral load resisting system causes collapse of the

structure as a consequence. If the strong motion duration is short, the

structures may not collapse completely. If the displacement in a diaphragm

exceeds the deflection capacity of the adjoining wall, the wall will collapse.

Sometimes the roof diaphragm is torn off the wall and ledger beams fail,

and then the structure collapses. Pounding usually does not cause collapse

of the structure, but pounding of two adjacent buildings can cause shear

failure in the brickwork (Earthquake Spectra 1990).

Wood construction failed on a huge scale in this event, and wood-

frame residential construction was the type of structure with the most

significant losses. Up to this point, wood-frame structures were generally

considered safe and not likely to result in major financial losses (National

Research Council 1994).

Table A7, summarizes the technical data for Loma Prieta, and Fig.

Al 1 shows the ground acceleration measured at the station, Palo Alto VA

Hosp - Bldg 1. The ground acceleration record was measured at a site with

NEHRP soil classification D (USGS 2000). This soil type filters the high

frequency contribution from the record and amplifies the low frequency

content.

AbLt At. Ignincant uata Tur wind ri IULd.
Peak Ground
Acceleration

[cm/s2]

Duration
[s]

Distance
(epicenter-

station)
[km]

Richter
Magnitude

Scale

Loma Prieta 1151 39.45 47 7.1
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Time [s]

FIG. All. Ground Acceleration Record for Loma Prieta (1989), Station Palo
Alto VA Hosp - Bldg 1 (USGS 2002)
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3 ENERGY DISSIPATION CONCEPTS

Different strategies to prevent structural damage and casualties due

to seismic events are available. One approach is seismic isolation, which

can be approached using different technologies, such as elastomeric, lead

rubber, combined elastomeric and sliding bearings, sliding friction

pendulum systems and sliding bearings with restoring force. With these

systems, the structure is basically isolated from the ground, limiting forces

transmitted to the building.

Semi-active and active systems are also available to protect the

structure. Examples of these systems are active bracing systems, active

mass dampers, damping systems and smart materials. These systems

require an external energy source. In effect, the external energy source

works to limit the seismic displacement. The concept is also applicable to

wind force resistance.

The third choice for protection mechanisms is passive energy

dissipation devices, or dampers. The basic definition of passive devices is

that no external power source is required to dissipate the energy and the

amount of dissipated energy depends on the structural response (Housner

et al. 1997). Dampers and devices with different mechanisms are available,

e.g. metallic yielding, friction, viscoelastic solid or viscoelastic fluid, and

tuned mass or tuned liquid dampers. These devices are force dependent

with displacement response as a result. Every damper produces a unique

response pattern. The force-displacement response is called a hysteresis

diagram. The area of each loop in the hysteresis diagram indicates how

much energy is dissipated by the system.
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The most common dampers are metallic yield, friction, and viscous

dampers. As the name indicates, the metallic yield damper dissipates

energy by yielding of the metal, in inelastic material deformation.

A friction damper dissipates energy by two surfaces sliding relative to

each other. A friction device will be used in this study.

The third group includes viscoelastic dampers. These devices are

frequency and velocity dependent (Constantinou et al. 1998).

3.1 Passive damping devices

3.1.1 Friction damper

The friction damper dissipates energy by friction between two sliding

surfaces. The friction force, Ft, is given by:

Ft =p*Fn (73)

with

F= friction force

IA = coefficient of friction

Fn = normal force

The coefficient of friction is not always constant and depends on the

sliding materials selection and condition of the interface. The ideal response

is a rectangular force versus displacement hysteresis loop (Constantinou et

al. 1998).

Friction dampers are generally not designed to respond to severe

level wind forces but to the much larger earthquake induced forces. In

design, a slip force magnitude is set. After reaching this value, the damper

will slip with a nearly constant resistance. This damper type was studied in

detail and force-displacement data were obtained (Housner et al. 1997). In

addition, simulation studies were done. The principle of energy dissipation
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by friction is used in a number of different dampers. Pall and Marsh

(Housner et al. 1997) commercialized the idea in the Pall device, which is

inserted in a cross brace. Another type of friction damper is the Sumitomo

Friction Damper, an energy dissipation restraint, and the slotted bolted

connection. The Pall friction damper was used for new and retrofitted

buildings in Canada and the Sumitomo Damper in Japan, including a 31-

story steel frame building (Housner et al. 1997). Friction dampers show

good performance and are not affected by frequency, repeated loading

cycles, and amplitude. The material properties at the friction interface of the

damper are important. There may be some changes over the life of the

device that could influence its performance, for example, corrosion issues.

Several attempts have been made to address potential problems such as

using steel with a high chromium content to reduce corrosion between steel

and brass surfaces. Another performance issue pertains to the effect of

prolonged inactive periods on the device. At present no long-term

performance assessments have been reported (Housner et al. 1997).

3.1.2 Slotted-bolted connection

Slotted-bolted connections (SBC) are another type of friction

damper, (Fig. Al2). This passive energy device was evaluated by

Grigorian et al. (1992). The main concern was that the usual damping

devices were complicated to manufacture, required expensive materials, or

were hard to install, so they designed a simpler friction damper. They used

a normal bolted connection in a system with a slotted main plate

sandwiched between brass shims on either side and two side plates. It was

held together with a high strength bolt and included Belleville washers (Fig.

Al2) to maintain bolt tension. The applied force is determined based on the
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desired slip force. As soon as the compression and tension force exceeds

the slip force the system starts sliding and dissipates energy. The energy is

dissipated by the friction between the plates. The slotted-bolted connection

was evaluated with and without brass shims (Grigorian et al. 1992) to

assess wear between the friction surfaces. Investigations with SBC's in

building bracing were done by FitzGerald et al. (1989) as a strategy to

prevent collapse and minimize damage of a structure. The presence of

SBC's in the bracing allows inelastic energy dissipation without inelastic

member buckling, rather than the usual the usual condition where the

bracing yields in tension and experiences inelastic buckling. Testing with

SBC's showed constant bolt tension over the cycles and that the system is

a very stiff elastic-perfectly plastic yielding member. FitzGerald et al. (1989)

considered this use of SBC's as a success.

Using the knowledge gained from Grigorian's research group an

attempt was made to insert SBC's into timber structures because timber

connections tend to decrease in strength and stiffness after strong cyclic

loading (Foliente 1996). The SBC concept was modified by Duff et al.

(1998) such that the hardware was designed as a timber beam-column

connection. The damper contained two outer bronze plates and an inner

slotted steel block. A high strength steel rod connected the damper to the

adjoining members. No Belleville washers were used. They investigated the

behavior under manually controlled quasi-static, compression and tension,

load cycles. Results showed a good hysteretic response, nearly constant

slip force, and slight pinching. Based on their test results, they stated that

SBC's might be a good way to improve the earthquake performance of

timber structures.

Continuing down that path, Tjahyadi (2002) implemented SBC's into

timber braces. A frame structure was designed to determine the expected

earthquake forces and the damper slip force was adjusted to that level. He
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observed an equivalent viscous damping ratio up to 0.53. Pinching and load

spikes were observed in the testing. Pinching is the condition in which the

hysteresis loop narrows, or pinches; at low load levels. Pinching was

caused by metal wear and surface scouring, and decreased the energy

absorption. Increasing slack from loose bolts and wood shrinkage can

cause loss of the predetermined slip force, however, the effect was

minimized by the use of Belleville washers. It was suggested that SBC's

will perform very well for timber frame systems in earthquakes.

In addition, Bienhaus (2001) conducted a study where SBC' s were

implemented in a moment resisting timber frame system. The well known

European Duebelkreis connection was used, with the SBC's as rotational

dampers. Typically, the Duebelkreis was a double shear connection with

one beam and two columns. The circular configuration of the connection,

requires rotation about the centroid of the bolts. It was shown that even in

repetitive cycles the connection worked well, whereas the normal

Duebelkreis connection showed damage after testing. The main advantage

is that the connection did not show significant signs of wear, and the

rotational SBC in a Duebelkreis does not need replacement after

earthquake events (Bienhaus 2001).
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FIG. Al2. Schematic Drawing of a slotted bolted connection
(Grigorian et al. 1992)

3.2 Connections in timber frames

It is widely assumed that timber connections cannot carry moments,

so timber connections are usually assumed to be pinned. With the

introduction of glulam and other material innovations, new solutions for

moment resisting connections are desirable. Moment resisting timber

connections may be achieved using the correct selection of connectors and

connection manufacturing procedures. Three types of moment resisting

frame types are known for timber: glulam rivet plates, glued frames and the

Duebelkreis, or dowel circle connection. The dowel circle is a common

frame design connection in Europe (STEP1 1995).
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3.2.1 Dowel Circle

3.2.1.1 Theory

The force distribution depends on the rotational center which

influences the magnitude and direction of the resisting forces, which are

equivalent to the applied moment. The connection can carry moment, axial

and shear forces. The frame connection in this thesis involves one beam

and a spaced column. The connector types are dowels, which are arranged

in a single or double circle.

The stiffness of the connection influences the forces in the beam and

column, so the forces in the members are not independent from each other.

The moment in the beam-column is calculated as:

\-
1(q*L2).

8 H 3a* -or

with

q = uniform beam load

L = bay width

H = story height

E = allowable modulus of elasticity

I = moment of inertia

c = indicates column

b = indicates beam

(E *
a = (75)

(E *I)c

r3r = stiffness coefficient for parameters Rm and a. This allows a good

estimation of the rotational stiffness of the system (STEP1 1995).
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FIG. A13. Dowel Circle Beam-Column Connection
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*
Kr = pr *EI (76)

L

Moment in the connection is low for values of pr 5 6. A connection is

considered fixed when Rm 0.85 and 8 < Pr < 12. For the design of fixed

joints, EC3 requires r 3 r 25 (STEP1 1995).

3.2.1.2. Design Procedure

A description of the design procedure for the dowel circle is given in

STEP 1 (1995). Based on the moment and center of rotation, the moment is

redistributed in force pairs. In addition, shear and axial forces are

distributed on the connector. The design procedure begins with the

calculated moment M at the connection.



n

where

Ac = axial column load (N)

Load per dowel as result from shear load on column

S
F - CS,C -

n

where

Sc = column shear force (N)
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The design procedure follows.

To calculate the radius for the dowel circle:

r= 0.5h-end distance (77)

where

h = height of the beam

end distance > 4d is the required distance between the dowel closest to the

end of the member and the end of the member.

To calculate the maximum allowable number of fasteners for the radius

n< 2*Tr*r
6* d

where

minimum spacing between dowels is > 6d

r = radius of the dowel circle

d = diameter of dowel

Resulting force from the moment per fastener

M*r
F. =
- nr2

where

M = applied moment (N.m), and other terms are previously defined

Load per dowel as result from axial load on column

A
F - CA,C -



Load per dowel resulting from axial force on beam

FA,B =
AB

where

AB = axial force in beam (N)

The load per dowel resulting from shear load on beam

S
FS,B = nB

where

SB = reaction shear force (N) for the beam

Maximum load calculation per dowel in the column is

Fc = Fs,c +11F2A -F,Z,c

and for the beam is

FB = FS,B + -\/F2A - FB

The connection is a double shear connection and can be calculated based

on the NDS (AF&PA 2001a), Section 11. Therefore the limit yield equations

given in the NDS (AF&PA 2001b) are used for the governing yield mode.

Shear loads on column and beam, respectively, are

S
Vmax,c = Vm ± (86)

2

Vmax,B = Vm ± S2B

where

Vm =1-M* n*1
LTT n*r2
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Actual shear stress calculation for the column is

1.5*V
max'c 1.0 (89)fv = (

Ac

where

\ F,

j

Fv = adjusted allowable shear stress

and the beam shear stress

1.5* Vrims
1.0 (90)
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4 BRIEF ON DRAIN-2DX

The computer program DRAIN-2DX was written to perform static and

dynamic nonlinear analysis of two-dimensional structural models. If 3D

analysis is required, DRAIN-3DX is used. Two general types of analysis are

possible, (1) gravity load in combination with static loads, or purely static

loads, and (2) dynamic analysis that uses ground acceleration/displacement

records, dynamic force records, initial velocity patterns or response spectra.

The structural masses are lumped together at the nodes in order to keep

the mass matrix diagonal, and the nondiagonal terms are ignored. In

addition, a viscous damping matrix independent of element stiffness and

nodal masses can be inserted. Both types of analysis are done in user

defined segments. Forces, displacements, rotations, mode shapes, and

natural periods can be calculated based on the type and objective of the

analysis. For nonlinear static analysis, the stiffness matrix may be revised

with every step. Analysis segments end when the specified load magnitude

or displacement criteria are reached. If desired, P-A effects can be

considered. The geometry setup usually involves nodes with three degrees

of freedom; X and Y translations and rotation R. Nodes can be individually

restrained or slaved to another node. Nodes are connected with different

element types, which are provided in the element library (Prakash et al.

1993).

The program contains six different element types as described in

Powell (1993). A brief review of the elements is given.

The simple inelastic bar element is applicable for truss bars, simple

short columns and nonlinear support springs. Only axial forces are

transferred. There is a choice of yielding in tension and compression or

yielding in tension and buckling in compression. Strain hardening is

developed from two parallel responses, elastic and elastic-perfectly-plastic.
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P- A effects and viscous damping are also possible. Loads can be applied

along the length or at the nodes. A modified version of this element

subroutine is used in the brace-damper superelement.

The plastic hinge beam-column element is used to model beams and

beam-columns. This element is an elastic beam with plastic hinges on its

ends, and has an option for rigid ends. Variable cross section and flexural

stiffness coefficients are possible, and elastic shear deformations can be

considered. The plastic hinges can experience yielding (under bending but

not axial loads), and bending moments can be specified differently on the

two ends.

The connection element is used for rotational and translational

connection types. This is a zero-length element, which connects two nodes.

It can behave elastically or inelastically and no second-order effects are

considered, but viscous damping is possible. A modified version of the

basic element is used in this work as the Florence Model (Ceccotti and

Vignoli 1988).

The elastic panel element is used for rectangular panels with

extension, bending and shear stiffness. Four nodes and eight displacement

degrees of freedom are defined for each element. This results in five

deformation modes: vertical extension/bending, horizontal extension/

bending and shear. The element is still being developed.

The compression/tension link is used to model resistance to axial

forces. Applications include a cable with initial slack or bearing elements

prestressed in compression or with initial gaps. The element acts in tension

with finite stiffness and a gap opening, and in compression with finite

stiffness and slack. It can be used elastically or inelastically. Viscous

damping but no P- A effects may be considered.

The fiber beam-column element is used for beams and beam-

columns. Yielding and strain hardening in steel, cracking in concrete with
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post cracking effects, and semi-rigid connections at the ends are possible

with this element. Cross sections are constant over the length, but they can

be divided into fibers if desired. Plastic hinges, elasticity in shear, P-A

effects, and viscous damping are possible. Some uncertainties still exist in

the use of this element (Powell 1993).
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5 FLORENCE MODEL

5.1 Background

The DRAIN-2DX program provides a connection element to model

rotational and/ or translational movements of connections versus moment

and force relative to its origin, respectively. The zero-length element

connects two nodes with identical coordinates. The purpose is to implement

the connection properties without adding dimensions that would influence

the structural performance. The program calculates horizontal and vertical

displacement, rotation, moments and forces for the connection at every

time step. Different element behavior options can be specified with respect

to the desired elastic response of the element. Three different

elastic/inelastic options are provided within DRAIN-2DX: (1) inelastic in

unloading (Fig. A14. a), (2) elastic in unloading (Fig. A14. b), or (3) inelastic

with gap in unloading (Fig. A14. c). P-A effects cannot be specified for the

element, and element load or initial forces cannot be applied directly on the

element.

(a)
ForM

(b)
ForM

(C)
ForM
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FIG. A14. Options Available for the Connection Element (a) Ine astic
Unloading Option, (b) Elastic Unloading Option, and (c) Inelastic Unloading
with a Gap (Powell 1993)

The required input variables for this element type are stiffness ki, which

represents the initial stiffness, and strain hardening ratio (k2/ki), which is
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used to calculate k2 based on 1(1. Positive and negative yield force must be

specified to achieve the correct yield points. Three degrees of freedom (X,

Y, 0) are permitted for the connection. Each degree of freedom is specified,

even if only one is of interest. The matrix will not be solved otherwise

(Powell 1993). This element was used by Ceccotti and Vignoli (1988) as a

template to create the new element identified as the Florence Model.

5.2 Description of the Florence Model

The Florence Model can be used to model the behavior of timber

joints under dynamic/earthquake loading. The connection behavior of

timber joints is complex and more variables are required for the more

sophisticated version of the connection element. The Florence Model

contains more stiffness and displacement values, and two options for the

response pattern. The main application is to study the relation between joint

stiffness and earthquake performance for timber structures.

For timber connections, the forcedisplacement response is a

butterfly-shaped hysteresis loop. It appears that way because there is little

or no energy dissipation in the second and fourth quadrants and usually

stiffness degradation, with a decrease or increase in resistance in

consecutive cycles, is observed. Based on test data evaluation, the model

hysteretic cycle was proposed. Thus, Ceccotti and Vignoli wrote four new

subroutines for DRAIN-2DX; INEL7 (controls all input operations, initializes

data), STIF7 (stiffness calculation at every time step); RESPT (deformation

and force increment calculation), and OUT7 (performs output).

Fig. A15 illustrates the moment-rotation behavior of a connection,

with option 1 for timber joint behavior. Parameters are defined as: angle a

is the initial stiffness, angle 13 is stiffness in the yield phase, angle y
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corresponds to the degrading slope line, and angle 6 is the force-

displacement slope for joint slip. In addition, two moments, My (yield

moment) and My/10 (intersection of slip line with moment axis) are defined.

For simplicity, the response in the first quadrant is explained, because the

third quadrant shows equivalent results.

The first rotational increment can be either positive or negative. The

initial load phase is elastic behavior for loading and unloading at the slope

a. The response continues on that path until it reaches the yield moment

M. After yielding, the moment-rotation slope changes to slope 13. In the

unloading phase, the slope is parallel to the loading phase until joint slip

starts. The joint continues to slip until it reaches zero rotation. At this point,

two cases are possible, either (1) the joint remains elastic, where slipping

stops at the intersection of the initial line and continues from there or (2) the

joint already has a nonlinear history, and stops when it intersects the last

unloading line of the previous loading cycle. Then, the element enters

stiffness degradation corresponding to slope y (Ceccotti and Vignoli 1989).

This pattern can also be applied to the force-displacement relation.

A second behavior pattern for timber joints is shown in Fig. A15. This

case illustrates the force-displacement relation, but is equally applicable to

the moment-rotation relationship. The difference between the first pattern

and this one is the stiffness degradation. After reaching Fmax, the stiffness

declines and changes twice before a negative force occurs.

Options 1 and 2 are frequently implemented loops. In addition, the

model contains three other choices, including gap-like behavior. All

relations are illustrated as force-displacement, but are equally useable for

moment- rotation relations.
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FIG. A15. Overview of Response Pattern Alternatives for the Florence
Model, a) Option 1, b) Option 2, c) Option 3, d) Option 4, e) Option 5



5.2.1 Input Variables for the Florence Model

The model options require two displacements or rotations (U1, U2, or

01, 02). The first one indicates how far the joint translates or rotates under

the initial stiffness. The second parameter refers to the end of the second

stiffness before the system unloads. Six stiffness values are inserted into

the model, and a maximum force or moment is given. Code to identify the

response pattern is specified. In addition, algorithms check the specified

pattern to verify computational acceptance with the given stiffness values

and report potential errors.

5.3 Verification of the model

In order to verify the Florence Model, a comparison was done

between laboratory test data and analysis. The data were obtained by

Bienhaus (2001) at Oregon State University. A dowel circle beam-column

connection was tested under quasi-static loading. The test protocol was

ISO/DIS 1667 (2001), and an increasing harmonic function was applied to

the test specimen. The result obtained from the test is shown in Fig. A16.

The behavior pattern is typical for a dowel circle connection.
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FIG. A16. Data from the Dowel Circle Connection Tests by Bienhaus (2001)

These data were used as a basis to assign stiffness, rotation, and moment

values required by the Florence Model option 3. The option parameters and

their numerical values are:

01 =0.025 rad

02 = 0.09 rad

K1 = 6.2E05 kN/rad

K2 = 7.8E04 kN/rad

1<3 = -2.7E05 kN/rad

K4 = 2.2E05 kN/rad

M = 20 kN.m

The geometric properties of the member were

A = 0.046 m2

I = 3.35E-4 m4
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(negative unloading stiffness)
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and yield moments were

Wy = Mc = 31,000 kN m

The assigned properties match with the Bienhaus (2001) tests. A simple

cantilever structure with a semi-rigid connection (Fig. A17) was loaded by a

sine wave with increasing amplitude (Fig. A18). The analysis results are

shown in Fig. A19. Option 3 hysteresis data are plotted with the Bienhaus

test data in Fig A20. It was concluded that the Florence Model, option 3,

produces moment-rotation characteristics similar to those of the Bienhaus

data. For example K1 = 6.2E05 kN/rad for test, K1 = 6.0E05 kN/rad for the

Florence Model, K2 = 7.8E04 kN/rad for test and K2 = 7.5E04 kN/rad, for the

model.

F(t)

FIG. A17. The Connection System Analog Used to Generate Florence
Model Moment-Rotation Response
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FIG. A19. Option 3 Connection Hysteresis Based on Function of Fig. A18
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Fig. A20. Comparison of Test Data from Bienhaus (2001) and Option 3
Connection Hysteresis Response

5.4. Verification in Input File

This is the input file used to generate the option 3 hysteresis behavior

shown in Fig. A20 and Fig. A21.

! try to get yield on wood structure using Ceccotti element

! single vertical column

!
Ceccotti element data is from Adriane's test results

! using Adriane's dimensions

*STARTXX

R 0 0 0 1 ONE STORY FRAME WITH P-DELTA

EFFECT

*NODECOORDS

C 1 o. o.

C 2 o. o.

Moment Rotation

Rotation [rad]
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3 0. 2.

*RESTRAINTS

! RIGID supports at foundation

S 111 1

! First element group

*ELEMENTGROUP

02 0 1 0.0 1 COLUMN

1 0 1

column section

1 1.24E10 .5 0.046 3.35E-4 4.0 4.0 2.0

yield MOMENT

1 1 3.1e4 3.1e4

beam

1 2 3 1 1 0 1 1

Second element group

*ELEMENTGROUP

3 0 1 0.0 rotational element

1 1

! connection properties for Ceccotti

1 .025 .09 6.2e5 7.8e4 -2.7e5 2.2e5 9.5e5 8.6e4

2.7e3 3

! element definitions

1 1 2 1 1

*ELEMENTGROUP

4 0 1 0.0 rotational element X-Y restraint

2

! connection properties

! X direction

1 1e20 .99 le10 le10 1.0 1 1

! Y direction

2 le20 .99 le10 le10 1.0 2 1

! element definitions

1 1 2 1 1

2 1 2 1 2
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*RESULTS

NSD 001

! all elements

001

! now apply the force record

*FORCREC

DR CYCAD (f6.0,F8.0) 3 sine WAVES

7856 1 1 0 1.90E3

*PARAMETERS

! print only, every event

OD 500 0.0 1 0.0 1 0.0 0 0.0 500

0

DC 1 0 0 100

DT 0.005 0.02 0.02 0.00

*FORN

39.275 9999 1

DR

D 1 1 3

*STOP
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6 BRACE-DAMPER SUPERELEMENT

DRAIN-2DX does not have an element with capabilities to model the

brace with a friction damper. However, several elements can be

superimposed to produce a brace-damper superelement. In this approach,

the inelastic bar element and the compression/tension link element can be

used for the brace-damper superelement.

6.1 Basic Elements

6.1.1 Inelastic bar element

The inelastic bar element is usually used to model truss bars, simple

short columns and nonlinear support springs. The compression/tension link

element is frequently used to model steel rods.

For the inelastic bar element, the element can be oriented arbitrarily

in the X-Y plane, but the only forces transmitted in the element are axial

forces. By definition this element cannot experience moments or shear. The

element has two options for the inelastic behavior. The first option (Fig.

A21.a) is yielding in tension and compression. The second option (Fig.

A21 .b) offers yielding in tension but elastic buckling in compression. P-A

effects can be considered, and static loads can be applied to the element

directly. If desired, viscous damping properties can be assigned to the

member.

Required input variables for the inelastic bar element are the

modulus of elasticity and strain hardening ratio, which must be greater than

0 and less then 1. If the number is set as 1 DRAIN-2DX will use 0.99999, if

the number is set as 0 it will use 1E-5. The strain hardening ratio is the

ratio of the modulus of elasticity in the elastic range to the modulus after
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yield. The cross sectional area is used to calculate stresses and axial

deformation. The yield stress in tension and compression must be

specified. The buckling code specifies yielding in tension and compression

or yielding in tension and buckling in compression.

FIG. A21. Inelastic Behavior Available for the Inelastic Bar Element; (a)
Option 1, Yielding in Tension and Compression, (b) Yielding in Tension and
Elastic Buckling in Compression (from Powell 1993)

6.1.2 Compression/tension link element

The compression/tension link element can only resist axial forces,

which matches the friction damper definition. Four different use options are

available, the compression/tension link can be pre-stressed in either (1)

tension or (2) compression, or as shown (Fig. A22) the element can have

an initial gap in either (3) tension or (4) compression. The element has real

length and orientation has no limitation. If the element is specified to act in

tension, the tension force and the element extension are positive, with finite

stiffness in tension and slack in compression. If the element is a

compression element, then the force and member shortening are positive,

(a) Axial Force
(b) Axial Force
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with finite stiffness in compression and gap opening in tension. Different

loadings are assigned as elastic or inelastic, thus preloading the element

with positive forces or pre-strain with negative deformation (Fig. A22). P-A

effects cannot be considered, and viscous damping can be specified.

The compression/tension link element requires specification of the

use option, tension or inelastic compression unloading, or tension and

elastic compression unloading. It needs two displacement limit

specifications, end of initial stiffness and end condition for secondary

stiffness. Three loading and one unloading stiffness are assigned to the

element. Naturally, end node positions are assigned. In addition, initial

deformation, slack or gap conditions are specified.

Force (tension
or compression)

Elastic unloading

u2 Deformation (extension
or shortening)

Fig. A22. Force-Deformation Behavior for the Compression/Tension Link
Element (from Powell 1993)



6.2 Superelement

6.2.1 Description

The brace is a square timber with a slotted-bolted friction damper. The

hysteretic response data (Fig. A23) were obtained for the friction damper in

a timber brace that was tested using a fully reversed quasi-static cyclic test

protocol (Tjahyadi 2002). The computer model is set up to produce an ideal

force-deformation response hysteresis, which is rectangular in shape

without pinching or load spikes. Importantly, the brace with the friction

damper must produce the same response when loaded in tension and

compression.

The initial stiffness of the brace is controlled by the modulus of

elasticity of the inelastic bar element. When the force reaches the damper

slip force, then the damper slips without additional resistance until the force

is reversed or the damper reaches the displacement limit. When the force is

reversed, the damper is again controlled by the modulus of elasticity of the

inelastic bar element. Once the slip force of the damper is reached, it slips

without additional resistance in the reverse direction.

In order to produce this response, the inelastic bar element is

assigned an elastic, perfectly plastic behavior. The plastic response

represents the slip in the friction damper. The compression/tension link

element works in parallel with the inelastic bar. Compression/tension

element is defined with an initial slack that corresponds with the slip length

of the friction damper. Thus, if the inelastic bar buckles and displacement

reaches the set limit, then the compression/tension link engages, just as the

friction damper would and the new stiffness is that of the brace. The

superelement is illustrated as three elements in parallel (Fig. A24).

155



Dual SBC-Wood Hysteresis #1

Z

Displacemnt (mm)

FIG. A23. Hysteresis Data for a Friction Damper in a Wood Brace (Tjahyadi
2002)
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INELASTIC BAR

FIG. A24. Representation of the Brace-Damper Superelement for
the Brace with a Friction Damper Made Up of an Inelastic
Bar Element and Two Compression/Tension Link Elements



6.2.2 Input Parameters

The input parameters for the friction damper superelement were the

same as for the basic inelastic bar element. Since the hysteretic response

of a friction damper is rectangular, the second stiffness must approximate

zero. The implication of a zero-valued plastic stiffness is that strain

hardening will be zero (strain hardening ratio = Eplastic /Eelastic). Since this

condition is not permitted, the slope is made small, but not zero. The

smallest value permitted according to the source code is 1E-5. This value is

so small that it is considered adequate to represent zero slope, and the

responses created based on this assumption support that theory.

6.2.3 Verification

The response of the superelement to ramp loading is shown in Fig. A25.

Fig. A27 and Fig. A28 illustrate the dynamic response of the brace-damper

superelement to the force function shown in Fig. A26, and Fig. A30 shows

the response to the Loma Prieta earthquake record. The subject frame was

a single story, single bay steel frame (2 x 2 m) with a slotted-bolted damper

in each of the concentric braces. Lumped masses of 3654 kg were placed

at the beam-column nodes for the dynamic case. The modulus of elasticity

for all of the structural members was 2.1E11 N/rn2. The beam properties

were A = 13.4E-4 m2, I = 12.7E-3 m4, column properties were A = 13.4E-4

m2, I = 12.7E-3 m4 and brace properties were A = 7E-4 m2, and I = 6.85 E-3

m4. The frame system was not designed to meet code requirements. For

both the ramp loading case (Fig. A25) and for the three piece sine function

case (Fig. A26) the slip force was arbitrarily set at 20850 N which was

expected to be at or near the maximum force in the second segment of the

157



3.00E+05

2.50E+05

2.00E+05 -

1.50E+05

1.00E+05

5.00E+04

0.00E+00
0.00E+00 2.00E-03 4.00E-03 6.00E-03 8.00E-03 1.00E-02 1.20E-02 1.40E-02 1.60E-02 1.80E-02 2.00E-02

Displacement [m]

FIG. A25. Yield behavior for a Brace-Damper Superelement in a Single
Story, Single Bay, Rigid Steel Frame When Subjected to a Ramp Load

To assess the three distinct responses of the superelement, the

superelement was tested with a three-piece sine function (Fig. A26). The

segment 0, 1, 2 was to produce a linear elastic response from the brace.

Segment 2, 3, 4 was intended to produce yielding (plastic behavior in the

inelastic bar) with slip in the damper (slack in the compression/tension link).

Finally, segment 4, 5, 6 was to demonstrate that the damper slip would stop

at a specified point (end of slack in the compression/tension link) and that

the new stiffness would be in effect (elastic stiffness for the

compression/tension link). The force-time response of the superelement

response to the three segment sine function and hysteretic behavior of the

superelement is shown in Fig. A27 and Fig. A28. It is shown that the
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sine wave verification. The slip force for the earthquake loading case was

set at 13000 N, based on ground acceleration of 1.05 g and the applied

mass.

Yield Mode



2

Tim* Is]

FIG. A26. Increasing Sine Wave as Ground Acceleration for the Test Case

The hysteretic performance of the brace-damper superelement when

subjected to the piecewise sine function is shown in Fig. A28. The elastic

response is difficult to see on this scale. However, force-displacement

behavior is apparent and the effect of reaching the travel limit is shown as

the load spikes.

The superelement force-displacement response for the Loma Prieta

earthquake record (Fig. A29) is shown in Fig. A30. The response hysteresis

is rectangular after slip occurs at 13000 N and the travel limit is not

reached, and effectively represents the behavior of the brace superelement

to the ground motions of the Loma Prieta input record.

DAMPER SLIP STOP
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specified slip force of 20850 N was reached and at that point the damper

starts to slide. The damper displaces, then the compression/tension link

engages and additional stiffness is added to the brace when it reaches the

mechanical travel limit.
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FIG. A27. Brace-Damper Superelement response: Brace Force vs Time

Diagonal Deflection [m]

FIG. A28. Hysteretic Behavior of the Damper Superelement
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FIG. A29. Ground Acceleration Record for Loma Prieta (1989), Station Palo
Alto VA Hosp - Bldg 1 (USGS 2002)
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.001
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FIG. A30. Modeled Hysteresis Behavior of a Friction Damper Superelement
in a Single Story, Single Bay, Rigid Steel Frame When Subjected to Loma
Prieta Ground Motion

The following represents the original input file into DRAIN-2DX with the

acceleration record shown in Fig. A26.

!D_Ol two story 1 bay rigid frame, damper at 0.75F

! uses two "cable stays" per brace segment

*STARTXX

0 0 0 1 F Two story,one bay, diagonal

bracings

!
Frame, rigid beam-column connection, no damper, no P-delta

*NODECOORDS

162

10(2-02

! beam-column joint

! foundation

1 0. 0.

2 0. 0.

5 6.096 0.

6 6.096 0.

1.00E-02 2.00E-02
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C 3 0. 3.658

C 4 0. 7.316

C 7 6.096 3.658

C 8 6.096 7.316

*RESTRAINTS

! pinned supports at foundations

110 1 1

110 5 5

*SLAVING

! Make connections translationally rigid

111 1 2

S 111 5 6

*MASSES

100 3634 3 3 0 9.81

0.0

100 3634 7 7 0 9.81

0.0

100 2673 4 4 0 9.81

0.0

100 2673 8 8 0 9.81

0.0

*ELEMENTGROUP

2 1 0 0.01 4 COLUMNS

1 0 1

! column section

1 11.03E9 .01 0.2341 1.3711E-2 4. 4. 2.

! yield strength very large

1 1 3.720e5 3.720e6

! columns

1 2 3 1 1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

4 7 8 1 1 0 1 1

*ELEMENTGROUP

2 1 0 0.01 2 BEAMS

1 0 1

! beam section. ignore shear deformation. default overshoot tolerance.

1 11.03E9 .01 0.1863 1.0905E-2 4. 4. 2.

! yield strength very large
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1 1 4.306e5 4.306e5

! beam

1 3 7 4 1 0 1 1

2 4 8 4 1 0 1 1

*ELEMENTGROUP

1 1 0 0.01 4 BRACINGS

1

! bracing section

1 11.72E9 .00 0.0494 4.22E5 4.22E5 0 1.0

! bracings

1 2 7 5 1 0 1 1

2 6 3 3 1 0 1 1

3 3 8 5 1 0 1 1

4 7 4 3 1 0 1 1

*ELEMENTGROUP

9 1 0 0.01 2 RODS

2

! bracing section

1 2 0.900 2.00 1.2E10 1.3E10 0.0007

1.00

2 -2 0.900 2.00 1.2E10 1.3E10 0.0007

1.00

! bracings

! all elements

E 001

*ACCNREC

ELCE CYCAC (F8.3,F14.9) ELCE

1201 1 1 2 le02

1 2

2 6

3 7

4 3

5 2

6 6

7 7

8 3

*RESULTS

! nodes 1 and 8

NSD 001 1

7

3

4

8

7

3

4

8

8

5

3

3

5

5

3

3

5

1 -0.063

1 -0.063

1 -0.063

1 -0.063

2 -0.063

2 -0.063

2 -0.063

2 -0.063

1
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*PARAMETERS

! print only, every event

OD 500 0.0 1 0.0 1 0.0 o 0.0 500

0.0

DC 1 o 0 100

DT 0.005 0.02 0.02 0.00

*GRAV GRAVITY LOAD ANALYSIS

I 1.0 0.0 0.0

*MODE

2 0.001 o

*ACCN

06.000 19999 1 0.005

1 ELCE

*STOP



Appendix G

Verification of DRAIN-2DX
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7 MODEL VERIFICATION

7.1 Cantilever beam with single load

A cantilever beam with a single load at the end point was used for

the first trial of the program (Fig. A31). The input values were, F= 5000 lb, L

= 20 ft, E = 4000 ksi, I = 26204 in4 and A= 289 in2 for a cross section of

8.75x33 in. The analysis was conducted to see if the expected results were

obtained. Hand calculations were made to check the moment at the end

(equation 91) and the shear force (equation 92). In addition, the deflection

was calculated (equation 93).

5000 lb

M

-... (lir
H

. 20 ft.
--I

..

FIG. A31. Cantilever beam with tip load as a model verification

EMA =0=MA +5 k*20 ft*12 iryft--+MA = -1200 in-kip (91)

EV = V -F =0 V =5kip (92)

6 1* F *L3 1* 5 * 2403 kip * in3*in2 =0.2198 in (93)
3 E *I 3 4000 *26204 kip *in4

The program calculated M= -1200 inkip, V = 5 kip and the deflection was

calculated as 0.2198 in. The DRAIN-2DX output matched the hand

calculations, and this result was deemed to be sufficient proof of

correctness for a simple static load case.
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7.2 One story, one bay frame with single lateral load

A one story, one bay simple frame structure was analyzed under a

single lateral load. The purpose was to check for computation correctness

in a frame system. The geometry is illustrated in Fig. A32. The input values

were F = 1000 N, lam = 0.0109*103 m4, Icolumn = 1.1929*10-2 m4. Hand

calculations were made to check the vertical and horizontal forces and

moment at the foundation (equations 94, 95, 96) and the moment at the

beam column connection (equation 98).

F = 1000 N 3
No-

1

I = 0.0109E3 mA4

4

3.658 m

2

I = 1.1929E-2 mA4

168

FIG. A32. One Story, One Bay Rigid Frame Loaded by a Horizontal Force

Aid factor:

lb. * H 0.0109 *103 m4 , 3.658m548 (94)c =
'column L

=
1.1929*10-2 m4 6.096m

F*H* 3*c 1000
V = . N*3.658 m* 3*548

300 N (95), 2
L 6*c+1 6.096 6*548 +1=

F 1000 N (96)H, H2 500 N= = = =
2 2

F*H*3*c+11000 N*3.658 m* 3*548 +1= 915 N-rn (97)Mi =M2 =
2 6*c+1= 2 6*548+1

F*H*
3*c 1000 N*3.658 m* 3*548

= 914 N m (98)m3 =m4 =
2 6*c+1= 2 6*548 +1
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M = 1000 Nm

1

I = 0.0109E3 mA4

4

3.658 m

I - 1.1929E-2 mA4

FIG. A33. One Story, One Bay Rigid Frame Loaded with an Applied
Moment
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DRAIN-2DX calculated: V1= -V2= 298 N, H1= H2= 500 N, M1 = M2 = 919

N.m and M3 = M4= 904 N.m. The calculation was found to be correct.

7.3 One story, one bay frame with single moment

A one story, one bay simple frame structure was analyzed with a

single moment applied at node 3. The geometry is illustrated in Fig. A33.

The input values were, M = 1000 N.m, 'beam = 0.0109*103 1114, 'column =

1.1929*10-2 m4. Hand calculations were made to check the vertical force

and column moment at node 1 at the foundation (equations 99, 100) and

the moments 3 and 4 at the beam column connections (equations 101 and

102).

with c = 548 (aid factor)

V1 =V2 = 6*M* c

L 6*c+1=

rvi1._M*( 1 1 )
2 c+2 6*c+1

=168 Nm

6*1000 N-rn* 548
N

+1)

(99)

(100)

6.096m

1000 Nm*/

6*548 +1-164

1
+

548+2 6*5418
.

2



DRAIN-2DX calculated: V1= -V2= 163 N, M3= 997 N.m Ma= 2.8 N.m. The

calculation was found to be correct.

7.4 One story, one bay frame with ground acceleration

The last test case is a one story, one bay frame with ground

acceleration applied to it. This dynamic case is checked using the response

spectrum method. The assumption of a rigid beam is made, the beam has

weight, which is converted into mass and applied to nodes 3 and 4, and

stiffness of the column is calculated (E = 1.7*106 psi, I = 26880 in4). Based

on mass and stiffness, the circular frequency is calculated (CO = 37.07

rad/sec). After calculating the circular frequency the natural frequency (f =

5.9 Hz) is calculated and the natural period (t = 0.169 s) of the building is

determined.

The calculations are based on:

Weight of the beam, mass less columns

W =110 kips

Modulus of elasticity for the columns

E=1.7*106 psi

Moment of inertia for the columns

'column = 2*14330 in4 =28660 in4
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2 1 1000 Nm,,/RA M
±

2 +
6*5418+1) (101)

=-.4
2 c+26*c+1 2

( j
548 + 2

=1.97 Nm

M3 = M M4 = (1000 N m)- (1.97 N -m)= 998 N m (102)



Mass

W 110 k
= 0.285

ks2
m = =

g 386.4 in in

Stiffness for one column

K 12*E*1 12*1.7*106*28660 in4
= = =195,803 =195.803 1

2 12 (12*12)3 in3 in in

Stiffness for two columns

K = 391.601
in

Circular frequency

391.601K
in

2
0.285

K

in

,_ 37.07 racysec

Natural frequency

37.07 rad
w sec

2*3.14149
5.90 Hzf =

2*-rr
=

Building period

T =
1

=
1

f 5.9 Hz
= 0.169 s
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Next, DRAIN-2DX was run under ground acceleration shown in Fig

A11. The maximum displacement of the building has to match the

displacement given by the response spectrum at the natural period of the

building. Several runs were conducted. It was difficult to match the building

period with DRAIN-2DX, but the estimate improves as the period is closer

to the grid points of the given response spectrum. Fig. A35 shows how

different a response spectrum for the same earthquake might look

depending on the individual step size. The total number of incremental time
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steps are defined by the user of the program, depending on the record. It is

a comparison between USGS data and KHis, which is a program used to

create response spectra for individual earthquakes based on ground

acceleration time histories (obtained from Professor C. Higgins, Oregon

State University). The example case produced a DRAIN-2DX solution for

story drift of 0.262 m while the USGS response spectrum reports 0.273 m.

This result was sufficient evidence to verify the numerical results of the

DRAIN program.

m = 0.0285 (k-s^2)/in

12 ft.

E = 1.7E6 psi
I = 14,330 inA4

FIG. A34. One Story, One Bay, Rigid Frame Loaded by Ground
Acceleration



FIG. A35. Example Response Spectra Created by USGS and the Khis
Program for Loma Prieta

7.5 Conclusion

The author used DRAIN-2DX to obtain correct solutions for three

static cases and one dynamic test case. Experience with these cases

helped provide confidence for the more advanced analyses conducted in

this project.
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Appendix H

Model Set-Up and Results
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8 MODEL SET-UP AND RESULTS

8.1 Background and Objectives

The goal in the analysis is to study the structural performance of

heavy timber frames in earthquake events as affected by connection

stiffness, bracing, and damping devices. Five types of frames are modeled,

first a regular structure containing beams and columns with rigid

connections are analyzed. This structure is compared to the same frame

geometry, but the beam-column connections are modeled with the Florence

Model connection type. This element represents semi-rigid joint behavior in

timber frames. The third model contains pinned beam-column connections

and concentric bracing. The fourth frame model contains the slotted bolted

connection in the bracing, with pinned beam-column connections. The fifth

frame model has damping devices in the concentric bracing and semi-rigid

beam-column connections. One earthquake record was considered from

the Loma Prieta earthquake. Masses and geometry are kept the same for

all cases.

8.2 Elements

8.2.1 Beam element

The element which is used to model the beams in the rigid and semi-

rigid frames is an inelastic element. The element can include P-A effects

and viscous damping. In addition, variability in cross section and

development of plastic hinges are possible. The element requires a

modulus of elasticity and a strain hardening ratio. In addition, the cross

sectional area, moment of inertia, and Poisson's ratio are secified. Also, a

yield specification is required. Positive and negative yield moments are
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specified, and a yield code needs to be inserted. In this case, yield code 1

is specified for the beam element, without P-M interaction.

8.2.2 Column element

The column element is the same element as the beam element with

the same features and input requirements.

8.2.3 Bracing element

The element used for the bracing is the inelastic bar element, which

has only axial behavior. It can yield in tension and compression, or yield in

tension but buckle in compression. Young's modulus and strain hardening

ratio are specified. A cross sectional area is defined. P-A effects can be

considered but are neglected for this study.

8.2.4 Semi-rigid connection element

The Florence Model is used to model the semi-rigid connections in

the timber frame. It models either force-displacement or moment-rotation

relationships. The model needs six stiffnesses to create the appropriate

hysteresis loop as a response. The given test data were obtained from

Bienhaus (2001) for a different geometry, therefore, must be adjusted to the

test case. Stiffness was linearly scaled based on dowel circle radius and

number of dowels.



where

kec = actual stiffness of the connection

keA = test stiffness of the connection

rc = actual radius (318 mm)

rA = test radius (100 mm)

nc = actual number of dowels (n = 13)

nA = test number of dowels (n = 8)

8.2.5 Brace-damper superelement

The superelement used for the brace/damper combination is

described in Appendix F. The response of the element is divided into two

parts. The first part of the behavior reflects the bracing until it reaches a

defined critical level. Brace stiffness is determined by the cross sectional

area and Young's modulus. In parallel, two compression/tension link

elements are used to model the behavior of the damper after the friction

damper reaches its travel limit and stiffness increases.

8.3 Geometry

One geometry is considered, that of a one-bay, two-story braced

structure, Fig. A36.
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keC = keA *
rc

r A

* nC (130)
nA



8.4 Masses

The structure has masses assigned at the beam-column nodes, Fig.

A36. The masses are calculated in the design calculations, Appendix A,

and are converted into kg.

I = 1.3711E-2 mA4
A =0.2341 mA2

2673 kg 2673 kg

3634 kg A = 0.0494 mA2

3.658m

-6.096m -

8m

FIG. A36. Geometry of One Story, One Bay Frame with Concentric
Bracing

8.5 Analysis Procedure

One earthquake record is considered. The 1989 Loma Prieta

earthquake (Fig. A11) with a duration of about 40 s was selected and

obtained from USGS (2002) web page.
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I = 1.0905E-2 mA4
A = 0.1863 mA2

3634 kg



8.6 Input files

The input files are given for the five different frames with one

earthquake record (Loma Prieta), which is used in the analysis. This table

highlights the significant information with respect to assigned properties.

The slip force was set to 9781 N, which is 0.35 times the axial force

generated in a first floor brace under the static earthquake load case (E)

from the 1997 UBC.

TABLE A8. Material Properties, Cross Section Data and Connection
Information for the Five Analysis Models
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a) Rigid frame, Semi-rigid frame, Braced pinned-frame, Braced
damped pinned-frame, e) Damped semi-rigid frame, 1) Moment of Inertia, 2)

Cross section, 3) Yield Moment negative and positive, 4) Modulus of
Elasticity, 5) Yield stress positive and negative6")
Connection stiffness,10), 11) Connection rotation limit, 12) Maximum Moment

Model Property Units Ra) SRb) PBa) PDd) SD°

Column

11)

A2)

Mreld+/-3)

m4

m2

N.m

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

0.014
0.234

3.72E+06

E4) N/m2 1.10E+10 1.10E+10 1.10E+10 1.10E+10 1.10E+10
1 m4 0.011 0.011 0.011 0.011 0.011

B earn
A

Myield+/-

m2

N-rn

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

0.186
4.31E+05

E 181/m2 1.10E+10 1.10E+10 1.10E+10 1.10E+10 1.10E+10

Brace
A

-ryield5)c

m2

N1M2

-
-

-
-

0.049
1.14E+07

0.049
5.28E+05

0.049
5.28E+05

E N/m2 - - 1.17E+10 1.17E+10 1.17E+10
Ki8) N-rad - 5.40E+06 - - 5.40E+06

k27) N-rad - 6.90E+05 - - 6.90E+05

k38) N-rad - -7.70E+05 - - -7.70E+05

Beam k49) N-rad - 6.30E+05 - - 6.30E+05

0110) rad - 0.025 - - 0.025

0211) rad - 0.09 - - 0.09
my12) N - 7.70E+03 - - 7.70E+03



8.6.1 Frame 1 (Rigid)
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*RESTRAINTS
! pinned supports at foundations
S 110 1 1

S 110 5 5

*SLAVING
! Make connections translationally rigid

1 11.03E9 .01 0.2341 1.3711E-2 4. 4. 2.

! yield strength very large
1 1

! columns
3.720e5 3.720e6

1 2 3 1 1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

4 7 8 1 1 0 1

!Two-story one-bay, rigid frame
*STARTXX

0 0 0 1 F Two story, one bay, diagonal

bracings
!
Frame, rigid beam-column connection, no damper, no P-delta

*NODECOORDS
! foundation
C 1 0. o.
C 2 0. 0.

C 5 6.096 0.

C 6 6.096 0.

! beam-column joint
C 3 0. 3.658

C 4 0. 7.316

C 7 6.096 3.658

C 8 6.096 7.316

C 9 0. 3.658
C 10 6.096 3.658

C 11 0. 7.316

C 12 6.096 7.316

S 111 1

S 111 5

*MASSES

2

6

S 100 3634 3 3 0

9.81 0.0
S 100 3634 7 7 0

9.81 0.0
S 100 2673 4 4 0

9.81 0.0
S 100 2673 8 8 0

9.81 0.0
*ELEMENTGROUP

2 1 0 0.01 4 COLUMNS
1 0 1

! column section
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*ELEMENTGROUP
2 1 o 0.01 2 BEAMS

1 o 1

! beam section. ignore shear deformation. default overshoot
tolerance.

1 11.03E9 .01 0.1863 1.0905E-2 4. 4. 2.

! yield strength very large
1 1 4.306e5 4.306e5

! beam
1 9 10 1 1 0 1 1

2 11 12 1 1 0 1 1

*ELEMENTGROUP
4 1 0 0.

3

!Connection
! X direction

1 1e20 .99 le10 le10 1.0 1 1

! Y direction
2 1e20 .99 le10 le10 1.0 2 1

! R direction
3 1e20 .99 le10 le10 1.0 3 1

1 3 9 6 1

2 4 11 7 1

3 7 10 3 1

4 8 12 4 1

5 3 9 6 2

6 4 11 7 2

7 7 10 3 2

8 8 12 2 2

9 3 9 6 3

10 4 11 7 3

11 7 10 3 3

12 8 12 2 3

*RESULTS
! nodes 1 and 8
NSD 001 1 12 1

! all elements
E 001
*ACCNREC
ELCE ACCEN (F8.3,F14.9) ELCE

7896 1 1 2 1.

*PARAMETERS
print only, every event

OD 500 0.0 1 0.0 1 0.0 0 0.0

500 0.0

DC 1 0 0 100
DT 0.005 0.02 0.02 0.00

*GRAV GRAVITY LOAD ANALYSIS
I 1.0 0.0 0.0

*MODE
2 0.001 0

*ACCN
39.475 19999 1 0.005



1 ELCE
*STOP

8.6.2 Frame 2 (Semi-rigid, Florence Model)

!Two-story one-bay, semi-rigid frame, using original measured k-

values, scaled by 5.5
*STARTXX

SR 0 0 0 1 F Two story,one bay, diagonal

bracings
!
Frame, semi-rigid beam-column connection, no damper, no P-delta

*NODECOORDS
! foundation
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! pinned supports at foundations
S 110 1 1

S 110 5 5

*SLAVING
! Make connections translationally rigid

1 11.03E9 .01 0.2341 1.3711E-2 4. 4. 2.

! yield strength very large

S 111 1

S 111 5

*MASSES
S 100 3634
9.81 0.0
S 100 3634
9.81 0.0
S 100 2673
9.81 0.0
S 100 2673
9.81 0.0
*ELEMENTGROUP

2 1 0

1 0 1

! column section

2

6

3

7

4

8

0.01

3

7

4

8

0

0

0

0

4 COLUMNS

1

2

5

6

0.

0.

6.096
6.096

0.

0.

0.

0.

! beam-column joint
3 0. 3.658
4 0. 7.316

o 7 6.096 3.658
8 6.096 7.316
9 0. 3.658

10 6.096 3.658
11 0. 7.316
12 6.096 7.316

*RESTRAINTS



1 1 3.720e5 3.720e6
! columns

1 2 3 1 1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

4 7 8 1 1 0 1 1

*ELEMENTGROUP
2 1 0 0.01 2 BEAMS
1 0 1

! beam section. ignore shear deformation, default overshoot
tolerance.

1 11.03E9 .01 0.1863 1.0905E-2 4. 4. 2.

! yield strength very large
1 1 4.306e5 4.306e5

! beam
1 9 10 1 1 0 1 1

2 11 12 1 1 0 1 1

*ELEMENTGROUP
3 0 1 0.0 rotational element
1 1

! connection properties for Ceccotti
1 .025 .09 5.4e6 6.9e5 -7.7e5 6.3e5 2.7e6

2.5e5 7.7e3 3

1 3 9 6 1

2 4 11 7 1

3 7 10 3 1

4 8 12 4 1

*ELEMENTGROUP
4 1 0 0.

2

!Connection
! X direction

1 1e20 .99 le10 le10 1.0 1 1

! Y direction
2 1e20 .99 le10 le10 1.0 2 1

1 3 9 6 1

2 4 11 7 1

3 7 10 3 1

4 8 12 4 1

5 3 9 6 2

6 4 11 7 2

7 7 10 3 2

8 8 12 2 2

*RESULTS
! nodes 1 and 8
NSD 001 1 12 1

! all elements
E 001
*ACCNREC
ELCE ACCEN (F8.3,F14.9) ELCE

7896 1 1 2 1.

*PARAMETERS
print only, every event
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0.0 0 0.0

GRAVITY LOAD ANALYSIS

8.6.3 Frame 3 (Pinned, Bracing)

!D_05 two story 1 bay semi-rigid frame
*STARTXX

0 0 0 1 F Two story,one diagonalbay,

*RESTRAINTS

! pinned supports at foundations
S 110 1 1

S 110 5 5

*SLAVING
! Make connections translationally rigid

184

S 111
S 111
*MASSES

1

5

2

6

S 100 3634 3 3 0

9.81 0.0
S 100 3634 7 7 0

9.81 0.0
S 100 2673 4 4 0

9.81 0.0
S 100 2673 8 8 0

9.81 0.0

P

bracings
!
Frame, semi-rigid beam-column connection, no damper, no P-delta

*NODECOORDS
! foundation
C 1 0. 0.

C 2 0. 0.

C 5 6.096 0.

C 6 6.096 0.

! beam-column joint
C 3 0. 3.658
C 4 0. 7.316
C 7 6.096 3.658

C 8 6.096 7.316

500 0.0

DC 1 0 0 100

*GRAV
I 1.0 0.0 0.0

*MODE
2 0.001 0

*ACCN
39.475 19999 1 0.005
1 ELCE
*STOP

OD 500 0.0 1 0.0 1

DT 0.005 0.02 0.02 0.00



*ELEMENTGROUP
2 1 0 0.01 4 COLUMNS
1 o 1

! column section

*PARAMETERS
print only, every event

OD 500 0.0 1 0.0 1 0.0 0 0.0
500 0.0
DC 1 o 0 100
DT 0.005 0.02 0.02 0.00
*GRAV GRAVITY LOAD ANALYSIS
I 1.0 0.0 0.0

*MODE
2 0.001 0

*ACCN
39.475 19999 1 0.005
1 ELCE
*STOP
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1 11.03E9 .01 0.2341

! yield strength very large
1 1 3.720e5 3.720e6

! columns
1 2 3 1

1.3711E-2 4. 4. 2.

1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

4 7 8 1 1 o 1 1

*ELEMENTGROUP
1 1 o 0.01 4 BRACINGS AND 1 BEAM
2

! bracing section
1 11.72E9 .00 0.0494 11.37E6 11.37E6 o

2 11.03E9 .00 0.1863 11.37E6 11.37E6 o

! bracings
1 2 7 5 1

2 6 3 3 1

3 3 8 5 1

4 7 4 3 1

5 3 7 4 2

6 4 8 4 2

*RESULTS
! nodes 1 and 8
NSD 001 1 8 1

! all elements
E 001
*ACCNREC
ELCE ACCEN (F8.3,F14.9) ELCE

7896 1 1 2 1.



8.6.4 Frame 4 (Pinned, Bracing, Damper)

!D_Ol two story 1 bay rigid frame, damper at 1 F
! uses two "cable stays" per brace segment
*STARTXX
PD 0 0 0 1 F Two story,one bay, diagonal

bracings
!
Frame, rigid beam-column connection, no damper, no P-delta

*NODECOORDS
! foundation
C 1 0. 0.

C 2 0. 0.

C 5 6.096 0.

C 6 6.096 0.

! beam-column joint
C 3 0. 3.658

C 4 0. 7.316

C 7 6.096 3.658

C 8 6.096 7.316
*RESTRAINTS
! pinned supports at foundations

110 1 1

110 5 5

*SLAVING
! Make connections translationally rigid

111 1 2

111 5 6

*MASSES
100 3634 3 3 0

9.81 0.0
100 3634 7 7 0

9.81 0.0
100 2673 4 4 0

9.81 0.0
100 2673 8 8 0

9.81 0.0
*ELEMENTGROUP

2 1 0 0.01 4 COLUMNS
1 0 1

! column section
1 11.03E9 .01 0.2341 1.3711E-2 4. 4. 2.

! yield strength very large
1 1 3.720e5 3.720e6

! columns
1 2 3 1 1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

4 7 8 1 1 0 1 1

*ELEMENTGROUP
1 1 0 0.01 4 BRACINGS
2
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! bracing section
1 11.72E9 .00 0.0494 1.98E5 1.98E5 o

1.0
2 11.03E9 .00 0.1863 11.37E6 11.37E6 o

! bracings
1 2 7 5 1

2 6 3 3 1

3 3 8 5 1

4 7 4 3 1

5 3 7 4 2

6 4 8 4 2

*ELEMENTGROUP
9 1 o 0.01 2 RODS
2

! bracing section
1 2 0.900 2.00 8.14E7 8.14e8 0.0007

1.00
2 -2 0.900 2.00 8.14E7 8.14e8 0.0007

1.00
! bracings

1 2 7 5 1 -0.063
2 6 3 3 1 -0.063
3 7 4 3 1 -0.063
4 3 8 5 1-0.063
5 2 7 5 2-0.063
6 6 3 3 2-0.063
7 7 4 3 2 -0.063
8 3 8 5 2-0.063

*RESULTS
! nodes 1 and 8
NSD 001 1 8 1

! all elements
E 001
*ACCNREC
ELCE ACCEN (F8.3,F14.9) ELCE

7896 1 1 2 1.

*PARAMETERS
! print only, every event
OD 500 0.0 1 0.0 1 0.0 0 0.0

500 0.0
DC 1 o 0 100

DT 0.005 0.02 0.02 0.00

*GRAV GRAVITY LOAD ANALYSIS
I 1.0 0.0 0.0

*MODE
2 0.001 0

*ACCN
39.475 19999 1 0.005

1 ELCE
*STOP



8.6.5 Frame 5 (Semi-rigid, Bracing, Damper)

!D_Ol two story 1 bay rigid frame, damper at 1 F
! uses two "cable stays" per brace segment
*STARTXX

SD 0 0 0 1 F Two story,one bay, diagonal

bracings
!
Frame, rigid beam-column connection, no damper, no P-delta

*NODECOORDS
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*RESTRAINTS
! pinned supports at foundations
S 110 1 1

S 110 5 5

*SLAVING
! Make connections translationally rigid

1 11.03E9 .01 0.2341 1.3711E-2 4. 4. 2.

! yield strength very large
1 1 3.720e5 3.720e6

! columns
1 2 3 1 1 0 1 1

2 3 4 1 1 0 1 1

3 6 7 1 1 0 1 1

! foundation
C 1 0 0.

C 2 0 0.

C 5 6.096 0.

C 6 6.096 0.

! beam-column joint
C 3 0. 3.658

C 4 0. 7.316

C 7 6.096 3.658

C 8 6.096 7.316

C 9 0. 3.658
C 10 6.096 3.658

C 11 0. 7.316
C 12 6.096 7.316

S 111 1

S 111 5

*MASSES

2

6

S 100 3634 3 3 0

9.81 0.0
S 100 3634 7 7 0

9.81 0.0
S 100 2673 4 4 0

9.81 0.0
S 100 2673 8 8 0

9.81 0.0
*ELEMENTGROUP

2 1 0 0.01 4 COLUMNS
1 0 1

! column section



4 7 8 1 1 0 1 1

*ELEMENTGROUP
2 1 o 0.01 2 BEAMS

1 o 1

!
beam section. ignore shear deformation. default overshoot

tolerance.
1 11.03E9 .01 0.1863 1.0905E-2 4. 4. 2.

! yield strength very large

! connection properties for Ceccotti
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1 1 4.306e5
! beam

1 9

2 11

*ELEMENTGROUP
1 1 o

1

! bracing section

4.306e5

10 1

12 1

0.01

1 o 1 1

1 o 1 1

4 BRACINGS

1 11.72E9 .00 0.0494 1.98E5 1.98E5 0

1.0
! bracings

1 2 7 5 1

2 6 3 3 1

3 3 8 5 1

4 7 4 3 1

*ELEMENTGROUP
9 1 0 0.01 2 RODS

2

! bracing section
1 2 0.900 2.00 8.14E7 8.14e8 0.0007

1.00
2 -2 0.900 2.00 8.14E7 8.14e8 0.0007

1.00
! bracings

1 2 7 5 1 -0.063

2 6 3 3 1 -0.063

3 3 8 3 1 -0.063

4 7 4 5 1 -0.063

5 2 7 5 2 -0.063

6 6 3 3 2 -0.063

7 3 8 3 2 -0.063

8 7 4 5 2 -0.063

*ELEMENTGROUP
3 0 1 0.0 rotational element

1 1

1 .025

2.5e5 7.7e3
1

2

3

4

*ELEMENTGROUP
4 1

2

.09
3

3

4

7

8

0

5.4e6

9

11

10

12

0.

6.9e5

6

7

3

4

-7.7e5

1

1

1

1

6.3e5 2.7e6
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!Connection
! X direction

1 1e20 .99 le10 le10 1.0 1 1

1 Y direction
2 1e20 .99 le10 le10 1.0 2 1

1 3 9 6 1

2 4 11 7 1

3 7 10 3 1

4 8 12 4 1

5 3 9 6 2

6 4 11 7 2

7 7 10 3 2

8 8 12 2 2

*RESULTS
! nodes 1 and 8
NSD 001 1 12 1

! all elements
E 001
*ACCNREC
ELCE ACCEN (F8.3,F14.9) ELCE

7896 1 1 2 1.

*PARAMETERS
! print only, every event
OD 500 0.0 1 0.0 1 0.0 0 -0.0

500 0.0
DC 1 o 0 100

DT 0.005 0.02 0.02 0.00

*GRAV GRAVITY LOAD ANALYSIS

I 1.0 0.0 0.0

*MODE
2 0.001 o

*ACCN
39.475 19999 1 0.005
1 ELCE
*STOP



Table A9. Forces, Story Displacement and Rotation Results for the Models Under the Loma Prieta Record;
Ratios of SR/RG Are Shown Parenthetical'

RG: Rigid; SR: Semi-rigid; PB: Pinned braced; PD: Pinned braced damped; SD: Semi-rigid braced damped
M: Moment; V: Shear; A: Axial; 1st: 1st story; 2nd: 2nd story

Frame

Peak D Beam Beam Column Column Brace Connection

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

[mm]
M VA M VAM V A MV A A M

[N.m] [N] [N.m] [N] [N-m] [N] [N.m] [N] [N] [N.m]

RG 1.620 2.310 26660 8748 0 11060 3629 0 26693 7207 12380 11060 3106 3629 - - -2.76E04 -7.75E03

SR 37.900 72.900 49920 16380 0 46390 15220 0 49560 16890 31600 46390 9471 15220 - - -5.10E04 -4.74E04
(23.4) (31.6) (1.9) (1.9) (4.2) (4.2) (1.9) (2.3) (2.6) (4.2) (3.1) (4.2) (1.8) (1.6)

PB 0.114 0.180 0 0 0 0 0 0 829 227 7555 829 227 1839 7540 3580 - -

PD 0.114 0.180 0 0 0 0 0 0 829 227 7555 829 227 1839 7540 3580 - -

SD 0.114 0.180 106 35 0 51 17 0 104 239 7563 51 196 1838 7520 3540 -7.28E01 -3.50E01




