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ABSTRACT 

In designing earthquake resistant structures, the codes of practice assume a monotonic 

push-over collapse scenuio. Equivalent static forces are applied and design is based only 

on these forces. not taking into account the cyclic effect of the earthquake loads which. in 

the case of a severe earthquake, aimost certainly will cause a number of load reversais in 

the inelastic range and some Ievel of structural damage is to be expected. The purpose of 

this thesis is to assess the level of damage experienced by a structure that is designed and 

detailed according to the Canadian design codes and standards. 

The investigation included the elastic and inelastic analyses of the stnicture by the 

cornputer program DRAIN-ZDX. Ground acceleration records from red earthquakes 

were used as input. The darnage was calculated using an empiricd strength deterioraiion 

formula suggested in the literature by other reseuchers. 

The damage patterns were found to vary from one earthquake record to another. This 

variation seemed to be the effect of different modes on the structural response. The role 

of modal participation on the darnage pattems has been explained by investigating the 

response specin and the Fourier amplitude spectn of roof displacement and base shear 

histories. 

The darnrgc distribution changes from unifonn to a localised pattern, as the panicipation 

of higher modes tends to supersede that of fiat mode. Panmetric analyses have dso 

revealed that a qualitative prediction of where the damage would localise can be made 

based on the envelope of the maximum elastic inteatorey drift ratios. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

In designing an euthquaice resistant structure, it is expected that. for minor earthquakes. the 

structure will not suffer any dmage, and. in the case of moderate ewhquakes. only non- 

structural d a m q e  will occur (Le. the structural behaviour will remah in the elastic range). 

However. for the crise of r w r c  rurhquakes, it is not practical or economical to expect that 

no damage will wcur i o  ihr. riructure. Most design codes allow some level of damage, 

without jeopardihing ihc ovcrdl structural integrity. A smcture subjected to a severe 

eanhquake will r i l i t~o~t  ccn;iinly be subjecied to a nurnber of load revends in the inelastic 

rang: thus causinp druings [bai may take severai forms. For example. yielding of reinforcing 

steel. crushing of çoncrctr wvcr in reinforced concrete structures, buckling of bncing 

memben or b e m  flangrz causing a deterioration of the mtmber strength. and connection 

failure in steel st~cturcs UC' ~ h c  common types of earthquake induced structural damage. 

A method for assessing damagc in a structure is, therefore. required in order to predict the 

probable damage that a structure will suffer during an earthquake and to determine the 

acceptable level of dümapc. Moreover. damage assessment could be used to determine the 

performance of existing structures and their safety. The damage assessment tools cm also 

be applied for post-earthqudce condition assessment of structures. 



1.2 Design concepts and procedutes of earthquake resistant stnictutes 

1.2.1 Design concepts 

In designing earthquake resistant buildings, it is usually assumed. for pncticd and 

econornical reasons, that the lateral forces resulting from the earthquake are not resisted by 

the whole swcture, but nther by certain elements in the structure through different 

mechanisms. The foliowing is r summary of some of these resisting mrchünisms: 

Concrete or masonry walls (reinforced or plain) can resist the laterd forces through 

sheving forces and bending moments about their strong axis. 

Concentric steel bracing cm resist the lateral forces through axial forces in the bnces. 

h the case of a severe earthquake. part of the seismic input energy is dissipated 

through the yielding of bracing memben. Bracings can also be eccentric that resist 

the lateral forces through the combined actions of normal force in the braces and the 

bending in connecting beams. 

Moment resisting f m e s  cm be reinforced concrete or steel, and can resist the lateral 

forces through bending moment and shearing forces in the frarne members. 

Previously, the only accepted concept was the strong column weak beam, in which 

only beams were Aowed to undergo inelastic deformation. The dissipation of energy 

occurred through the formation of plastic hinges at the beam ends. Lately, other 

concepts and energy dissipation mechanisms, such as the smng beam weak column 

and the weak panel zone in steel beam-column comections, were accepted under 

certain conditions ["'. 

In addition to the above schemes, a combination of these schemes can be used, such as the 



combination of concrete shear walls with moment resisting frames. 

1.2.2 Design procedures 

Design codes genedly assume a monotonie push-over collapse scenario for the earthquake 

effect. although the earthquake loading is dynûmic in nature. A possible maximum snap shot 

of the dynamic time history is used for the design process. This is interpreted onto the 

sinicture by iui cquivalent static force. the magnitude of which depends on the weight of the 

structure. its natural period, its material. the mechanism of resisting the lateral forces. the 

type of soi1 in the site and the probable ground acceleration in the location of the structure. 

The National Building code of Canada NBCC 1995'"'. for example, calculates an equivdent 

elastic base shear based on the formula: 

V, = v * S * ? . F . W  (1-1) 

where, 

v = zonal velocity ratio 

S = seismic response factor, for unit value of zonal velocity ntio 

1 = seismic importance factor of the structure 

F = foundation factor 

W = dead load plus 25% of the design snow load plus 60% of the storage load for areas used 

for storage plus the full contents of any tanks 

The design base shear is then calculated by V = (V' / R)U ( 1 a 

where U=0.6 and "R" is a force modification factor that reflects the capability of the smicnire 

to dissipate energy through inelastic behaviour IN'. For example, Rd, for the case of 

moment resisting steel fcames, reflects the large capability of this stnïcture to dissipate 

3 



energy through the formation of plastic hinges. 

The reduced base shear is then distributed throughout the height of the structure by means 

of an invened triangle scheme, which is an approximation for the fmt mode shape of the 

strucnire. The resulting forces are used to design the structure in combination with other 

forces like dead iorids and live loads. 

The previous surnrnvy shows ihat the design procedures do appreciate the fact rhat the real 

life seismic force dcmünd will possibly exceed the elastic capacity of a structure. However, 

no specific indication is givcn about how the structure, designed for a reduced elastic base 

shear capacity. will pcrîorni during a severe earthquake. 

It is therefore nccwcin to Jsvrlop some kind of damage index to evaluate the performance 

of a structure undçr ;i w c r ç  cÿnhquake. and study whether the performance will be 

acceptable or not. I t  w u l d  ;ilw hclp determine whether the seismic force reduction factors 

provide a safe structurd design. 

1.3 Types of damop variables and indices 

A damage variable is a quantity thnt is used for estimating the darnage. This variable could 

be a force. displûcemcnt. strcnpih deteriontion etc.. while a damage index is a value that is 

equd to zero when there is no damage and is equal to unity when total collapse or failure 

occun to the structure. A dmage index may include one or more darnage variables in its 

calculation. 

There are many types of indices in the literature with different classification schemes; such 

as: 



local and global indices 

A local index is related to a single element, which may be a beam, a column or a connection. 

A local index may involve a single damage parameter, such as maximum defocmation or 

dissipated energy, or two or more parameten. The most widely used damage index that 

involves several damage parmeten is that of Park & hkY1 for reinforced concrete which 

combines ductility and dissipated energy. A global index on the other hand is related to the 

whole stmcture or a substructure and is defined in terms of a global parameter, for example 

a global ductility factor (based on storey displacements), or softening indices relating the 

initial fundamental period of the structure to the final one. Global indices cari also be defined 

as the weighted avewges of individual member indices. 

Classification based on the type of analysis 

Most damage indices require some sort of anaiysis, which could be static or dynamic. elastic 

or inelastic. A damage index may require no analysis at al1 and would be based on field 

measurements like the interstorey drift, and then calculated based on statisticd studies or 

expenmentally calibnted models. 

Structural and economic indices 

A structurai index would include structural quantities while an econornic index would be 

based on econornic quantities. for example the cost of repair as compared to the cost of 

replacement, i.e. dernolition and rebuilding. An econornic damage index is useful when 

makiag insurance decisions as it provides a convenient way of defining the appropnate 

pnmium. Several studies have k e n  made to correlate structural and economical 

9 ,401 indi~esI'~- . 



Classincation baseci on the approach used in detïning the damage index 

The damage index could be based on one of the following approaches: 

The demand venus capacity approach is based on estimation of some demand on a 

structure. sub-structure or member. and estimation of the corresponding capacity. 

Possible choices for the demand and capacity include strength, displacernent and 

energy dissipation. The damage variable in each case maybe based on a single 

maximum value, a maximum range or some cumulative value. A maximum single 

value appean to be most appropriate when the damage variable is based on svength 

or energy dissipation, and a cumulative value when it is based on deformations, 

which reflect inelastic exertions. 

in the second approach. the caiculated degradation of a certain structurai variable. like 

stiffness or energy dissipation. is compared with a predetermined cnticd value, and 

is usually expressed as a percentage of the initial value corresponding to the 

undamaged state. 

O Structural and non-structural elements 

Although the focus of research is oftcn on structural elements. the econornic consequence of 

damage to non-structural elements often exceeds that of structural damage. Therefore, a 

damage index for non-structural elements is needed. Several researchers have proposed 

damage indices to non-structural elements, by cornlating masonry infills damage to 

inteatorey cirift and developing loss c w e s  for non-structural elements based on maximum 

storey dnfi and acceleration [1922.3] 



1.4 Research objectives 

The objectives of this research are 

To evaiuate the performance of moment resisting steel frames, designed according 

to the NBCC 199~'"~ under earthquake loading, with respect to the dmage to the 

members. 

To study the possible dmage patterns in a structure iind the cffecls of vibration 

modes and the properties of the ground motions on them. 

To explore the possibility of using the results of a dynamic elastic time history 

analysis for estirnating damage. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 General 

A survey of the literanire showed that systematic attempts, to estimate quantitatively the 

degree of seismic damage that a structure suffers, have been made since about 1980. Of 

course, the use of well known ductility factors as damage variables was suggested in the 

late 1950s. However, the incorporation of damage variables into actual dmage indices, 

and, more importantly, the attempt to calibrate these indices against available 

experimental data, have only been carried out during the pûst 20 years. 

The survey showed as well thût research in the field of damage assessrnent for reinforced 

concrete structures was more than that for steel structures and that seved darnage indices 

were developed for reinforced concrete swctures. A good compilation of the research 

done on reinforced concrete structures could be found in the paper by ~ a ~ ~ o s ' " l ,  where, 

from the analysis of commonly used indices, the author concluded that the best results 

were given by the Park et PI. index[361. 

2.2 Damage in steel structures 

Although severd reseorchers have studied the seismic behaviour of steel members and 

connections. many of which included cyclic testing. it was mainly focussed on the 

generai behaviour. and the performance was considered adequate if the member or 

connection could achieve a certain ductility ratio before failure; the cycle to cycle 

damage was rarely considered. In spite of the widespread damage to the connections of 

moment resisting steel frimes during the Nonhndge earthquake 1994, the issue of cyclic 

damage bas not been addressed. Achieving a certain ductility ratio is the main concem 



for research that is carried out either for the investigation of the repair methods or for 

finding other alternatives for the commonly used connection detail. This can be attributed 

in part to the fact that the low toughness of the welding metai, used in the joint detail 

prior to the Nonhridge eanhquake (known as the pre-Norihndge detail), was not able to 

resist stresses near the yield stress of the base metal. and thus fmctured in a brittle 

rnmner, 

Engelhardt & Sabol (1998)~ '~~  studied reinforcing the pre-Northridge detail with cover 

plates. Chen et al. (1996)'Io1, Engelhardt et al. (~996)' '~ '  and Iwankiw and Carter 1996['01 

studied the possibility of modifying the connections by creating n weak section away 

from the joint at which the plastic hinge would form in order to relieve the stress 

concentration at the joint. This w u  accompiished by trïmming the flanges of the beam. 

and was named the dogbone connection. Chi et al. (1997)[12' examined methods to 

quantify fracture toughness demand in seismicdly designed bem-to-column connections 

through 2-D and 3-D finite element fncture analyses. Engelhardt & Sabol (1997)t1q 

summarised the research done in this area until 1997 in a comprehensive review. 

Researchen trying to simulate darnage in existing structures do not usually consider the 

cyclic effect. Song and ~ l l i n ~ w o o d l ~ ' ~  assumed that a brittle fracture would occur in a 

connection at a certain stress level foliowed by a degradation in the connection stifhess. 

They used a degraded M+ model for the comection. assuming sudden fhcture in the 

bottom weld, and studied the behaviow of the structure after fracture and its effect on 

m e r  damage to other connections. Chi et ai.["', on the other hand, assumed a 

coatinuously degraded model to account for weld fracture and correlated the possibility 



of damage to certain values of the ductiiity ratios related to their mode1 of distributed 

plasticiry. 

2.3 Cyclic damage in steel structures 

Bertero & Popov (1965)l~~ studied the effect of large alternahg stresses on 1-bems. 

They observed that local buckling always occuned in the beam flanges (although not in 

the first cycle), even though the b/t ratio was within the Iimit allowed by the codes for 

plastic sections. It was observed as well that local buckling caused a large reduction in 

the number of cycles to failure as cornpared to the case of simple axial loading of the 

same metal. For exmple, in a stnin controlled test with a control strain of 3.54. the 

beam failed after 16 cycles, while in a uniaxial test the expected nurnber of cycles to 

failure would be greater than 400. 

Knwinkier & Zohrei (1983)1'61 studied two possible types of failure. one due to local 

buckling of flanges and the other due to weld fracture of the connection. Two sets of 

experiments were cmied out on cantilever 1-beams for each type of failure. For the case 

of failure by local buckling, degradation in the swngth and stiffness of the beams in the 

first few cycles continued at a constant rate until a certain value was reached after which 

the hysteresis loops stabiiized. This was followed by another rapid degradation and the 

eventuai failure in a few cycles. They also represented these three stages of damage 

growth by 3 lines on a semi log plot. They concluded as weli that the degradation per 

cycle in the first two stages could be represented by the Coffu-Manson law1421 

Ad =A(AS,JU (2- 11, 



and that the parameter "a" was more stable than "A" which should be considered as a 

variable. For the case of failure by weld fracture, they observed that little or no 

deterioration occurred during the propagation of the crack until the crack length reached a 

certain critical value (a crack length of 0.5 of the flange thickness was considered a 

critical value), after which very rapid deterioration occurred and failure was almost 

sudden. They developed a formula for the cülculation of damage and discovered that it 

depended in a large part on the initiai crack size which showed very large scatter 

+- 2b - 
-- - 

- A 

Figure 2.1 Profile of an I section showing notations of the different dimensions 

Castiglioni & Di Pairna (1989)191 conducted several tests on different beams with 

different flange slendemess (b/t) and web slenderness (MW) ratios. They confirmed the 

previous findings of Krawinkier & ~ohrei~'~] regarding the local buckling Mure mode 

and concluded as well that the rate of deterioration did not depend solely on the flange's 

width to thickness ratio b/t; and that the web's height to thickness ratio, h/w. had an effect 

on the rate of deterioration as well. 

Calado & Azevedo (1989)A, after conducting several tests on cantilever beams and 

bracings, concluded that damage was sensitive to the b/t ratio as well as the steel grade. 



They ais0 concluded that a linear damage rule (Miner's nile["]) could be used. A failure 

cnterion was proposed as being, 

qi =Ai  / A ,  < y ,  ( 2 2  

where Ai represented the hysteretic energy dissipated in the ith cycle and Ayi the energy 

that the element would dissipate if it had an elasto-plastic behavior. A value of H . 5  was 

suggested for failure. 

Ballio & Castiglioni (1994)~ '~ investigated the possibility of developing r darnage model 

based on tip deflection of cantilever beams and concluded that the use of ~iner 's~" '  rule 

was adequate for the cumulative damage of steel members. 

Daaii & Korol (1995)~'~~. based on the work of Kiawinkler and  ohr rie["', suggested a 

model for the calculation of strength detenoration per reversal due to local buckling; a 

formula, 

d = aZ( 8 ,  )b (2.3) 

was suggested. Baed on experimental results [S. 15261 and the suggestions of Krawinkler, 

the exponent "b" was considered constant and given a value of 1.65, while "a" was 

considend a variable and was found to be dependant on an equivaient slenderness factor 

cq that combines the b/t. h/w and Ur, ratios in one value. through the following formula: 

a=-1.98+/4.3~ ( 2 4  

where, a, = a p w a ,  
30072 



king the unsupported span length and r, the radius of gyration about the weak a i s .  

Dadi & Korol (1996)[19 suggested two damage models; one based on the Park & h g  

mode 1 [341, 

and another suggested by them. 

where, pi is the ductility measured from zero load intercept and experienced in the ith 

reverscil, p, is the maximum ductility under monotonie loading. pm is the maximum 

amount of ductility experienced during the loading history, and Pi,  are calibntion 

factors. These models combined the maximum darnage during the loading history and the 

cyclic deterioration; and were based on the assumption that a &op of 15 to 2046 in 

strength constituted failure. A formula for the calculation of p,,,, using tests done by them 

and o t h e r ~ [ ' ~ " ~ ~  was suggested based on the equivalent slendemess factor &. The value 

34351 of B was calibrated for different bit ratio based on test results by them and otherdg- 

Bdlio & castiglioni (1995)~') presented a unified approach for damage assessrnent of steel 

strucms that combined low and high cycle fatigue. This approach w d  the ~ o h l e r [ ~ ~ ]  

(S-N) c w e s  (their research was mainly focussed on the curves pmposed by the 



Eurocode 3'"') for the calculation of both low and high cycle fatigue. The low cycle 

fatigue was incorporated into this method through an equivalent stress, 

(do' =A&)  (2.1 1) 

and they concluded that by using this rnethod the  ohl le^!*^] (S-N) curves proposed by 

the Eurocode 3[l3' could be used for the prediction of low cycle fatigue failure. 

Calado & Castiglioni (1996)~'' continued to investigate the sarne unified approach 

suggested by Ballio & ~asti~lioni['l. by testing severd connection details. They reached 

the same conclusion that the wohlerl"] (S-N) Iines proposed by the Eurocode 3'13' can be 

used for the prediction of connection failure by low cycle fatigue. 

2.4 Comments on the cyclic damage models 

2.4.1 The Dadi-Korol strength deterioration r n o d e ~ ~ l ~ ~  

This model. although was based on few experimental results. has a very good base. The 

model t k e s  al1 the slenderness ratios into account in the calculation of the degradation, 

although it is the opinion of the author that the laterai slendemess should not be included 

in the model. The reason for this is that it is a member property and not a section 

propeny. and does not have a significant effect on the cyclic damage as concluded by 

Caiado & ~zevedo[? The model is based on the plastic rotation as a nsponse parameter 

which is an available output in many analysis programs and does not restnct the use of 

the model to the experimental conditions. A shortcomuig of the model is that it cannot be 

used to determine the damap in very compact sections. because for a value of & less 

than 0.138. the value of "a" wouid be negative which is physically impossible and means 

that tbis formula has iimited application scope. 



2.4.2 The Daali-Korol damage rn~dels''~' 

The two dmage caiculation models. one based on the Park & model and the 

other suggested by them. assume f ~ l u r e  when the section capacity is reduced by 15-20%. 

Both models combine the damage due to maximum response and the cyclic damage, a 

concept that is more appropriate for reinforced concrete members in which maximum 

response induces irrcrersiblc damage due to yielding of steel and cmshing of concrete. 

On the other hand. ii siccl mcmber. subjected to a relatively high response cycle, will be 

able to withstand lorcr  rc\pnse cycles without much loss in strength. and. the main 

effect would be duc io ihc c~cl iç  damage which would be included in the cyclic damage 

cdculations. In the çaw tif ~tssl connections, however, the maximum response could 

cause an irreversiblc diinwpc and the use of such combination would be appropriate. 

2.4.3 The ~allio-~usti~lioni'- '  opproach 

This approach prchcnts a unique and easy formula; however. it is based on tests 

conducted on cantilcwr hcams in which the tip deflection was the controlled and 

measured panmeter: ihis limits the use of this model. This approach calculates the 

equivaient stress by the formula. 

E& =( die/i*, )( F , L / 4 S ,  ) (2.12) 

where, E = Elastic modulus. AE = svain range, Av = tip deflection range. v, = tip 

deflection at yield. Fv = force crusing fiat yield, L = cantilever length and S, = section 

modulus 

It is known that the displacement and strain ductility ratios do not remain proportionai in 

the inelastic curve. and. thus. it would w t  be possible to replace the displacement 

ductility ratio in the formula with another ductility ratio which would be more 



appropriate for use in a more complex structure without modifications or calibrations to 

the model. In the case of a beam in a multi storey frame, it would be very complicated to 

estirnate the displacement ductility ratio. and the curvature ductility ratio is normally 

used. 

In an attempt to incorporate these models in an example studyP1, the damage in columns 

of low-rise steel f m e s  was estirnated by considering the deflections of the columns in 

the fust floor as a reference for the displacement ductility ratio. 



CHAPTER 3 

METHODOLOGY DESCRIPTION 

3.1 Cenerai 

In designing an earthquake resistant building, the standard method in the industry and 

that provideci by the current codes of practice, is to perform a static analysis using 

pseudo-static seismic loads, and then the structure is designed according to the limit state 

design concept. A dynamic analysis for the perfomance evaluation of the structure, 

whether elastic or inelastic, is ody perfomed for very specid structures. 

In order to accomplish the objectives of the mearch, elastic and inelastic analyses of a 

building, designed and detailed according to the cumnt codes of practice, are conducted 

usîng the specid purpose cornputer program DRAIN-~DX[~~.  Five scaled gmund 

acceleration histories h m  r d  eanhquakes are applied as input. 

3.2 Description of the building 

3.2.1 Cenerai description of the building 

The building, subject of this study, is a multi-storey steel office building assumed to be 

located in Vancouver, BC, Canada. The building is square in plan. The length of each 

side is 40 m. The columns are arranged in a regular grid spaced at 8 m in W h  directions. 

The building is 10 storeys hi@. The height of the first storey is 5 m and the height of al1 

otba storeys is 4 m; thus giwig a total height of 41 m. Figure 3.1 shows the plan of the 

building. 



Figure 3.1 Plan of the building 

3.2.2 Smctural system, loading and design of the building 

The lateral forces in the building were assumesi to be resisted by 4 multi-stony rigid 

moment resisting steel fiames, one on each side of the perimeter of the building. Frames 

were assumed to be fixed at the ground level. Only the inner 3 bays of each side fonn the 

moment resisting fiame. The rest of the beams artd columns rcsist ody the gravity loads. 

Figure 3.2 shows an elevation of a typical moment resisting hm. 



The loading on the h e  was determineci according to the NBCC 1 9 9 ~ ~ ~ ~ .  The climatic 

iaformation for the Vancouver area, supplied in appendix C of the Code, was used to 

detemiine the design snow, the quivalent static wind and equivalent static earthqde 

loads. The design &ad gravity load was estimated using the handbook of steel 

and the design Iive load was detennined according to Table 4.1.6.3 of the 

N B C C ~ ' ~ .  The total elastic l a t d  force on the h e ,  due to seismic load effect, was 

found to be 15.92 MN. 

The building was designed using the l h i t  States design method as given by the 

CAN/CSA-s 16.1-94[321 , thus applying the provisions and detaiiing nquimnents of 

moment resisting ngid h e s  in zones with high seismic activity. A yield stress of 300 

MPa was assumed for the steel in the design. 

Figue 3 2  Elevation of a typical moment tesisting ftame 



It should be mentioned that the governing factor in the design of the M e  bas beai 

fou& to be the maximum interstorey drift Iuait for the seismic forces, as set by clause 

4.1.9.3 of the M3ccPt1. 

3.3 The finite elemen t methoà 

The first step in a finite element analysis is to discntize the structure into a set of 

stnictural elements. Each finite element is interconnected with the adjacent elements 

through nodal points. Acting at cach nodal point are nodal forces and displacernents. For 

each element, a standard set of simultaneous equations can be developed to relate these 

physical quantities. Assembling these elements to fom the whole structure is equivalent, 

physicaily, to superimposing these element equations mathematically. The result is a 

large set of simultaneous equations which are suited for solution by cornputer. Applying 

the loading and boundary conditions for the structural problem, the assernbled set of 

equations can be solved and the unhiown parameters found. Substitution of these values 

back to each element formulation provides the displacement and stress distribution within 

each element, 

In a static analysis, the matrix equation relating the nodal displacement and the loads may 

be expressed as: 

K U - P  

where, 

K= structural stifiess matrix 

U= displacement vector at the noàes 

P= applîed loaâ vector at the nodes 



In a dynamic analysis, the the domain ttecomes a part of the probiem; the inertial and 

damping forces become effective. The rnatrix equation relating the nodal displacement, 

velocity, acceleration and the loads may be expmsed as: 

MÜ+cu+w= ~ ( t )  (3.2) 

where, 

M= structurai mass matrix 

Ü = acceleration vector at nodes 

C= damping ma& 

u =Velocity vector at nodes 

P(t)= applied load vector at the nodes as a fiinction of time 

In the case of earthquake induced ground acceleration history, the equation is expressed 

as: 

MÜ+CU+KU = - ~ i ü , ( t )  (33) 

Where, 

i= unit vector 

ü, (t)= p u n d  acceleration t h e  history 

In the dynaxnic aaalysis, it would be difficult to find an analyticd solution appücable for 

the complete time history for the set of equations in the case of non-linearity, whether it is 

due to geometry or materiil, or in the case of a complex laad bction. The time history 

is, tûerefore, divided into small tirne incrcments and the set of quations is solved for 

each tirne inmment and the tesulting displacements, veiocities and accelerations are used 

as initial conditions for the next step. 



in the case of inelastic analysis, whether the pmblem is static or dynamic, the cornputer 

program calculates the forces and displacements in the structure using the current 

stiffiiess matrix. Stiffiiess matrices of the elernents, that exceeded the elastic iirnit, are 

modified according to the current tangent stifiess of the material's stifniess cume and 

the global stifiess matrix is recalcuiated. This procedure is repeated through an iterative 

process until the equilibrium is established. 

3.4 The D M - 2 D X  program 

DRAIN-~DX[~*~ is an improved version of, DRAIN-2D (Dynamic Response Analysis of 

INelastic 2-Dimensional structures), a special purpose cornputer program for static and 

dynamic analysis of plane structures. It performs nonlinear static and dynmic analyses. 

For dynamic analysis, it considers ground accelerations (al1 supports moving in phase), 

ground displacements (supports may move out of phase), imposed dynamic loads (e.g., 

wind), and specified initial vclocitia (e.g., impulse loading). Static and dynamic loads 

cm be appiied in any ~e~uence[~'~.  

nie program is written in FORTRAN-77, and consists of a "'base" program which 

manages the data and contmls the d y s i s ,  plus a set of subroutines for each element 

type which conml the elment details. kifornation is hansfemd between the base 

program and the elements through an interface that is the same for al1 element types. 

The input files are in a formatteci fonn containhg several blocb of the input data. Mode1 

data, such as the geometry and constraints, element information, data controllhg the 

analysis parameta, such as the maximum t h e  step for time integration and data 

controiîing the analysis segments and loads are specified in diffemnt blocksP9].~he 

element iiirary contains Typcûl, inelastic miss & TypcO2, simple inelastic kam- 



column with a Lumped plasticity model; Type04, simple inelastic comection, which 

dows for translational as weil as rotational force transfer; T y p a ,  elastic panel clement, 

which allow vertical, horizontal extensional and flexurai stifkess to be input; Type09, 

inelastic link element, that can act in compression/tension with initial gap or axial force; 

and Type1 5, "fiber" beam-column element for steel and reinforcd concrete members. 

The elements include capabilities for event and intemal energy calculations. Inelastic 

static analysis cm be carried out, with the ability to trace sequences of b g e  formation 

and to continue into the pst-failure range. 

The step-by-step integmtion scheme for dynamic d y s i s  cm be done using a fied time 

step or a variable time step which would be vhed during the analysis, on the basis of 

input error tolerances. Energy balance computations an performed, identifjmg the static 

work, the energy absorbed by viscous damping, the kinetic energy, and the input energy. 

Mode shapes and periods can be calculated at any state. 

3.5 Modeîiing 

35.1 Basic modelling assumptioas 

The basic assumption in the modelüng of the beam is that each component of the ground 

motion is resisted independently by the two fiames paralie1 to the direction of motion, 

and that both h e s  resist this force equaily. Based on this assumption, an analysis of a 

single two-dimensional &une was carried out assuming tbat it will carry half the inertia 

force of the structure. 

The fiame was discrethi with the same type of elanent for b t h  columns and beams. 

The connections werr assumed ngid and the effkct of the panel zones was negicçtcd and 

was not included in the model. 



3.5.2 Element modeIlhg 

3,5.2.1 Cenerai 

The element type 02 was used for al1 the beams and columns. Element type 02, as show 

in Figure 3.3, is a simple inelastic elemmt for modehg beams and beam-columns of 

steel and reinforced concrete type. The element consists of an elastic beam, two rigid 

plastic binges and aa optional rigid end zoner3q. The P-6 effect was inchded in the 

anal ysis of the elements. 

Rigid ünk 

Plastic hinge 

Elastic beam /- 

Plastic hinge Y' 
/ 

Figure 3.3 : Element type 02 

3.5.2.2 Yleld surface 

Yielding is assumed to take place oniy in the plastic hiages. The hinge yield moments can 

be specified ciiffietent at the two elexnent ends, and for the positive and negative 

bendh~d~~; however, it was considered the same for dl. The effcct of axial force on 

knding strength is takm into account by specifying a P-M yield surface which was 

assumeà to be a single ünc connecting yield moment and yield axial force, as shown in 

Figure 3.4 for the case of UieIastic analysis. 



Figure 3.4 Yield surface of element type 02 

3.5.23 Smln hardening 

Strain hardening in bending is modelled in DRAIN-2DX assuming that the element 

consists of elastic and inelastic components in paralle1 as shown in Figure 3.5. Plastic 

hinges that yield at constant moment fom the inelastic cornponent. The moments in the 

elastic component continue to increase. The combined e f f a  of the two result in the 

strain-hardening response at the post yield state13? 

Three inelastic dynarnic analyses were performed using differait values of the seain 

hardening ratios (2.5%, 5% and 10%) for two different ground acceleration records, one 

creating a nsponse dominated by the first mode and the other having significant effects 

from higher mode participation. Since the effect of strain hardening ratio was found not 

to be very high for both p u n d  acceleration mords, a typicai value of stmin 

hardening was uscd for al1 0th- analyses. 

1 // plastic 

O 

Figure 3.5 Süain hardening modei 



3.5.3 Masses and loads 

For the calculation of the masses and loads, the full desigu dead load was applied plus 

25% of the design live load. The ûame was assumed to carry half of the mass of the 

building lumped at the nodes. For the calculation of the initial static loadiag only the strip 

adjacent to the frame was considered and the other portions were assumed to be carried 

by the jpvity columos. 

34.4 Damping 

Viscous damping matrix is defined in DRAIN-2DX as proportional to the stifniess and 

nodal mass matrices (Rayleigh's damping) through the formula C = aM + /%C . In effect, 

mass dependant damping induces transitional and mtational dampers at each node, 

with damping coeficients aM. The damping ma& BK remains constant, and is set to 

that calculated from the initial stifniess value &P91. 

The values of a and fi were chosen to induce a damping equal to 2% of the critical 

darnping at the f h t  two modes. 

3.5.5 Natuml frequencies and periods 

An analysis was canied out to determine the naniral &eqwncies, periods aud the 

conespondhg damping ratios of the structure. Table 3.1 summarisa the resuits of this 

and pis. 

Table 3.1 The first five naniral fkquencies and dampiag ratios of the structure 

Percentage of Mode Natural @od in seconds Natutal frrsuency in Hz &tical k 



3.6 Andysb 

The analysis is c d e d  out in two steps, fint a static adysis  is pafomed for the gravity 

loads, followed by a t h e  step dyaamic aiialysis using the results h m  the previous step 

as initial conditions. The dynamic analysis was canied out using a fixed tirne step 

scheme. A t h e  step of 0.005 secon& was used for the elastic andysis and a t h e  step of 

0.0025 seconds ivas used fur the inelastic analysis. The analyses wae carrieci out for a 

duration of 50 seconds. 

The P-A effect was considerad in the static and dynamic analyses. Appendix C contains 

sampie kput files for elastic and inelastic aaalyses. 

3.7 Earthquake records 

Five gromd acceleration histories h m  real earthquake events were used in this study: 

two records from the 1989 Loma pneta earthquake, one h m  the 1994 Northridge 

earthquake, one h m  the 1933 Long Beach earthquake and one h m  the 1984 Morgan 

Hill earthquake. 

An elastic aaalysis was performed for each of the earihquakes and the maximum base 

shear was calculated. The record was then scaled so that the maximum base shear would 

be equal to the elastic lateral seismic force, V, calculated according to the NBCcPL1 as 

mentioned in section 3 2.2. 

Table 3.2 d s e s  the basic data about the records; Figures A.1 to A S  show the 

uascaied acceleration t h e  histories of the records. 

A response spectra for each record was genented using a FORTRAN program given in 

Appendix B. Figures A.6 to A. 10 show the response spcctra of the unscaied records. 



It is noticed h m  the rnponse spectra that records 1,2 and 4 have sharp pegks near the 

1' natural frequmcy of the structure followed by a diop near the 2" and 3" fresuencies. 

For records 1 and 4, the values are very smdi near the 2nd and 3" fresuencies, while 

record 2 shows a considaable value near these fkquencies. 

Records 3 and 5, on the other han& have more uniforni shape near the first 3 modes, with 

record 3 more unifom than record 5. 

Table 3.2 Sumrnary of ground acceiaation data 

3.8 Analysis resulb and damage calculations 

No. 

1 

2 

3 

4 

5 

The anaiysis resuits are obtained at each step and are hnen to a scratch file. At the end 

of the d y s i s  history, mdts for a i l  steps are read h m  the scratch file and reorganised 

Record 

1989 Loma Prieta 
Palo Alto VA - 

Blds 1 basement 
1989 Loma Prieta 
Pa10 Alto VA - 

Bldg. 1 roof 
1994 Northridge 
4334 Katherine 

RD. 
1933 Long Beach, 

Vernon CMD 
Bldg. 

Morgan Hill, 1984, 
Gilroy 

Euth- 
quake 
M W  

7.1 

7- 1 

6.7 

6.5 

6,2 

Distance 
âom 

epicentre 
*b 

47 

47 

13.3 
------- 

1.2 

15 

Scaiing 
factor 

1.607 

1.3 16 

1,873 

1.843 

1.194 

Sampling 
rate 

R e d  
sec. 

200 

200 

50 

100 

50 

Duration 
Sec. 

40.955 

39-58 

3 8 .56 

39.08 

59.98 



The DRAIN-2DX program has the option to calcuiate gendised displacements; this 

option was used to calculate the interstorey drifi of all the storeys. 

The roof displacement, the base shear and the interstorey drift for ali the storeys were the 

output request for elastic and inelastic analyses. For the inelastic analysis, the element's 

forces and plastic hinge rotations were exûacted as well. 

The roof displacement is pmcnted as a nomalised value, uCDOt/H, where "uu,f' is the roof 

displacement and "H" is the total height of the building. 

3.8.2 Damage cilculitions 

The following sumgth deiwioration formula fiom a paper by Daali & ~ o r o l [ ' ~ l  was used 

in this study: 

w here, 

d = the strength deterioration ratio 

a = section variable 

Bpi = the plastic h inp  rotation range 

The values of "a" for the beams were calculated based on the fosmula explaineci in 

Section 2.3 and assuming an unbraced iength of 2.0 m in the calculation of the l a t d  

slendemess. The values of "a" are presented in Table 3.3. In the case of colurnns, the 

formula gave negative values, which means that the fomiula is not suitable for compact 

column sections. However a uniforni value of (a=i) was givca to ail columns in orâer to 

give a qualitative indication of the possible damage in the columiis. 



Table 3.3 Values of "a" for beams 

The plastic hinge rotation history was then extracted fiom the output file for al1 beams 

and columns at both ends The full cycles were separateci using a FORTRAN subroutine 

that uses range pair counting methoâ and damage was caiculated using the Daali-Korol 

formula. Appendix D contains a listing of the subroutine used for separating the complete 

cycles. 

Two methods were used to calculate the overall darnage to the building: one by simply 

taking the average of the damage at al1 beam ends, the other by taking a weightcd average 

of the damage at the beams ends. The weighting factor was assumed to depend on the 

magnitude of the damage as suggested by Park et aLPq using the following formula, 



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

Elastic and inelastic analyses of the building under study were perfomed using five 

ground acceleration records from red earthquakes: their chancteristics have been given 

in Table 3.2. Three inelastic analyses were cmied out for each of records 1 and 5, using 

three different strain hardening ratios of 2.5%, 5% and 10%. The rest of the analyses 

were carried out for a typicd suain hardening ratio of 5%. htentorey drift ratios, base 

shears and nonnalized roof displacements were extracted from elastic and inelastic 

analyses. Damage calculations were carrieci out for inelastic analyses according to the 

strength deterioration formula as explained in Sections 3.8.1 and 2.3. 

4.2 Description of behavior 

Table A.2 gives a surnmary of the results obiained from the inelastic anaiyses. 

Table A 2  Sumrnary of the analysis results 

Record 

1 
1 

Maximum 1 
~arthquake' inelastic base 

shear (MN) 

Loma Prieta #1 
Loma Prieta #1 

1 
2 
3 
4 
5 
5 
5 

* Scaled to pmvide a maximum elastic base shear demand of 15.92 MN. 

Hardening 
ratio 

Loma Prieta #1 
Loma Prieta #2 

North ridge 
Long beach 
Morgan Hill 
Morgan Hiil 
Morgan Hill 

I 

10% 
5% 
5% 
5% 

2.5% 
5% 
10% 

2.5% 
5% 

- 

Totd 
averaged 
stcength 

deterioration 

- - -  
1 

1.89% 
2.50% 
0.74% 
1 20% 
3-19% 
2.8 1 % 
256% 

Total 
weighted 
strength 

deterioration 
1.97% 
1.99% - - 

2.47% 
3 -05 % 
1.67% 
1.80% 
6.5 1% 
5.89% 
5.66% 

2.59% 
259% 



A detailed description of the behavior and observations of the building under different 

earthquake records is presented in the following sections. 

4.2.1 Record # 1 (Loma Prieta record # 1) 

An elastic analysis and three inelastic analyses using three different strain hardening 

ratios (2.5%. 5% and 10%) were performed for this record. The behavior of the frame in 

the inelastic analyses wzs according to the suong-column we&-beam mechanism. Plastic 

hinges formed at ihc cnds of almost dl beams. No yielding occurred in the colurnns 

except at the b a c  of the iramc. The genenl behavior and damage patterns were the same 

for d l  strain hürdcnin, 4' rat IO\, 

Figures A. 1 1. A. 12 anil -4.1.3 hhow the values of the strength deteriontion in percent as 

compared to ihc original capacity for strain hardening ratios of 2.5%, 5% and 10% 

respectively. Thc a w r q c  *trcngth deterioration in the beams. for the three stnin 

hardening clises. hrri bcrn 4culated to be 1.97%. 1.99% and 1.89%. The corresponding 

weighted damage wcre 2.50G. 2.59% and 2.47%. The total darnage was not affected 

much by the strain hlvdrning ratio; the change from 2.5% suain hardening to 5% strain 

hvdening increased the nvcragcd total damage by 1.1%. while the weighted average 

damage is almost the slimc. The change from 5% strain hardening to 10% suain 

hardening decreased both ihe average darnage and the weighted total damage by about 

5%. 

The damage is fairly uniform over the frame height, and is almost syrnmetncal about the 

vertical a i s  in the fint eight storeys. with the maximum damage at the edges of the 

Irame. The damage patterns for the t h e  strain hardening ratios were similai-, regular 

with a smdl increase in the beams of the fussi four stonys foiiowed by a sharp increase in 



the 5' storey, then a smail decrease in the 6" storey. This is followed by a large decrease 

in the 7'h and 9" storeys and a moderate decrease in the 8h and 10' storeys, while the 

damage became a h o s t  zero in the 10' storey. The values of the damage in columns 

(calculaied with an arbitrary vdue of a=l in the Dadi-Korol formula) are very smdl and 

damage can be considered as negligible. 

The roof displacement histones, as shown in Figures A.14 and ,4.15, are inegular and 

show an increasing trend for the first 10 seconds followed by a smooth harmonic 

oscillation in the fint natural frequency of the structure. The amplitude and the mean 

value, which the cuve is oscillating about. are fluctuating with a tendency for decrease in 

the amplitude: this is more apparent in the elastic response. As shown in Figure A.14. the 

elastic response is Iarger than the inelastic response. There is an apparent phase shift 

between the elastic and inelastic analyses. Three inelastic analyses. shown in Figure 

A.15. are completely in phase. However. the value at which the oscillation takes place 

about becomes different for the three values after 14 seconds; but the ranges of 

fluctuation seem to be the same, 

The envelopes of the maximum interstony drift ratio, as shown in Figure A. 16 are fairly 

uniform over the height. The elastic intentorey drifts are higher than the inelastic ones, at 

some points twice as much. The envelope is having only a sharp increase from the 1" to 

the 2nd storey and a sharp decreûse from the 9" to the 10'%torey. The elastic and inelastic 

storey drifts do not seem to have any correlation; the elastic storey drift may decrease 

fiom one storey to the next while the inelastic increaxs and vice versa. 

The increase in the suain hardening ratio causes, although not always, a decrease in the 

maximum interstorey drift d o .  An increase in the strain hardening ratio fkom 2.5% to 



5% caused an average change in the maximum inteatorey drift of 1.8646 and a maximum 

value of change of 4.93%; while an i n c r ea~  in the strain hardening ratio from 5% to 10% 

caused an average change in the maximum interstorey drift of 3.32% with a maximum 

change of 6.99%. 

The change in the strain hardening ratio did not have much effect on the maximum 

inelastic base shear. ,4n increase in the strain hardening ratio from 2.5% to 5% caused an 

increase in the maximum base shear by 0.33%: while an increase in the strain hardening 

ratio from 5% to 10% caused a decrease in the maximum base shear by 1.99%. 

4.2.2 Record # 2 (Loma Prieta record # 2) 

The structural behavior for this euthqudce record is similar to that of the previous record. 

The inelastic frarne response showed strong-column weak-beam mechanism. yielding 

only at the b e m  ends and in the columns at the base. Figure A.17 shows the values of 

strength deterioration in percent at the b e m  ends. The damage pattern is the same as in 

the previous record for the fint seven storeys. The damage is almost unifom in the fint 

eight storeys; each storey having the maximum values at the extreme edges and almost 

symmetrical about the venicai axis. The damage increases from the 1'' to 2" storey. 

followed by an almost uniform damage in the znd, 3* and 4h storeys. A large increase in 

the sth storey is apparent, followed by a decrease in the 6h storey and a larger decrcase in 

the 7" storey. The damage index shows an increase in the 8" s t o ~ y  and a sharper 

increase in the 9' storey, in which the damage in the storey was no longer symmetrical 

about the vertical axis. Finally, a sharp decnase in the damage is evideat at the 10' 

storey . 



The roof displacements. as shown in Figure A.18. are similar to those of the previous 

record; random vibration in the f ia t  10 seconds, followed by a relatively regular response 

with a frequency of oscillation appmximately equai to the first natural frequency of the 

structure. Once again. the elastic response is larger than the inelastic one. In this record. 

however, the effect of higher modes is apparent and the oscillation is not smooth in the 

period between 10 and 20 seconds; this effect is more apparent in the inelastic roof 

displacement. 

The interstorey drift envelop, as shown in Figure A.19, is similar to that of the previous 

record; an increase in the 2"* stony followed by a uniform distribution until the 8' 

storey. The envelope afterwards shows a sharp increase in the gth storey for the elastic 

and inelastic envelopes, followed by a decrease in the 1oLh storey. 

Like in the record # 1. the inteatorey dnft ratio for the elastic analysis is Iarger than the 

inelastic one. 

4.23 Record # 3 (The Northridge record) 

The f m e  behavior for this record was different from the previous two. The frame 

behaved in the inelastic analysis according to the weak-beam strong-column mechanism, 

yielding occumng at the beam ends and the columns at the base. Additionally, yielding 

aiso occurred at the lower ends of the two middle columns in the 9" storey. However. the 

damage values for di of the colurnns remained very small. 

Figure A.20 shows the values of suength deterioration in percent at the beam ends. The 

damage in a i i  storeys is uniform and symmetricai about the vertical axis. The damage in 

the ln storey is much smaiier as compared to the previous records. The damage value 



decreases till the 6h storey, then increases in the 7h and 8" storeys. In the gth storey. a 

very sharp increase occun followed by a large decrease in the 1 0 ' ~  storey. 

The roof displacement. as shown in Figure A.21, shows a random pattern for the fint 10 

seconds for the elastic and inelastic analyses, followed by a relatively regular oscillation. 

The inelastic roof displacement, after about 4 seconds. shows that a permanent 

displacement takes place ruid continues throughout the rest of the history. and the 

oscillation takes place about ii. 

The maximum interstorey drift ratio envelopes for the eiastic and inelastic analyses. as 

shown in Figure A.22. show an increase in the 2" storey followed by a decrease in the 3d 

storey; then remaining constant until the 6" storey. Two sharp increases occur in the 

elastic envelope in the 71h md 91h storeys followed by a decrease in the 8Ih and 10'~ 

storeys. 

4.2.4 Record # 4 (The Long Beach record) 

The behavior of the frame under this record was similar to the first two records. For the 

inelastic analysis, the behivior was according to the weak-bem strong-column 

mechanism. yielding occurring at the beam ends and at the base columns only. 

The damage pattern. as shown Figure A.23. is similar to that of record # 1. The damage is 

fairly unifom over the height. and is almost symmeuical about the vertical a i s  in the 

first six storeys, with the maximum darnage at the extreme ends of the frame. The 

damage pattern is regular with a small increase in the bearns of the f i t  four storeys 

followed by a larger increve in the 51h storey, then a smaii decrease in the 6& storey. This 

is followed by a large decrease in the 7& and 8" storeys; the darnage in the last three 

storeys becomes almost zero. 



The roof displacements for the elastic and inelastic analyses. as shown in Figure A.24, 

show an irregular pattern in the fmt S seconds followed by a clear smooth harrnonic 

decaying oscillation at the fmt nahuai frequency of the structure. The elastic response is 

larger than the inelastic response: both are totally in phase. The inelastic response, after 

the fiat cycle, shows a large drop and oscillates about a shifted base line. 

The inmstorey drift ratio envelopes for both the elastic and inelastic anaiyses, as shown 

in Figure A.25. show an increase in the 2" storey. The elastic envelope remains relatively 

constant up to the gth storey. then a large decrease occun at the 1 0 ' ~  storey, while the 

inelastic envelope shows a continuous and almost regular decrease dong the height of the 

Crame. 

4.2.5 Record # 5 (The Morgan Hill record) 

Three inelastic analyses using three values of stnin hardening ratios, 2.5%. 5% and 10%. 

and an elastic analysis were performed for this record. The inelastic behavior wûs 

according to the strong-column weak-beam mechanism. Plastic hinges fomed at ail the 

beam ends and yielding occurred at the base columns only. For the case of 2.58 and 5% 

suain hardening. yielding occurred at t h e  columns and the forth extenor column 

remained elastic, while in the case of 10% strain hardening, yielding occurred ai the two 

exterior columns while the two interior coiurnns remained elastic. 

The damage patterns. as shown in Figures A.26, A.27 and A.28, for strain hardening 

ratios of 2.5%. 5% and 10 46, respectively, are similar to bat of record # 3. The damage 

is not symmevical about the vertical axis in most of the aorrys. The darnage remains 

very s m d  in the fist four storeys, increasing in the 2" storey and decreasing in the 



others. The damage increases sharply in the intermediate storeys, followed by s h q  

decreases in the last two storeys. 

For record # 5, the change in the suain hardening ratio had a relatively larger effect on 

the total darnage than in the case of record #l .  The increase in the strain hardening ratio 

caused a decrease in the total darnage. The increase in the strain hardening ratio from 

1.5% to 5% caused a decrease in the average total damage of 13% and a decrease in the 

weighted total damage of 9%. While the increase in the suain hardening ratio from 5% to 

10% caused a decrease in the average total darnage of 10.48 and a decrease in the 

weighted total darnage of 3.9%. 

The roof displacement responses, as shown in Figures A29  and A.30. show rmdom 

vibrations through the time span of 50 seconds. The elastic response is higher than the 

inelastic one. and the inelastic response foms a permanent displacement. The strain 

hardening ratio changed only the value of the permanent displacement that the response 

oscillates about; but the range of fluctuation remained almost the same. 

The maximum interstorey drift ratio envelopes, as shown in Figure A.3 1, increase in the 

znd storey; then, for the case of elastic response, decreases in the 3d and 4" storeys and 

increases up to the 9* storey with two large increases at the 7" and 9Ih storeys followed 

by a decrease in the 10" storey. The inelastic envelopes remain almost constant from the 

Pd to the sh storeys; then increases in the 6", 7' and 8[h sstorys, having the largest 

increase at the 7' storey. This iJ followed by a decrease in the 9" storey and =mains 

almost constant in the 9" and 1 0 ~  storeys. 

The change in the strain hardening ratio from 2.5% to 5% decreased the average 

inteatorey drift ratio by 8.1% with a maximum difference of 15.6%; while the change in 



the strain hardening ratio from 5% to 10% decreased the average inteatorey drift ratio by 

7.3% with a maximum difference of 1 1.3%. 

The change in the strain hardening ratio did not have much effect on the maximum 

inelastic base shear. An increase in the strain hardening ratio from 2.546 to 5% caused an 

increase in the maximum base shear by 1.1%; while an increase in the strain hardening 

ratio from 5% to 10% caused an increase in the maximum base shear by 3.22. 

4 3  General comments and observations 

The behavior of the frme for al1 five records was in general satisfactory, although in 

some cases a permanent deformation occurred in the structure. However, this is to be 

expected, because the ground records were from nlatively strong earthquakes. The frarne 

behaved according to the strong-column weak-beam concept, forming plastic hinges at 

the beam ends. Yielding only occurred at the base columns with the exception of record # 

3 where yielding occurred at the bottom ends of the two middle colurnns in the 9* storey. 

The reduction in beam strength was generally low, reaching a maximum value of about 

5%. The exception was in the case of record # 5; the 8" storey bearns reached a strength 

detenoration in the order of 10%. The damage caiculations for columns were only 

qualitative; because of the approximate parameter used for the column sections. 

Nevectheless, the maximum strength degradation of 0.0146, observed for the columns. is 

indicative of low darnage potentials of the columns, compared to that of barns. It can 

be, therefore. concluded that the damage in the columns is negligible. 

The damage pattern was not uniform for ai l  the records. and, therefore it could be 

concluded that the damage depends on the contribution of the bigher modes in the 

nsponse. This is explained in detail in a later section. 



It couid be noticed as well that the sharp increases in damage generally occurred in 

storeys where a reduction in the column sections occurred, as in the 5Ih storey for records 

1.2.4 and 5; the 7' storey for records 3 and 5 and the 9" storey for records 2.3 and 5. 

The elastic displacement response was larger than the inelastic response in most cases. 

The elastic and ineiastic roof displacements had almost the same shapes and were in 

phase or had a small phase shift, the earlier giving higher response. 

The elastic intentorey cirift ratio envelopes gave larger values than the inelastic 

inteatorey drift ratio envelopes in almost al1 cases. There is no apparent correlation 

between them: the elastic envelope may increase. while the inelastic envelope may 

decrease and vice versa. However, in the cases of very sharp increases and decreases, 

both elastic and inelastic envelopes showed the sarne trend. 

Changing the strain hardening ratio does not have a significant effect on the general 

behavior or the damage pattern, and has very little effect on the maximum base shear. 

The overail effect on the interstorey drift envelope and darnage was more for the case of 

record # 5. in which the effect of higher frequencies was apparent in the response 

compared to the case of record # 1, where the response is dominated by the f iat  vibration 

mode. 

4.4 Effect of higher modes on the damage pattern 

As shown from the results, the damage pattern is not sarne for al1 the records, and some 

damage patterns show specialized characteristics. The darnage, in the cases of records 1 

and 4, is mainly concentrated in the lower two thirds of the frame with very little damage 

in the upper third of the frame. The damage in the case of record 3 was concentrated in 

the upper two storeys and in the case of record 5 in the upper half of the frame with the 



largest dmage in the 7'h, 8' and 9' storeys. The damage in case of record 2 is the same 

as in records 1 and 4; but has an additional concentration of damage in the upper two 

storeys. 

By examining the response spectra of the records (Figures A.6 to A-IO), it is noticed that, 

for records 1 and 4, the main effect on the response would be due to the fvst mode and 

the higher modes will have an insignificmt effect. For records 3 and 5. on the othcr hand 

the effects of 2nd and 3* modes would be equal and in some cases more than the 1" mode. 

For record 2, the main effect is of the fint mode; however, the znd and 3d modes have a 

significant effect although not as high as the 1" mode. 

In order to venfy the effect of the higher modes. Fourier transforms of the base shear and 

roof displacement histories were done for ail elastic and inelastic anaiyses. Figures A.32 

to A.36 show the Fourier amplitude spectra of the elastic and inelastic base shear 

responses of al1 five records. Figures A.37 to A.41 show the Fourier amplitude spectra of 

the elastic and inelastic roof displacement histories. The spectrai anaiysis of the elastic 

base shear response, however, gives the clearest picnire of the contribution of the higher 

modes which is discussed in detail, 

Records 1 and 4 have large peaks at the fundamental frequency and much smaller peaks 

at the 2nd and 3d f~quencies. The peak at the 2" ftequency has a value that is 259  of the 

1" frequency mode for record 1 and 6% for record 4. This indicates that the 1'' mode is 

the dominant in the response; and the effect of the higher modes is insignificant. specially 

in the case of record 4. 

The Fourier amplitude s p e c m  for record 2 has the largest peak at the 1" kquency, a 

2* fiequency peak equal to 35% of the 1' freqwncy value and another peak having a 



value of 18% at the third frequency. This indicates that the 1" mode is the most effective. 

but the effect of the higher modes is significaiit. 

The Fourier amplitude spectrum for record 3 has the largest peak at the 2" frequency, 

while the 3d and 4* frequency peaks are comparable to that of the 1" frequency peak. 

This indicates that the higher frequencies dorninate the response history. 

The Fourier amplitude spectnim for record 5 h a  the largest peak at the 1" frequency and 

a peak having 65% of its value at the 2"%equency and another peak having a value of 

20% at the third frequency. This indicates that the effect of the higher frequency is very 

high although not as high as in the case of record 3. 

It c m  be concluded that. in the case where the response is mainly in the 1" mode, the 

damage will concentrate in the lower two thirds of the structure and that the damage in 

the higher storeys will increase with the increax of the effect of the higher modes. In the 

case. where the effect of higher modes is Ivge compared to the fmt mode. the darnage 

will be concenuated in the upper storeys. It could be concluded as well that the damage 

pattern is sensitive to the effect of the higher modes. 

4.5 The relation between interstorey drift ratio and damage 

Although it is accepted that there is a correlation between the maximum interstorey cirifi 

ratio and the damage, the results did not show a strong correlation for both the elastic and 

inelastic interstorey drift ratios. In some cases the interstorey drift may increase while the 

damage may decrease and vice versa Figures A.42 to A.46 show the plot of the average 

darnage in the storeys versus the interstorey cûift ratio. The plots show that, in generai, 

there is high strength deterioraiion for high interstorey drift: however the scatter is large 

and the inelastic intentorey drift ratio shows iess scatter than the elastic one. In some 



records, a Iinear function can be fitted. However it is dificult to derive a unique 

relatioaship involving the results from different earthquake records. 

Therefore. a direct relation between the maximum interstorey drift and the dmage in the 

storey cm noi be concluded. 

From the plot of the damage, for d l  points and for al1 records. venus the maximum 

elastic interstorey drift ntio. as s h o w  in Figure A.17, it cm be concluded rhat if the 

interstorey ntio is lcss thm the 2% Iimit. set by the NBCC[~'], insignificant damage will 

occur in that storey. 

From the obsenOntiun of thc Jarnage pattern in Figures A.17. A20  and A27 and the 

interstorey drift ratio cnvcliqxs in Figures A.19. A.22 and A.31, it is noticed that for 

record # 2 two signiiiçant i u m p  at the 8" and gth storeys for both the elastic interstorey 

drift and the diimagc. Thç \unir. trend cm be noticed for record # 3 in the 7Ih and 9Ih 

sioreys, dthough thc drinnge in the 7Ih storey is still low but is three times as in the 6Ih 

storey. For record # 5 ii çonhtant significant increase in the elastic interstorey drift ratio 

and the damage strining Srom the 6Ih floor is noticed. Therefore it c m  be concluded that 

significant increases in the intcrstorey drift envelopes in the upper storeys are indicative 

of a region of damûp locülizïiion in these floors. Thus the elastic seismic analysis results 

cm be used to obtain r pnenl  indication of the possible damage localization zones. 

4.6 The relation between the maximum inelastic base shear and total damage 

Figures A.48 and A.49 show the relations between maximum inelastic base shear and the 

total averaged damage and the total weighted damage respectively. It is observed from 

the figures that. for records 1, 2 and 4 in which the 1'' mode is the most effective, the 

points show an increasing vend and a linear function cm be fitted with very iittle scatter. 



On the other haad, for tecoids 3 and 5 where the efféct of higher modes is more 

significant, the points show a daxeasing trend that has a steepa slope and iinear function 

can be fitted but with more scatter. In this case howevet, the damage is due to the 

vibration of the higher modes in which the correlation between the displacements and the 

base shear is not strong. Moreover there are insufficient data points to mach a solid 

conclusion. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 Summary 

Elastic and inelastic dynarnic analyses of a building, designed and detailed according to 

the Canadian Standard S 16.1, were carrieci out using five ground acceleration histories 

tiom real earthquakes. The DRAIN-2DX computer program was used to study the 

genenil perfomuince and level of damage the structure wiil suffer. A typical strain 

hardening ratio of 5% was used for most of the inelastic analyses. Additional parametric 

analyses were dso conducted with the strain hardening ratios of 2.5% and 10%. 

Roof displacement, interstorey drift ratio, base shear and plastic rotations were the 

parameters examined in this study. Damage was calculated by using an empirical 

equation proposed in the literature. 

The response spectra and the Fourier amplitude spectra for the elastic and inelastic base 

shear and roof displacement were calculated to investigate the effects of higher modes on 

the predicted damage. 

5.2 Conclusions 

The following conclusions can be drawn h m  the results: 

a The behavior of the h e  for al1 the records was, in general, satisfactory. The fiame 

khaved according to the strong-column weak-beam mechanism, fonning plastic 

hinges at the beam emls. Columns expenenced yielding only at the fked bases with 

the exception of record # 3 where yielding occurred at the bottom mds of the two 



interior columns in the 9& floor. The level of damage was low in the beams in most of 

the cases and negligible in the columns in all cases. 

The damage pattern is related to the contribution of the ciiffernit modes of the 

structure. in the cases where the first mode dominates the structural response, the 

damage will be localiseci in the lower two thirds of the structure, and. in the cases 

where the higher modes have a significant effect, the damage will be localised at the 

upper floors. 

The envelope of the elastic interstorey drift ratios cm be used as an indication of 

damage localisation in the upper storeys. 

The strain hardening ratio does not affect the general performance or the darnage 

pattern, and has littlc effrct on the results. It had more effect on the results, in the case 

where the contribution of the higher modes to the overall response is high, than in the 

case where the fint mode is  the one prevailing in the response. 

Floors at which reductions in the column sections occur suffet more damage, and 

almost invariably a sudden increase in the damage occurrad in such floors. 

The elastic response specm and the Fourier amplitude spectra of the elastic a d  

inelastic ôase shear and roof displacement give a good indication about the effect of 

h i g k  modes md what damage pattern is to k expected. The best indication, 



however, can be found out from the Fourier amplinide specm~n of the elastic base 

shear history. 

A quantitative relation between the maximum elastic and inelastic interstory drift 

ratios and the damage is not evident. Although an increased drift ratio implies an 

incrrased damage, this relation cm not be npnsented by a unique fùnction. 

For a value of the maximum elastic interstory drift ratio less than 2%, no or negligible 

damage wiii occur at the pdcular storey. 

In the case, where the first mode dominates the structural nsponse, a strong linear 

increasing relation between the maximum inelastic base sbear and the total damage 

can be concluded. However if the higher modes have a significant effect, this relation 

seems to be reversed. 

5.3 Recommendations for future research 

It is ncommended that future mearch efforts be directed towards the following: 

The study of the damage using other fpilure modes, for example comection failure. 

a The snidy of the relation ktween the reduction in colurnn sections at certain flmrs 

and the sudden incr-se in the damage in such floors. 



Development of a quantitative relationship between the higher mode contn%utiom as 

given by the response spectnun or the Fourier amplitude spectnun of the elastic base 

shear, and the darnage pattern. 
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Figure A.l 
Unscaled ground acceleratioii record # 1 (Loma Prieta record # 1) 
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Figure A.6 
Response spectnim for unscated ground acceleration record # 1 

(Loma Prieta record # 1) 
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Figure A.7 
Response spectrum toi unscaled ground acceleration record 1 2 

(Loma Prieta record # 2) 
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Figure A.8 
Response spectrum for unscaled ground acceleration record # 3 







Figure A.ll 
Strcngth deterioration in percent for record # 1 (Lom Prieta mold # 1) 

2.5% str;iin hsrdcaing ratio 



Figure A.12 
Strength deterioration in percent for record # 1 (hm Prieta record # 1) 

5% s t m h  bardening ratio 



Figure A.13 
Sttength deterioration in percent for record # 1 (Loni Riet. record # 1) 

10% strain hardening ratio 
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Figure A.16 
Maximum interstorey drift ratio for record # 1 (Loma Prieta record # 1) 
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Figure A.17 
Strength deterioration in percent for record # 2 (hm Meta record # 2) 

5% stnin hardening tatio 







Figure A.20 
Strengtb deterioration in percent for mord # 3 (Northridge record) 
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Figure A.22 
Maximum interstoiay drift ratio for record 1 3 (Northridge record) 
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Strength deteriorition in percent for record 11 4 (Long Beach) 
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Figure A.25 
Maximum interstorey drift ratio for record # 4 (Long Beach record) 



Figure A26 
Strength deterioration in percent for record # 5 (Morgan HUI) 
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Figure A27 
Strcngth deteriontion in percent for record # 5 (Morgan Bill) 
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Figure A28 
Strength deterioration in percent for record # 5 (Morgan Bill) 
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Figure A.31 
Maximum interstorey drift ratio for record # 5 (Morgan Hill record) 
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Figure A.32 
Fourier spectrum for base shear history record #1 

(Loma Prieta record # 1) 
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Figure A.33 
Fourier spectrum for base shar history record #2 

(Loma Prieta record 1 2) 
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Figure A.35 
Fourier spectium for base shear history record #4 

(Long Beach record) 
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Figure A.36 
Fourier spectrum for base shear history record #S 

(Morgan Hill mord) 
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Figure A.37 
Fourier spectrum tor roof displacement hlstory record tl 

(Loma Prieta record # 1) 
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Figure A.38 
Fowier spectrurn for roof displacement histoiy record #2 

(Loma Prieta record # 2) 
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Figure A.41 
Fourier spectrum for roof displacement history record #5 

(Morgan Hill record) 



















FORTRAN PROGRAM FOR CALCULATING 
THE RESPONSE SPECTRUM OF GROUND 

ACCELERATION RECORDS 

CC-PROGRAM TO CALCULATE THE RESPONSE SPECTRüM OF GROUMI ACCELERATION 
CC THE PROGRAM IS MODIFZED FROM A P R O G W  ACCOMPANYING THE EXAMPLE 
CC MAN17ALS OF THE PROGRAM ABAQUS 
CC 

PROGRAM RESPON 
IMPLICIT REAL*8 (A-K, 0 - 2 )  
DIMENSION A ( 2 , 2 )  , B ( 2 , 2 )  ,Q(QOOO) ,QP(40OO) ,QPP(QOOO), 
lACC(4000) ,TAB(8) ,FR(1000) ,QM(lOOO) IQPM(lOOO), 
IQPPM(IOOOI 
parameter(one=l.dO,two=2.d0,zero=0.dO,dt=5.d-3,fact=-~.316d-2~ 
DATA NACC/4000/ 

C DATA NACC/~~OO/ 
DATA FREQMIN/O.~~~O/ 
DATA FREQM?U/10.d0/ 
DATA INT/1000/ 

C STORAGE ALLOCATED FOR A MAXIKüK OF 2500 TIMEPOINTS 
C IN THE EARTHQUAKE HISTORY 
CC READ ACCELERATION HISTORY FROM FILE. 
CC DISPLACEMENT SPECTRUM 
CC WILL BE WRITTEN TO FILE *.DISI VELOCITY SPECTRUM TO FILE * .VEL.  
C 
C * * * *  TIME INTEGRATION FOR LINEAR ACCELERATION (EXACT SOLUTION) 
C DATA DAMP DENOTES DAMPING AS PERCENTAGE OF CRITICAL DAMPING 
C DATA FREQMIN AND FREQMAX DEFINE FREQUENCY RANGE 
C DATA INT DEFINES NUMBER OF POINTS IN FREQUENCY RANGE 
C** THIS INPUT ASSUMES THAT 3010201.1NP HAS BEEN COPIED TO QUAKE.AMP 

OPEN (üNIT=l , STATüS= @ OLD I , FILE= l L03 .AEQ ) 
0PEN(WIT=lS,STATvS=1UNKNOWN1,FILEI'L03sc.DIS1) 
0P€N(üNIT=16,STATUS=1üNKNOWN1 ,FILE=1L03~~.VEL1 ) 
FRAC=ONE/DBLE ( INT - 1) 
DAMP=2 .d-2 

C*** INITIATE AMAT,BMAT BEFORE TIME INTEGRATION 
DO 10 r=1,2 
DO 10 J=1,2 
A ( 1 ,  J) =ZERO 
B (1, JI =ZERO 

10 CONTINUE 
Ce* READ AMPLITUDE DATA AND STORE ON ACC (2500) 

ACC(l)=O. 
READ(1,31) (ACC(I21, I2=2, (NACC-1)) 

31 FORMAT (8 (EIO.QE1) ) 
ACC=ACC* FACT 
DFREQ=FREQMAX-FREQMIN 

C** CHOOSE DAMPING. 
C** DAMPING MUST BE LESS THAN CRITICAL (BETWEEN 0.0 AND 1 . 0 ) .  
C DO 300 fRSI=1,3 

IF(DAMP.GT.ONE) WRITE(6,lI) 
11 FORMAT(/,3Xt50HTHIS PROGRAM IS WRITTEN FOR UNDERDAMPED CASES 

ONLY) 



C** CHOOSE FREQUENCY FROM THE RANGE (FREQMIN, FREQMAX) 
DO 2 00 IFREQ=l, INT 
FREQIN=F~QMIN+FRAC*DF~Q*DBLE(IF~Q-1) 

C** FREQMXN MüST BE GREATER THAN ZERO 
PI =TWO*ASIN (ONE) 
VXS I=DAMP 
FREQ=FREQINfTWO*PI 
DEWSQRT (ONE -vXSI*VXSI) 
vRATIO=ONE/DEN 
FREQE=DEN* FREQ 
XSIWT=VXSI* FREQ*DT 
ETAWEXP ( - XSIWT) 
SINWT=SIN IFREQE*DT) 
COSWT=COS (FREQE*DT) 
A (I ,1) =ETAU* (VXSI*VRATIO*SINWT+COSWT) 
A ( 1,2 ) =ETAU* SINWT/FREQE 
A(2,1)=-ETAU*FREQ*VRATIO*SINWT 
A (2,2) =ETAU* (COSWT-VXSI*VRATIO*SINWT) 

C 
T ~ ~ I = ( T ~ ~ * ~ ~ ~ I * ~ ~ ~ I - ~ ~ ) / ~ Q / F ~ Q / F R ~ E / D T  
XSIF=VXSI/FREQ/FREQE 
FREQI=ONE/FREQ/FREQ 

C 
B(l,l)=ETAU* ( -  (XSfF+TXSI) *SINWT- 
1 (FREQI+TWO*vXSI*FmQI/FREQ/DT)*COSW)+ 
2 TWO*VXSI*FREQI/FREQ/DT 
B(~,~)=ETAU*(TXSI*SINWT+TWO~VXSI*FREQI/FREQ/DT*COSWT)+ 
1 FREQI-TWO*vXSI*FREQI/FREQ/DT 
8 (2,l) =ETAU* ( - (FREQE*COSWT-VXSI*FREQ*SIN) #(TXSI+XSIF) + 
1 (FREQE*SIM~T+~XSI*FREQ*COSWT)*(FREQI+TWO*VXSI*FREQI/ 
1 FREQ/DT) ) -FREQI/DT 
B (2 ,2 )  =ETAU* ( (FREQE*COSWT*VXSI*FREQ*SI~) *TXSX - 
1 (FREQE*sIMYT+vxsI*FRE~Q*coSWT)*TWO*VXSI*FREQI/ 
2 FREQ/DT) +FREQI/DT 
DO 100 IT=l,NACC 

IF(IT.EQ.1)THEN 
C* INITIALI CONDITIONS 

T=O .dO 
Q(1) =O.dO 
QP (1) =O .dO 
QPP (1) =ACC(l) 

ELSE 
T=T+DT 
Q(IT)=A(l,l)*Q(IT-l)+A(l,2) *QP(IT-1)+B(1,1) *ACC(IT- 

l)+B(1,2) 
1 *ACC(IT) 

QP(IT)=A(2,1)*Q(IT-i)7A(2,2) *QP(ITI1)+B(2,1) *ACC(IT-l)+ 
1 ~ ( 2 ~ 2 1  *ACC(IT) 

QPP (IT) =ACC (IT) -QP (IT) *TWO*VXSI *FREQ*Q ( I Q  
ENDIF 

100 CONTINUE 
QMAX=O. do 
QPM?üC=o .do 
QPPMAX=O. do 
DO 110 II=l,WC 
QABS=ABS (Q (II) 
QPAsS=AaS (QP (II) ) 



QPPABS=ABS (QPP (II) ) 
Q M A X = W  ( Q W ,  QABS 
QPMAX-MAX (QPMAX, QPABS) 
QPPMAX=MAX (QPPKAX, QPPABS) 

110 CONTINUE 
QM (IFREQ) =QMAX 
QPM (ZFREQ) =QPKAX 
QPPM (IFREQ) =QPPMAX 
FR (IFREQ) =FREQIN 

200 CONTINUE 
DO 210 LI=l,INT 
WRITE (15,211)  FR(L1)  ,QM(LI) 
WRITE(l6,211) FRILI) ,QPM(LI) 

210 CONTINUE 
211 FORMAT(lX,E12.5,1H, m . 5 )  

DAMP=DAMP+O . O2dO 
300 CONTINUE 
990 CONTIMJE 

STOP 
END 



SAMPLE DRAIN-2DX INPUT FILES 

B.1 Sample elastic analysis input file 

STARTXX 
nr021 O 1 1 1  

+NODECOORDS 
!BASE NODES 
C 1 O . 
C 2 8 .  
C 3 1 6 .  
C 4 2 4 .  
!GRID EDGES 
C 11 O. 
C 14 24. 
C 101 O. 
C 104 24. 
! GRID GENERATION 

elastic dynamic analysis 

G Il 
"RESTRAINTS 
S Ill 1 
*MASSES 
! TRANSLATIONAL 
! ROOF EDGES 
S 110 135341. 
0. O6543 
! ROOF CENTER 
S 110 91023. 
O. 06543 
! TYPICAL FLOOR 
G 110 160766. 
O .O6543 
! TYPICAL FLOOR 
G 110 109950. 
O .O6543 

MASSES 

101 

EDGES 
11 

CENTER 
12 

! ROTATIONAL MASSES 
! ROOF EDGES 
S O01 53614.7 101 
0.06543 
! ROOF CENTER 
S 001 107229 .4 102 
0.06543 
! TYPICAL FLOOR EDGES 
G 001 33119.3 II 
0.06543 
! TYPICAL FLOOR CENTER 
G 001 126238.6 12 
O ,  O6543 
* ELEMENTGROUP 

02 O 2 4.85E-3 
STRUCTURE 

11 O 1 
! STI FNESS DATA 
! W 840 X 210 

BEAMS & COLUMNS OF THE 



! YIELD SURFACE MY VERY LARGE FOR ELASTIC ANALYSIS 
1 1  1,OElO 

! ELEMENT GENERATION 
! BEAMS FLOORS 1-4 

1 11 
3 13 
4 21 
6 23 
7 3 1 
9 33 
10 41 
12 43  

! BEAMS FLOORS 5 & 6 
13 51 
15 53 
16 61 
18 63 

! BEAMS FLOORS 7 & 8 
19 71 
21 73 
22 81 
24 83 

! BEAMS FLOORS 9 & 10 
25 9 1  
27 93 
28 101 
30 103 

! COLUMNS AXES # 1 
31 1 
34 31 
35 41 
36 51 
37 61 
38 71 
39 81 
40 91 



! COLüMNS AXES # 2 
41 2 
44 32 
45 42 
46 52 
4 7  62 
40 72 
49 82 
5 0  92 

! COLüMNS AXES # 3 
51 3 
54 33 
55 43  
56 53 
57 63 
58 73 
59 8 3  
60 93 

! COLlMNS AXES # 4 
61 
64 
65 
66 
67 
68 
69 
70 

*SECTION 
o. 

SHEAR 
1 31 
1.0 
0.0 

O 
o .  
0. 
0 

1 41 
1 51 
1 61 

*GENDZSP 
4 
14 
11 
14 

*GENDISP 
14 
24 
21 
24 

*GENDISP 
24 
34 
31 
34 

*GENDSSP 
34 

SECTION FOR CALCULATING BASE 

INTERSTOREY DRIFT 1ST FLOOR 

INTERSTOREY DRIFT 2ND FLOOR 

INTERSTOREY DRIFT 3RD FLOOR 

INTERSTOREY DRIFT 4TH FLOOR 



44 1 1 a0 
41 2 -0.16667 
44 2 0.16667 

*GENDISP 
44 1 -1.0 
54 1 1 a0 
51 2 -0.16667 
54 2 0.16667 

WENDISP 
54 1 -1.0 
64 1 1.0 
61 2 -0.16667 
64 2 0.16667 

*GENDISP 
64 1 -1.0 
74 1 1.0 
71 2 -0.16667 
74 2 0.16667 

+GENDISP 
74 1 -1.0 
84 1 1.0 
81 2 -0.16667 
84 2 0.16667 

'GENDISP 
84 1 -1.0 
94 1 1.0 
91 2 -0.16667 
94 2 0.16667 

* GENDISP 
94 1 -1.0 
104 1 1.0 
IO1 2 -0.16667 
104 2 0.16667 

*RESULTS 
!NODAL DISPLACMENT 
NSD 001 102 
!NODAL VELOCITY 
NSV 001 102 
! ELEMENT OUTPUT 
E O00 
! SECTION OUTPUT 
S 001 
! GENERALIZED DISPLACMENT 
GD O01 
"'ELEMLOAD 
BMGL 
G 1 2 

1 1 
-137600. 

2 1 
-liïl2O. 

1 27 
28 30 

INTERSTOREY DRIFT 5TH FLOOR 

INTERSTOREY DRIFT 6TH FLOOR 

INTERSTOREY DRIFT 7TH FLOOR 

INTERSTOREY DRIFT 8TH FLOOR 

INTERSTOREY DRIFT 9TH FLOOR 

INTERSTOREY DRIFT lOTH FLOOR 

DEAD & L m  LOADS ON BEAMS 

103200. 137600. O. 103200. 

87840. 117120, 0 . 87840. 

NODAL LOADS FROM SZDE PRAMES 

110 



G o. 
10 
S o. 
*ACCNREC 

EQ 
1928 8 

* PARAMETERS 
OD O 
DT 0,005 
*GRAV 
E BMGL 
N GRLD 
*ACCN 

nr2.txt(8(f10.3)) NORTH RIDGE REC # 2 
O 2 O ,01873 0.02 0. 

B.1 Simple elastic analysis input Ale 

* STARTXX 
nr02n 0 1 1 1  

ANALYS IS 
*NODECOORDS 
!BASE NODES 
C 1 0. 
C 2 8 .  
C 3 16. 
C 4 24. 
!GRID EDGES 
C 11 o. 
C 14 2 4 .  
C IO1 0. 
C 104 24. 
! GRLD GENERATION 
G 11 14 
*RESTRAINTS 
s 111 1 4 
*KASSES 
! TRANSLATIONAL MASSES 
! ROOF EDGES 
S 110 135341. 101 
0.06543 
! ROOF CENTER 
S 110 91023. 102 
0.06543 
! TYPICAL FLOOR EDGES 
G 110 160766. 11 
O. 06543 
! TYPICAL FLOOR CENTER 
G 110 109950. 12 
O .  06543 
! ROTATIONAL MASSES 
! ROOF EDGES 

DYNAMIC NON LINER TIME HISTORY 



S O01 53614.7 101 104 
0.06543 
! ROOF CENTER 
S 001 107229 - 4  102 103 
O. O6543 
! TYPICAL FLOOR EDGES 
G 001 33119.3 11 14 
O. O6543 
! TYPICAL PLOOR CENTER 
G 001 126238.6 12 13 
O. 06543 
*ELEMENTGROUP 

02 O 2 4,853-3 
STRUCTURE 

11 O Il 
!STIFNESS DATA 
! W 840 X 210 

1 2.Ell ,050 0.0268 3.llE-3 4, 
! W 840  X 176 

2 2,Ell .O50 0,0224 2.46E-3 4 .  
! W 760 X 147 

3 2.E11 . O50 0,0187 1.66E-3 4. 
! W 610 X 113 

4 2.Ell ,050 0.0144 8.75E-4 4. 
! W 360 X 990 

5 2.Ell .O50 0.1260 5.19E-3 4. 
! W 360 X 818 

6 2.Ell .O50 0.1040 3.923-3 4. 
! W 360 X 744 

7 2.Ell .O50 0.0948 3.42E-3 4, 
! W 360 X 509 

8 2 .El1 .O50 0.0649 2.05E-3 4. 
! W 360 X 551 

9 2.E11 ,050 0,0701 2.26E-3 4. 
! W 360 X 421 

10 2.Ell .O50 0.0537 1.6OE-3 4. 
! W 360 X 287 

11 2 .El1 .O50 0.0366 9.97E-4 4. 
! YZELD SURFACES 
! W 840 X 210 

1 2 2.202E6 2.20236 8.04E6 8.04E6 
! W 840 X 176 

2 2 1.77036 1.77036 6.72E6 6,7236 
! W 760 X 147 

3 2 1.32336 1,32336 5.61E6 5.61E6 
! W 610 X 113 

4 2 8,64035 8.642E5 4.3236 4,3236 
! W 360 X 990 

5 2 5.670E6 5,670E6 37.836 37.8E6 
! W 360 X 818 

6 2 4.590E6 4.590E6 31.2E6 31.236 
! W 360 X 744 

7 2 4.1lOE6 4.llOE6 28.44E6 28.44E6 
! W 360 X 509 

8 2 2.751E6 2.571E6 19.47E6 19,4736 
! W 360 X 5 5 1  

9 2 2.98236 2.982E6 21.03E6 21.0336 

3 91 

92 

BEAMS & COLUMNS OF THE 



! W 360 X 421 
10 2 2.25336 

! W 360 X 990 
11 2 1.521E6 

L ELEMENT GENERATION 
! BEAMS FLOORS 1-4 

1 11 
3 13 
4 21 
6 23 
7 3 1 
9 33 

10 41 
12 4 3 

! BEAMS FLOORS 5 é i  6 
13 51 
15 53 
16 61 
18 63 

! BEAMS FLOORS 7 b 8 
19 7i 
21 73 
22 8 1 
24 8 3 

! BEAMS FLOORS 5 é :O 
25 9 1 
27 93 
28 101 
30 103 

! COLUMNS AXES R I 
31 * - 
34 3 1 
35 4 1  
36 51 
37 61 
38 71 
39 81 
40 9 1 

! COLüMNS AXES # 2 
41 2 
4 4  32 
4 5  42  
46 52 
47  62 
4 8  7 2  
49  82 
50 92 

! COLUMNS AXES # 3 
51 3 
54 33 
55 43 
56 53 
57 63 
5 8  73 
59 83 
60 93 

! COLUMNS AXES # 4 



61 
64 
65 
66 
67 
68 
69 
70 

*SECTION 
O .  

SHEAR 
1 31 

1.0 
0.0 

o. 
O . 
O .  
0. 

1 41 
1 51 
1 61 

*GENDISP 
4 

14  
11 
14 

"GENDISP 
14 
24 
21 
24 

*GENDISP 
24 
34 
3 1 
34  

*GENDISP 
34 
4 4  
4 1  
44 

'GENDISP 
4 4  
54 
5 1  
5 4  

*GENDISP 
54 
64 
61 
64 

+GENDZSP 
64 
7 4  
7 1  
74 

%END1 SP 

SECTION FOR CALCULATING BASE 

INTERSTOREY DRIFT 1ST FLOOR 

INTERSTOREY DRIFT 2ND FLOOR 

INTERSTOREY DRIFT 3RD FLOOR 

INTERSTOREY DRIFT 4TH FLOOR 

INTERSTOREY DRIFT 5TH FLOOR 

INTERSTOREY DRIFT 6TH FLOOR 

INTERSTOREY DRIFT 7TH FLOOR 



! NODAL DISPLACMENT 
NSD 001 102 
! NODAL VELOCITY 
NSV 001 102 
! ELEMENT OUTPUT 
E O01 
! SECTION OUTPUT 
S 001 
! GENERALIZED DISPLACMENT 
GD 001 
* ELEMLOAD 
BMGL 
G 1 2 

1 1 
-137600. 

2 1 
- 117120. 

1 27 
28 30 

NODALOAD 
GRLD 

G O. 
10 
S o. 
*ACCNREC 

EQ 
1928 8 
.PARAMETERS 
OD O 
DT -0025 
WRAV 
E BMGL 
N GRLD 
+ACCN 

INTERSTOREY DRIFT 8TH FLOOR 

INTERSTOREY DRIFT 9TH FLOOR 

INTERSTOREY DRIFT IOTH FLOOR 

DEAD & LZVE LOADS ON BEAMS 

103200. 137600. O. 103200. 

87840. 113120. O. 87840. 

NODAL LOADS FROM SIDE FRAMES 
-103200. O. 11 14 91 

nr2.txt(8 (fl0.3) ) northridge REC # 2 
O 2 .O18730 0.02 O. 



FORTRAN SUBROUTINE TO SEPARATE COMPLETE CYCLES 
AND CALCULATE DAMAGE 

C 

c program to calculate the damage based on the Daali-korol formula 
c subroutine for range-pair counting of random data distribution 
c developed by Dr. Sudip Bhattacharjee 
C 

c reterns damge ac beam ends 
C 

C 

subroutine rpr (ch,nline,a, dl,d2) 
dimensio~ z~r!li~fi,dac(20000~,idat(200001,sig(10000) ,dsec(2) 
dimensioz r k : L . 5 1 : 3 )  

C 

nlimit=2:: i ' - 
C 

nstep=L:I I 
do 5000 :cl 1 . -  
itme=2 

C 

d a ~ l = c k  ( ;*--:. : , 
* - dac3=ch t J C  - .  - 

if (dacZ .::-.. :LI::. Enen 
k 2 = I  

else 
k2=-I. 

endi f 
nf=2 
n i = l  
dat (ni) =da:: 
idat (ni) =-kf 
k0=-k2 
imax=O 

200 continue 
itme=itme-l 
nf =nF+l 
datf=th( jel, itme) 
kr=O 
if (k2 .eq. 1 .and. datf .gt. dat2)  then 

k r = l  
endi f 
if (k2 .eq. -1 .and. datf .lt. dat2) then 

kr=l 
endi f 
if (kr. eq. O) then 

ni=ni+l 
dat (ni) =dat2 
idat (ni) =k2 
k3=-k2 

else 
k3 =k2 
if (nf -1t. nline) then 



dat2=datf 
go to 200 

endi f 
endi f 
if (nf -It. nline) then 

kr=l 
datO=dat (1) 
if (kO .eq. -1 .and. dat2 .lt. dat0) k r = O  
if (kO .eq. 1 ,and. dat2 .gt. datO) kr=O 
if (ni .eq, nlimit) kr=O 
if (kr .eq. 1) then 

dat2=datf 
k2=k3 
go to 200 

endi f 
endi f 

300 continue 
c count the stress cycles 

idif f =O 
do 399 i = l , n i  

ki=idat(i) 
if (ki ,eq. O )  go to 399 
il=i+l 
do 310 j=il,ni 

kj=idat (j) 
if (kj .eq, O) go to 320 

continue 
continue 
dacO=dat (i) 
itmp= 0 
jl=j-1 
ternp=datO 
do 330 m=il, j-1 

if (ki .eq. -1) then 
if (dat(m) .gt. temp) then 

iunp=m 
temp=dat (ml 

endi f 
else 

if (dat(m) .lt. temp) then 
i tmp=m 
temp=dat (m) 

endi f 
endif 

continue 

if (itmp.ne-0) then 
idat (itmp) = O  
idif f = i d i f  f+l 
diff=abs(datO-temp) 
sig(idiff =diff  
nfr(idiff)=l 

end if 
C 

399 continue 
if (nf -1t. nline-1) then 

dat (1) =&t(ni) 



idat (1) =idat  (ni) 
dat2=datf 
k2=k3 
n i = l  
kO=idat (1) 
go to 200 

endi f 
c 

imax=idif f 
dsec ( jel) =O 
do 400 k=l,imax 

dunwi=200*a+sig(k) * * 1 . 6 5  
dsec (je11 =dsec ( j e1  1 +dumm 

400 continue 
5000 continue 

dl=dsec (1) 
#=dsec ( 2 )  
end 
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