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Replacing the expression'for ¢c from equation (7.4) in equation

(7.6):
M

R=gp—gy * (1-a)f- ( - ab)f, 7.7
e

Replacing equation (7.3) in equation (7.7), the final form of the

expression for R is given by the following equation:
(F 2 + P§ )

R = m (1 - 2a)d - (X— vab)ﬁe 7.8

The sway moment corresponding to ¥, at which lateral force is

M

zero is PSM.

Therefore

R - Pjﬁ =0
j.e.

FOZ + P56 ]

m 1 - a)¢M - (Z§- ab)ﬁe = PéM 7.9
Where

¢M is the curvature corresponding to e
After dividing equation (7.9) by P5  the following simplified equation

is obtained:

F & & 5
(1—5) 5 + 1 (1'a)"5’}£-(7‘-ab)]=-sﬂ=u])
(o] e o
710
Let

F %
G =
M~ PS5

Equation (7.10) can be simplified as follows:

By
-5—:—?) (G + 1) 5— = (b?{- ab) (G + ’I) 711
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The deflection  is approximately felated to. ¢e as follows: e

2

o 3

'7.12
and the maximum deflection " is related to ¢M and ¢e as follows:
2, =%, + (8, -8) 2L, 7.13
where
Lp = plastic hinge length = 0.35 (chzn) o 7.1k

Replacing equation (7.14) in (7.13) and, dividing both sides of

equation (7.13) by So’ the ratio of -'5}—{- is obtained as follows;
e
5

0=
1]
o>

By 7-15
(o]

The final equation for tp is obtained by replacing the expression
g
for EH- from equation (7.15) in equation (7.11).
e

_ ea) Gusr ) | 216
D T T ) + (-G (T + Gy y

In the above equation the following assumptions are made regarding

the values of a, b and .

a=0.8 717

o
Il

0.8 (G - -%2-&) .18
M

with following limitation on B.

b =1 when GM<3
and

b = 10 when GM)/'IB

¥=b +0.75  when Gy 410
and

¥=b + 1.5 when Gy 3,10
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Significance of the assumptions made

Parameter B is a function of axial load, dimension of the cross-
section of the column and binding etc.
There is always a limit to the value of ',' even when the axial load

is zero.

The expression suggested for a, b, has purely experimental
significance, and the values of a and b are based on the expérimental

work done by many investigators e.g., C.P. Sies and Yamashiro (79 ).

It should be noted that the dimensionless parameter GM is a
significant parameter and it is a good measure of variation of all parameters

of a column.

The agreement between the experimental and semi-empirical formula

suggested is discussed in section (7.3).

7.3 Agreement between the semi-empirical formula suggested for B

and experimental results

To check the validity of semi-empirical formula suggested for Bp»
the results from both experiment and theory have been plotted for a range
of thirty four columns; this is shown in Fig. (7.4). In this figure the
vertical axis represents the experimental values for Mp concluded from

force~deflection curves by finding the ratio by = , and the horizontal

;_
o
axis represents the value obtained using the suggested semi-empirical

formula.
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The agreement between the suggested formula and experimental results

is within the range = 15%

The experimental and theoretical values for bp are tabulated in

table (7.1) for different columns. Also this table includes GM values

and periods* of the columns tested.

7.4 Relationship between ductility at collapse (p ) and circular

natural frequency

The circular natural frequency of a linear oscillator is defined
2 F
as W= % , where K = iz and m = lumped mass of the oscillating system.
y
T ’ , m (r','»m
o) B /
" . /
} L /
AL | J
- i
l |
! ! ‘o & ‘
0 Xy So Su
. ' Fig. 7.6
Fig. 7.5

Consider the idealised form of the force-deflection characteristic

of the column shown in Fig. (7.5). The yield displacement and lateral force

are related to displacement

5 ~and F_as follows:
0 0

Xy =/b, 50 719

and

- o 7.20



The coefficients ™ and /3 used in this thesis are: o{= 0.7 and

ﬂ: =0.4 The reason for the consideration of the experimental force-
deflection curve would reveal a choice of values for and B. The

circular natural frequency is therefore related to Fo and 30, by the

following equation
o(Fo B c(Fog
Béom PO

721
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Where -
P = axial load on the column
Ignoring the weight of the column itself the following equation
is valid. P = mg
: F L
The non-dimensionalised parameter G = (P 5 ) in equation 7.16
O
Section (7.2) is related to w° as follows:
2
6 - £ vL 7.22
M ot g

Where

L = length of the column and g = acceleration due to gravity.

Having expressed GM in terms of w2, the expression for i in terms

of (w2) is '
I .
”Dz.( - ab) (1 +x g') _/_Jﬁ n.23
(¥-b )+ (1-a) (1+x g)
Note

on| N
|:<

e}



If we define the ductility at. collapse B, as the ratio of maximum

displacement (SM) to the deflection at yield (Xy) the expression for Mg is

_5
y B

The graph of ductility at collapse p_ against natural period of
c P

=

"
N
o

Bl

7.2k

=
1l

L))

the column T = é%? is plotted in Fig. (7.8) this graph represents the
variation of the ductility at collapse (uc) with the period T of the
column, as used in dynamic response analysis using the proposed model.

The height of the column is 10 ft.

7.5 Energy absorbing capacity

" The aim of this section is to show the variation of the work done
by the two external forces - lateral force and the axial load, with the

lateral deformation.

The work done by the lateral force is represented as follows:
A

By = j F(&)dd 7.25

which is the area under the F/A curve between o and & .

During the lateral deformation of the column, the vertical distance

. . + .
between the fixed ends decreases or increases by an amount - 5v’ which

is a function of the lateral deformation.

The loss or gain of potential energy is equal to the work dome by

the axial load, and is represented as follows:

P.E = P§_ | 7.26
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WhereS‘ris the relative movement of the ends of the column corresponding
to lateral deformation (Sv is positive when the relative distance between

the ends decreases).

The total energy which the column itself contains (recoverable and
unrecoverable) is the algebraic sum of the work done by the two external

loads and is représented by ET’
Ep = Bpy + PSV

Typical measured variation oiva_for different axially loaded
column is shown in Fig. (7.19) and (7.20). These plots show the variation

of 5—v with time.

It is seen that in the case of a lightly loaded column (e.g. K-8,
Figure (7.19); increase in distance between the fixed ends of the column
occurs. This increase starts'after the occurrence of the tension cracks
near the fixed ends of the column. The increase between the fixed ends
is due to shift of the instantaneous centre of rotation, corresponding to

any instant of lateral deformation of the column.

The sharp change in the curves for EIN’ ET’ and P.E. represents the
end of the complete first quarter cycle, third quarter cycle, etc. and
the maximum energy level of the curve ET represents the total stored energy

at the moment of collapse of the columns.

Much interesting information can be obtained from these curves. The
effect of different parameters on the energy absorption capacity of the
columns can be observed. Among these are the effect of A = P/Bdf'c and

the percentage of reinforcement. These parameters for different columns



are given with the curves, to facilitate the assessment of the effect

of these parameters by the reader.

290.

It is not the intention of this section to assess the precise effect

of each parameter on stored energy. The effect of these parameters on

* moment-curvature and F/A curves can be observed by referring to the

equations developed in chapters five and six.

What is importént about these energy plots is that they portray

some experimental evidence, including:

1.

2.

The axial load carried by the column is a very significant factor
in reducing the ability of the column to absorb vibrational energy

without collapsing.

The total work done E_, and energy EIN’ vary approximately linearly

T,
with lateral deformation, even in the nonlinear range up to-%
of the maximum deflection, and then level off. The total energy is

varying more linearly with lateral deformation than EIN'

The stored energy during the second quarter cycle is an indication

of the degree of deterioration of the column during the first quarter

cycle.
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K-11 S . o
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CHAPTER EIGHT

STRONG GROUND MOTION

8.1 Introduction

L

Earthquakes are one of the manifestations of the manifestations of

tectonic activity of the earth's crust ( 54 ).

Like many fundamental problems in science the genesis of earth-

quakes is controversial.

Strong ground motions due to a normal earthquake are likely to
arise within a restricted region around the focus in the 'near field' and
so an earthquake must be relatively shallow for these motions to reach

an engineering structure at the surface ( 56) and cause damage.

The generic cause of shallow strong earthquakes is the sudden
release of crustal strain energy brought about either by fracture of the
crust of the earth or by movements along an existing fault or faults. This
mechanism gives rise to a train of siesmic waves which propogates through
the crust and appears at the ground surface as a series of pulses. Study
of the strong motion records of various near earthquakes reveals that
there are no common 'characteristics among these records and that these
records diffe; even when the source of the earthquake and the recording

point remain the same.

The strong motion earthquakes are defined on the basis of the
dynamic effects they produce in the vicinity of engineering structures.
o
These effects depend on the source-mechanism, m&de of propagation of

seismic waves, proximity of the structures to the focal volumne, the



magnitude of the energy released and the geology of the site of

engineering structures.

In section (8.3) we discuss the energy flux of strong earthquakes
and the assessment of the maximum ground velocity from geological and

seismological data.

Section (8.4) deals with the main characteristics of strong motion
records which have been used for elastic and inelastic spectra analysis

in this thesis.

Finally in section (8.5) we discuss the properties of the elastic

spectra of the components of strong ground motion records used.

8.2 Energy Flux of Strong Earthquakes

Waves generated along the fault-break of an unbound medium travel
from the source with a continuously expanding front. A seismic
disturbance consists of individual pulses generated at different points
on the fault plane and at different instants in the course of progressive
faulting. Each of these pulses propagates spherically into the

surrounding medium (80, 90).

Further away from the fault, the level of strains in the rock is

low and material damping is usually negligible (90 ).

The energy of an earthquake measures the total energy carried by

elastic waves emitted by the source.

The energy flux of an earthquake at a station is defined as the

energy input per unit area of wave front per unit time.

307.
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If it be assumed that energy radiates spherically from the source
and that the power of the source is constant for a duration of time T,

then:

= E/uRPr 4 3.1

+=j
!

where
F =>energy flux
E = a fraction of total energy released at the source that
radiates in the form of elastic waves;

R

distance of the station from the source; and

T duration of the event at thé source

In formulating equation ( 8.1) in the near field we have neglected
the energy loss (non-geometrical) during the passage of the waves from the
source to the station. Furthermore, we assumed the source to be

stationary.

Taking into consideration the effect of the free surface it can be

shown that the maximum energy Flux Fﬁax is given by:

2 Sj9 8.2
max ' : *

also SARMA (62 ) using a simple model showed that

e

/‘
F'max Ty

F -2k 8.3

mEX Rt
where
“'a' is approximately equal to one for a reasonable value of V/S
where

the velocity of propagation of a rupture and

<
Il

[¢2]
1l

velocity of spherically radiating energy.
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Equating equation (8.2) with (8.3) we get

- a B 3 1 ‘
Uﬁax - (anT )* x R ‘ 8.4
This shows that for a given earthquake, the maximum particle

velocity is inversely proportional to the distance from the nearest point

of the fault.
Equation (8.4) can be written as follows:
2 log U + log (SJ>4a) = log (E/4nR2T) 8.5

Sarma (62 ) (1968) by analysing the available strong motion records
found that (log 6) and log (E/4nR2T) bears the relationship given below
by 2 log U + 3.1 = log (%/4nR2T) 8.6
in this case E was computed from Ba®th relationship:

log E = 1.44M + 12.24

The maximum velocity calculated from equation (8.4) gives an
upper bound value of the maximum velocity as the loss of energy is being
neglected. The measured velocity can be related to the velocity calculated

from the equation (8.4) as follows:

U measured = U calculated e-K R

8.7

Values of K = O.O5/Km at a distance of 10-20 Km, reasonably satisfies

equation (8.7) (Sarma).

For stations located on alluvium, the values which can be used for

' fands are as follows:

F= 1.8gn/cr®  and S = 1.1 x 10°cn/s

1l

for rock

,Pi 2.2 gm/cm3 S=3x 1O5cm/s

— e - A
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-

From equation (8.4) or (8.5) it can be seen that the maximum ground
velocity can be calculated provided the focal distance and the size of

the expected earthquake is known.

The design coefficient may then be found using equation (9.14)

chapter (9 ) as proposed in this investigation.

8.2.1 Energy Density

The energy density is defined as the energy per unit area of wave

front as given by BSth (1966)

The energy density at a station can be determined from a earthquake

record using the following formula:

T

E' = sf 02 at 8.9
0

where
E' = energy density at the point
= wave velocity in the material carrying the wave

mass density of the material

=) \13 0

= particle velociyt at time t measured at the point y/
A

T = total duration of the event at the point.
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8.3 Strong Motion Records used for Flastic and Inelastic Spectra Analysis

Strong motion records are the most important engineering data

available from seismic regions.

The ground acceleration during an earthquake are usually recorded
in three orthogonal directionms, two‘components being in the horizontal
directions, while the third is the vertical component of acceleration.
Fig. 6.13) shows the three components of the accelerations record obtained

" at Pacoima Dam during the San Fernando earthquake.

Acceleraograms do not have a base line (or zero axis) and it is

current practice to produce a 'corrected' acceleraogram by means of a tx<

/v—’_—
~

base line correction*, assuming zero initial velocity, and minimizing the

root mean square velocity throughout the record.

The characteristics of ground motion (acceleration, velocity,

displacement) is obtained from strong motion recording is as follows:

1. Digitization of the accelerogram.
2a Integration to obtain velocity and displacement.
3. Base line correction.

The corrected records of the six components of the six strongest
ground motions ever recorded have been used as input in the analysis of
the present work, some of their important parameters are tabulated in

the following table;

* The 'true' acceleration base line is assumed to be a second order
parabcla, the constants of which are obtained by minimizing the computed

square error in the velocity.
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TABLE 8.1
Earthquake Max. Max. Epicentral
Records and Component | Accel. Veloc. | Magnitude | Distance
Dates in & cm/s Km
San Fernando o .
(Pacoima Dam) S 16" E 1.06 110.08 6.6 8.0
9.2.71
Parkfield 2 o]
27.6.66 N 65 E 0.519 63 5.5 0.1
Elcentro _ 20
18.5. 40 N-3S 0.3129 3243 6.7
Koyna .
10.12.67 Longi tud- 0.63 28.4 6.5 30
inal
Nigata N-s |o0.z7 | o4 7.5 38
16.6.64
Kern County o
(Taft) S 69 E 0.157 16 77 45

These records have been digitized and corrected* at the Engineering

Seismology section of Imperial College.

In the following pages a brief description of the earthquakes is
given, and the corrected acceleration and velocity of the components of

strong ground motion records used is shown in Fig. (8.1), (8.3), (8.5),

(8.7), (8.9), (8.11).
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8.3.1.The San Fernando, California, Earthquake, February, 1971

The earthquake occured at 6.00 a.m. on February 1971 as a result
of rupturing of a portion of trust fault &ipping at a 50 angle below the

’

San Gabrial mountains.

Strong shaking affected a large area north of Los Angeles, and
portions of the city itself. Extensive damage was caused to a variety of
buildings and to dams, highway structures and gas, electricity and water

utilities,approximately sixty deaths resulted.

The most significant aspect of the earthquake from an engineering
point of view was the recor&ing of the strong motions by accelerometers at

many locations throughout the effected area.

The main shock has tentatively been assigned the following parameters:

Magnitude (ML) 6.6

Origin time 14:00 : 41.6 G.M.T. Feb. 1971
Epicentre Location 34° 24,0'N 118° 23.7'W
Depth 13Km.

There are no fore shocks or other precursory activity.
Forty-seven after shocks followed this earthquake.

Tectonic movements associated with this earthquake produced a zone

of surface breakage which trends roughly east-west, and is about 15Km. long.

In this thesis the S-16° E component of Pacoima Dam record of
San Fernando earthquake is used for the study of the non-linear response

of concrete columns. This component of motions shows the highest ever



recorded accelerations, i.e. acceleration in the 0.5 to 0.75g range with

several high frequency peaks reaching 1.0Lg. Fig. (8.1).

The instrument was located near the Pacoima Dam, five miles south
of the epicentre on a small ledge above the east abutment of the
Pacoima arch Dam. The rock at the site is a gneissic granite-diorite

complex, with prominant jointing trends parallel to the canyon.

One of the most damaged buildings in the area was Olive View

" hospital building.
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8.3.2 Imperial Valley, California, Earthquake

This earthquake occurred on 18th May, 1940 with its 40 miles of
‘surface faulting had a magnitude of 6.7. The right lateral displacement
on the Imperial fault was approximately 15ft at the United States Mexico

border, and Richter reports one location with a 19ft displacement.

The record obtained from the strong motion instrument which was
located in the town of El Centro in Imperial Valley, seven miles from
the instrumental epicentre and twelve miles from the maximum fault dis-
placement, where the local intensity was about 7(mm). From Fig. (8.6) it
can be seen that the N-S component of the ground acceleration'showed a
maximum value of about 33%g and that this acceleration was associated with

a total pulse duration of 0.12 seconds.

The N-S component of this recording is used in this thesis for the

non-linear response analysis of concrete columns.

The total duration of the most intense part of the earthquake
during which the ground acceleration was greater than or equal to 31%g

was 30 seconds.

This record has been of major engineering importance and until the,
occurrence ofithe Parkfield earthquake it had been the record with highest

maximum ground acceleration available.

Damage at El Centro

A number of old brick buildings were so much damaged that they were

condemned.
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8.3.3 Nigata Earthquake of 1964

This earthquake occurred at 1.01 p.m. on 16th June 1964 (Japan
local time). The seismological data for Nigata earthquake as given by

reference ( 48 ) are as follows:
Te Originate 13:01:540 16.6.1964
. ) )
2. Epicentre 38.4 N 139.2 E
3. Focal depth about L4Km
L. Magnitude M = 7.5 by Gutenburg-Richter scale.

During the earthquake, settlement and tilting of many concrete
buildings occurred, which is attributed to poor foundation conditions.
The earthquake induced extensive liquifaction of sand deposits in the low

lying area of the town of Nigata by the coast.

The N-S component of the record obtained from the SMAC type strong
motion seismograph installed in the basement of an apartment building of
Kawagishi-Cho Nigata city is shown in Fig. (8.10). The N-S component of
the ground acceleration showed a maximum value of about 13.7%g and the total

duration of this record which has been used in this thesis is 30 seconds.
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8.3.4 Parkfield, California Earthquake

The Parkfield earthquake of 27th June, 1966 was centred on a known

active segment of the San Andreas fault.

This earthquake was associated with faulting that consisted of a
main fracture zone 23miles long and a subsidiary zone of S3miles both

found in the Saint Andreas fault zone. The earthquake had a magnituded 5.5.

An array of 16 strong-motion seismic recording stations were located
in the area. Two hundred feet from the fault break the recorded maximum
acceleration was 50%g and the duration of strong shaking was 1.5 sec.

Little building damage occurred, iﬁ part due to wood frame
construction. Bridges in the epicentral area suffered some structural

damage such as cracks in concrete abutments and buckled steel X - braces.

Ground acceleration fluctuate more rapidly than velocities having
half period of only 0.05 to O..4 seconds. The shapes of the acceleration
pulses are very irregular but they can be approximated very closely by

triangular pulses.

The N—65°E component of recorded acceleration at Parkfield 2 has
been used in this investigation for the response analysis of concrete

columns, see Fig. (8.3).

The Kern County, Southern California Earthquake of July 21, 1952

(Strong motion recording at Taft)

The earthquake occurred at 4.52 a.m. (11:52:14 G.C.T.) on 21st July

1952.



This earthqﬁake originated on the White Wolf fault, which is
perpendicular to the San Andreas fault, and the fault motion was mainly
dip slip.A

The engineering aspects have been studied and reported by Steinbrugge

and Moran ( 69 ).

The shock had a Richter magnitude of 7.7 and developed at least

14 miles of surface faulting.

A strong-motion instrument operated by U.S. Coast and Geodetic
Survey at Taft, about 45 kilometres (28 miles) from the epicentre, recorded

the motion on sedimentary rock.

Fig. (8.7) shows the horiéontal component of the recorded ground
acceleration at Taft, California, which has been uséd in the response
analysis of r.c. columns. The maximum acceleration recorded at Taft is
.0.157¢. The predominant half period of S 69OE component of this record

as obtained from the spectral acceleration for 2% damping is 0.23 sec.

Farthouake damage to reinforced concrete structures

Most of the buildings of poured in-place reinforced concrete
construction suffered only minor damages. The total damage to this type
of building represented about 1% of the value of the building and 76%

of the concrete building were as a whole undamaged.
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8.4 Strong Motion Response Spectra

[

The spectra, calcﬁlated from the recorded ground acceleration, are
plots of the maximum response to the earthquake of a simple oscillator
over a range of values of its natural period and damping. These curves
provide a description of the frequency characteristics of the groun motion
and give the maximum response of simple elastic structures to the
earthduake. The concept of response spectra of ground-motion was first
introduced in engineering by Benioff (1934) and later by Biot (1941)

and Hoursner (1941).

The response spectra can be expressed in terms of relative displacement

relative velocity and relative or absolute acceleration (Hudson 1956) (87).-

Fig-.(9.1) is a schematic representation of the deformed shape
assumed by an idealised one storey structure whose rigid foundation under-
goes a displacement equal to earthquake motion, g (t) of the ground. The
columns deform thereby permitting the mass to displace relative to the
ground by the amount U = x - go(t) where x is the displacement of the

mass from the position of rest.

The response at any instant of this single degree of freedom system

to an arbitrary time dependent ground displacement g, is given by

2
m 4 (U+g)+C W,k =0 8.10
dt2 o dt

where

m = mass

Q
1

viscous damping coefficients (of the dashpot).

-~
1l

shear stiffness of the columns



equation (8.10) may be simplified to

U+ 2)\w0 U+ won = -g(t) . 8.11
where

W =,-§ undamped natural frequency of vibration of the
oscillator.

A= £ — = fraction of critical damping if the motion

starts from rest

i.e.
U=U=0 att=20
The solution of the equation is given by
t
U=- % g™ e_kwo(t _nr)sin “w(t - )1 ar 8.12
o
where
y
w=w (1- M)? = damped natural frequency of vibration

of the system.

From equation (8.12) the relative velocity is found to be

] Aw
U=\ g™ e-Nﬂ’o(t _7J)Cos [Y(t _1’)] aT + _WS.*
° %
v g™ AL (t -T) Sin Ew(t -’T’)] aT 8.13
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The relative accelerations:

t
w  WoAZw?
U = — g@) A gin (¢ var
o
£ A
+ 20V g) e-hwo(t _’r)Cos Wit -1ar - gt) 8.14
o

and the absolute acceleration

t
. e W - oW
Ua =U + g(t) = .__Tilé__il g(1) e-Awg(t _q%in wit - )d
o
t N .
+ 2%5* g(™) e-Awo(t -7 Cos W(t -T)d7T”’ 8.15
)

For a given undamped frequency (WO) and critical damping ())

the spectrum values are by defination:

Sd = relative displacement spectral value
Sv = relative velocity spectral value
Sa = absolute acceleration spectral value

for a given ground distrubance g(t), these maxima occur at different

instants, and persist for a very short time.
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4

8.4.1 Pseudo-Spectrum

The expressions for absolute acceleration, relative velocity and
" the relative displacement as given by equations (8.15), (8.13) and (8.14)
would simplify if the critical damping coefficient is small. Hence the
quantity (1 - AZ)% would be close to one, and terms of the order of A and

A2 may be omitted, and these equations would reduce to the following

equations: &
u, = - -"w-; g( ) e MY (¢ -Tgin w (t -Mat 8.16
(o]
t |
ﬁp - - e@) e Mot - Migg w (8 - Tar 8.17
0
)
= | &M M (6 Mgy W (t-7) av | 8.18
o

The maximum value of the velocity response is unaffected if we

replace the cosine term in equation (8.17) by sine.

Hence:
sdp = luplmax 8.19
= |u | = ws 8.20
vp Pl max o dp
s =|U | =u %S 8.21
ap aph max o dp
Where S Svp, and Sap represent the 'pseudo-gspectra' of the

dp’

ground movement. For A= o, we have:
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'S and

sd dp

S =8 but
a ap

because of the replacement of cosine by sine

SV # Svp
For small values of damping (i.e. »§{20%) the difference amounts to

about 7% betweenpseudo and exact spectra except for the velocity spectra

which may differ by as much as 20%.

8.4.2 Application of Response Spectrum

The maximum seismic force developed in the single-degree-of-freedom
system as a result of a given earthquake is directly obtainable from the
velocity spectrum of that earthquake. Thus, when the spectrum is known
the maximum base shear FB, tranémitted into the structure from the ground,
which is equal to the lateral seismic force developed in the columns,

may be directly expressed as follows:

'I' .
FB =Kumax = KET‘.SVP 8.22
or alternatively
Svp Sap
Fp o= (u g)\«I:(g) W = Cw 8.23

where C, is the so-called lateral force coefficient or dynamic load

factor, and w is the weight of the system.
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8.4.3 Numerical calculations

To calculate the spectrum of the given earthquake for given X\ and
LA the ground acceleration records may be approximated by a segmentally .
linear function, and the exact solution to the governing differential

equation for successive linear segments of excitation is obtained.

The response spectra for six strong motion earthquake records under
study are shown in Fig. (8.2) (8.4) (8.6), (8.8), (8.10), (8.12). The
technique of the numerical calculations is desciibed by Sarma ( 62)

and Paul Jemnings ( 86 ) (1969).
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CHAPTER NINE

RESPONSE OF A CONCRETE COLUMN TO EARTHQUAKE MOTION -

9.1 Introduction

The intention of this chapter is to determine the degree of damage
experienced by a concrete column whose base 1s excited by a real earth-

guake motion.

The response of a concrete column depends on the combined effect

of its load, restoring characteristic, and ground motion.

The load restoring characteristic of the concrete column is

represented by a realistic non-linear model based on experimental evidence.

For strong motion earthquakes which are of interest for design of
engineering structure, the time history of acceleration of the ground
appears to be a random function over the 'Strong Motion' portion of the
earthquake which for very large eafthquakes may last 30 seconds. Since
no two earthquakes are identical it is attempted to study the effect of
the main parameters of ground motion regarding their effect on the response
of a concrete column. These parameters are the maximum ground acceleration,

the maximum ground velocity, and the duration of the record.

Six components of the strongest ground motion yet recorded are used
in the response énalysis, and the non-linear response spectrum of the
concrete column is related (i) to the maximum velocity, (ii) maximum

acceleration of the record and (iii) duration of the record.

-
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9.2 Hysteritic Behaviour of Reinforced Concrete Columns
~

/‘//

Tﬂe object of this section is to provide qualitative information
regarding the ductility and energy dissipatidﬁ capacit&.of'the concrete
columns subjected to lateral load reversals. Also this qualitative information
provides some guide lines for a realistic model of the lateral-force
deformation response of the concrete columns to be assessed. Such a model
need not be point-wise exact but should represent with a sufficient degree of

accuracy the stiffness and strength degradation properties of reinforced

concrete columns.

Lateral force-deflection curves of reinforced concrete columns subjected

to varying lateral cyclic deformation are shown in Figures (6.2) (6.17),

(9.8 - 9.13.

The prime variables are: the loading history imposed on the test
specimens, axial load, the percentage of longitudinal reinforcements, and

height to depth ratio.

Six of these columns were subjected to a series of step-wise increasing
symetric displacement cycles. The hysteritic diagrams of the lateral load-

deflection of these columns are shown in Figures (9.8-9.13), (6.2).

The second programme of cyclic loading performéd was to deform the
columns incrementally at a constant rate until the lateral resisting force
has fallen to zero on the falling branch of the F/A curve, which
corresponds to (SM)L Direction of loading was then reversed and a cyclic
routine was performed between +SM and -SM. Eventually collapse of the column
occurred due to the inability of the concrete at this stage to maintain the

normal load; the concrete core in the hinge zone was crushed and the
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longitudinal reinforcements had buckled. Typical hysterisis behaviour of

the columns subjected to this programme of loading is shown in Figures (9.13),

(6.8), (6.12), (6.36).

Photographs of the hinge zone of the concréte column K-11 at different
stages of cyclic deformation are shown in Figures (1-1 ) to (1.3 ). These
photographs show the process of formation and closure of flexural cracks,
spalling of the cover to reinforcemeﬁts during the cyclic loading performed,
and eventual crushing of the concrete core which led to the collapse of the

concrete column.

In the third programme of cyclic loading, limited cycling was carried
out during the formation of the first and third quadrant of the F/p curve.
Figure (6.17) shows the behaviour of concrete columns under this scheme of

cyclic loading.

As can be seen from these figures, the outer envelope curve for these
columns is the same as would be found if cycling had not been .performed; it

- has neither increased or decreased the maximum value of F or & .
9.2.1 Definitions -

Primary Curve

A plot of the relationship between lateral force and deflection obtained
by increasing the deflection monotonically will be called here a "primary

curve'.

Unloading Curve

If the deflection is decreased from a value above the yield limit of
the column, another curve will be traced in the force-deflection plane which

will be called an "unloading curve'.
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Reloading Curve

After unloading as described in the previous paragraph, consider that
the deflection is increased agaln from a certain stage of unloading. A

curve will be traced which will be called a "reioading curve',

Envelope Curve . —

The locus of broken curves joining the end of the reloading curves to
the start of an unloading curve will be called an "envelope curve"

(See Fig. (6.17)).

Reversal Path

If the deflection is decreased to zero from a value above the yield
limit of the column and then increased in the opposite direction, a curve
will be traced in the force-deflection plane which will be called the

"reversal path" (see fig. (9.12) RQR' is a reversal path).

Instantaneous Stiffness

Stiffness is defined as the ratio of the force increment to the
corresponding deformation increment. The slope of the general force-

deflection curve is defined as "instantaneous stiffness'.

9.2.2 General discussion

The following conclusions are based on the results of tests reported

herein:

(i) The response of test specimens under load reversals was markedly
non-linear due to a combination of (a) the axial load (b) displacement
level (c) the history of inelastic cyclic deformation it had undergone.

(d) the Banchinger effect in the steel (e) shear deformation.
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(i1) ~  The most significant factor in reducing the number of cycles to
failure is an increase of the non-dimensional parameter P/Bdf'c. Compare
the number of cycles to failure of columns G2 and K-9 shown in Figures (6.2)

and Figures (9. 92).

(1ii) The initial loading and the unloading stiffness decreased with

number of cycles and with increasing the lateral deformation.

(iv) Continued cyclic loading of the column at a given displacement

level causes reduction in the size of the hysterisis loop (See Figures 9.14).

(v) When A = ﬁgf_' £ 0.2 the envelope curve and the primary curve
c

nearly coincide with one another.
(vi) A reversal path started at any point, joins the primary curve
on the opposite side almost at the point where the last unloading has

occurred.

(vii) The instantaneous stiffness of a reversal path decreases more
rapidly when a concrete column is subjected to lower axial load and a lower
percentage of reinforcements as compared with the columns subjected to higher

axial load and percentage of longitudinal reinforcements.

See the pronounced pinching effect of the hysterisis loops of column

G3 as compared with column G2, shown in Figures (9.9) and (6.2) respectively.

(viii) The envelope curves of the first and third quarter cycles are
symmetrical about the origin if P/Bdf'C is less than 0.2. Columns carrying
higher axial loads exhibit larger lateral resistance in the third quarter
cycle envelope curve, but smaller maximum lateral deformation as compared

with the first quarter cycle envelope curve. See column G3 Figure (9.9).
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9.3 Stiffness degrading model for calculating the dynamic response of

Reinforced Concrete Columns

In order to account for the energy loss through hysterisis and the

reduction in the average stiffness, a series of rules are proposed to define
the shape of the force-displacement relationship at different levels of
deformation. These rules are based on the observation of the tests described
in section (9.2). These tests were performed under a slow rate of
deformation called '"static cyclic loading'. The effects of high loading rates
on the behaviour of reinforced concrete beams have been studied by

V. V. Bertero et. al. ( 13 ). They concluded that, 'the rate of loading
influenced significantly the energy absorbed during the first excursion to

a displacement amplitude at or just beyond first yielding. Since the effect
of rate of loading on strength diminished as the amplitude of the
displacement increased beyond yilelding, the less significant £he strain rates
became regarding these energies", also Celebi M. ( 24 ) suggests that there
is no éignificant effect of dynamic loading on the stiffness degrading and
energy absorption properties of the beam specimens tested. The only
influence of dynamic loading appears to be an increase in yield strength by

as much as 20%.

Therefore a stiffness degrading model which represents the hysterisis
loops of concrete columns subjected to slow rate of deformation can be used

for dynamic analysis.

Assumed stiffness characteristics of the analytical model have a
very important role in determining the dynamic response. The model is

described in the next two sections.

W
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P = load reversal point or intersection point of the force-deflection

curve with the displacement axis

XP = Deflection corresponding to point P.

Si = Slope

F(a) = Force at point A on the force deflection curve

U(A) or X(A) = Deflection at point A on the force deflection curve
S(AB) = Slope of line segment AB

An apostrophe ' is used to indicate the corresponding point in
negative region of the force-deflection diagram (i.e. the third quarter

cycle).

The "beginning! and "end" of a line segment are determined from the

direction of the arrow on that segment in Fig. 0.7).



346.

The following definitions and notations are used to simplify the

description of the hysteritic rules:

Ioading = An increase, without change in sign, of the absolute

value of the force.

Unloading = A decrease, without change in sign, of the absolute

value of the force.

Ioad reversal = Change in sign of the force with respect to the one

in the last load stop.

(The above definitions are not valid in case of tﬁe falling branch)

AK1 = The first slope of the primary curve

AK2 = The second slope of the primary curve

AK3 = The third slope of the primary curve

K = Stiffness to be used in the next load increment

0 = Origin of the primary curve

A = Yielding point on the primary curve

B = Ultimate point on the primary curve

C = Maximum deflection point on the primary curve at-which the lateral

resistance is zero-

U = Point at which current calculations brings

R = Point on the primary curves at which unloading begins

L = Point on the primary curves at which last unloading began

86 = Deflection corresponding to maximum lateral resistance point (B)

on the primary curve

F = Maximum lateral resistance
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9.3.1 The Primary Curve

The following assumptions are made regarding the primary curve:

1. The primary curve consists of three linear segments (OABC) the third

one of which has a negative slope, see Fig. (9.14).

2e The primary curve is symmetrical about the origin i.e. the same
ultimate force can be developed in either direction. The first break in

the curve represents the elastic limit. The coordinate of the point (A)
is (F_,A5).

The second break in the curve represents the end of rising branch
of the force-deflection curve which is being idealised. The coordinate

of this point represented by B in Fig. (94 ) is (FB, écg'

The third segment of the primary curve is defined by the coordinate
of the point B and coordinate of the point on the force-deflection curve
where the lateral force is zero, (i.e. point ¢ in Fig. (9.4 ), the

coordinate of this point is (O.,S}R.

Note

For a particular column with known parameters the value of o(,/@,
FB, So’ and.SM are found by foreseeing the lateral force deflection curve

as explained in chapter (4).

In section (9.5.1) the primary curve is defined in terms of

dimensionless parameters T, q, Moo (% ,ﬂ .
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9.4 Response under load reversal

9.4.1 General Rules

The reversal path is guided by the primary curves in the first and
third quarter cycles OABC and OA 'B'C' in Fig. (9.4). The "reversal path"
in general consists of two line segments defined as "unloading path" and

"reloading path'.

1. Unloading Path

The unloading path is represented by a straight line. This path is
characterized by two parameters: (1) co-ordinate of the point at which
unloading starts (2) the gradient of the line joining the starting point
of unloading to the.yield point (A or A' on the primary curve depending on
the direction of unloading). For example consider unloading path at

different stages in the loading history shown in Fig. (9.7).

(1)  Unloading path R3 P3 in Fig. (9.7) segment (9)

s(ﬁgPB) = S(R;A")
(2) Unloading path R,P, segment (11)
s(quu) = S(RAA)

Exception: If the slope of the unloading path determined according to the
above rule exceeds the initial elastic slope then the required gradient would
be the same as the initial elastic slope. For example the slope of the
unloading path RgPg (segment (21) in Fig. (9.7)) would be the same as the

slope of the line OA.

S(RgPg) = S(OA) since S(Rgh) > s(0R).
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2o Reloading Path

The reloading path is represented by a straight line. This path is
characterized by two parameters (1) co-ordinétes of the point Pi, the
intersection of the unloading path with the deflection axis, (2) the
slope of a line joining the point Pi to a point on the primary curve from

which last unloading started during the previous cyclic loading.

For example, consider reloading paths at different stages of loading

history shown in Fig. (9.7).

(1)  Reloading path R, (segment 10)

Ps
S(PBRA) = S(PBRZ)

(2) Reloading path P5R5 (segment 12)

S(§;§5) = s(PZﬁ%)

Exception: If the deflection of the point on the primary curve from which
the last unloading started in the previous cycle is less than the deflection
of maximum lateral force, then the slope of the reversal path is the

same as that of the straight line Jjoining the starting point of the last
unloading path to the yield point on the opposite direction. For example
consider figure (9.7) the reversal path R2 to A, and the unloading and

reloading path follow the same straight line R_A since X(R1) << X(B).

2
The model discussed is illustrated for three loops of column G2

in Fig. (9.6).
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- In the folléwing paragraphs the rules of the hysterésis system
are described in terms of the definitions given in section (9.2). An

example is provided below to help the interpretation of the rules.

Example
Rule 3: Ioading on the primary curve after maximum lateral resistance
point (B).
3.1 loading: K = S(BC), go to rule 3.
3.2 unloading: unloading point = R1, Fig. (9.5)
K = S(R1A').
Interpretation

Rule 3 governs if loading starts on the primary curve after maximum

lateral resistance point (B) has exceeded.

If the increase in deformation continues in the same direction the
path of the force-deflection follows the primary curve for that increment
with the slope (K) defined by the primary curve (slope of segment BC).

For the next increment, rule 3 continues to govern.

If deformation is decreased (3.2 unloading) from the point R1, the
slope.is defined by the slope of the line joining R1 to the yield point A'
on the opposite primary curve. Calculation for that increment uses the

slope of (RqA‘).' The next increment is governed by rule 5.

Hysteresis Rules (See Fig. (9.7), (9.5)).

Rule 1: elastic stage (Fig. 9.7) segment (1)
1.1 loading

1.1.1 X(u) £x(a) : K = S(0K) go to rule 1.



Rule 2:

Rule 3:

Rule 4:

Rule 5:
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1.1.2 X)) P X(A) : K = S(AB) go to rule 2.

1.2 unloading and load reversal : K = S(0A), go to rule 1.

loading on the primary curve after yielding and before maximum

lateral resistance point B. (Segment (2) Fig. (9.7)).-

2.1 loading : K = S(&B), go to rule 2.

2.2 unloading : unloading point R1 K = S(RqA') go to rule 5.

Aloading on the primary curve after point B in figure (9.5),

(Segment (3)).

3.1 loading : K = S(BE) go to rule 3.
3.2 unloading : unloading point R1 Fig. (9.8), K = S(RqA')
go to rule L.

unloading from point R1 on segment AB on the primary curve

after yielding (Fig. 9.7).

4.1 loading
4.1;1 X(uw) LX(@R1) : K = s(ﬁqf.')

b2 X)) > xR : K S(AB)

4,2 unloading : XK = S(RqA') go to rule 4.

unleoading from point = R2 on segment B'C' on the primary

curve after yielding (9.7)

5.1 loading

5.1.1 | x)] <Ix®)l K = S®A)
5.1.2  |x@) >]x(®RY)| : kK = s(BCH



Rule 6:

"Rule 7:

Rule 8:

Rule 9:
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unloading from point R, on segment BC on the primary curve,

3
the last unloading started at R, (X(R2 > X(B') see figure 9.7).

6.1 loading

6-1.1  X(u) {X(R;) : K S(RAT)

6.1.2 X(w) PX(R;) : K = S(BE)
6.2 unloading : K = S(RBA') go to rule 6

loading towards point R, on the primary curve from load reversal

3
point P, (see Fig. 9.7)

7.1 loading

7.1.1 X(u)(X(RB) i K o= S(PR,)

7.1.2 X(@) > X(R;) : K = S(BC)

7.2 unloading; unloading point = R5
K = S(R5A')

unloading from point Rg (Fig. 9.7)

if S(Rgh) < s@®Rr) : K

s('ﬁéi)

S(0K)

if S(RghA) > S(0K) : K
partial unloading from point R, on segment P3R2 in Fig. (9.5)
9.1 loading along RhI

if x| <]x@®) L : K = s(RA)

if  xl > xR, | : K S(R,R,)

9-2 unloading along R,I : K = S(RL*A)



9.5 Response of Yielding Structures to Earthquake Motion

In response calculation of nonlinear structures, where many
parameters may influence the response, some simplifying assumptions are
made, and the influence of tﬁe most important parameters is studied. The
response of simple structures can be idealized by assumihg a single degree
of freedom oscillator whose base is excited by the earthquake acceleration,

time history.

Figure (9.1) is a schematic representation of the deformed shépe
assumed for an idealized one storey structure the rigia foundation of which
undergoes a displacement equal to the earthquake ground motion g (t).

The columns de?orm, thereby permitting the mass to displace relative fo
the ground by the amount U = x - 8 (t), where x is the displacement of

the mass from its original position.

These displacements are a function of time and the structure is there-
fore excited into motions which are opposed by the instantaneous shear
stiffness Ki of the columns and the inherent interval friction of the

(¢

structure.

9.5.1 Equation of Motion

The equation of motion of the structure when subjected to earthquake

excitation is:

2
m g——-(U +g )+ ¢ L F (v)y = 0O 9.1
2 o} dt
dt
d2
where C is the viscous damping coefficient, —, (go) = g(t) the ground
' ‘ ' dt

acceleration, U the relative displacement of the mass m and F (U) is the

restoring force which is the lateral force resistance of the columns.
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Dividing through by m equation (9.1 ) becomes:

5. Sy, M@
m m

+

=-g(t) 9.2

The lateral force-deflection characteristics F(U) of the columns
includes the effect of gravity and consists of linear segments which is

defined by the rules set out in section (9.2)(9.3) and (9.4).

The shear stiffness of the columns X corresponding to a relative
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deformation U can be expressed in terms of the slope of the force-deflection

curve near the origin Ks by:

Ki
as = 7 9.3

The differential equation of motion when the lateral force-deflection

is assumed to follow a general linear segment RP (see figure (9.2)) may be

written as follows:

2

T o+ 2wmb + w’a®, (U - ) =-g(t) . 9.4
where
Fo
Ks = Ezr- = Shear stiffness of the columns near the origin
o
KS
wo= [ = = Undamped natural frequency of vibration of the

system which includes the gravity effect.

A»= C = The fraction of critical damping of small
2“ gt oscillation.

Up is the intercept of the linear segment with the deflection axis

(see Fig-(9.2)).
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The parameters which define the lateral deflection characteriétic
of concrete columns in equation (9.4) are T, Nopls Br a4 = -F—; , and hoo
these parameters define the trilinear primary curve. The reversal paths
are expressed in terms of the co-ordinates of the starting and terminéting

points of the motion which in turn are defined by the cofordinates'of the

primary curve.

The primary curve as represented by the above mentioned parameters
is shown in Fig. (9.2). The parameter q represents the ratio of the maximum
lateral resistance (FO) of the columns to the maximum inertia load F which
corresponds to a rigid column. (F = meax’ where Gmax = peak ground

acceleration)e.

. jﬁfg) is expressed in terms of the
o .

natural period T of the columns and the height of the columns,see section

The ductility at collapse (p

(7.4).

The expression for B derived in section (7.4 ) gives a realistic
value for concrete columns and obviates the use of arbitrary chosen values
for the negative slope of the primary curve. The variation of B with T

for H = 10 feet is shown in Fig. ( 7.8).

The parametersand [3 express the co-ordinates of the yield point

(Fy = °<FB, U_ = BSO) in terms of the co-ordinates of the position of the

¥y
maximum lateral force (F_, 50). The values chosen forqand f are 0.7 and
0.4 respectively. These two values are rather arbitrary but their choice

is based on observation from experimentally determined lateral force-

deflection relationship of concrete columns.
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9.5.2 The Range of Variable Parameters

It can be seen that the variable parameters involved in the response

of the system are T, A\, q, and H for assumed values ofo(and/g.

For every period T of the columns the parameter q is increased from
0.1 to 2.0 in steps of 0.1 for the assessment of variation of ductility
requirements against period for different values of g. While increasing
the value of g, the column passes from a collapse state to a non-collapse
state, at which stage the increment in q was reduced to obtain the minimum

design coefficient.

The height of column chosen in this investigation is 10 feet and

15 feet.

 Since the dissipation of energy due to hysteresis loops are accounted
for in the force deflection characteristic of the column, and other
sources of energy absorption of the system are small, no viscous damping

coefficient is felt necessary and the value of ANwas taken equal to zero.
9.5.3% Excitation

Six components of the six strongest grpund motions yet recorded in
different duration, intensity, magnitude different parts of the world with
distance between the site of recording and the epicentre, quality of the
5011 at the site where the accelerogram was obtained, and the depth of

the hypocentre have been used.

Every earthquake used in this analysis is described in section (8.3)
and the important parameter which define the accelerogram is tabulated in

Fig. (9.17).
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9.6 Response Calculation and Computer Program

Equation ( 9.4) was used in the nﬁmeriCal integration of the response
of the concrete columns to‘real earthquake excitation. The usual |
numerical analysis method of step by step integration was empioyed_
assuming accel:=ration to be linear between time t and t + At using

Newmark's Beta method ( 88), with value of B = 1/6.

A Fortran IV computer program was written and the computations were
done on CDC 6400-6600 digital computers at Imperial College. The step of

integration (At) used were as follows:

For

T = 0.01 - 0.2 secs. Ot 0.005

T 2 0.2 secs. ot = 0.01

These steps of integration were chosen because further reduction of

the integration step size (At) did not modify the response of the column.

The main operation in the computer program is indicated by the flow
chart in Fig.9.15—9.16.1t consists mainly of the reading and interpolation
of the corrected input ground acceleration, the input parameters to define
the force-deflection characteristics of the concrete columns, and the

selection of the right path for each step of integration.

The change from one path to another is displacement or velocity
controlled. When the displacement exceeds the boundary specified or the
velocity changes its signs, the time when these changes occur is obtainéd
by means of single linear interpolation, and the characteristics of the

new path were determined and the process repeated along the new path.
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9.7 Damage Potential and Minimum Design Coefficient

9.7.1 Criteria of Collapse

The degree of damage suffered by a structure as a result of an
earthquake depends on the earthquake demand and the capacity of the
structure. If the demand should exceed the capacity, féilure results.

The demands of an garthquake on the structure with regard to time, frequency
of occurance and intensity are uncertain. The important parameters of

tﬂe strong ground motion for engineering purposes are: the peak values of
accelerations, their sequence of occurrence, their number, their periods

and the total duration of the earthquake.

Assuming that the lateral forces represent the earthquake loading, the
behaviour of a structure which is subjected to this type of loading may be
analysed and the important parameters which describe the capacity of

structure to resist an earthquake can be defined.

Causes of failure of concrete columns during an earthquake may be

expressed as follows:

1. VWhen the deflection* of static failure (UM) is exceeded.
2. Repeated cyclic distortions of the columns during the earthquake.

3., Premature shear failure of a concrete column.

The first possibility of failure during an earthquake is that all
plastic deformatién will take place in one direction until the column
collapses laterally because of excessive plastic drift. Such a case can be
observed in Fig. (9.30), which represents the inelastic response of a

concrete column to Parkfield 2 strong ground motion record.

* See figure (9.2).



A long duration of shaking is responsible for the failure of the
structures, that follow the second criterion of collapse. In this case
the column is required to undergo reversals of stress for a longer period.
Concrete columns which are heavily loaded or have excessive reinforcement

might fail in this manner.

The lack of ductile behaviour of concrete columns is responsible for

the third criterion of collapse during a major earthquake.

9.7.2 Collapse Analysis

The aim of this analysis is to assess the minimum design coefficient
(qc = E%) which is defined as the ratio of minimum lateral force required
to resist a particular earthquake (Fc) to its axial load. To achieve this,
a series of one-degree of freedom systems were subjected to six components
of six earthquakes. The lateral force deflection of these systems is
specified by the trilinear model under consideration, with stiffness

degrading properties.

These columns were defined+by their natural period T, height H and
F
q="/W.

The minimum seismic design coefficient q, was obtained by subjecting
different structures, having the same period and height but variable q,
to a particular earthquake until the required ductility just reaches the

static collapse ductility pc*.

The above procedure was repeated for different periods.

See section (9.5.1)

* B, isa function of T and H, fig. (7.8) shows the variation of b, with

period T when H = 10 feet.

262.
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A graph of minimum required design coefficient against natural period
T for different earthquakes és input excitations is plotted, and shown in
Fig. (9.17). This graph shows the minimum design coefficient which columns
of period between 0.1 and 2.0 seconds should have in order to withstand the

earthquake used in this study.

Discrimination between the effect of very strong earthquakes on
structures is of paramount importance from the standpoint of earthquake
design of structures. It is necessary to defiﬁe an index for the severity
of base motion in order to have basis for comparing structural response to

different earthquake ground motions.

The damage potential or 'severity' of an earthquake ground motion as
regards its effect on a nonlinear hysteritic system is defined by the
peak laterél force coefficient necessary to limit the maximum response
deformation of the system to a prescribed limit. This iimiting displacement
for axially loaded concrete columns is chosen to be the maximum lateral
deformation at which the system would collapse if loaded under'unidirectional

deformation.

A remarkable feature of the graphs shown in Fig. (9.17) is that the
'severity' of the earthquakes wiﬁh regard to their effects on concrete
columns in the period range of 0.4 to 2.0 seconds is directly related to
maximum ground velocity, and the severity of the earthquakes with regard to
their effeét on concrete columns in the short period range of 0.1 to 0.4

seconds is related to maximum ground acceleration.

The 'severity' of the earthquakes used in this analysis in descending
order is: Pacoima, Parkfield 2, Nigata, El-Centro, long component of Koyna

and Taft.



It should be emphasised that the maximum ground velogify is the
most significanf index of 'severity' of the ground motion with regard
to its effect on column behaviour. This parameter is used in section
(9.11.1) to formulate the required design coefficient for a column to

withstand a particular earthquake.

Housner (1952) introduced a measure of intensity based on the pseudo-
velocity spectrum of a linear oscillator with viscous damping. Housner
defined the spectrum intensity (SI)n as the area under the Velocity

Response Spectrum curve:

2.5
(s1) = S (T, n)aT
n pv
0.1

where
Spv (n,T) is the velocity response spectrum, which is a function of
natural period of vibration T and fraction of critical damping n. The

spectral intensity was intended to represent the 'severity' of the ground

motion with regard to its effect on elastic structures.

These (SI)n values have been calculated and tabulated in table (9.1).
The severity of earthquakes assessed in this way also indicate the order
of 'severity' of earthquake effects on nonlinear system% in the period
range of O.4 to 2.0 seconds, but it does not give the right order of

severity in the shorter period range of less than O.4 seconds.

The results of this work suggest that the damage potential of an
earthquake may be assessed in the period range of O.4 to 2.0 seconds on the
basis of the maximum ground velocity, and by the maximum ground

acceleration for periods shorter than O.k4 seconds.
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TABLE 9.1

ST v
Earthquakes a1 T ST v (0.2) max
Location and Component | Magnitude _ ST v
Time (0.02) (0.1) (0.2) max (0.2) e
Fl-Ce* El-Ce*

San Fernando
(Pacoima Dam) s 16° E 6.6 14,7 9.3% 8.3 110.08 | 3.0 3.16
9. 2.71 ,
Parkfield o
27. 6.66 N 65" E 5.5 7.4 3.78 5.35 67.14 | 1.94 1.92
El-Centro
18. 5,40 N -8 6.7 5.5 2.68 2.76 35.04 1.0 1.0
Koyna .
10.12. 40 pongltud- 6.5 3.62 2.86 2.14 31.57 0.775 0.9
Nigata
16 6.6k N-3S8 7.5 3,20 2.86 2.1 56.7 0.76 1.6
Kern County o

(Taft) S 69 E 7.7 3%.18 1.67 1.42 15.97 0.51 0.45
21. 7.52

* El-Ce El-Centro Earthquake - 1940
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9.7.3 Time of Collapse

The time ofvcollapse is defined as the 'time elapsed between the

beginning of the earthquake and structural collapse.

If large plastic displacements are expected when a concrete column
is subjected to strong ground shaking, it is important to know how near to

collapse the column is under the combined action of earthquake and gravity.

The aim of this section is to study the variation of time to collapse

of concrete column with its natural period and the maximum lateral

Fo Fo

F -~ mG y
maXe

resistance level q =

The following five recorded ground accelerations were used for this

purpose:

(1) s 16°.E Component of San Fernando Earthquake - 9.2.1971
(2) N-S Coméonent of El-Centro Earthquake - 18.5.1940

(3) N-S Component of Nigata Earthquake - 16.6.1964

(4) N 65°E Component of Parkfield 2 Earthquake - 27.6.1965

(5) S 69°E Component of Taft Earthquake - 21.7.1952

(a) Variation of time of collapse with the natural period

The columns are defined by the following constants:

Fo Fo
¢ = F = g =01
max
H = 10 feet

Viscous Damping A= O

u, is calcilated using equation (7.23).
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Ten different values for the period of the column were considered,

T = 0.1 to 2.0 seconds with intervals of 0.1 seconds.

The maximum lateral resistance levels q stated above were chosen
s0 that all columns within the period range of 0.1 to 2 seconds would collapse

when subjected to the earthquakes considered.

The time of collapse was determined for each of the ten columns defined

when excited separately by these five earthquake ground motions records.

During an earthquake the collapse of the column is assumed to occur
when the ratio of the relative displacement response to the yield point
deformation exceeds the static collapse ductility (uc) which is given by

equation (7.23 - 7.24).

The variation of the time of collapse (to) with natural period of
small oscillations of the columns (T) when excited separately by the

earthquakes are shown in figures (9.37 to 9.42).

The significant features to be noted in these figures are the

following:

1. When the periods of the columns are between 0.1 and 0.6 seconds, these
figures show marked dependency of time of collapse upon the period of the

columns.

2. For the columns within the period range of 0.6 to 2.0 seconds, the
figures generally show no marked dependency of the time of collapse upon the

natural period of these columns.
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Fo

(b) Variation of time of collapse with the parameter q = o

Using the earthquake records separately as input excitation to the
trilinear stiffness deteriorating one-degree freedom system, the response

was calculated for a series of structures.

Table (9.2, 9.4, 9.5, 9(6)‘gives'a complete listof the trilinear stiffness
deteriorating cases solved numerically and includes time of collapse (to),

together with other characteristics of the structures.

These tabulated results show that the time of collapse increases

with increasing values of gq.

It is interesting to note that the time of collapse of structures,
are mostly within a portion of the total duration of the earthquake records,
e.g.; in the case of the San-Fernando earthquake the structures collapsed
during the first eight seconds. Structures subjected to El-Centro earthquake
mostly collapsed auring the first six seconds of the ground motion except
for structures having longer periods of T = 1.2 and T = 1.3 seconds which
collapsed at 22.95 and 23.79 seconds. It may be deduced that long period
structures are more sensitive to the duration of earthquake than short

period structures.

From.consideration of the relevant earthquake ground motion records
and the times of collapse of different structures subjected to these
earthquakes, it is seen that generally these times of collapse corresponds
to the time interval between the beginning of the records and the positions
of the strong parts of the ground motion record. Since these strong
portions of the ground motion records can occur near the beginning, middle

or end of a recorded ground motion. The time of collapse varies with the
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relative position of these strong parts as well as the parameters q.

Husid (45) studied the artificially generated earthquake response of
a one-degree-of-freedom elasto-plastic structure with gravity acting on it.
He suggested that on the average the time needed to collapse was related
to the height of the simple structure, the intensity of ground shaging, and

the strength of the structure by the following equation.

F 2
t = 2000H (=L ) 9.22
o I
where
to = time of collapse
H = height of simple structure
, F& = yield level in fraction of g
I = intensity of ground acceleration equal to 2.9 for the strong

phase of El-Centro, 1934 and 2.1 for Taft 1952 (Housner and

Jennings, 1964) (42).

The above expression is indendent of period T. It should be pointed
out that equation(9.22) has been derived by analyzing systems having natural

period T = 0.5, 1.0, 1.5 and 2.0 seconds.

The analysis presented in this section shows that the time of collapse
depends strongly on the period of structures in the period range between
0.1 and 0.6 seconds. The time of collapse is less dependent on the period

of the structures with 0.6 T 2 seconds.

Since it has been shown that the time of collapse does depend on the

relative position of the strong portion of strong ground motion record.
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Equation 9.2 clearly does not represent the time of collapse in the case

of real earthquakes.

The assessment of the upper limit of the time of collapse of structures
subjected to an earthquake ground motion can give some ideé of the.effective
part of the duration of strong ground motion records in producing collapse
of structures. The duration of earthquake ground motion increases with
increase in magnitude of energy release and epicentral distance. When the
epicentral distance is very short, the vibration will be felt as a shock
(Parkfield earthquake). As the distance from the epicentre increases the

periods of motion tend to increase and the duration prolongs progressively.

In the case of pulse type earthquake (e.g. Parkfield), the time of
collapse of the columns corresponds to the position of the maximum pulse
in the time history of the ground motion record. As a ma?EFr of infﬁ;ggzw/ )

. T T

the time history of the Parkfield 2 earthquake record which is of 18
seconds duration wigsgggg£53§: Then the new record was used as input
excitation to the concrete columns in the period range of 0.1 to 2.0 seconds,
and the time of collapse of these columns were found. The variation of
time of collapse of concrete columns subjected to the reversed Parkfield 2
ground motion record with the natural period of the columns is shown in
Figure (9.42). It can be seen from this figure that the time of collapse
now occurs after nearly 14 seconds from the beginning of the record, while
when the original record was used the time of collapse was nearly 4 seconds.

This means that the time of collapse for this record mainly depends on the

position of the strong pulse in the time history of the ground motion record.

It may be argued therefore that the primary effect of the total
duration of an earthquake is to cause collapse of concrete columns which are

not able to undergo the required cyclic distoration rather than causing

extra unidirectional drift.
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9.8 Parameters characterising a trianéulaf pulse that can cause equal

maximum plastic drift of concrete columns as that produced by an earthquake

An important design consideration of a concrete column is the
assessment of maximum displacement which would be produced by a severe
ground motion. This dispiacement should not exceed the critical displacement
for which gravity produces a moment just equal to the plastic restoring
moment; when the column is displaced beyond the critical displacement, it

- will collapse under its own axial load.

Collapse analysis presented in section (9.7.2) led to the assessment
of the minimum design coefficient which a concrete column should possess
so that when subjected to a strong earthquake it would not exceed the
critical displacement. The variation of the minimum design coefficient
with the natural period of columns for different earthquake input

excitations is shown in Fig. (9.17).

It is the intention of this section to assess an equivalent
triangular pulse which can be used as input excitation and yield the same
minimum design coefficient as that required by a severe earthquake input

excitation.

Triangular pulses of different duration but of the same maximum
acceleration as the three strong ground motion records used were chosen as
input excitation for a number of concrete columns represented by the model
described in section (9.3). The duration of pulses was varied so that the
required design coefficient to resist these pulses was in close agreement
with that of the minimum design coefficient for the following three

earthquakes:
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1. S 16° E component of San Fernando earthquake
2. N-S component of El-Centro 1940
3. Longitudinal component of Koyna

Figures (9.18), .(9.19),(9.20) shows the variations of the minimum
design coefficient with period, for the three components of the three
earthquakes as well as the three triangular pulses used as input. The

parameters which defines these pulses are shown on these figures.

It was found that the effect of an earthquake ground motion in
determining thé minimum design coefficient can be simulated by means of a

triangular pulse characterised by the following parameters:

1) The maximum acceleration of these pulses should be made equal to the

maximum earthquake acceleration.

2) The area of the triangular pulse should be made equal to the maximum
ground velocity multiplied by a factor. This factor was found to be

equal to nearly two, for thé three earthquakes considered.

This finding strengthened further the belief that the peak ground
velocify is a measure of the damage potential of a particular earthquake
with respect to a given con;rete column, of period greater than O.4 seconds.
See Fig. (9.18) to Fig. (9.20). It should be emphasized that these
triangular pulses cause only maximum plastic drift equal to that produced

by an earthquake excitation.
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9.9 Typical Response Quantities

When a reinforced concrete column is designed to yield when subjected
to strong ground motion, the design procedure requires the knowledge of the

following items:

1. The maximum value of the relative displacement response.

2e The number of times that post yield cyclic deformation will occur (this
factor is of paramount importance in view of the deferioration in
strength with repeated alternating loading into the plastic range).

3. The value of the permanent set (the residual displacement of the system
from its equilibrium position after the aétion of the earthquake ground

motion is over).

In order to assess these items knowledge of the complete lateral
force-deflection response history of the concrete column subjected to
earthquake ground motion is required. In this section the lateral force-
deflection response history of six concrete columns of a trilinear stiffness
degrading model is established using standard numerical integration procedures.
These columns were subjected to support acceleration g(t) corresponding

to the recorded component of motions of the following earthqueakes:
1. Pacoima
2. Parkfield 2
3. N-S component of El-Centro 1940
4. N-S component of Nigata
5. longitudinal component of Koyna

(-3
6. N 21 E component of Taft

- ey
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The basic pérameters of these columns are chosen in such a way that
all have the same height (H = 10 feet) the same natural_ﬁeriod
(r = 0.6 secbnds) zero viscous damping but of different maximum lateral
resistances. The design coefficient of these columns corresponds to the
minimum coefficient required to resist the earthquake to which it is
subjected (%2 = qc).

The six values of q, are obtained from the graphs of minimum design

coefficient versus natural period given in Fig. (9.17).

In order to understand the hysteritic behaviour of the system under
consideration the following response histories have been plotted in

Fig. (9.29) to Fig. (9.36).

a) lateral force-deflection response

b) relative displacement versus time

c) variation of lateral force/unit mass versus time
da) relative velocity response versus time.

The salient features of the response curves are as follows:

a) Many severe energy demands are required for columns subjected to
long duration earthquakes (e.g. El-Centro, Taft, Nigata, Pacoima). See

Fig. (9.32), (9.35), (9.31), (9.29).

The force-deflection response of concrete columns subjected to
Parkfield 2 and Koyna earthquakes indicate only a few severe half cycles
of excursions beyond the yield deformation. The damage to a ductile
structure depends on the duration of the grouﬁd motion and number of stress

reversals, as well as on the amplitude of vibration. It may be concluded
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that the Parkfield earthquake would not cause damage to structures that
can withstand the short duration pulse, typical of this record, which lasts
only one second. The Parkfield earthquake did not producé major damage

in spite of its large maximum acceleration.

b) The most desirable interaction between an earthquake ground motion

and a structure is when the structure is loaded in a symmetrical manner.

The- column subjected to the Koyna earthquake has been loaded
symmetrically. The value of the permanent set of the column is very small.
This earthquake has a maximum grouné acceleration of 0.632g, but the
minimum design coefficient'required to withstand this earthquake is only
0.0632g. One of the factors which has contributed to this small required
minimum design coefficient is the symmetrical pattern of earthquake loading

of the column.

c) The value of permanent set is less than half the transient maximum

deformation of the columns subjected to the earthquakes.

d) The direction in which maximum deformation of a column occurs seems
to determine the direction in which further oscillations of the column
may cause further drift because of the gravity effect. Also permanent

set occurs in that direction.

Comparison of response of two columns having the same period and height
subjected the El;Centro earthquake, shown in Figures (9.32), (9.3%), shows
that by increasing the design coefficient q from 0.1g to 0.14g the

following important changes occurs in the damage process of the two columns:

<.§:
1
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1. the maximum displacement is reduced from approximately 16cm. to 7cm.
2. the residual deflection is practically reduced to zero.
3. the structure is loaded more symmetrically than with lower values of q.

It should be noted that when plastic drift is reduced the aﬁility of
a column to undergo reversal of load also increases which is a desirable

feature.

w"
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9.10 Deformation Spectra for Inelastic System

The design of an inelastic system involves essentially the
determination of the maximum lateral force resistance necessary to limit

the maximum inelastic deformation of the system to a prescribed value.

It is desirable, therefore, to define the deformation spectra for
inelastic systems in such a manner that this information can readily be

determined.

With this in mind, complete time histories of relative displacement
response u(t) of the stiffness degrading model were established by
numerical integration procedure when subjected separately to support

acceleration g(t) corresponding to the earthquake specified in Figures (8.1)
(8.3), (8.5), (8.7), (8.9), (8.11).

The concrete structure was defined by its natural period T,

height H = 10 ft. and strength ratio q = E% = ggc
max.
where
FO = maximam lateral force resistance of the structure
F =mG = maximum inertia force
max
The ductility factors for these models are defined as u = Iu(t)maxllxy'

In this investigation the response of the stiffness degrading model
having zero damping ( A= O) and height H = 10 ft. was studied for different
periods T = 0.1 to T = 2.0 seconds with intervals of 0.1 seconds, and
different strength ratio q. The peak or the extreme value of relative
displacement ( ,u(t)mam' ) was noted in each case and the required

ductility u was calculated.



378.

Figures (9.22), (9.23), (9.24), (9.25), (9.26), (9.27) show the
ductility requirement to withstand the earthquakes specified in the
figures, as a function of the period of the structure T, for varying strength

ratio q.

In all these graphs the envelope curve represents the variation of
ductility at collapse with the natural period, and any curve which crosses

this envelope at any particular period, represents collapse.

These graphs demonstrate the complexity of the manner in which
different structures are loaded by earthquakes, and give an idea of the
relative importance of the parameters which define an earthquake record,

regarding its effect on different structures.

In general it is true to say that an increase in the ratio q will

reduce ductility requirements,but not in a simple fashion.

Though the model under consideration has a stiffness deteriorating
characteristic, the effect of initial stiffness which defines the natural
period, on maximum response is important. This may be observed from the
graphs, i.e., when the period of a structure is near the prodominent period
of an earthquake, the ductility requirement increases. Barthquake motions
possess more than one prodominent period. This is observed in the case of
Nigatta earthquake, which had two main prodominent periods, one at 0.3

seconds and the other at 1.2 seconds.

S 690 E component of the Taft earthquake record exhibited unusual
features, in the period range of 0.6 to 0.75 seconds. It can be seen
that there is no decrease in the ductility demand of the earthquake with

F
increase in the strength parameter g = —% , from q = 0.3 to O.4.
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A similar phenonemon is observed for Parkfield 2 record, in the period

range of 1.3 to 1.7 seconds, corresponding to § = O.4 to 0.6.

This phenomenon was also observed by Bubb ( 20 ) when studying the
ductility requirement for elasto-plastic éystems subjected to the sSame
earthquakes. Bubb, after eliminating suspicion regarding a possible numerical
inaccuracy, suggested that this phenomenon may possibly explain some
puzzling effects in the field, where theoretically stronger structures have

not behaved better in earthquakes than the weaker ones.

The present author believes that a certain pulse sequence in the
earthquake records may have an unfavourable effect on stronger structures
rather than on the weaker ones, due to unsymmetrical loading of the

stronger structures.

For all earthqﬁakes under consideration it is important to note that
for q>0.5 the variations of ductility requirement with period are more
regular and smooth, and vary less drastically with period than when q1<0.5.
For example if the maximum ductility is restricted, in such a way that it
does not exceed one third of ductility at collapse (i.e. Qtngg) when
structufes are subjected to S 16°E componenf of San Fernando* earthquake,
the maximum required design ratio q is less than 0.5 for the structures
in the period range of 0.3 to two seconds. It is important to point out
that it is not right to think in terms of constant ductility of 3 or 4
for all range of periods. It is suggested that the limitation imposed on
ductility be expressed as a fraction of the ductility at collapse B which

varies with the period of the structure.

*  Maximum ground acceleration of Pacoima Dam record is equal to 1.03g -

1.2 g.
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9.11 Energy Consideration and Formulation of Design Coefficient

The aim of this section is to relate the response of an inelastic
system to a corresponding linear system, and to introduce the concept of
representing the design coefficient in terms of the maximum ground-velocity

for structures having natural periods between O.4 to two seconds.

A formula is suggested to represent the design coefficient for the
inelastic system under consideration in the short period range (i.e. T{ 0.4

3

seconds).

There have been several attempts to modify elastic-spectral response
design methods to allow for plastic action. Two of these methods which

are based on the energy principal are:
1) Simple Energy approach (Housner 1956)
2) Reserve Energy Technique (Blume 1960)

Housner suggested that although the average spectral curves are not
straight 1lines, they are close to be so for small damping and for periods
greater than O.4 seconds. Hence if the average spectra curves were
straight, horizontal lines so that each Sv were constant for o (H?(B,

then the maximum energy on the average attained by an oscillator would be:

s 9.5

a
E "2 v

£ =

;=

This value of Et is independent of the size, shape and stiffness

of the structure and depends only on the total mass and damping.

In reserve energy technique it is necessary to know the lateral force-

deflection characteristics of a structure, and the energy input to the
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structure is assumed to be equal to:

¥go ' 9.6

E. =
in g = vi

Nl

where SVi is the maximum velocity response which is dependent on the
deflection Xi of the system. It is therefore necessary to estimate a

deflection Xi on which to base the estimation of input energy.

The reserve energy technique is based upon using the elastic
acceleration spectral response for any specific earthquake, or for a
standard or average earthquake spectrum. Blume formulated the elastic
acceleration and velocity spectrum for 5% damping which has been suggested

by Housner in the following form:

;

gy = F(O)%. for 0.3{T{3 seconds 9.7
2

i = 0.194 F(Ti) L for 0.3{T<3 seconds 9.8

where Ti is the effective period of the structure, which is determined
using the effective stiffness value, and F is the degree of earthquake
intensity

(F = 1.83% for El-Centro 1940 NS).

In general energy supplied to a system is dependent on both the
nature of excitation and the response to it. If the structure behaves
elastically, the maximum energy it will attract is:

SZ

R
2

03 | =

9.9

in vAT

where SV is the maximum velocity response corresponding to damping ratio

AT
A and period T.
In a non-linear system however, stiffness is time dependent and it

can be expected that the energy input will be less than Ein'
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9.11.1 Formulation of Design Coefficient

A cantilever column supporting a weight W under a lateral monotonically
increasing load until failure is reached would absorb energy equal to the
area of first quarter cycle of the lateral force-deflection diagram shown

in Figure (9.2), which is expressed by the following equation:

F2 :
ES = o (0.5 + 0.7 uc) 9.10
2K
or
Fao
B = — (0.5 + 0.7 p ) 9.11
s ww2 c
2( )
g
Where
F0 = maximum lateral force resistance
K -= initial stiffness
" _éjﬁ variation of u  with period T is shown in Fig. (7.8) -
c X .
y
W2 = EWE = circular natural frequency, of the oscillator

From the observation of results obtained in digital response study,
it is clear that the total displacement of a yielding structure subjected
to earthquake excitation is a combination of the oscillations about the
equilibrium position of the structure, and the drifts from this position.
Hence, during a strong motion earthquake the input energy to a structure is
partly absorbed in causing plastic drift in one direction (sz) and fartly

in causing plastic straining in the opposite direction.

A column = may. not collapse if the unidirectional component of input
energy were arrested by the energy capacity under monotonically increasing

load of the column.
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This means p B = Eg | 9.12

whew p2 is the fraction of total energy causing plastic drift. Representing

the input energy in the following form:

w ) .
- 1=
Ely=2%g S 9.13

and replacing equation (9.13) and (9.11) in equation (9.12) we have:

BE W 2 Fo
- < s ° = > (0.5 + 0.7 uc) 9.14
Ww
(==
g
hence
F pw S .
.{% = — 9.15
g JO.S + 0.71 Mg
or

Fo 2n;pSv _
= 9.16

W gr 0.5 + 0.7[

Figure (9.17)* shows the variation of the minimum required design
coefficient with undamped natural period T, for different earthquakes.
Equation (9.16) would represent the above mentioned curves in period range
of 0.4<T<2 seconds ifpSV:is replaced by 1'3Vmax.’ where Vmax. is the

maximum ground velocity of each component of earthquakes used in the digital

response analysis of the inelastic system under consideration.

This means that the fraction of input energy/unit mass which causes
unidirectional drift of inelastic systems in the period range of 0.4 to

2 seconds is nearly equal to

1 . '
3 S, 065 Vo 9.17

* Fig. (9.17) is obtained by digital response analysis of the inelastic

systems when subjected to real earthquake records.

v -t
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equation (9.16) can be simplified to the following form:

F 0.008vmax
(WQJmin = ~ for T 0.4 seconds 9.18
T J615 + 0.7 uc
where
Vﬁax = maximum ground velocity in cm/s. Design coefficient

corresponding to any ductility p_is given by the following equation:
c g eq

F 0.008 V- e
_0 ax
W T n(0.5 + 0.7 1)

for O.MKT\<2 seconds 9.19

The minimum design coefficient for the short period range offP$;O.4
seconds is given below, and is obtained by means of a function which would

approximately represent the graphs in Fig. (9.17).

AO'A'ZGmaX.
o.LuL+ (Gmax - 1T
F G
0 0.4 % “max.
where
oy, = Meximum ground acceleration /g and 2,: 0.004 Voax.
nax, = Meximum ground velocity in cm/s

For design coefficient corresponding to any other ductility equation
(9.20) is valid but the expression for 1 should be calculated from the

following formula:

p‘C
9= 0.004 Voo |5 9.21

It should be pointed out that the approach adopted in this section
to assess the design coefficient is an over simplification of a complicated

problem, and equations suggested are approximately valid for
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the six components of the six earthquakes used in this investigation. The
equations suggested above are to be used only as a rought guide for the
selection of the values of the design coefficient. It is obvious that

any realistic assessment of the design coefficient requires knowledge of

structural behaviour and the nature of earthquake excitation.

The significance of expressing spectral velocity in terms of maximum
ground velocity is that it eliminates the need to define an F factor
representing the earthquake intensity, which would have been necessary if
formula (9.2) as suégested by Blume was used. Also a rough assessment of
the design coefficient for regions for which we do not have any strong
ground motion records can be made by calculating the maxiﬁum expected ground
velocity corresponding to a certain return period using equation (8.6) in

chapter 8 for these regions.

This assumes that the parameters required to define the maximum ground

velocity in the zone can be assessed.
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PROGRAM SELECT- FLOW CHART .

(SiaRT )

¢ READ IN BASE ACCEL. TIME -HISTORY )
|

PiCK UP THE MAX ACCEL. OF THE
BASE ACCEL. TIME HISTORY {G pmax )

|
| INTERPOLATE  BASE ACCEL. ! .
/) I
. 2 1
. READ: .
(THE PARAMETER DEFINING THE
PRIMARY CURVES OF A SERIES OF
COLUMNS HAVING THE SAME INITIAL
PERIOD To AND MAX. STATIC
DUCTILITY (y= M) BUT VARYING
LATERAL RISTANCE RATIO (R=-E2— }}
MGy
1. MAX. DUCTILITY { y},NATURAL PERIOD
. , (Te) AND AN INTEGER II{=1).
2 RATIO OF LATERAL RESISTANCE
S {Fe) TO A LATEEL FORCE
, (F= MGyl {ieR=Ee ),
. 3 INCREMENT IN R{4SR)
» : 4 THE MAX.R {Ryyy)

J=1.

[
f caL susroutmeE spec. - |

(1)
L

[ WRITE: To, y R i

WRITE:

1. MAX. RESPONSE DUCTILITY
DUCT.{J] = XMax
nd,

2. MAX. RESPONSE ACCEL.
SA (J' = AMAX.

3. MAX. RESPONSE VEL.
SV {J)= Vyax.

R =R+dR

S

Figure(9.15) This program calculates the earthquake response

of a concrete column.
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v $16° E_SAN FERNANDO EARTHQUAKE 1971 (Pacolma Dam)

Table ~  Summary of the Trilincar-stiffness deteriorating response

calculations . )
Fo Fo . /
-Cage " MG T(sec) H(ft) 8 (cm) Bylem) t (sec).
. max .
: 1. 0.1 0.1 10 0..0448 0.7757 1.95
2. 0.2 0.1 10 0. 0896 1.5515 2.58
* 8. 0.3 0.1 10 0.1344 2.3272 2.62
4, 0.4 0.1 10 0.1794 3.1020 2.88
5. 0.5 0.1 10 0.2241 3.8787 3.29
6. 0,6 0.1 10 0.2689 4.6545 3.35
7. 0.7 0.1 10 0.3137 5,4302 7.56
8. 0.8 0.1 10 0.3585 6.2059 17.56
9. 0.9 0.1 10 0.4033 6.9817 no collapse
10. 0.1 0,2 10 0.1793 3.0080 2.30
v 11, 0.2 0.2 10 0.3585 6.0159 2.73
12. 0.3 0.2 10 0.5378 9.0239  2.86
13.- 0.4 0.2 10 0.7170 12.0319 3.42
14. 0.5 0.2 10 0.8963 15.0398 8.83
15, 0.6 0.2 10 1.0756 18.0478 no collapse
16. 0.1 0.3 10 0.4033 6.4412 2.83
* 117, 0.2 0.3 10 0.8067 12,8824 2.85
18, 0.3 0.3 10 1.2100 19,3237 3.61
19. 0.4 0.3 10 1.6133 25.7649 no collapse
20, 0.1 0.4 10 0.7170 10,7412 2.84
21. 0.2 0.4 10 1.4341 21,4824 2.92
22, 0.3 0.4 1o 2.1511 32,2236 3.57
23. 0.4 0.4 10 2. 86811 42, 9648 no collapse
24. 0.1 0.5 10 1.1204 15.5731 2.88 '
25, 0.2 0.5 10 2.2407 31,1462 3.01
26, 0.3 0.5 1o 3.3611 46.7194 3.90
21. 0.4 0.5 10 4.4815 62,2925 no collapse
28, 0.1 0.6 10 1,6133 20,8506 2.94
29, 0.2 0.6 10 3.2267 -41,3013 3.12
30. 0.3 . 0.6 10 4.8400 51,9519 no collapse
31, 0.1 0.7 10 2.1959 25.17582 2.97
32, 0.2 0.7 10 4.3918 51,5163 5.06
33, 0.3 0.7 10 6.5878 77.2745 no collapse .
34, 0.1 . 0.8 10 2.8681 17.0179 2.99
35, 0.2 0.8 1o 5.7363 54.0358 8.22
36. 0.3 0.8 10 8.6044 81,0537 no collapse
317. 0.1 0.9 10 3,6300 25.5189 2.99
38. 0.2 0.9 10 7.2600 51,0377 5.00
39, 0.3 0.9 10 10,89 76.5566 no collapse
40, 0.1 1.0 10 4.4815 25,7237 2.99
41, 0.2 1.0 10 8.9629 51,4473 8.25
42, 0.3 1.0 10 13.4444 77.1710 no collapse
43. 0.1 1,2 10 6.4533 25.8778 2.98
44, 0.2 1.2 10 12.9066 51.7557 no collapse
45. 0.1 1.3 10 7.5737 25.8263 2.98
. 46. 0.2 1.3 10 15.1474 51.6526 8.29
47. 0.3 1.3 10 22,7211 77.4789 no collapse
48, 0.1 1.4 10 8.7837 25.6484 2.98
49, 0.2 1.4 10 17.5674 51.2968 8.27
50. 0.3 1.4 10 26.3511 76.9451 no collapse
51, 0.1 1.5 10 10.0833 25.3091 2.98
52. 0.2 1.5 10 20.1666 50.6183 8.26
53. 0.3 1.5 10 30.250 75. 9274 1o collapse
. 54, 0.1 1.6 10 11,4726 27.0753 3.0
55, 0.2 1.6 10 22.9451 54.1506 no collapse
56, 0.1 1.8 10 14,520 31.5084 3.04
51. 0.2 1.8 10 29.0400 63.0167 no collapse
58, 0.1 1.9 10 16.1781 33.6505 3.06
59. 9.2 1.9 10 32,3562 67.3010 no collapse
60. 0.1 2.0 10 17.9259 35.8518 3.07



EL CENTRO EARTHQUAKE 1940

9.2 -
Table Summary of the Trilinenr-stiffness deteriorating response -
calculations
Case  Tisec) = £ W) sfem) Bufem) tfeee) R
0.1 0.1 10 0.0136 0.2352 0,87

2. 0.1 0.2 10 0,0272° 10,4703 1,38

3. 0.1 0.3 10 0.0408 0.7055 1.42

4, 0.1 0.4 10 0.0543 0,9407 1.74
‘s, 0.1 0.5 10 0.0679 1,1758 1.74 '
6. 0.1 0.6 10 0.0815 1.4110 2,30

7. 0.1 0.7 10 0.0951 1.6462 2.30

8. 0.1 0.8 10 ' p.1087 1.8814 2.71

9, 0.1 0.9 10. o.1223 2.1165 5.25

10. 0.1 1.0 16 . 0.1359 2.3517 5.25

11, 0.2 0.1 10 0.0543 ©0.9119 6.96 .
12. 0.2 0.2 10 0.1087 1.8238 1.51

13. 0.2 0.3 10 0.1630 2.7356 1.55

14, 0.2 0.4 10 0.2174 3. 6475 1.86

15, 0.2 0.5 10 0.2717 4.5594 1.89

16, 0.2 0.6 10 0.3261 5.4713 2.89

17, 0.2 0.7 10 0.3804 6.3831 5.44

18. 0.2 0.8 10 0.4347  7.2950  4.37

19, 0,2 0.9 10 0.4891  §.2069  no collapse
20. 0.3 0.1 lo 0.1223  1,9527  1.07

21. 0.3 0.2 10 0.2445 3.9054 1.61

22, 0.3 0.3 10 0..3668 5.8580 2.94

23. 0.3 0.4 10 0.4891 7. 8107 2.79

24, 0.3 0.5 10 0.6114 9, 7634 2,79

25. 0.3 0.6 10 0.7336 11,7161 5.27

26. . 0.3 0.7 10 0.8559 13.6688 no collapse
217, 0.4 0.1 10 0.2174 3.2562 1,21

28. 0.4 0.2 10 0.4347 6.5125 2.84

29, 0.4 0.3 10 0.6521 9. 7687 3.05

30, 0.4 0.4 10 0.8695 13,0249 5.49

31, 0.4 0.5 10 1.0869 16.2812 8.178

32, 0.4 0.6 10 1.3042 19.5374 no collapse
33, 0.5 0.1 10 0. 3396 4,17211 1.42

34, 6.5 0.2 1o 0.6793  9.4421 2.93

3s5. 0.5 0.3 10 1.0189 14,1632 5.49

36. 0.5 0.4 10 1.3586 18.8842 no collapse
37, - 0.6 ‘0.1 10 0. 4891 6.2603 1.53

38. 0.6 0.2 10 0.9782 12,5206 3.12

39, 0.6 0.3 10 1.4673 18.7810 11.30

40. 0.6 0.4 10 1.9563 25,0413  no collapse
41, 0.7 0.1 10 0.6657  17.8087 1.62

42, 0.7 0.2 10 1.3314 15.6174 5.58

43, 0.7 0.3 10 1.9971 23,4261 no collapse
44, 0.8 0.1 10 0. 8695 8.1906 1.62

45, ¢.8 0.2 10 1.7290 16,3812 5.60

46. 0.8 0.3 10 2.6085 24.5718 11,35

47, 0.8 0.4 10 3.4780 32,7623 no collapse
48. 0.9 0.1 10 1.1004 7.7361 1.58

49, 0.9 0.2 10 2.2009 15,4723 3.09

50, 0.9 0.3 10 3.3013 23,2084 no collapse
51, 1.0 0.1 10 1.3586 7.7982 1.56

52, 1.0 0.2 10 2.7172 15,5965 2.98

53. 1.0 0.3 10 4.0757 23,3947 no collapse
54, 1.1 . 0.1 10 1.6439 7.8413 1,55

55. 1.1 0.2 10 3.2878 15.6826 3.04

56. 1.1 0.3 10 4.9316 23.5239 no collapse
57, -1,2 0.1 10 1,9563 7. 8450 1,54

58, 1.2 0.2 10 3.9127 15.6899 5.55

59, 1.2 0.3 10 5.8690 23.5349 23.79

60. 1.2 0.4 10 7.8254 31,3798 no collapse
61, 1.3 0.1 10 2.2960 7.8293 1.54

62. 1.3 0.2 10 4.5920 15.6587 5,58

63. 1.3 0.3 10 6.8880 23.4880 22, 95

64. 1.3 0.4 10 9.1840 31.3174 no collapse
65. 1.4 0.1 10 2.6628 7.7754 1.54

66. 1.4 0.2 10 5.3256 15,5508 5.57

67. 1.4 0.3 10 7.9884 23.3262 no collapse
68. 1.5 0.1 10 3.0568 7.6726 1.53

69. L5 0.2 10 6.1136 15.3451 5.31

70. 1.5 0.3 10 9,1704 23,0177 no collapse
71, 1.6 0.1 10 3.4780 8.2080 1.56

72, 1.6 0.2 1o 6.9559 16,4159 5.62

73. 1.6 0.3 10 10.4339 24.6239 no collapse
74. 1.8 0.1 10 4.4018 9.5519 1.61

5. 1.8 0.2 10 8.8036 19.1058 6. 05

76. 1.8 0.3 10 13.2054 28,6556 no collapse
71. 1.9 0.1 10 4,9045 10.2013 1.63

78. 1.9 0.2 10 9.8089 20,4026 5.96

79. 1.9 0.3 10 14.7134 30. 6038 no cotlapsge
80, 2.00 0.1 10 5.4343 10, 8646 1.66

81, 2.0 0.2 10 10,0686 21,7372 5,97

82 2.0 0.3 10 16.3029 32,6058 no collapge
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. Table Summary of the Trilinear-atiffneas doterlorating response
b - - . C - calculation
‘ Case’  Tleed =P MM 5 fem) Sylem), tfesc)
) . .- - oM
A . -
i
- 1. 0.1 0.1 10 0.0060 . 0.1042 0.3
. * 3. 0.1 0.2 10 0.0120 0.2084 0.39
! ‘s, 0.1 0.3 10 5.0181  0,3126. 0,59
i - IR 0.1 0.4 10 © 0.0241  0.4167 1,78
. s. 0.1 0.8 10 0.0301 0.5209 2,76
i - .o s. 0.1 0.8 10 0.03061 0.6253 3.94
! T~ . 1. 0.1 0.7 10 0.0421 0.7293  4.56
[ X 0.1 0.8 10 0.8482  0.8335 8.34
; .. 0.1 0.9 10 0.0542  0.9377 9.53
' 10. 0.1 1.0 10 0.0502 1.0415 33.28
) . 11. 0.2 0.1 10 0.0241  0.4040 0.45
~ 13, 0.2 .0.3 10-  0.0482 0.8080 1.78
13, 0.2 0.3 10 0.0722 . 1.2119 4,31
. 1. 0.2 0.4 10 0.0963 1.6159. 4.58
18, 0.2 0.5 10 0.1204 2.0199 7,87
16. 0.3 0.6 10 " 0.1445 2.4239 .95
. A1, 0.3 0.7 10 0.1685 2.8278 8.55
: ' 18. 0.2 0.8 10 0.1926 3.2318 9.58
’ - 19, 0.2 0.9 10 0.2167 3.6358 1o collapse
. 2. 0.3 0.1 10 0.0542 0.8651 0.56
: 2. 0.9 0.2 10 0,1083 1,7302 4.38
22, 0.3 0.3 10 0.1625 2.5952 .97
2. 0.3 0.4 10 0.2167 3.4603 8.04
4. 0.3 0.5 10 0.2708  4.3254 .8.17
. 5. 0.3 0.6 10 0.3250 5.3905 8.30
286. 0.3 0.7 10 0.3792 8.0556 B8.83
. 0.3 0.8 10 0.4334 6.9206 11.09
8. 0.3 0.9 10 0.4875 7.7857 o collapse
. 9. 0.4 0.1 10 0,0963 1,4426 0.71
0. 0.4 0.2 10 0.1926 2.8852 4.83
., 0.4 0.3 10 0.2889 4.3277 8.10
. : 32, 0.4 0.4 10 0.38%2 5.7703 4.88
. : 3, 0.4 0.5 10 0.4815  7.2129 B.44
. : ;M. 0.4 0.6 10 0.5778 8.6555 9.51
35. 0.4 0.7 10 0.6741 10,0981 11.23
36, 0.4 0.2 10 0.7704 11.5407 1o collapse
37, 0.5 0.1 T 10 0.1105 2.0915 0. 42
* 38, 0.5 0.2 10 0.3009 4.1831 4.89
9. 0.5 0.2 10 0.4514 6.2746 8.21
. 40, 0.5 0.4 10 0.6019  6.3661 1.05
41 0.5 0.5 10 0.7523 10,4576 §.93
Q. 0.5 0.6 10 0.9028 12.5492 11.32
. o Q. 0.5 0.7 10 1.0533  14.6407 11,54
4. 0.5 0.8 10 1.2038 16.7322 1o collapee
N c s, 0.6 0.1 10 0.2167 2.7135 1.32
46, 0.6 0.2 10 0.4334 5.5465 8.06
. 47, 0.6 6.3 10 0.6500 86,3204 8,31
48, 0.6 0.4 10 0.8667 11,0938 .59
' ; - 49, 0.6 0.5 10 1.0834 13.3673 9,58
: 50. 0.6 0.6 10 1,3001 16.6407 11,44
N s1, 0.6 0.7 10 1.5167 19.4142 23.35
t 82, 0.6 0.8 10 1.7334 22,1877  no collapae
! s, 0.7 0.1 10 0.2949  2,4594 4,89
— e - .. - 54, 0.7 0.2 10 0.5898 6.4183 8.11
‘ 55, 0.7 0.3 10 0.8848 10.3783 _B.46
. ! $6. 0.7 0.4 10 1.1797 13.8377 11.72
' $7. 0.7 0.5 10 1.4746 17.2971 10,67
B . 58. 0.7 0.6 10 1.7695 20,7565 11,63
33, 0.7 0.7 10 2.0644 24.2153 1o collapse
60, 0.8 0.1 10 0.3352 13,6286 5.12
61, 0.8 0.2 10 0.7704 7.2572 8.15
. €. 0.8 0.3 10 1,1556 10,8858 B.43
63, 0.8 0.4 10 1.5808 14.5144. B8.89
4. 0.8 6.5 10, 1.9260 13.1430 9.65
6S. 0.8 0.8 10 2.311 21.77i8 1l.56
€6, 0.8 0.7 10 2.6364 25.4002 17.84
[ X 0.8 a.8 10 3.0815 29.0289 no collapse
8. 0.9 0.1 10 0.4375  3.4273 5.07
89, 0.9 0.2 10 0.9750 6.8546 8.15
0. 0.8 0.3 10 1.4626 10,2818 8,39
71, 0.4 9.4 10 1,9501 13.7031 8.58
. 7. 0.8 0.8 lo  "2.4376 17.1364 9.78
. 0.9 0.6 10 2.9251 20.5637 11.50
4. 0.9 T 0.7 10 3.4127 23.93909 11.97
. q5. 0.5 0.8 10 2,95002 27.41381 no collapse
76. 10 0.1 10 0.6019  3.4548 5.16
. 1.0 0.2 10 1.2038  6.9086 B.12
8. 1.0 0.3 10 1.8056 10.3644  8.47
19, 1.0 0.4 10 2.4075 13,8151 B8.68
0. .10 6.5 10 3.0004 17.2739 13.43
8L, 1.0 0.8 10 3.6113 20,7287 2.79
82. 1.0 0.1 10 4.2132 24,1835 1141
83, 1.0 0.8 10 4.8150 27.6383 22.99
84, 1.0 0.9 10 5.4169 31,0931 no collapse
BN 85, 1.1 0.1 10 0.7283  .3.4739 5.41
86, 1.1 0.2 10 1. 4585 6.9477 8.06
87, 1.1 0.3 10 2.1848 10.4216 6.5
. 88. 1.1 0.4 10 2.9131 13,8955 8.74
89, 1.1 0.5 10 3.6414 17,3693  9.61
90, 1.1 0.6 10 4.3696 20.8432  9.67
a1, 1.1 0.7 10 5.0979 24.3170 9.82
92, 1.1 0.3 10 5.8262 27,7909 11.30
3. 1.1 0.9 10 6.5545 31,2648 11,91
. 94 1.1 1.0 10 7.2827 34.7386 o collapse
95, 1.3 0.1 10 0.8667 3.4755 7.91
. 96, 1.2 0.2 10 1,7334  6.9510 8,02
91, 1.2 0.3 10 2.6001 10.4265 8.53
98, 1.2 0.4 10 3.4668 13.920 8.70
99, 1.2 0.5 10 4.3935 17.37T4  9.59
100. 1.2 0.6 10 5.2002 20,8529 11,34
101, 1.2 0.7 10 5.0669 24.3284 11.59
. - .. 102, 1.2 0.8 10 6.9336 27,8039 11,79
108, 1.2 0.9 10 7.8003 31.2794 11,78
104, 1.2 1.0 10 B.6671 34,7549 12,10
108, 1.3 0.1 10 1,0172  2.4686  4.11
. 106, 1.8 0.2 10 2.0344  6,9371  7.94
107, 1.3 o.s 10 3,0515 10.4057  8.47
108, 1.2 0.4 10 4,0087 13.3743  B.67
109. 1.3 0.5 10 5.0859 17.3428 1:1.35
ilo, 1.3 0.6 1o 8.1031 20.3114 8.66
111, 1.3 0.7 lo 7.1202 24,2800 11.16
12, 1.3 0.8 1o 8.1374 27,7485 11.69
113, 1.3 0.8 10 9.1545 31,2171 16,30
N4, 1.3 1.0 10 10.1718 34.6857 1O collapse
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Table Summnry of the Trilinear-stif{neys deteriorating responne

calculation

Fe .
F Hin) . So(cml -BM(cml to(-ecl

e - - . . .-,
i e 0.,

1. 0,1 0.1 10 0.0226 0.3907 2.42 .
2. 0.1 0.2 10 0. 0451 0.7814 2.9
3. 0.1 0.3 10 0.0677 1.1721 3,3
4. 0.1 0.4 10 0.0903 1.s628 3.17"° :
8. 0.1 0.5 10 0.1129 11,9535 3.84 .
6. © 0.1 0.6 10 0.135¢ 2.3442 3.86
1 - 0.1 0.7 10 0.158  2.7349 3,91
8. 0.1 0.8 10 0.1806 3.1256 4.13 : .
9. 0.1 0.9 10 0.2031 3.5163  no collapse .
10, 0.2 0.1 10 0.0003 1.5149  2.84
1. 0.2 0.2 10 0.1906 3.0299 3.42 -
12, . 0.2 0.3 10 0.2708  4.5448  3.B2 . ) . .
13, 0.2 0.4 10 0.3611  6.0597 3.86 . .o
14, 0.2 0.5 10 0.4514 7.5746 3,93
15, 0.2 0.6 10 0.5417 9.0896  4.54
16. 0.2 0.7 10 0.632 10.6045 4.59
11. 0.2 0.8 10 © 0.7223 12,1194 4.56
18. 0.2 0.9 10 0.8125 13,6344 4.55 .
19, 0.2 - 1.0 10 0.9028 15,1493 4.63
20, 0.3 0.1 10 0.2031 3.2441 3.0
21, 0.3 0.2 10 0.4063 6.4881  3.60 .
22. 0.3 0.3 10 0.6094 9.7322  3.89
23. 0.3 0.4 10 0.8125 12,9762 3.98
24, 0.3 0.5 - 10 1.0157 16,2203  4.46
25. 0.3 .0.6 10 1.2188 19.4643  5.69 )
26. 0.3 - 0.7 10 1.4219 22,7084 no collapse . )
27, 0.4 0.1 10 0.3611  5.4097 3.11
28, 0.4 0.2 10 0.7223 10.8194 4.45
29, 0.4 0.3 10 1.0834 16,2291  4.00
30. 0.4 0.4 10 1.4445 21,6387 6.9
81, 0.4 0.5 10 1.8056 27.0484 o collapse
82, 0.5 0.1 10 0.5643  7.8432 3,36
83, 0.5 0.2 10 1.1285 15.865 4.42
4. 0.5 0.3 10 1.6928 23,5297  4.37 : .
85, 0.5 0.4 10 2.2570 31,3729  4.49 .
36. 0.5 0.5 10 2.8213 39,2162 no collapse
1. 0.6 0.1 10 0.8125 10,4005  3.46
38, ‘0.6 0.2 10 1.6251 20.8009  4.46 .
39, 0.6 0.3 10 2,4376 31.2014 4.53 . .
£0. 0.6 0.4 10 .25 41.6019  no collapse
41, 0.7 0.1 10 :,1060 12.9728 3.56
42, 0.7 0.2 10 2,2119 25,9456  4.42
43. 0.1 0.3 10 .3,3179 38,9185  no collapse
44, 0.8 0.1 10 1.4445 13.6073  3.61
45, 0.8 0.2 10 2.8890 27,2146  4.37 .
46. 0.8 0.3 10 4,3335 40.8218 . no collapse
41, 0.9 . 0.1 10 1.8282 12,8523  3.58
48. 0.9 0.2 10 3.6564 25.7046  4.31
49, 0.9 0.3 10 5.4846 38.5569 1o collapse
50. 1.0 . 0.3 10 2.2570 12,9554 3.58
Sl. 1.0 0.2 10 4.5141 25,9109 4.29
52, 1.0 0.3 10 6.7711 38.8663 no collapse
53, 1.1 0.1 10 2.7310 13.0270 3.58
54. 1.1 0.2 10 5.4620 26,0540 4.25
§5. 1.1 0.3 10 B.1931 39,081 6.96
56. 1.1 0.4 10 10.9241 52,1080  no collapse
57, 1.2 0.1 10 3.2501 13,0331 3.59
58, 1.2 0.2 10 6.5003 26,0662 4.31
59. 1.2 0.3 10 9.7504 39.0992 4.60
€0, 1.2 0.4 - 10 13,00 52,1323  no collapse
61, 1.3 0.1 10 3.8144 13.0071  3.58
62, 1.3 0.2 10 7.6288 26,0143  4.36
€3. 1.3 0.3 10 11,4432 39,0241 4.53
64. 1.3 0.4 10 15,2576 52,0285  no collapse
65. 1.4 0.1 10 4,4238 12.9175 3.60
€6, 1.4 0.2 10 8.8476 25,8350  4.40
67. 1.4 0.3 10 13,2714 38,7526  4.58
68. 1.4 0.4 10 17,6952 51,6701  no collapse
69. 1.5 0.1 10 5.0784 12,7467  3.61
70. 1.5 .0.2 10 10,1567 25.4933  4.43
1. 1.5 . 0.3 10 15,2351 38.2400  4.69
92, 1.5 0.4 10 20,3134 50,9367  no collapge
93. 1.6 0.1 10 5.7780 13,6362 3.64
74. 1.6 0.2 10 11,5561 27,2723  4.48
75, 1.6 0.3 10 17,3341 40.9085 7.11
76. 16 0.4 10 23,1121 54,5447  no collapse
7. 1.8 0.1 10 7.3128 15,8088  4.56
78. 1.8 0.2 10 14,6257 31,7377 4.58
79, 1.8 0.3 10 21,9385 47.6065 7.23
80, 1.8 0.4 10 29,2513 63,4753  no collapue
81, 1.9 0.1 19 8.1479 16.9477  4.56 . .-
82, 1.9 0.2 10 16,2939 33.8054 4,62 .
83, 1.9 0.3 10 24.4430n 50,1431  no collapye
BA. 2.0 0.1 10 D, 0202 18,0564 4.55
85. 2.0 0.2 10 18,0554 361127  4.67
A, 2.0 0.3 10 27.0045  A4.1691 1o enllapse = T — )
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Tablé  Summary of the Trilinear-stiffncss deteriorating response
caleulationy

Case  T(sec) = £ H)  Sem) Syfem) t(eec)

1. 0.1 0.1 10 ° 0,0068 0.1183 .1.30 :
3. 0.1 0.2 10 0.0137 0,2367 :2.50

L 0.1 0.3 10 - 0.0205 0.3550 "3.30

4. 0.1 0.4 10 0.0273 0.4734 3.42

5. 0.1 0.5 10 0. 0342 0.5917 3.83

6. 0.1 0.6 10 0. 0410 0.7100 4.16 .
7. 0.1 0.7 10 0.0479  0.8284 5.78

8. 0.1 0.8 10 0, 0547 0.9467 :6.13

9. 0.1 0.9 L 10 - 0. 0615 1.0650 6.42

10. 0.1 1.0 10 0. 0684 1.1834 6.69

11, 0.2 0.1 10 0.0273 0.4589 2.11 .
12. 0.2 0.2 10 0.0547 0.9177 3.39

18. 0.2 0.3 10 0.0820 1.3766 3.45

14. 0.2 0.4 10 0.1094 1.8354 4.40

15, 0.2 0.5 10 0.1367 2.2943 4.67

16, 0.2 0.6 10 0. 1641 2.7531 4.67

17. 0.2 0.7 10 0.1914 3.2120 6.82

18. 0.2 0.8 10 0.2188 3.6709 6.95

19, 0.2 0.9 10 0.2461 4,1297 no collapse
20. 0.3 0.1 10 0. 0615 0.9826 2.28

21. 0.3 0.2 10 0.1231 1.9652 3.58

22. 0.3 0.3 10 0.1846  2.9478 3.66

23. 0.3 0.4 10 0. 2461 3.9304 6.97

24. 0.3 0.5 10 0.3076 4,913 7.13

25. 0.3 0.6 10 0. 3692 5.8955 10.59

26. 0.3 0.7 10 0.4307 6.8781 no collapse
27. 0.4 0.1 10 0.1094 1.6385 2.48

28. 0.4 0.2 10 0.2188 3.2771 3.68

29. 0.4 - 0.3 10 0.3281 4.9156 6.86

s0. 0.4 0.4 1o 0.4375  6.5542 71O collapse
81. 0.5 0.1 10 0.1709 2.3756 2.717

32, 0.5 0.2 10 0.3418 4,7513 5.86

33. 0.5 0.3 10 0.5127 7.1269 1o collapse
34, 0.6 0.1 10 0.2461 3.1502 3.52

3s5. 0.6. 0.2 10 0.4922 6.3004 5.45

36. 0.6 0.3 10 | 0.7383 9.4506 mo collapse
37. 0.7 0.1 10 0.3350 3,9293 3.51

38. 0.7 0.2 10 0.6700 7.8587 6.71

39. 0.7 0.3 10 1.0049 '11,7880 nmo collapse
"40, 0.8 0.1 10 0.4375  4.1215 3.52

41, 0.8 0.2 10 0. 8751 8.243 6.74

42, 0.8 0.3 10 1.3126 12.3645 no collapse
43, 0.9 0.1 1o 0.5537 3.8928 3.5

44. 0.9 0.2 10 1.1075 7.7857 6.77

45, 0.9 0.3 10 1.6612 11,6785 no collapse
46. 1.0 0.1 10 0.6836 3.9241 3.48

47, 1.0 0.2 10 . 1.3673 7.8482 6. 90

48, 1.0 0.3 10 2.0509 11,7722 no collapse
49. 1.1 0.1 10 0. 8272 3.9457 3.48

50. 1.1 0.2 10 1.6544 7.8915 6.16

51. 1.1 0.3 10 2.4816 11,8372 no collaps
52. 1.2 0.1 10 0. 9844 3.9476 3.46

53. 1.2 0.2 10 1. 9689 7.8952 6.10

54. 1.2 0.3 10 2,9533 11.8428 no collapse
95. 1.3 0.1 10 1.1553 3.9397 3.46

56. 1.3 0.2 10 2.3107 7.8795 6.8

517. 1.3 0.3 10 3.4660 11.8192 no collapse
58. 1.4 0.1 10 1,3399  3.9126 3.46

59. 1.4 0.2 10 2.6799 7.8252 4.26

60. 1.4 0.3 10 4,0198 11.7378 21.15

61. 1.4 0.4 10 $.3597 15.6504 no collapse
62. 1.5 0.1 10 1.5382 3.8G08 3.46

63. 1.5 0.2 10 3.0764 7.7217 3,73

64, 1.5 0.3 10 4.6145 11,5825 21.20

65. 1.5 0.4 10 6.1527 15.4434 no collapse
66. 1.6 0.1 10 1.7501 4.1303 3.49

67. 1.6 0.2 10 3. 5002 8.2605 3.71

68. 1.6 0.3 10 5.2503 12.39%08 17,43

69. 1.6 - 0.4 10° 7.0004 16.5210 no collapse
70. 1.8 0.1 1o 2,2150 4,.8065 3.55

71, 1.8 0.2 10 4,4300 9.6130 3.77

72. 1.8 0.3 10 §.6450 14.4195 26.41

73. 1.8 0.4 10 8.8598 19.2261 ho collapse
4. 1.9 0.1 10 2.4679 5.1333 3.58

5. 1.9 0.2 10 4.9359 10.2666 3.97

6. 1.9 0.3 10 7.4038 15.3999 no collapse
1. 2.0 0.1 10 2.17345 5.4691 3.60

8. 2.0 0.2 10 5.4691 10.9382 4.14

79. 2.0 0.3 10 8.2036 16.4073 no collapse
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CONCLUSIONS
a) Static Cyclic Ioading

1. The procedure developed in this Thesis to compute the rising and
falling branch of the lateral force-deflection relationship for concrete
columns under monotonically increasing lateral deformation gave good

results for a wide range of variable and may be used with confidence.

2. - 'The reversal paths of the lateral force deflection diagrams
exhibit d complex non-linear behaviour. This non-linearity increases with

increasing damage to the hinge.of the column.

Experimental as well as analytical results revealed that the most
important variables that effect the behaviour of concrete columns under
lateral load reversals are the axial load, the starting point of reversal,

and the amount of reinforcement.

For concrete columns comparison of the experimental unloading path
of the lateral force deflection curves with those computed using the theory
proposed in chapter six, reveals that the latter predicts reasonably well

the behaviour of the concrete column subjected to lateral load reversals.

3. An experimental study into the stress~strain behaviour of mild
steel under cyclic loading has shown that the stress-strain properties of
reinforcement steel after the first yield excursion cannot be accurately
represented by elasto-plastic models aue to the Bauchinger effect. The slope
of the reversed loading path at large strains is not parallel to the
initial slope, it may be calculated using equation (3.1). The reversed
loading path of the stress-strain curve between zero and yield stress in

the opposite direction may be obtained using equation (3.3).
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L, The unloading path of the lateral force-deflection curve of
concrete éolumns was computed using an elasto-plastic idealization of the
stress-strain relationship for steel without the Bauchinger effect. In the
case of columns having a large éercentage éf reinforcements (5% steel) and
subjected to small axial load (P/Bdf'c = 0.15) it was found that
elasto-plastic idealization led to over estimation of the lateral resistance
over a short range of the unloading path. It did not however, lead to any

- significant error in the case of columns subjected to higher axial load.

Se The spreading of the plastic hinge along the column away from
the section of maximum moment was found to vary with the increasing ratio
of the neutral axis depth to effective depth, yield stress of steel
reinforcement, and the distance between the section of maximum moment and

section of zero moment to effective depth ratio (z/d).

It is proposed in this Thesis that the plastic hinge length on one

side of the critical section may be calculated using equation (4.155).

6. The plastic hinge length remains constant throughout the

process of unloading.

7 It was found that concrete columns subjected to large axial
loads (P/Bdf'c'> 0.3) if deformed to the stage of deformation represented by
A

max., would collapse after only three quarters of a cycle (see table

6.2).

8. It is important to establish the number of cylces that a column
can undergo when subjected to post-yield cyclic deformation before total

collapse of the column occurs.
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A criterion of collapse for the concrete columns éubjected to cyclic
lateral deformation is suggested in section (5.7 ). This criterion has
been used to foresee whether the columns would collapse in the third
guarter cycle or not, and if they do at what stage of deformation in the
third quarter cycle. The predicted and actual collapse deformations of a

number of columns tested were in good agreement, see figures (6.4 - 6.40).
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b) Theoretical investigation and numerical evalvation of the response
of reinforced concrete columns subjected to earthquake ground motion

leads to the following conclusions:

1. Maximum ductility (which in a way reflects the reservé energy
capacity of concrete columns subjected to unidirectional loading) is shown
to depend on the natural period of the column. The value of the maximum
ductility is governed by the equation (7.23). This semi-empirical formula
provides ‘an important parameter in the prediction of the falling branch of

the primary curve in the numerical model.

2. The maximum ground velocity is the most significant index of the
"severity" of ground motion as regards its effects on concrete columns.
For the comparisons of the responses of concrete columns with periods
between 0.4 to two seconds the maximum ground velocity may be used as a
measure of the intensity of the base motion. For concrete columns in the
period range of 0.1 to O.4 seconds the maximum ground acceleration may be

used to measure the damage potential of an earthgquake.

3. In the absence of any ground motion design of concrete columns
coefficient is suggested for preliminary design of concrete columns in terms
of the expected ground velocity and acceleration as well as parameters which
define the lateral force-deflection relationship of the column, see equation

(9.19) and (9.20).

L, Study of the variation of "time of collapse'" with natural period
of the columns has revealed that, when the period of the columns are within

the period range of 0.1 to 0.6 seconds there exists a marked dependency of



the time of collapse on the natural period of columns is evident.

Se A triangular pulse may cause equal maximum plastic drift of
concrete columns as that produced by an earthquake ground motion. Such a

triangular pulse should be related to the earthquake ground motion as

follows:
(1) The maximum acceleration of the pulse should be made equal
to the maximum acceleration recorded for the earthquake.
(ii) The area of the pulse should be made equal to the maximum

ground velocity of the earthquake record multiplied by a

multiplying factor, see Figures (9.19), (9.20) and (9.21).
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