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N. Gosain*, A.R. Chandrasekaran** and Arvind Kumar Guptaf

Synopsis ! _

In an unbuckled state, the compression diagonal in a panel with a cross type of
bracing system, also resists lateral load. An attempt has been made to determine its
contribution towards spring constant, which is used for computing the frequency of vibra-
tion of a framed structure. For the experiments conducted it was found to have nearly the
same contribution as tension diagonal until it buckled. Also, the simplified method of
spring constant computation by assuming that braces and frame act independently and
form a paralled system of shear springs was found to be approximately equal to the stiffness
coefficient method. It was further observed that such analytical methods do not give the
correct value of spring constat for all location of braces.

Introduction

In the domain of experimental study of braced frames, attempts have been made to
determine the following :

(i) Damping("2f

(ii) Dynamic characteristics like period and mode shapest®

(iif) Restoring force characteristics under lateral load®®

(iv) Contribution of stiffness by braces in a frame under lateral load®

Stiffness distribution in a multistorey framed structure influences both the period and
mode shapes remarkably and axial. forces present in a braced frame modify the dynamic
characteristics appreciably®, Wakabayashi and Tsuji® found the braced frames to have
an unstable equilibrium after the buckling of the compression bracing. With an increase
in deflection amplitude, the unstable equilibrium disappears and the curve shows a spindle
shape. Funahashi, Kinoshita and Saito®™ found a double bilinear hysteretic characteristics
for braced frames. Gosain and Chandrasekaran® found experimentally that spring constant
of b}'aced frame computed by considering the braces and frame acting independently and
forming a parallel system of shear springs, is not valid for all location of braces. 1In the
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above investigation, compression braces were so designed that they buckled pnder a nominal
load, and all observations were made for one tension diagonal activeina panel. The
number of bays were also limited to two.

In order to further testify the assumptions made in computation of spring constant
of braced frames, and to investigate the contribution of compression diagonal towards
stiffness, another experimental study was taken up. Lateral load and free vibration tests
were conducted on perspex models having one bay one storey, two bay two storey and
three bay two storey frames. Experiments revealed a contiguity in the stiffness contribution
by tension and compression diagonals, unless the compression diagonal buckled. It was
also noted that stiffness of a brace increases significantly by increasing its end and lateral
restraints. '

Spring Constant of Braced Farmes

In calculating the spring constant of braced frames, it has generally been assumed
that frame and braces act independently and form a parallel system of shear springs®.

Spring constant of the columns, taking into account joint rotation, is given by :

12E1
L3 °
1/F8, a multiplication factor given by Chandrasekaran®
Young’s modulus of elasticity
Moment of inertia of column
= Length of column.
n = number of columns

Ke=a-

where

I

I

™~ m e
|

Due to an application of a lateral load, any particular storey in a multistorey frame
undergoes deflections due to the following effects : :

(a) Brace elongation

(b) Beam shortening
(c). Column elongation and shortening.

Figs. 1(a), (b) and (c) illustrate such deflections under a lateral load F. Deflection due to
axial deformation of the brace is given by '

F. Lp sec®¢
H, = —=0 > @

The beam will shorten due to force F by an amount AH, and thus cause horizontal
deflection. -

F.L
N TY:
Changes in length due to axial forces in two columns of the braced bay also cause horiz-
ontal storey deflection AHs. :
_2F.L
' AHs = m .tan% ¢ ‘
Total deflection, AH = AH, + AH, 4+ AH,.
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(b) Effect of Beam Shortening (¢)- Effect of column Deformation

Notétions : :
AB'C’'D = Deflected Shape of Frame ABCD

AH,AH,, AH; = Horizontal Deflections of the frame at storey level considered in the
above mentioned three effects respectively

A = Axial deformation of brace AC S
¢ = Angle made by the brace with the horizontal
9 = Angle made by the brace with the horizontal in the deformed state
0~ ¢ )
Ag, Ac, Ao = Cross sectional areas of beam, column and diagonal brace respectively
L, Lg, Lo = Length of column, beam and diagonal brace respectively '
%1, 2, 3 = Angles made by the deformed column with the vertical considered in

the three effects respectively.
Fig. 1
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Since spring constant is defined as load per unit deflection,

_ F
~ AHi+ AH; + AHs
1
= Tpsecté¢ - L 2L

. tan? ¢

C

A E T AET ALE

where Ky = spring constant due to axial strains in brace, beam and columns.

Test Model

Th;a bay width and storey héight of each panel of the perspex model was kept as
30 om. Cross section of both beams and columns were kept as 2.5 X 0.635 cm., thereby

giving a ratio of moment of inertia per RIGID SUPPORT
unit length of beam to that of column, /
i.e. Sp/Sc = 1. Beams were cemented to
the columns by araldite. The enlarged
portion of the column was clamped in a 1 o
fixing frame, thus providing fixity at BOLTS
the base. For fixing diagonal braces
(cross section 0.635 x 0.157 cm) gusset :
plates in the form of quadrants of circular RS Y
perspex plates 7 cm dia. and 3 mm thick, i /
were fixed at each joint of the frame by [ Zt.s"om CYLINDER
means of araldite. These gusset plates -
were fixed exactly at mid depth of the r ‘ STRING
beams and columns. ‘ ' 4

d

FLAT IRON STRIPS

- TE §V MODEL
/ VELOCHTY PICKUP

PULLEY
[ STABLE TABLE

[

- ~HANGAR

In order to reduce the frequency & it |
of vibration of the model to a recordable | i} |
value, flat iron strips having a weight of i i
1.46 kgm were fixed rigidly to all beams 7 - !
of the frame. ' !

The model was kept in a hori- Fig. 2. Experimental Set-up for Static Testing
zontal position supported at the storey
level by ball supports free to move in all directions. As seen in Fig. 2, the balls were placed
on cyclindrical uprights with machined surface for free movement of the balls, and hence the
frame. Such an orientation of the frame was adopted to prevent buckling in a direction
perpendicular to the direction of application of load. This also eliminates any torsional

effect during free vibration test.

In all, thirty three arrangements of bays, storeys and braces have besn studied.
Their distribution is as follows :

(a) Three arrangements of braces in single bay, single storey model.
(b) Five arrangements of braces in single bay, two storey model.
(¢) Nine arrangements of braces in two bay, two storey model.

(d) Sixteen arrangements of braces in three bay, two storey model.



Exrerimental Study : N. Gosain, A. R. Chandrasekaran and A. K. Gupta

CA;,E« 1 CAS€2 Casi?
SINGLE BAY SINGLE STOREY COMBINATIONS

gal-aal

"OASE4 CASES CASES CASE7 CASE®
ONE BAY TWO STOREY CQMNNATlONS

77777

PIP 77 FrP777 rFP77777 P 22272222777 7/ 777

CASE 9 CASE 10 CASE 11 CASE 12

P

FITIIITTIT FITTIITT?T Tr777777777 I7777777277 7777777777
CASE 13 CASE 14 CASE 15 CASE 1S CASE V7

TWO BAY TWO STOREY COMBINATIONS

TIT777T7777 77777 777777/ 77777777 P77l 22777777777 4
CASE 18 CASE 19 CASE 20 CASE 21

99

7y rak 4

PIPIVTITTITITTI? VI TFTFTTFI>>Y PTTTTITIITIYrTY VI T TTITIIrTY rrrr

CASE 22 CASE 23 ° CASE 29 CASE 25 CASE 26 CAsE 27

rrr7rT ﬁ g

CIP7 7777 7 r 7 $77 7777 r 77

T
XX

CASE 28 CASE 29 ‘ CASE 20 - CASE 31 - CAsSE 32 . CASE 93

- THREE BAY TWO STOREY COMBINATIONS
" Fig. 3



100~ Bulletin of the Indian Society of Earthquake Technology

All these cases are shown in Fig. 3. Only single bay sin.gle s_tOrey, and single bay
double storey frames were tested with and without compression diagonals. Rest of the
frames were tested with twin diagonals.

Computatien of Spring Constant of Test Model
(3) By Considering Brace and Frame to be Acting in Parallel
For the single storey model and Sp/Se = 1, F = 1.126

_ 1 12 X 30 x 10® x 0.0533
T (1.126)° 30)*

= 0.500 kgm/cm
- For the two storey model and Sb/Se =1, F = 1248

1 0 x 10° x 0.0533
(1.248)8 X 12 x3 >(<30)3 X (for one column)

= 0.326 kgm/cm.

Ke (for.one column)

Ko =

(From some preliminary experiments it was found that the value of E of perspex
varied with the thickness of the material. Therefore, the value wused for theoretical -
computation, i.e. E = 30 x 103 kgm/cm?, is an average value).

E

Lp sec?¢ L 2L
~Ap + A, + Ac tan? ¢

Also Kp ==

_ 30 x 10°
“42.42><2_ 30 +2>< 30
.0.063 1588 1 588

= 21.5 kgm/cm

X 1

If the effect of beam and column strain is reglected,

' _ _AvE  0.063 x 30 x 108
C Lysect¢ T 4242 X 2

= 22.25 kgm/cm

Kg

Thus the beam and column strains reduce the stiffness by 3.38%/ in the test model.

(b) Sprin:g7 Constant by Stiffness Matrix Method

y Once the area of cross section 4nd moment of inertias of beams, column and braces
are known, the spring constant can be obtained by the stiffness Matrix method. -A digital
computer program® was used to solve a few typical cases. The analysis was carried out
by considering the compression diagonal also to be effective. Stiffness matrices of cases
1 to 4,13, 27 and 33 obtained by the above program, are given in Table 1, along with the -
stiffness matrices obtained by considering the brace and frame to be acting in parallef.
There is a fajrly good correspondence in the values obtained by the two methods.
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| Experimental Determination of Spring Constant

In order to get the influence coefficient matrix for the test model, load was appl}ed
atthe top storey level (1) to give g,, and g;,, and at the bottom storey level (2) to give
815 and g,,. Load was applied directly LOAD AT SECOND STOREY LEVEL
by weights and deflections were
measured both during loading and
unloading by dial gauges having a
least count of 0.01 mm.

2001

sdo|- 147
Fig. 4 shows representative load— '
deflection curves. These curves are
approximately bilinear. Upto a cer-
tain load, the compression diagonal
also participates actively in taking the ,
shear, but after it buckles, only the : ' | T f
tension diagonal remains effective. % 20 a0 80 30 100 120
Such an observation was also made by DEFLECTION - Tem = 10%0.01 mm
FunahaShi, KinOShita and SaitoM LOAD AT FIRST STOREY LEVEL

BILINEAR APPROXIMATION ..}

> 1y

a0 7 4

Vs 2

HOR! LOAD. gms

mined by using the slope of the line 2000].  'L/NEAR APPROXIMATION _ . _
joining the origin to the peak of the i ,
curve. These are termed as secant
-slope values. These influence co-
efficients are then inverted to get the
stiffness matrix. :

2400}

The spring constant of the brace, 000 1
Kg is obtained by deducting the
experimental spring constant of the
skeleton frame K¢ from the experi-
mental value Ky for different cases(®,
i.e. ‘

-~ gms
-

> .
o

o

1

1200

NORY. LOAD

K] = [KT] - [Kq]

Tables 2, 3, 4 and 5 give a compa- 800
rison between experimental and
theoretical spring constant values for
single bay single storey frames, one
bay two storey frames, two bay two
storey frames and three bay two storey
frames respectively.

800
b4

lirisagssr sannal
t .

i J
0 20 a0 (V) (] 100 - 120

vFree Vibration Test : ' (OEFLECTION tem 2 10% 001
Fig. 4.~ Load deflection curves for case 14

For determining the natural ,
frequencies of vibration of the models, a self generating type velocity pick-up was fixed at

the upper storey level as shown in Fig, 2. The signals were amplified by a high gain D. C.
Amplifier and these were recorded by an Ink Writing Oscillograph. :

Vibrations were imparted by pulling the model by a certain extent and then letting it
- go. -The experimental values of frequencies are tabulated in Table 6 along with the _
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Table 1 .
Compa(rison of Spring Constants by Stiffness Matrix and Parallel Spring Methods
Case Spring Constant by Stiffness ~ Spring Constant [Ky ] by consideration ,
No.~ Matrix [Ky ] kg/cm : of parallel springs kg/cm
I 1.0 | 1.0
2 446 - 44.0
3 22.8 225
4 | [ 0.8 — 1.057 073 = — 0.737
- 1.05 242 [— 0.73 1.46 |
13 [ 43.2 — 4467 | 44,1 — 44.1 7
— 44.6 91.5 | — 44.1 88.2 |
27 40.8 — 38.27 44.5 — 44,5 7
—~ 38.2 122.0 — 44.5. 130.5 |
33 - 115.0 — 108.07 130.5 —130.5
—108.0 226.0 - —130.5 261.0
Table 2
Comparison Between Theoretical and Experimental Spring Constant of Braces
Single Bay Single Storey Frame
‘ ‘ Difference between
Case Position of Stiffness Stiffness contribution theoretical and exp.
No. braces* (Kt ) kg/cm by brace (Kp ) kg/cm values of (Kp )%
1 | - 0.81 - -
2 X 20.60 ‘ 19.79 | 8.0
3 / 16.65 15.84 - 26.4

* Note — Locations of braces have been given in the second columns of these tdbles The
signs denote the following ‘

- — denotes no brace,
X denotes a two diagonal brace
| denotes a single diagonal brace
For example, -}-{X (Fig 3, case 14) denotes a two bay two storey frame havmg no bracg in

left panel of upper storey and right panel of lower storey and has twin diagonal brace in
right panel of upper storey and left panel of lower storey. Similarly -XX (case 32) denotes
XXX

a three: ‘bay two storey frame in which all panels are provided w1th diagonal braces except
the extreme left panel in the upper storey. .
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Table 3

Comparison Between Theoretical and Experimental Spring Constants of Braces
= One Bay Two Storey Frame

: . Diﬁ‘erencé between theoretical
g Stiffness matrix of Stiffness %ontrlbuted ~ and experimental stiffness
2 g ',9..‘-‘“_ 8 braces only [Kp ] oy values of braces
J Z|8° g kg/cm each upper|each lower | Upper storey | Lower storey
: .3 storey brace storey brace brace brace
kg/cm l kg/cm kg/cm o kg/c.m\ ‘
5 X [ 17.61 —17.897 18.32 — —6.68 -
- —18.77 19.00 |
6 X 22.84 —23.027 23.11 - 28.67 —1.89 3.67
X —23.47 51.78 |
7 16.61 —16.79 16.88 — —8.12" -
[——16.97 17.16 |
8 |/ 22.31 —22.497 22.49 21.39 —2.51 —3.61
/ —22.67 43.88 ' :

Note : The negative sign indicates that the theoretical value of the stiffness of a brace
[Ks ] is greater than its experimental value, ‘

frequencies calculated from influence coefficients. In general, it may be noted that the
measured frequencies are higher than the computed frequencies. This may be due to the
initial slope of the load deflection curves governing the free vibrations®,

Conclusions

1. Spring constant computation by stiffness matrix method and by assuming the
frame and brace to be acting in parallel give a fairly good correspondence.

. 2. The assumption that only the tension diagonal brace resists the lateral load is
limited to cases in ‘which the compression diagonal buckles completely. The stiffness

contributed by an unbuckled compression diagonal brace may be as' much as that by a
tension diagonal brace.

‘3. 'With the increase in end restraint of the braces, which may be due to the addition

of another bay, storey or an adjoining braced panel, the stiffness contributed by each brace
increases significantly.

4. A change in relative location of an isolated brace in a three bay two storey
frame model, does not have a significant effect on the spring constant of the brace.

' 5. Measured freqﬁencies are higher than the frequencies computed by using the
influence coefficients obtained from the secant slope of the load-deflection curves. This is
so because theoretical studies have indicated that the frequencies are more or less dependent

on the initial slope of the bi-linear load deflection curves.
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Table 4

Comparison between Theoretical and Experimental Spring Constant of Braces
Two Bay Two Storey Frame

13

. : Difference between theoretical
g Stiffness Matrix of St1ffness gontrlbuted and experimental stiffness
% S S § braces only [Kp ] ; y -values of braces
UvZ 8°w kg/cm each upper [ each lower | Upper storey | Lower storey
S © storey brace|storey brace brace ~ brace
kg/cm kg/cm kg/cm kg/cm
16 — X 20.53 — 20.46 22.1 - —2.9_ —
—_ = —-23.70  23.67
11 X X 42.08 — 42.01 24.06 — —0.94 —
- — —44.50 63.92
12 - — 0 0 — 22.24 - —2.76
- X [ 0 22.24
— X 22.33 — 22.267 24.28 29.54 . —-0.72 4.54
- X —28.25 53.82 ]
14 — X 22.53 — 22.467 24.13 27.99 —0.87 2.99
X — [—27.40 52.12 | ,
15 X X 5377 — 53.70 27.11 28.29 2.11 3.29
— X |—5520 8250 -
16 — X [ 2683 — 2491 26.86 - 29.63 1.86 4.63
X X [——28.85 86.12 |
17 X X 53.33 — 53.31 27.4 29.81 2.40 481
X X —57.70 114.42 \
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Table 5
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Comparison between Theoretical and Experimental Spring Constant of Braces
Three Bay Two Storey Frame

Stiffness contributed

Difference between theoretical

. 18 . Stiffness Matrix of b and experimental stiffness

25l 8 braces only [Kp ] \ oy values of braces |

0Z|g° E - kg/em each upper | each lower | Upper storey | Lower storey
-l storey. brace|storey brace brace brace

kg[cm kg/cm kg/cm kg/cm

19 —X— [ 2868 — 28 387 28.64 — 3.64 -
——— |L-2879  28.70 | N

20 —XX [ 5528 — 54.987 27.37 — 2.37 —_
——— | —55.49 53.20 |

21 XXX T 95.98 — 95.687 32.13 — 7.13 —_
——— |L—97.19  96.80] | |

2 ——— [ 0 =0 ] —_ 33.25 — 8.25
| —X- L 0 33.25 ] . ,

23 —X— [ 40.98 — 40.687 41.78 37.62 16.78 12.62
—X— |—4269  79.40

24 ——X [ 40.38 — 37.087 38.92 31.38 13.92 6.38
~X— [ —39.29 70.30 |

25 —X X [ 80.88 — 80.58 40.59 34.42 15.59 9.42
—X— [ —8200 115.60 | |

26 —-X— [ 3528 — 35.82 36.13 37.73 11.13 12.73
X—-X |—37.29 111.60

27 —X— [ 35.78 — 35.207 36.12 32.09 11.12 7.09
X X |- 3739 100.30_ o

28 —X X 78.48 — 77.287 - 39.99 33.51 14.99 8.51
~X X | — 84.19 147.00_ | _

29 -XX 79.38 — 77.787 40.78 33.51 15.78 8.51
X X— — 85.29 147.80 '

30 XXX 151.58 —150.387 50.59 35.86 25.59 10.86
X X | —153.39 223.50 ‘

31 —X— [ 36.08 —34.237 35.77 35.31 10.77 10.31
XXX |- 3699 14170 |

32 XX [ 39.03 — 84.78 7 43.86 43.86 18.86 18.86
XXX L—9939 219.30 ]

33 XXX [ 169.98 —124.187 57.83 53.77 32.83 28.77
XXX |_—186.29 334.80 ]
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Table 6
Frequencies
Case Location | Measured Conip‘uted frequency based| Percentage diflerence between
No. of frequency | on experimental influence | measured and computed
: braces c/s coefficients c/s frequency
1 2 3 4 5
1 —_ 5.44 - 3.56 ' - 34.60
2 17.85 17.95 —0.56
3 / 16.00 16.15 —0.93
4 — 3.10 3.497 —12.80
5 X 3.76 ‘ 3.132 ' 16.70
6 X 1922 12.727 - 33.75
X | 1, |
7 / 3.65 3.103 15.00
8 7l 11.47 . 11.527 —0.49
9 _— 2.55 1.988 : 22.00
10 —X 339 2495 26,40
11 XX 348 2.650 23.85
12  — 6.57 3.096 52.90
—X .
13 —X 15.25 8.364 45.10
X
14 —X 16.00 8.611 : 46.10
X—
15 XX 1645 - 9.346 43.20
-X »
16 —X 18.65 11.564 38.00
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DESIGN OF A TYPICAL MACHINE FOUNDATION BY
DIFFERENT METHODS

Shamsher Prakash* and V. K. Puri**

Synopsis

Procedures for evalution of soil constants from a resonance test, for the design of
machine foundations have been illustrated by Barkan, Pauw and Richarts’ methods. Based
upon these soil constants, two typical foundations, resting on two different types of soils
have been checked, by the three methods to illustrate the application of different design
methods in practice. , - '

. . Introduction

For evalution of dynamic soil constants a resonace test is recommended (Prakash
and Gupta 1967). However there are several methods by which the results of this test can
be interpretted (Prakash 1965). Resonance test data reported on two different sites
(Gupta 1965 and Kondner 1964) has been interpretted by Barkan, Pauw and Richart’s
methods of analysis. Two typical foundations resting on two different soils have then been
checked based on the three methods and comparison of the natural frequencies and
amplitudes of motion has been made. )

Notation i

Symbol ‘ Units

a - Length of the foundation ’ m

ax- . Dimensionless frequency Factor for sliding vibrations

a4 Dimensionless frequency factor for rocking vibrations

az Dimensionless frequency factor for vertical vibrations

A Area of the foundation in contact with ‘soil m?

As Amplitude factor for sliding

Ar Amplitude Factor for rocking .

Ax Amplitude in sliding ' mm g

A4> ~ Amplitude in rocking X Radian

Axg Amplitude in combined rocking and sliding . mm
b Width of foundation | m

Cu ‘Coefficient of elastic uniform compression of soil - kg/cm?®, t/m?

Cy Coefficient of elastic non-uniform compression of soil - kgjem?

Cq - Coefficient of elastic uniform shear of soil - ke/em?, t/md

* Professor of Soil Dynamics, University of Roorkee, Roorkee, U.P. (India).
*s Lecturer in Civil Engineering, H.B.T.I., Kanpur, U.P. Formerly, Technical Teacher- Trainee, University of
Roorkee, U.P. (India}. ‘
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Modulus of elasticity of soil
Natural frequency in sliding

‘Natural frequency in rocking

Natural frequency in vertical vibration

Natural frequency in combined rockmg and sliding
Acceleration due to gravity

Shear modulus

- Equivalent height of surcharge
~ Height of foundation block.

Moment of inertia of the foundion c¢ontact area about
an axis passing through the C.G. of the base perpendlcular
to plane of vibration

Mass moment of inertia of foundation and accessories
about-an axis through the C.G. of the system

Mass moment of inertia of foundation and machine about

an axis through the C.G. of the base of the foundation

Mass moment of inertia of foundation and machine and
soil mass about an axis through combined C.G.

- Spring constant for sliding vibration

Spring constant for vertical vibration

Spring constant for rocking vibration
Height of C.G. of foundation and machine above the base
of the foundation i

Mass of foundation and machine

Apparent soil mass

Exciting moment

Exciting force

Equivalent radius for sliding vibration

Equivalent radius for rocking vibration

Equivalent radius for vertical vibration

Natural circular frequency in sliding

Natural circular yfrequency in rocking

Natural circular frequency in combined rocking and sliding
Natural cireular frequency in vertical mode of vibration
Damping factor ‘

Density of soil

Eccentricity factor

Length of the element

Width of element

Height of the element

Ratio Im/Imo

~ Static soil pressure

kg/cm?, t/m?

c.p.s.

Cc.p.s.
c.ps.
c.p.s.

‘m-sec 2
kg/cm?, t/m? -

m

mé
t—-m-sec?
tf-m-sec?

t-m-sec?
t/m
t/m
t/m

m
t-m-1-sec?
t-m-!-sec?
f-m

=

kg/cm?
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Particulars of Available Test Data :

D. C. Gupta! (1965) performed resonance tests on four foundation blocks of one

metre height resting on the surface of sandy soil and subjected to sinusoidally varying
unbalance force. The tests were performd by mounting Lazan Oscillator on

the top surface of the block and recording amplitudes of motion of the block at different

horizontal

frequencies.

The results on a block of 1m X 1 m X 1 m have been taken up for analysis.

The particulars are given below and record of observations in Table I.

Weight of fonndation block
Weight of oscillator assembly

Density of soil

Base area of the block

I

I

2.21 tonnes
0.062 tonnes

1.8 t/m?

1 m?

Table I--Test Data Reported by D. C. Gupta

’Eccentricity Factor Observed Natural Peak Amplitude Unbalance Force
ol Frequeney Amax at Resonance
e X 10-% cm ‘

fnxg C.P.s. mm F kg
1.45 16.0 0.30 28.0
3.01 15.0 0.43 58.0
5.43 13.0 0.685 90.0
9.28 12.0 1.00 120.0

) Konder (1964) reported data on circular footing resting on Silty Clay, tested under
vertical vibrations. The particulars of thc test data are as given below : ‘

- Compression modulus of soil at surface

"The compression modulus and shear

methods.

Diameter of the footing

Weight of the footing including vibrator

and ballast
Unit weight of the soil

Il

Eo

Compression modulus of soil at 8.85 m beiow

surface E

Shear mpdulus of soil at surface

Shear modulus at 8.85 m below surface

modulus

=

—

1.57 m

14.02 tonnes
1.91 t/m®
740 kg/cm?

11600 kg/cm®
G = 326 kg/cm?
G = 693 kg/cm?

were determined by seismic
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Table II—Test Data Reported by Kondner

~
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WEIGKT2 0. 0020

Eccentricity Natural |Force at Resonant
Factor Frequency Frequency , osCitLA
e X 108 cm | fy; c.p.s. F kg 70 R
177 15.2 23.0 ;
o WEIG :
3.60 13.6 38.5 REVly
[y BLOCK
5.50 12.8 50.0
7.20 12.0 58.5
TLETIT T 77T T T T T Ty pryy 7

The procedure for analysis of test data will

7

now be illustrated. ™
Analysis of Test Data ’ o BLOCK NO 1

The test data on sandy soil will be ' Fig. 1. Section of block

analysed first.

Barkans Method

Fig. 1 shows a section of the block Im x 1m x 1 m high. The axis of rotation of

the block is perpendicular to the plane of the figure.

1.

Moments of Inertia

(a) Base Area.
¢ 1 x1®

S = 4
= 5 0.0834‘ m

(b) Mass of oscillator and block.

For oscillator, Im; = %—%—612 (0.656)2 = 0.00272 t-m-sec?

* For foundation block I, = % (ax® + ay?)
- Tz?'l”—"lelz (14+1) = 0.0376 t-m-sec?

Im = Im; + Imy = 0.002724-0.0376 = 0.04032 t-m-sec?
S, 2.21 0.062
Imo = 0.0376 4 081 (0.5)2 —|—»m (1.156)% = 0.10237 t-m-sec?
y = %—‘—’i = 0.394
mov

* All the symbols have been defined in the notation.
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2. Determination of Cy

Frequency equation for combined rocking and sliding (Barkan, 1962) is

winxg — Wax + Whag Wenxd + Wox - Wag _ 0
Y Y
Cr. A Crx1
2 e T T X1
Woox m 5072981 = 432 Cr
‘ Cy. I Cy x 0.0833 3.74 C '
2, _ _ _3.74 C; X 0.0833
W = o 0.10237 o237 - 026G
assuming Cy = 3.74C; ‘ |
Substituting in the frequency equation
432 Cy + 3.02C 4.32 x 3.02
4 — T T =
WRd — =——0304 Worg + —paeg O =0

33.1 C4* — 18.6 Cr . whxg + Whaxp = 0
Cr = 0.5 W2z ; Cr = 0.06 Wi
Wnxg = 2 7 foxgp

For observed natural frequency, fax¢ = 16 c.p.s. the values of C; come out to be
5.05 kg/cm® and 0.595 kg/cm®. Substituting C; = 5.05 Kg/cm?® in the frequency equation,
we get  fuxgy = 16.2 c.p.s. ' :

foxgs = 46.0 c.p.s.
when Cp = 0.595 is substituted we get

faxgn = 5.45 c.p.s. |

f,,xszg2 = 15.8 c.p.s.

The value of Cy selected should be such that it satisfies the condition for two natural
frequencies. The observed natural frequency is the lower natural frequency in the combined
mode. The second natural frequency will have a higher value which is given only by
Cy; = 5.05 kg/w2. ‘

So out of the two values of C; so obtained, only the higher value will satisfy the
condition for two natural frequencies.

The values of Cy have been shown in col. 3, Table I1I.

Richarts’ Method
1. Equivalent Radii

rx=A/¥A~=A/-l—=O.564m
T T

W gt he S
7 Cr+3)=Tn

272 (Tp* 12 - s =
(4 + ) = 0.10237 . 1y = 0.64m

e

9.81



114

2.

58]

wn -

Bulletin of the Indian Society of Earthquake Technology

Mass ratio
W 2.272
X = 1 = T8x 056 = 10
Inertia Ratio
b = ;n:;sg _ 0.10237 x 9.81 507

(1.8) x (0.64)%
Dimensionless Frequency Factors
From Richarts charts, Fig. 2b and 2c.
ay = 0.85; ag = 0.67

Determination of G

W4nx¢ - [:(Wanx + WznqS) + I;% VA Wznx] Wznx¢ + winp.wix = 0

~N

Z = 0.516 m., where Z is the height of combined C.G. above the basis.

—_ (ax)g2

wiy S
X rzx P

Gg _ (0.85)% x 9.81 x G.
T (0568 x 1.8

G.g _ (0.67) x G x 9.81

= 12.7 G.

= 60G

r¢' [

064" x 1.3

_~£f\ z(qu’"7V’ B

“F-[/~ 7=
T— 8 u’ )
e N o/

AMPLITUDE

1
0.29}Q9=2mq lw

RATION

a4

AN

B

T

0 0.5

1.0 1.5

. 22wy, [p/e

Fig. 2(a). For exciting force amplitude dependent upon the exciting frequency
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f \

2. Mass ratio
i W 14.02

ro* ~ 191x(0.785)

3. Dimensionless frequency factor from Richarts, Fig. 2(a) For bz = 15.12
‘ Ay == 0.59 '
4. ‘Determination of G

bz =

= 15.12

o 47w 2, r,2 p
a; = 2x¢ fuz,‘/Gig; G_____*aznmz_ E
fnz. 12, a; being known, G can be computed. The values of G so obtained have
been given in col. 4, Table IV below: .

Table IV. Soil Constants for Silty Clay

Eccentricity factor Observed natural Cu kg/cm3 G kg/cm?
€ X 10-*cm frequency c.p.s.
1 | 2 5 3% 4

177 15.2 | 6.75 322.0

_ (2.98) ) : ‘

3.60 13.6 5.40 256.0
‘ (2.38) ~

5.40 12.8 4.76 230.0
(2.10) -

7.20 : 12.0 420 : 220.0

(1.86)

* Values in the brackets show values of Cu for standard 10 m? area.
" Pauw’s method

From the data reported by Kondner for the silty clay under consideration.
Compression modulus of the soil at the surface Eo = 740 kg/cm?
Compression modulus of the soil at depth of 8.85m E = 1600 kg/cm?
Shear modulus of the soil at surface Go = 326 kg/cm?

Shear'modulus of the soil at depthof 8.85m G = 693 kg/cm?

__ 1600—740

Rate of increase of compression modulus with depth g =gy = 0.9725 kg/cm3

>

' ' 3-326
Rate of increase of shear modulus with depth g’ = 6'98T = 0.415 kg.cm3
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'l 1950 | 1500 1950
M o
~
™.
(@]
Q
vy
| .
o 800
- v ~1:20 I%i’
s
S| -2.00
A4 - Y

“ . 7000
Fig 3 c—Section along the axis of main shaft section y y’

Design Examples

Dqsxgn a foundation for a reciprocating horizontal compressor the following data
being given,

~ Operating speed of the engine = 120 R.P.M.
Horizontal unbalance force PSinwt = 2.5 Sin wt tonnes
Weight of compressor =26.0 tonnes
Weight of motor =14.8 tonnes
Density of soil = 1.8 t/m?

The horizontal unbalance force acts at a height of 0.5 metre above the top surface
of the foundation. The soil is sandy having bearmg capa01ty of 1.5 kg/cm?, Use soil
constants obtained in Table IlI.

Barkan’s Method

, Cofficient of elastic uniform shear of soil Cr = 0.85 kg/cm?, - Use foundation of the
type shown in" Fig. 3. ‘

1. Determination of combined C.G..
Density of concrete = 2.2 t/m“'

Let X0, Yo, Zo denote co-ordinates of the centre of gravity of the who]e system
w.r.t. co-ordinate axes.

111.76 ) 84.67 ., 28.34
Xo == '_z‘m = 4.64 N yo = m’z 3 53 Ly = 2“—4'0‘—2 1.19
% eccentricity in x — direction = 4_6i;_—g_5_0 100 = 1.56%,
3.52--3.50

% eccentricity in y ~ direction = a5 X 100 = 0,0281
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Static soil pressure = }\\X 24.02x9.81

= 2o == 3,75 t/m?
9x7
' 0.375 kg/em? < 1.5 kg/cm?

120 R.P.M. = 2 c.p.s.

12.6 rad/sec.
158 sec-2

Height of the force axis abbve the combined«C.G., h = 2+0.5— 1.19 = 1.31 m
Exciting momet about C.G. of the combined system M = 2.50x 1.31 = 3.28 t-m
2. Moment of Inertia ' '
(a) Base Area
7% 9®
I=75
(b) Im = % (axi®+23212) mi-+my (X012 +Zoy?)
Im = 112.514+6.56 = 119 t-m-sec?
Imo= Im+mL? = 11942402 1.192=153 t-m-sec? (L = Zo)

I

Operating kfrequency of the engine w

Il

Il

w2

= 425 m4 | '

_Im 19
Y e — 153 = 078
3. C; for 63 m? area — 0.85 J é_(; — 0.34 kg/em?, Cé = 1.20 kg/cm?
4. Natural frequency in sliding
_ |Cra 033X 10°%63 — 48 c.p.s.

Wnx = l\/F = —_'2—4:02—— = 30 l'ad/Sec., nx p

5. Natural frequency in Rocking ‘
Co.l—WL [.20x 103 x 425 —(24.02x9.81)x 1.19

f“d’ = 9.2 c.p.s.
6. Natural frequency in combined mode .
(W2n¢ + Wgnx> 4 Wznxy- W2n¢ —0

Wihix g —Winx ¢ ;

(30)24-(57.8)2 (30)2 X (57.8)% =
- 0.78 Winxd 0.78 0
Wznxgb'nz = 2.71x 103 (14+0.6¢) sec-* ‘

Wnx fpy = 29 sec™t; fnx¢, = 4.6 c.p.s.
Wnxds = 67.8 sec™' ; fnxge = 10.8 c.p.s.

W2nx¢

7. Amplitudes

A6?) = m Im (Wnxdy—W?) (Woxge—W?)

= 24.02 X 119 ((29)2—(12.6)?) ( (67.8)2—(12.6)?)
= 8.6 x 10° ‘ .
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Cg . I—WL4Cr.AL? Iy W?

- 4 e X P 4+ .M
Ax A X P+ R
_ 1.20%425—236.194+0.34 x 103%x 63 x (1.19)>4+119 (12.6)2 % 2.5 +
- 8 6x10° | )
0.34%x 10°x63%1.19
S 6100 = 0.0143 + 0.0975 = 0.1118 mm.
C AL CTA—mW2
A =P —m— M
A o K Sy N )
3 3 b 2
_0.34x103x63x1.19 % 2'5_|_034><10 X 63—-24.02%.12.6) % 3.98

86 x 10° 8.6 x10°

= T74x10-¢ + 6.2x10°6 = 13.6x10-¢ radlan

Axé = Ax+hA¢ = 0.11184-13.6 % 10-6% 0.81
= 0.1884+0.011 = 0.129 mm where h =2—1.19 = 0.81 m

Richart’s Method _
G = 1740 t/m?

For the Foundation shown in Fig. 3.

1, Equivalcnt radii

fx——-,\/ A/~-—448m

m ( ) + = 3 = Ip == Imo—where h = height of block = 2m.

rg 23
24.02 (T = ) 153 1 =49 m

2. Mass ratio
mg 24.02x 981

b = o T 8@y P
Inertia Ratio
bp = Ioxq 153x9.81 — 0.3

p(rd)®  T.8x(4.9)

3. Frequency Factors

From Richarts charts Fig. 2b and 2¢.
ay = 1.4 ; a¢=1.4

4. Natural frequency in sliding.

a4 Gg  (1.4)*x1740x9.81
X7 Tprof 1.8°% (4.48)2

Wny = 305 sec!;fyy = 4.8 ¢c.p.s.

= 930 sec~*®

w2
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5. Natural frequency in Rocking
w26 OF_ (1.4)x1740% 981
T YRR T L8X@9)T
Wng = 27.8 sec' ;. fug = 4.35 cp.s,

= 775 sec-2

6. Natural Frequency in combined mode

2 .
W4nx¢> - [(Wenx -+ W2n¢>) + _I’Ill% Wlnx ] Wznxqﬂ + Wiy . WznqS =0

z=1.19
| 24.02 % (1.19)2 '
Wihxg — ’:(27.8)*‘+(30.5)2 + —0—%%1—& X (30.5)5] Winyd +(27.8)2 X (30.5)2=0

Wloxgr = 725 sec™? ¢ Wnxgy = 26.8 sec? ; faxgy = 4.2 c.p,s.
Wixge = 1425 sec™® @ wnyp,=37.5sec™!; fuxgy = 6 C.p.s.

7. Amplitudes
Amplitude factors

As = 0.27 : Ar = 1.3

P 2.5 __
Ay = Gr, * As = (7740 % (@9)° X 0.27 = 0.08 mm
M X Ar 3.28x13

= 2.1x10-5 radian

Ab=  Gxrs T740% (4.9)%

Axd = Ay + hAp = 0.084(2.1x10-%) x 0.8x10-3
= 0.084-0.0168=0.0068 mm

Pauw’s Method .

From Table 111, using smallest values

B = 3.87 kg/cm? ( :

B’ = 1.42 kg/cm3

Assume a =1
For the foundation shown in Fig. 2,

a=9m; b=Tm

q= M—g—gﬁ—l —325tms h= 3 =3B _ 508 m

S — %1= IX2.08 _ 4997, r= & = 2 109

1. Spring constants

From Pauw’s charts ; for above values of S and r.

Vo nd . ,
T = (095 s '}’xx". = 1.29 x 0.95 = 1.23
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k¥ — B'b2 = 1.42x (108 % (7)3x 1.23 = 85100 t/m
. | -
Ty 018 ¢ K = byl = 3.87x 103% (7)*x 1.29x0.18 t/m
T : o '
— 2160000 t/m

2. Apparent Soil mass ~ “\

%T —0.62;: Cm = 0.62%1.29 = 0.795

pb*Cm _ 1.8x7° . =l cpe?
ms = sa = 98IXI % 0.795 = 63.0 t-m s§c

3. Apparent mass moment of Inertia of soil Is

C
?; =0.21; C;=(1.29p%x0.21 = 0.451
_Cipb®  0451xX(7)°x1.8 e cap?
L= T5ga = " iox98Ixl  — /6 trm-se
Height of C.g. of the soil mass and foundation and machine above the base
24.02x1.19 ’

Ims == Im + m (ZOi"—"Z)z + I + ms (2)2
— 119 + 24.02 (1.19—0.328)% + 116 + 63 (0.228)? = 256 t-m-sec?

4. Natural Frequency in Sliding

= ke [ 85100 31.3 sec?
Wnx = Imims ~ A24.027630° °
fox = 5 CP.S.

5. Natural Frequency in Rocking.

Wng = }_(EZ = glgggoo — 92 rad/sec.
ms .
fag = 145 c.p.s.
" 6. Natural Frequency in Combined Mode

o Irrkx | Z ket Ky Kx . z® kx+Kkzx \? _ 4kx kxz
wznx¢1;2“ —Z_E(E - | - ) + /\/(E + Ims ) ' m Im;}

185100 (0.328)2x 85100 4 2160000

Waxgin= 5| %702 T 256
35100 _ (0.328)"x 851002160000 _ 4851002160000
& ( 87.02 756 ) 86.02% 256

= 4715 (14£0.90)
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Wn,;g{,} = 21.7 sec-! ; quq',l = 3.5 c.p.s.
Wiy = 94.8 sec™" ; fxge = 15.1 c.p.s.

7. Amplitudes

Assume damping factor = 0. 20

Ry e ) Ge o)

= = 0.03 mm
851004/ (1— 0.4)4)2+(2 XU.2 X 0.4)*

A¢p =

kxz A/(l* (Wx}qb) ; wn¢

R . o~ = 1.77%10-% radian

”160000\/(1 1382)’—}—(2><0 2><0 138)’l

Axd = Ax + h A ¢
= 0.03 + (0.81x1.77x10-%) x 103
= 0.03 4+ 0.014 = 0.0443 mm

Desxgn a foundation for a honzontal reciprocating engine with fo]lowmg data.

Speed of the engine , = 200 R.P.M.
Total weight of engine ' -~ = T7000 kg
Weight of reciprocating parts ’ = 45 kg
Weight of eccentrically rotating parts = 30 kg
Length of connecting rod = 100 cms
Crank radius = 30 cm
Height of horizontal unbalance force above the

top surface of foundation = 30 cm
Soil-Uniform Silty clay ‘ ‘ .
Allowable bearing capacity = 1.0 kg/cm?

Use soil constants determined in Table 1V

- Solution
W, T
P= \g—— rw? { cos wt T cos 2 wt) -+ W rw? cos wt
(P)max = v—:—g rw? <l+ _r_ + — rwz, W= 26000 X 21 = 21 rad/sec

_0.045 0.03 .
= 5e7 X ! ><(21) (1+03)+981 x 0.3 (21)? = 1.2 t.
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Barkan’s Method

1.

2.

3.
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\
R

Adopt a block foundation shown in Fig 4.

Density of concrete = 2.2 t/m?
Wt. of foundation block = (4%x4x0.5 + 3x3x1)x2.2
= 37.4t.
44.4

Soil pressure = q = ixF = 2.78 t/m?
== 0.278 kgfem? < 1.0 kg/cm?

} Indm '
-

2

~_

&m::"’”"' — —— -%;L.__

T Kaida ok
| -

Flg 4. Cross-section of the foundation block

Hight of C-G. above base of foundation

3 57 ‘
Z = 1345 0.825m

Exciting Moment = M = 1.2x0.975 = 1.17 t-m

Moment of Inertia

_ 4x4 .
I = 13 = 21.3 mt
Im= 395 + 1.68 = 5.63 t-m-sec?

4.4
Imo = Im + mL% =563+ '§‘8_‘1“ (0.825)

= 8.58 t-m-sec?

I 5.63

Y = I~ 838 T U0

Soil Constants
- Cu for 10 m? area (Table IV) = 1.68 kg/cm®

Cu for 16 m? area = 1.86 A/—ig = 147 kg/om® = 1.47 t/m®

Cy = 0.735 % 10® t/m?
Cp = 2.5 x 10° t/m?
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4. Natural frec{uency in Sliding

B T
CrA 0.735x103x 16 __ 54.8 sec-t

_ [&1a _
Lo W = i m T 4.35

fox = 8.5 c.pss. ; wip, = 3.0x 103 sec-?

5. Natural frequency in Rocking

_ JCeI=WL _ A/2.5><103><21.3—44.4><0.825_ o
W = AT == 353 = 78 sec

fng = 12.4 cfs; wig = 6.1x10% sec™?

6. Natural frequency in combined mode

2 2 x W2 _l__w2'
W4nx¢ — ‘f’__"_‘ﬁ_i;_w_f’_ Wsnxq& + nxmy,___nj’ =0
. 8.4+3.0x103 6:1%3.0x108 -
W4nx¢ - 6.1x 100+635 X — Wznxd) +- ————OTS—'—“ = 0

Wiixdy = 2.415x10% sec™? ; Wnx p) = 49.1vsec91; ’fnxq{,l = 7.8 c.p.s.
w“,m;,, = 11.58 X 10® sec™® ; Waxgs = 108 sec! ; faxge = 17.2 c.p.s.

7. Amplitudes
A(w’) =m Im (Wgnx(ﬁx—wz) (W2nx¢2""wz)
= 4 35x5.63 (2.415%x 108 —441) (11.58 x 103—441) == 5.4x 108

Cg.1-WL+CrALMInw . CrAL
A F T AW

X

B 2.5% 10°%21.3 —44.4 X 0.8254-0.77 x 108 X 16 X 0.8 —5.63(21)? « 12+

5.4x108

3
(EZE_;.OTZ}_&X__O‘SZS % 1.17 = 0.152 mm.

_CrAL o CAL—:
A=z T T T AW

3 v 3 4
. 0.77x 108% 16 X 0.825 % 1.2 & 0.77 x 10® x 16—4.35 x 441

5.4x% 108 ) 5.4% 102
= 4.5%10-% radian

Ax¢é = Ax+h A¢p = 0.152+0.675x4.15x 10-5x 10®
= 0.152-40.0302 = 0.182 mm

Richart’s Method
Try Foundation shown in Fig. 4.

Adopt value of G = 2200 t/m* (From Table 1V)

x 1.17
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I. Equivalent radii

2. Mass ratio

3. Inertia ratio
Imoxg
b mo
T
4. Frequency Factors
From Richarts charts (Fig. 2)
ay = 1.7; a¢==1.38

5. Natural frequency in sliding.

4.35%9.81
9T (2 26)

=: 8.58 ;

= 2

8.58 % 9.81
19Tx(2.2)°

= 1.0

9.81x2200

G.
anu—A/ g= 726

foy — 12,7 c.p.s.

6. Natural frequchcy in rocking

Wn = r%‘
fng = 10.7 c.p.s.

2 G _ 138
2.2

1.91

9.81% 2200
1.91

7. Natural frequency in combined mode

ré = 2.20 m

80 sec-!

= 67 secv'l‘

W‘nxgb - [:(Wznx -+ W’ngb) + *nlzz Wznx] W2nx¢ + Wiy . Wzn:j; =0

Woxd — '[(84)2 + (67)?

ngéqsl = 2800 sec~2 ¢
Wenxge = 11200 sec-? ;

8. Amplitude factors
-As = 0.5 N

Ar = 1.2

Wnxda

Wn‘«;{n:

4.35 .
+ 5z (0.825)2 x (34)

53 sec?

]w%¢+@®%qmy=o

fuxgs = 8.45c.p.s.
106 sec= ; faxpg = 16.9 c.p.s.
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Amplitudes
Az = PxAs 1.2x0.5
~ Gr,® T 2200 x (2.26)°
_ AxM  12x1.17 ‘ -8 s
A¢ = GX ) — 200% (2.2° = 0.06 x 10-2 radian

Ayp = Ax 4 h Ad = 0.1240.06x 10-2x0.675x 10* = 0.1605 mm

= 0.12x103*m = 0.12 mm

_ Pal:w’s Method

Use the same foundation as above,

The values of g and 8’ to be used are as given in (Table IV)
B = 0.97 kg/cm?® = 970 t/m? '
B’ = 0.42 kg/cm® = 420 t/m3
E, = 740 kg cm?

Assume a = 1

44.4 _ B, q 740 278 o
q:ax—=2_78t/ 2,h-—-—@—+—p—9’——'7.0+m—0.9m
a ah Ix9
r = -E- - 1’ S: —b—= —4———2.25

1. Spring constants

y":y = 1.8 ; ¥ = 1.8, k¥ = Bb? ¥ — 420% 16X 1.8 = 12100 t/m .

yir =048 ; KX = pb* XY =970 x 256 x 0.48

— 120000 t/m

2. Apparent Soil mass - |

(Ergl'=1.8; Cm = 1.8;

C __pb? _1.91x48 . 1 cand

ms = —ga—Cm— 9.8Tx1 * 1.8 = 22.4t m-!—sec
3. Apparent mass moment of Inertia of soil

C

— =045; Ci=045

5 ' 5
Iy = PO LOIXM) o 0.45 — 7.2 t-m-sec?

12ga G = 12%9.81x1

4. Height of Combined C.G. of the soil and foundation etc.

_ 4.35%0.825
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Ims =1T.Z?9 (42.40.5%) + 179 (0.116)2 + 1.84 (31+12) + 1.84 (0.866)2

4+ 0.715(1.66)? + 7.2 + 22.4 (0.134)% = 14.95 t-m-sec?
5. Natural Frequency in Sliding
kx| 712100

— St S CoeVV o -1
Wor= [oims = y4.35 1224 = 872 ¢C
fox = 10.7 cp.s. <
6. Natural Frequency in Rocking.
| 120000 -
Wng = Es = J 1495 = 90 sec
fap = 14.3 c.p.s.
7. Natural frequency in combmed mode
2 kx+k2x Ky . 2 Katkeyy®  4KxKknz
w nx¢1:2— 2 [( Ims :l.': A/(a + z Ims ) m Img
12100 (0.134)2 x 12100 -+ 120000 >
Whxdia= 3 ( 267 14.95
12100 (0.134)2>< 12100--120000 \* 4% 120000x 12100
+ J(G67 + 14.95 ) 14.95% 26.7

Waxg1 = 3700 sec*2 5 Wixd, = 60.8 sec™’ ; fnzdy = 9.65 c.p.s.
Woxgs = 9553 SECT?;  Woxde = 98 sect; ,fnx¢2 = 15,6 C.p.s.

8. Amplitudes

J(“‘ (—,,x (2g o)

21
Assume E=0.2; o = 78 = = 0.312
— 1.2 — 0.1%10 m = 0.10 mm
12100\/(1—(0.312)’)2+(2 % 0.2x0.312)?
W v
A/(l— Wn¢ + ( 2% wn¢)
w 21 :
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1.17

120000A/(1— (BY) + (2x02x55)

= 1.02 % 10-5 radian

Axé == Ax + h A = 0.1x10"% 4 1.02x 10-5x0.675

= 0.107 X 10-*m = 0.107 mm

Comparison of Results

- Example A Table VI
Method l Barkan ] Pauw ’ Richart

Natural frequency in sliding fug ¢ p.s. 4.8 5.0 4.8
Natural frequency in rocking fag c.p s. 9.2 14:5 | 4.35.
Natural frequency in comhined mode | '

foxga, faxge C.P.S. | 4.6,10.8 35, 15.1 4.2,60
Amplitude in sliding Ay mm 0.1118 003 0.08
"Amplitude in rocking A¢ radian 13.6x 10-¢ 1.77x 10-8 2.1x10-8
Amplitude in combined mode Axg 0.129 0.0443 0.0968
Example B Table VII

Method , ’ Barkan ' Pauw Richart

Natural frequency in sliding fax C.p s. 8.5 10.7 13.4
Natural frequency in rockin faé c p.s. 12.4 14.3 10.7

. Natura] frequency in combined :
mode, faxgs, antf)e C.p.s. 7.8, 17.2 9.65, 15.6 8.45, 16.9
Amplitude in gliding Ay mm | 0.152 - 0.100 0.120
Amplitude in rocking A ¢ radian 45%10-5 . 1.02x10-% 6.0x10-3
Amplitude in combined mode Ax¢ mm 0.182 0.107 - 0.1605
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Conclusions

A comparison of natural frequencies and amplitudes obtained in the two design
problems for typical foundation shows that these three methods give results which are
sufficiently in .agreement. The slight difference is due to assumptions made in particular
type of analysis.
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BEHAVIOUR OF CELLULAR B’RIDGE PIERS UNDER DYNAMIC LOADS.
A.S. Arya* Ph.D., Anand Prakash** M.E.

Synopsis |

In this paper an experimental and theoretical study is made (o find the effect of
different filling materials in cellular bridge piers on their behaviour under free and forced
vibrations. Four diffetent fills, which can be commonly made use of, are tried and their
effect on damping and natural frequency of the pier is observed under low water level and
high flood level conditions. Some conclusions are drawn as a result of this study which
will be useful in practice and for planning further investigation.

1. Introduction

In an earlier paper by the authors(®), the dynamic characteristics of masonry piers and
their behaviour under free and forced vibration conditions were discussed. In order to
-rationalize the aseismic design of the bridge sub-structure, an attempt is made in this p:par
to study the behaviour of the cellular piers with different fills when subjected to dynamic
loads For this purpose. an experimental steel model of a reinforced concrete balanced

cantileveri bridge supported on cellular piers founded on rock was subjected to free and
forced vibrations. : ‘ o _ S

2. Details of the Model °

Details of the various elements of the model bridge are'given below :

2.1.  Super-structure : Super-structure for the model consisted of one main span-
of 270 cm length with overhangs of 45 cm length on either side of a box type balanced
cantilever bridge. It was made of steel plates welded together as shown in Fig. 1. At the
two ends of the main span bearing plates were welded underneath the soffit slab so as to fix -
the roller and rocker bearings as shown in Fig. 2(a) and 2(b). '

2.2. Piers: Model piers were chosen of circular cellular cross section made of steel.
The main dimensions of the piers were : internal diameter 15 6 cm, height 75 cm, thickness
of the steining 0.35 cm. The piers were fixed to a 45¢m X 45 cm X 45 cm size 1:2:4 cement
concrete foundation through 4 nos. 16 mm dia anchor bolts and a steel plate as shown in
Fig. 1. - ‘ o '

2.3. Bearings : For supporting the superstructure on top of piers, a rocker steel
bearing was provided on top of one pier and a roller steel bearing on top of the other pier.
Bearings were made of a shaft with two wheels on either end of it. Ball bearing arrangement
was made between the shaft and the wheels so-as to allow free rotation of the two bearings.
‘ 2.4. Filling Materials : - The following most commonly used filling materials were
used to fill the cellular space in the piers. : Ch
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Fig. 1. Model Bridge .

(1) Dry sand of density 1.48 gm/cc

(2) Stone ballast of density 1.60 gm/cc

(3) Saturated sand having density of ] oECK
1.9 gm/cc .

(4) Water with density of 1.00 gm/cc

weoeo L)) roLuine preventen

Besides, the piers were also tested ~ % e o
with no filling materials inside. (200x200210,
To simulate the high flood VS Mt e
conditions, water was filled all round - . o ’ R
upto a height of 65 cm and to repre- , Fig. 2. Details at A,B (vide Fig. 1)

sent the low water conditions no water
was filled outside.

3. Tests

" The following tests were carried out on the model :—

3.1 Pull test - In order to determine the degree of fixity at the base and the effect
of the various filling materials on the stiffness of a pier, static horizontalload was applied
at the top of the pier. The deflections at top were measured for different horizontal pulls
under different conditions of fill material. The load deflection curves are plotted in Fig. 3.
It is observed that there is only a slight effect of the various fills on the stiffness of the
piers and that the deflections in each case are in excess than those obtained theoretically
by considering the pier to be rigidly fixed at the base. It is found from the curve of empty
tank that the base is having a stiffness against rotation equal to 21.5 x 10° kg-cm/radian
in place of being completely rigid. Subtracting the effect of the base rotation from the
deflection the stiffness of the pier under various filling conditions is obtained as follows :

(a) Empty or with water 2550 kg/cm ‘
(b) Dry sand or ballast ‘ 2670 kg/cm (about 5% increase)
{c) Saturated sand 2840 kg/cm (about 119 increase)
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Note :

computed frequency).

1 2 3 4 5
17 XX 23.6 12.872 45.50
XX | ,,
18 _— 2.71 2.469 8.90
19 —X— 3.18 2.936 7.68
20 —XX 3.36 2.978 11.39
21 XXX 3.47 2.995 - 13.70
22— 481 3.957 7.7
23 —X— 961 9.476 1.39
—X— ,
24 ——X 925 9.069 1.96
X —
25 —XX  13.10 9.277 29.20
—X—
26 —X— 1580 11.038 30.20
X—-X
27 —X— 1538 10.479 32 00
—XX 4
28 —XX 17.05 11.765 31.00
: —XX , |
29 XX 1760 13.846 21.35
XX —
30 XXX 18.10 13.093 27.66
—XX v
31 —X—  15.80 11.926 24.50
XXX
32 —XX 18.65 15.669 - 16.00
XXX
33 XXX 20.05 17.037 15.00
XXX
(minus sign indicates that the measured frequency is lower than the corresponding

L3
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- 3.2 Free Vibration tests : For =~ =@ T g *
carrying out free vibration test a mesesres tonewers [/ /
known horizontal pull was applied [ N/ w }//
along the axis of the bridge at the ' ] LA Vv ikl 9 78
top of the pier and released ’ / . )/
suddenlv by clutch-plate arrange- 00 « EmPTy / ‘ 7/ o
making use of an acceleration - |- M 4
pick-up fixed at 16 cm height from / ‘

w

the base along the axis of the pier. 1o | / ATH,On sano

The records were obtained on Brush 1 T i
ink-writing oscillograph by con- / _ / EMPTY OW WITH WATER
/ S/

necting the pick-up with D.C. _

ment as shown in Fig. 4(a) and (b). R /
The vibrations were recorded by oBALLAST /

amplifier and recorder as shown in
Fig. 4. The following observations
were recorded : —

(1) Vibration of pier along axis ;
of the bridge. - /

(2) Horizontal vibration of the /
vdeck..‘ ‘ voo

(3) Vertical vibration at the centre /
of the deck. -

/
The values of natural funda- !
mental frequencies and average
damping over 5 cycles for the same ‘8
maximum first amplitude of 10 mm
are given in Table 1 for various Fig. 3. Static load deflection curves
_ filling materials and water condi-
tions. ‘

HORIZONTAL LOAD IN kg

N
<
[

0d L 1] 12, L 2 20 ©a 6 12

&

The values of maximum horizontal acceleration at the end of the super-structure and
maximum vertical acceleration at the centre of the deck are given in Fig. 5 for vanous
cases. ‘ ‘

33 Forced Vibration tests: The forced vibration tests have been conducted by
imparting horizontal accelerations to the deck by means of a ‘mechanical oscillator mounted
over the deck as shown in Fig. 4 (c) The speed of the motor was controlled at the desired
rate with the help of a speed control unit so thata sinusoidal periodic force of various
desired frequencies and amplitudes could be imparted at the top of the bridge model. The
horizontal motion was applied along the longitudinal axis of the bridge and records were
obtained for the vibration of pier with-the help of a strain gauge fixed at 15 cm height from
the base and horizontal acceleration of the deck with the help of an acceleration pick-un
fixed on top. -

Resonance curves are drawn taking Aje? as otdinate and o/p as ab.scissa‘fovr empty
and ballast filled conditions where o is the circular frequency of the oscillator, pis the
natural frequency and A is the strain in micro cm/per em.  These are shown in Fig. 6 (a)
and (b). - ‘ :
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(a) Load Application

1. Chain pulley, 2. Tension Proving Ring
3. Release Cluth, 4. Bridge Deck

(¢) Forced Vibration Test
1. Speced Control Unit
2. Univerral Amplifiers
3 Motor

4 Lazan Oscillator

5 Bridge Deck

(b) Measuring Equipment

1. Universal Amplifiers, 2. Recording Oscillograph ‘
3, Bridge Deck, 4. Release Clutch '

Fig. 4. Details of Testing Arrangement
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2.5

|
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-
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1 i H i
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DERSITIES IN gm/cc

Fig. 5. Accelerations of Deck VS Density of Filling Material

4. Discussion of the Test Results

From the free vibration test results given in Table 1, it is observed that the funda-
mental frequency of the rocker pier is very little affected by the presence of the various
filling materials. It is because of no appreciable change taking place either in the effective
mass or stiffness of the pier due to the presence of various fills. In the case of saturated
sand fill, the reduction in frequency is rather contrary to the increase in stiffness observed
earlier. It appears that the dynamic pressures in the pore-water may have decreased the
stiffness observed in static tests. The damping values are found to be maximum in case
of dry sand and ballast. The natural frequency is decreased and damping is increased
when water fis filled outside as compared with the case when no such water was present.
The decrease in frequency in water may be attributed to the virtual mass of water vibrating
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with the pier since there in no change in stiffness. Natural ‘frequéncy for the wvertical
acceleration of the deck is almost the same in all conditions and equal to the fundamental
frequency of the ceck. - ‘

o '7 [— | i, L
: I
i-«
|

I |

T
- EMPTY PIER

|

]
, _ﬁﬁjt,____‘_ - 1

T ’ '
b_BALLAST FiLL

f—— ) —

1

I

NO WATER OUTSIDE
WATER QUTSIDE

B
T

~-NO WATER QUTSIDE

_,/}—,WA'EQ QUTSIDE

1.2 1.4 O 1 e

Fig. 6. Resonance test results for empty and ballast filled pier

t
From Fig. 5, it is obvious that the horizontal and vertjcal accelerations are minimum .
when ballast is used as a filling material. The accelerations are considerably reduced in
each case when water is present outside. The average reduction in the horizontal accele-
rations is 379 and in the vertical accelerations of the deck 249%,.

From forced vibration test results presented in Fig. 6 (a and b) it is obvious that
resonant amplitude is less in case of water outside condition than that obtained in no water
outside condition. x

During forced vibration tests, it was observed that the superstructure got considerably
accelerated in the vertical direction as well although the forced vibrations were imparted
along the longitudinal axis of the bridge. At resonance the whole deck along with the
oscillator tended to jump on the piers. , :

S. 'Theoretical Analysis

For the purpose of theoretical analysis, the pier is treated asa vertical cantilever
either fixed or having some flexibility at  the base. Depending upon: the ratio of height to
diameter of the pier both bending and shearing deformations may be significant. Therefore,
natural frequencies are ca]qulated considering both tvnes of deformations. But the rotatory
inertia is neglected since it will be small in such stiff structures. The frequencies for the
rocker pier have been computed numerically bv Myklested —Prohl method (2.3,4) and are
given in Table 2 for various values of rotational spring stiffness at the base. It is observed
that the experimental and theoretical values of the fundamental frequencies are in agreement

\
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with each other for a value of rotational spring constant at base equal to 13.0x10% kg cm/
radian. Tt will be recalled that the rotational spring constant was earlier found as
21.5% 10° kg cm/radian by the static pull test. The dynamic value is perhaps reduced due to
the mass of the foundation that may also be vibrating with the pier causing a reduction
of the observed frequency so that it became equal to the calculated value witha smaller
base spring stiffness. - ,

Table 2

Natural Frequencies for Rocker Pier

Frequency in

Rotational Spring

Stiffness " First Mode Second Mode Third Mode
x 10% kg. cm c/s . c/s cfs
5.0 - 7551 726.1 2206
100 10.117 742.1 | 2214
13.0, 11.197 7504 2218
160 | 12.078 7580 2222
20.0 | 13037 767.3 027
25.0 | 13.993 777.65 2233
350 15.993 794.9 2243

50.0 | 16.776 - 814.9 2255

Natural frequencies for the rocker pier have also been computed when the. cellular
space is filled with various filling materials and for both ‘water outside’ and ‘no water
outside’ conditions. The rotational stiffness of the base is considered equal to. 13 0x 10%kg~
cm/rad. as obtained above. While calculating the natural frequencies of vibration with
water condition outside it is assumed that an equivalent mass of water of the enveloping
cylinder is added to the mass of the pier upto the height of water outside®. In the circular
section the enveloping cylinder has its diameter equal to the external diameter of the
vibrating system. The values of the frequencies so calculated are given in Table3. Itis
observed that there is no appreciable change in the fundamental frequency of the rocker
pier with different filling materials. The fundamental frequency is slightly less when water .
outside condition exists. This is also confirmed by experimental test results. However,
the higher mode frequencies are very much reduced by the presence of the various filling
mgterials. Furthermore, at high flood level condition, the frequencies are considerably
reduced, - ‘
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Table 3
Theoretical Natural Frequencies
First mode Second mode Third mode
Type of 0 ,
filling No water Water No water Water No water Water
outside outside outside outside outside outside
c/s c/s c/s c/s c/s c/s
Empty 11.197 - 11.134 750 482 2218 1465
Dry sand 11.109 11.064 426 354 1257 - -1058
Ballast 11.084 11.059 408 343 1201 . 1024
Submerged  11.063 11.029 383 328 1128 - 978
sand , i ’ ]
Water 11.126 11.092 _ 475 380 1402 1140

~0.04) g0 00199

AN
\.0 270 0050y
\

;
\0570 0917 @

\ 0802
L0959

Fig. 7. Mode shapes for rocker pier in empty condition -

It may also be noticed that higher mode frequencies are far removed from the funda-
mental. In fact because of heavy mass at the top, the pier tends to develop a node at its
top as observed from the mode shapes shown in Fig. 7. Therefore, in dynamic response
of the rocker pier, the fundamental mode only will be of sighificance.
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6. Conclusions
The tests are not exhaustive enough to permit general conclusions. The pifer'model
tested was rather stiff having fundamental frequency of about 11 cps.’ The conclusions as
presented hereunder are therefore of qualitative nature and must be verified for flexible

piers : . .

(1+ Presence of the filling material in the cellular space of the pier has only a small
effect on the stiffness of the pier and no noticeable influence on the fundamental frequency
of the rocker pier. The damping is however slightly increased.

(2) For reducing the dynamic résponse of the pier and superstructure, ballast turns
out as the best material for filling when choice is from amongst dry sand, ballast, saturated
sand and water. '

(3) The pier has exhibited better response - to dvnamic loading wwhen'wat.er is present
outside representing highest flood level condition. There is slight reduction in frequgncy
indicating addition of virtual mass and increase in the damping value over those Ol_)tamed
under ‘no water condition’, The actual amount of virtual mass remains to be determined.,

(4) The base of the pier is found apparently more flexible in case of dynamic test
than the static pull . test perhaps dus to the vibration of mass of foundation. This effect
will be significant in design and must be investigated further.

(5) For the rocker pier, the higher mode frequencies are rather far removed from
the fundamental. Therefore, for dynamic calculations, the fundamental mode only is of
significance.
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A METHOD FOR ESTIMATING RESPONSE OF STRUCTURES
DURING EARTHQUAKES

Brijesh Chandra*

Synopsis

A method has been developed to estimate seismic forces on structures at a site during
future earthquakes. A set of new relationships has been obtained which relate the exciting
potential of shock with its distance from the epicentre. The method takes into account
the properties of ground motion and the dynamic behaviour of structures. /

Introduction

Aseismic design of structures is a complex problem. For average structures the
analysis and design is based on arbitrarilv chosen static coefficients. However, for all impor-
- tant structures, it is essential that a dynamic analysis using the response spectrum technique®
is carried out. This requires an accelerogram of expected earthquake shock at the site.
If an accelerogram of past earthquake at the site is available it is the most reliable base to
derive the response of structures precisely. If not, the data obtained elsewhere in similar
conditions must be usefully utilised and taken for guidance in such computations. Realiziag
this, a detailed study has been made of the accelerograms that have been obtained so far
during strong motion shocks at various places. Based on this study, a method has been
developed for computing structural response at a site during future shocks. The -same is
described in following paragraphs. )

Response of Structures During Earthquake

Considering an idealized structure MASS M '

~ (Fig. 1), with stiffness coefficient ‘K’, mass 000000 Sk acemen
‘M’ and damping “C’, subjected to ground
motion represented by y, the equation of ‘
motion of the system could be written as
\rO”OWS : ’ SPR‘NKC COI\QBT.
M¥ + C(# 9)+ K (X—y) == 0 ) : OA[MPINCG COEFF
where x is the absolute displacement of mass { . | '
M as shown in Fig. 1, and dots represent - :
- differentiation with respect to time. . GROUND
Subtracting My from both sides of _ e
eqn. (1) and cu]ling 7z = (X—'*Y), we have’ X rqvd P 70777 7TTVTT 777777 T TTI77777rr>
, : ‘Fig. 1. The Idealised Structure
"M¥ +C¢ + Kz = — My (2 '
Solution of eqn. (2) is well known® and is given by following :
1 t . .
2= e e P (=) gin o/ T (1 »
p\/l—éaofy(')e sin py/ 1 -2 (t—1) dt (- (3
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whére, ‘

p = VKM = undamped circular frequency of system,

{ = C/2Mp = critical damping ratio, and t, v are time parameters.

For small values of {, as is present in most structures, the: maximum value of z is
obtained as

Sv
Zmax = "p‘
where, ' |
C se=[y@e PO sinpy TR 0 o], e

This quantity Sy, popularly known as spectrum velocity, is the most important
parameter is defining response of structures. With the value of Zmax known, the maximum
force caused on the structure can be worked out as

Fmax = K. Zmax,

or Frmax = K-E Sy (6)

An examination of eqn (5) would show that Sy depends on the ground acceleratjons as
function of time, and the properties of the structure viz. p and {. For a particular earth-
quake accelerogram therefore, a set of values of Sy will be obtained for various p and §
values. It is customary té plot Sy against the undamped natural period, T, of the system
(T=2x/p). This plot is termed as *‘velocity spectra’. Fig 2 shows the accelerogram of one
of the components of El Centro shock of May I8, 1940. The velocity spectra of this
accelerogram is also shown in the same figure.

It is now recognized®® that the general shape of spectra is same for all earthquakes
although the absolute values of Sy are different in all cases. Based on this, Housner®
has proposed what are called ¢ average spectrum curves”. Multiplying factors are given for
'some important Californian earthquakes for which response could be obtained directly.
This was a very important step towards simplifying response computations. However, the
determination of such a multiplying factor remained to be decided for various sites. A method
to work out this factor was developed by Jai Krishna® using the magnitude-distance-
acceleration relationships given by Gutenderg and Richter®. Multiplying factor could
then be calculated in proportion to the peak acceleration expected at the site. Itis now
realized that the peak acceleration alone does not represent the exciting potential of an
earthquake shock, The frequencies associated with the acceleration pulses are as important
as the peak accelerations. This fact carries special significance because accelerograms
recorded at different distances from epicentre of a shock will contain different frequencies.
The higher frequency components die out within a small distance from the epicentre and an
accelogram at a greater distance will have the low frequency components —of course, the
amplitudes of acceleration pulses will be much smaller in this case. Therefore, the question
of a multiplying factor should be viewed with respect to the response spectrum rather than
the peak accelerations alone. In fact, the excitation potential of an earthquake shock at
a site would be better represented by the quantity spectral intensity (SI) which gives a
quantitative idea regarding the spectral response of structures having periods varying from

0.1 sec to 2.5 sec. Mathematically, N

ST = 2}: Sy (T, 1) dT (7)
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Fig. 2. Acceleregram and Velocity Spectra of El Centro, May 18, 1940
‘ Shock (Component N-§)

For the purpose of comparing the potential of various shocks, it is desirable that only
undamped spectral intensities should be worked outt®®, This has been used in developing
the new method which is described below.

Outline of the Proposed Method

The method presented here is an attempt to provide answer to very serious problem
of estimating structural response at a site during expected earthquakes in future. The
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method is developed after a study of response spectra of a number of strong motion shock
that have occured in the past. The following are the main assumptions in the method :

1, That acceleration—time record of earthquakes at any distance, D, from epicentre,
is a function of the magnitude, M, and depth of focus, h, of the earthquake
beside the:quantity D itself. :

2. That the frequencies present in a particular accelerogram at a site are functions of
the distance, D, of the site from epicentre. Low frequencies are present if D is
large. : : ' :

3. That undamped spectral intensities of an accelerogram (SI,) represent the
exciting potential of an earthquake and is to be used to compare the various
shocks. '

4. That the general ground conditions are similar everywhere, and firm foundations
would be available. For unusally loose foundation conditions, special study is
called for, and is not included here. '

Solution of the problem

The problem is divided into following parts : ‘ :

1. Determination of undamped spectral intensity of an earthquake with the peak
ground acceleration as unity. This will be referred to as normalized spectral -
intensity hereinafter and will be denoted by (Sly)a. A relationship between
(SIo)n and distance D from epicentre is sought.

2. Determination of peak ground acceleration ‘a’ expected at a site.

3. Exciting potential of earthquake, Q, could then be worked out atany place
from the following equation,

Q=a (Sl (8)

4. Q, thus calculated, may be interpreted as a multiplying factor for the standard
spectra. . .

Regarding item (2) above, detailed work has been done earlier and the author was
associated in development of relationship expressing maximum ground acceleration a’ as a
function of magnitude ‘M’ and depth of focus ‘h’ and distance D, from epicentre. The
relationship is discussed in great detail in another publication®. In this ‘a’ as fraction of
acceleration due to gravity is expressed as .

(M-5)
2.925 %0 » '
a : - ¢—0.26 (D/h)*? )
g oV
14+4.5 =

- This is shown graphically in Fig. 3 for a focal depth h = 15 miles. Eqn. (9) has been
found to give good correlation with the actually recorded values of ‘a’ in strong motion
earthquakes. It is therefore proposed to use this relationship in the present work.

Relationship between (Sl)s and distance ‘D’

In order to develop such a relationship, a study has been made of the available-data
from the sixteen well recorded strong motion shocks. These shocks were recorded on firm
\
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Fig. 3. Magnitude-Distance-Acceleration Curves (Depth of Focus = 15 miles)

ground conditions at different distance from their epicentres. As such the accelerograms
contain the necessary effect of propagation of waves in ground soil and have components
of different frequencies. Also, attenuated ground accelerations appear in the records.

By making the peak ground acceleration as unity, the accelerogram can be norma-
lized. Spectral intensities calculated from such an accelerogram would be the normalized
values (SI)s. The same result would be obtained if SI values computed from original

accelerogram, are divided
by the peak  recorded
acceleration.

- Table 1 lists the sixteen
.shocks alongwith the perti-
nent data regarding the
shock viz. magnitude, depth
of focus, distance from epi-
centre and the maximum
recorded acceleration. Ave-
rage SI, values for these
shocks are available®®) and
are tabulated in the same
table. From this, (Slg)a
values are computed. A
plot of (Slo)n values against
the distance from epicentre,
shown in Fig. 4, reveals

(Slo)y ft

40 i
22 v £
(510)0.4250. + 5.73
5 @ /
24 2e / .7
/ PR
14 e »
o "h
113"\'/90/10‘
8 14® 15e
L——716 | 2
. - - i
ou '* " 1 2 70 KL a2 48 MILES

_ DISTANCE FROM EPICENTRE p)
Fig. A. Variation of normalized undamped intensity with
distance from epicenter. Numbers on the dots refer to
the serial no. of the shock. (Table 1)
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Table 1. Comparative Study of Well Recorded Shocks

Sl. | Name of the Station and a ‘ Average Sly/a
No. data of shock M ' D ! b r‘;’zi’;a:g?'g Sl | =(SIo'
1 El Centro ‘
May 18, 1940 : 71 30 15 0.33 835 - 25.3
2 El Centro |
Dec. 30, 1934 : 6.5 35 15 .26  5.88 22.6
3 Olympia ;
April 13, 1949 ‘ 7.1 45 - 45 3 5.82 18.75
4 Taft ,
July 21, 1952 7.7 40 15 S8 4.69 26.1
5 Vernon ‘ y
May 10, 1933 ‘ 6.3 28 15 .19 4.62 24.3
6 Santa Barbara ‘
June 30, 1941 5.9 15 19 .24 3.29 | 13.7
7 Ferendale , o
Oct. 3, 1941 6.4 50 15 13 2.99 23.0
8 Hollister ‘ , ‘
March 9, 1949 5.3 10 15 ' 23 2.36 - 10.5
9  Helena , : ,
~ Oct. 31, 1935 6.0 15 25 16 ; 1.82 11.38
10 Vernon ’ . ‘
Oct. 2, 1933 5.3 17 15 : 12 1.32 11.0
11 L.A. Subway Term. : \ .
Oct. 2, 1933 5.3 22 15 ' 065 0.96 14.75
12 S.F. Golden Gate , ’
March 22, 1957 53 . 7.8 7 .13 0.84 6.46
13 S.F. State Blde.
March 22, 1957 53 9.8 7 10 1.12 11.2
14 S.F. Alexander Bldg.
March 22, 1957 5.3 10.8 7 .05 0.48 9.6
15 S F. Oakland :
March 22, 1957 5.3 17.2 7 .05 0.38 7.6
16° Koyna ‘

Dec. 11, 1967 o 6.5 3 5 .63 3.72 5.9
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very significant trends. A straight line fitted by the method of least squares yields the
following relationship

(SIy)s = 0.425 D + 5.73 (10)

Eqn. (10) brings out that structural responSQWOu]d be higher at larger. distances provided
that the peak accelerations are equal. [n other words, accelerograms with lower ' frequency

components would yield a higher s
structural response compared to its
counterpart with higher frequencies.
This could be explained with reference
to the resonance curves. (Fig. 5). K\ :
Ruling out possibility of resonance, it : o S’: o’
may be seen that for a particular Y
natural frequency p, the response of a

system is less at higher values of
forcing frequency (w) than that ata
Jower frequency. It may be ms2n-
tioned that we are referring to the
w/p values greater than one since
structural periods of interest range
from 0.1 sec. to about 2.5 secs., and
frequencies associated with earth-
quakes are generally higher than these.
The trends indicated by eqn. (10) are
therefore justified.

With the values of (SIg)n as
obtained from eqn. (10) and the value
of ‘a’ obtained from eqn. (9), exciting
potential of earthquake, Q could be
worked out using eqn. (8).

Maximum Dynamic Response/Base Accn

The Standard Spectra

For the purpose of obtaining
response parameter Sy, a standard
spectra must be defined in such a way
that the exciting potential ‘Q” of an
earthquake may. be used to obtain the
multiplying factor. Also, the standard
spectra must take care of the fact that
in different shocks the peaks will have
random distribution with respect to
‘period’ parameter. Housner’s average

spectra satisfies these requirements. w/p
These are obtained by averaging the Fig. 5. Maximum dynamic response factor for
spectrum values of the eight compo- damped Systems for sinusoidal loading-

nents of the four strongest ground .
motions recorded (EI Centro 1934, El Centro 1940, Olympia 1949 and Taft 1952) and turn

out in a neat smooth shape as shown in Fig. 6. Multiplying factors for these shocks have
been assigned as 1.9, 2.7, 1.9 and 1.6 respectively. . :
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Fig. 6. The Standard Spectra

Observing that the average SI, values of these four shocks are 5.88, 8.35, 5.82 and
4.69 respectively, which are in about the same ratio as the multiplying factors proposed by
Housner, it is conclusively established that the SI, values or Q values are directly propor-

tional to the multiplying factor. Therefore, the average spectra (Fig. 6) can be very usefully
and conveniently adopted as the standard spectra.

For determining the multiplying factor N for any earthquake, the following
relationship may be used : '

_Q |
N =25¢ X 2.7 | (1)

Illustrative Example

It is desired to determine N for a site which is situated 50 miles from the epicentre
of a possible earthquake with magnitude 6.2 and depth of focus 15 miles.

Step 1. Using eq. (9) for M 6.2, D = 50, h = 15, a/g works out as 0.10,
Step 2. Using eq. (10) for D = 50, (SIo)n wbrk out as 26.98.

’Step 3. Using'e.q. (8), Q works out to be 2.698

Step 4. Using eq. (11) N work out as 0.871.

This factgr N should be used as the multiplying faotor for the spectral values
obtained from Fig. 6, for the appropriate period and damping.

Conclusion

Eqns. 8-11 presented in this paper should be used to determine the multiplying
factor for the standard spectra shown in Fig. 6. Response of any structure could thenjbe

found easily from this, by picking up the ordinate for the appropriate period and damping.



Estimating Responsé of Structures : Brijesh Chandra 155

)

Acknowledgement

Author is very- thankful to Dr. Jai Krishna, Professor and Director, S.R.T.E.E.,

Roorkee, for the valuable suggestions made by him in this study, and for giving permission
to publish this paper. ’

References

Hudson, D.E., ‘“Response Spectrum Technique in Engineering Seismology” Proc.
World Conference on Earthquake Engineering, Berkeley, Calif (1956).

Housner, G.W., R R. Martel and J.L. Alford “Spectrum Analysis of Strong Motion
Earthquakes® Bull. Seis. Soc. Am. 43, (1953).

Housner, G.W., “Behaviour of Structures during Earthquakes”, Proc. ASCE, Vol. 85,
No. EM 4, (1959). |

Jai Krishna, “Seismic Data for Design of Structures” Proc. Second World Conf. on
Earthquake Engineering, Tokyo (1960). o

Gutenberg, B. and C.F. Richter “Earthquake Magnitude, Intensity, Energy, and
Acceleration”, Bull. Seis. Soc. Am. 46 : (1956). ’

Brady, A. G. “Studies of Response to Earthquake Ground Motions’’ Ph.D. Thesis. |
' California Institute of Technology, Pasadena, Calif. (1966)

Jai Krishna and Brijesh Chandra “Ground Accelerations During Earthquakes”, Bull.
Ind. Soc. Earthquake Tech. Vol. 6, No. 1, (1969).

Jai Krishna, A.R. Chandrasekaran and S.8., Saini, “Analysis of Koyna Accelerogram of |
Dec. 11, 1967, Unpublished report of" School of Research and Training in
Earthquake Engineering, University of Roorkee, Roorkee, (1969).






INTERNATIONAL DIRECTORY OF UNIVERSITIES AND INSTITUTIONS

ENGAGED IN EARTHQUAKE ENGINEERING RESEARCH

The Ineternational Association for Earthquake Engineering are compiling an
International Directory of Universities and Institutions engaged in earthquike engineering
research. The fields of Research have been divided into the following categories for
purposes of listing :

(2)

(b)

(©)
(d)
(e)

(f)

(2)
(h)

O\UI-D-UJE\):—

Seismicity (relative to Earthquake Engineering)
Earthquake Ground Motions

Instruments and Instrumentation
Soil and Foundation Problems (relative to Earthquake Engineering)

Structural Behaviour (relative to Earthquake Engineering)
1. Vibration of Structures

2. Strength and Stability of Structures

Earthquake Resistant Design and Construction

Buildings

Bridges

Dams

Harbour Facilities

Underground installations

Others

Earthquake Resistant Codes and Regulations

Earthquake Damage and Rehabilitation.

, It is requested that individual members who wish to be listed in the directory and
represent a particular institution may communicate with either of the following :

1. Dr. Shamsher Prakash 2. Dr. J.K. Minami,
Secretary, ' : ~ Secretary General, ‘
Indian Society of Earthquake ‘ Internation Association for Earthquake
Technology, Roorkee, U.P. ' Engineering, Build'ing Research Institute

4 Chome, Hyakuninecho, Shinjuku-ku,
Tokyo, JAPAN.



Dear Member,

A notice for amending the conStitutiqn of Indian Society of Earthquake
Technology was issued vide this office letter No;.g_fISRE';;;T/EC/ dated 20th July, 1969.
The last date for return of the Ballot paper ip, this office was 15th August, 1969.

| pleas gto inform all the members of the Society
that the amen »constitution ﬁ_‘éﬁs been carried over and new copies ~f

th_e consti

Yours sincerely,

Shamsher Prakash
Secretary

NOTICE

Sri Rama Rao Stanam had become a member of the
Indian Society of Earthquake Technology last year, but unfortu-
nately his address has been misplaced and is not available in our
file. If any member is aware of his address, he may kindly
' convey the same to the Secretary, 1.S.E.T.




