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VIBRATION STUDIES OF HOIST-CUM-ELEVATOR
SHAFTS IN FILL FOR BEAS DAM AT PONG

A. S. Arya*, Y. P. Gupta** and N. Gosainf

INTRODUCTION

The problem of earthquake resistant design of Hoist-cum-Elevator Shafts in fill for
Beas Dam at Pong was referred to the School of Research and Training in Earthquake
Engineering, University of Roorkee, by the General Manager, Beas Project, Talwara Town-
ship, for analytical and experimental seismic investigations. The description of structure,
geology, location and other details are given in a Memorandum of Beass Designs on
the subject. The structure is briefly described below : ‘

THE STRUCTURE

After the diversion stage is over, two diversion tunnels, namely T; and T, “will be
used as outlet tunnels and will serve to cater for the discharge requirements of the irrigation
channels. Conduits of size 7' X 10'6” 4
will be installed in the plug of each S
tunnel. .To regulate flow through
these conduits a set of emergency
and regulating gates are to be insta-
lled. The operation of these gates
shall be accomplished through two
vertical shafts, called the ‘Hoist-cum-
Elevator Shafts’ connecting the con-
trol section of the tunnels to the
top of the dam at El. 1430 on up-
stream of the dam axis. The shafts
are partly in rock .and partly in fill
which will be carefully compacted
as the construction of the shafts
proceeds. The portion of the shafts
in fill is to be studied with - respect
to earthquake effects. The heights L/ .7~ R N2, -
of the two shafts T, and T, in fill V&2~ 77 PR a0 S

are 69 ft. and 90 ft. respectively. L RETAINING WA\“\‘

The position of the shafts in
plan is shown in Fig. 1 and the sec-

tional view shown in Fig. 2. There
i§ hard rock on one side of the
shaft and on the other side a retain- }-
ing wall The proposed section of &
side shaft is circular with 12 ft. fin- }
ished internal diameter and 2ftor ‘
1.5 ft uniform thickness. A shaft
house of size 146" x 15’ x 289’ Fig. 1. Position of Shafts in Plan
high, shall be constructed eccen- :
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trically at the top of each shaft at EL s Com € LEvaToR SHART
1430 for the installation of control machi- t‘ )
nery etc. T 6L vse '8
| 1
OBJECTS OF INVESTIGATION I an”
The objects of the investigation are €L 1030 - € 1er0
to study analytically and experimentally K !
the influence of soil fill on the stiffness, i I F reee oramime
damping and natural period of the structure 1 e
to work out the forces and moments caused i l SO
in the structure due to the earthquake sele- TR B L
cted for design for the site, and to design ————=—"——— fok — e
the section of the shafts. ‘ ' (£ ong M ifom [ son¥'s”
o A
FORCES EXPECTED DURING AN il -in
I d 1

EARTHQUAKE AND CONSEQUENT

A7
STR UCTURAL BEHAV[OUR EL 1362 FOW"’l RS l €L 1340 FOR T
Earthquake shocks cause random T L ASOUNED A THE CONOTION
movement of ground in any direction pro— WiTH & ARTHGUAKE et B0
. . - . . L w
ducing vibrations in structures. The vibra- R0 wiLL BE susmtasio
£ ABOVE R.L 1400 1T will

[
,  DEMOIST oa ORY

PR oR
‘»:‘: i 2.FOR GIVEN DENSITY THE
A\ FREE DRAINING MATER|AL
IS CLASSED AS DENSE

tions may be resolved in any three perpen—
dicular directions. Vibrations in vertical o/
direction are normally small and will only ¢
alter the weight of shaft. No appreciable
differential vertical movement is expected
to occur between the shaft and soil beca-
use of the rigidity of the shaft and stiffness
of the compacted dense soil. Since the Fig. 2. Sectional View of Shafts in Fill
shaft house is ~ partly cantilivered from the ' ‘
top of the shaft, the vertical component of earthquake will induce additional stresses in its
walls. But these additional stresses will not be critical in the design since their effcct will be
absorbed in the permissible increase in working stresses. It is only the lateral movement
which gives rise to differential movements inducing thereby additional moments and shears.
Hence predominant directicn of vibrations is horizontal. Now the shafts are completely
surrounded by compact soil from all sides and the soil itself is confined because of the exist-
ence of hill, retaining wall and the body of the dam. Moreover, the depth of fill is not
large, being only 90 ft maximum at a point, ’
large relative movements within the soil
mass are not expected to occur. Therefore, ,4 — —
the shaft will be stressed because of their ; P

b

1

SECTION OC
.,

povey
4

motjon relative to the soil. Naturally the °°='“"f T"z sHaFr
soil will tend to resist the motion of the = — - ] "
shaft. Thus during an earthqu ke, the shafts '

will vibrate as a cantilever beam supported

elastically by the soil all round. Since the *o% »nFFness :

soil is capable of applying the restraining R ol ol W S . ‘
effect to the motion of the shaft in either \ W
direction from its equilibrium position, the- Ly (S10pE OF LINE)
refore the shafts may be analysed assuming : . '

them as a beam on elastic foundation as Fig.3. Cantilever Shaft Supported

shown in figure 3. * on Elastic Foundation

| S TPt YR -..4.. ‘ zaie'-:

-
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SOIL STIFFNESS

It is known that the modulus of subgrade reaction or the stiffness of cohesionless
granular soils varies linearly with depth, being zero at the ground surface and maximum at
the bottom ®®, This is normally defined in terms of the slope of stiffness variation line
‘np’ as shown in Figure 3. Thus at any depth x below the ground surface, the modulus of
subgrade reaction is given by :

kx=nh X ’ (l)

Tt is also shown (¥® that soil st'ffness is independent of the width or diameter of the
shaft. Therefore ky is the reaction offered by the soil per unit height of the shaft per unit
of deflection. Taking kx as I1b/in3, the units of nn become 1b/in®. - For cohesionless sands

with various densities the values of the coefficient np as recommended by Terzaghi (1955) are
given in Table 1. '

~ In the case under study, the densities Table 1. Values of m
of the back fill are as follows : '
. . Nh in lb/in3
Sgtlfrated’ umt.welght ys=137.5 1b/cft Sand . Dry or Moist Submerged
Moist unit weight ya=120.0 1b/cft
Angle of internal $=38° Loose (ya=280 9.4 53
friction 1b/cft)
Thus the soil belongs to the dense  Medium (ya=100 280 19.0
category and the following values of nn Ib/cft) S _
are adopted (see Note 1, Fig. 2) Dense (ya=120 75.3 45.0
For dry soil above RL 1400 75 Ib/in® 1b/cft)
For submerged soil below 45 Ibjiid3 ~ Very loose under

RL 1400 repeated loading - 1.5

VIRTUAL MASS OF SOIL

Tt is well known that when a body vibrates under water, its frequency is reduced as
compared with that in air. Since the stiffness of the body does not change, the decrease
in frequency is attributed to a virtual mass of water which is supposed to be vibrating along
with the body. When a body vibrates in soil, the soil offers resistance to the vibration of
the body and contributes a large amount of stiffness to it. Whether. it imparts a virtual
mass as well or not, is not known. Experiments as described on page 17 were -carried out
on models of shaft T, in an attempt to separate the stiffness and virtual mass effects of the
soil. But the separation of the two has not been possible. In the absence of any positive
evidence but on the basis of the cylinder analogy®% applied to above bodies vibrating in
water, the virtual mass of soil is assumed here as the mass of a soil cylinder of the same

diameter as the external diameter of the shaft, the unit weight of the soil in the cylinder
being taken as below : : R

1—sin 38°
AbOVC R. L. 1400 120)( l‘;g;ﬁ‘38°= 286 lb/cft.

g o 1—sin 38° g
Pelow B. L. 1400 62'5 + 75 X (Fsin 38° ~ 80-3 1b/cft.
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MATHEMATICAL MODEL OF SHAFT

- The idealised mathematical model of shaft is shown in Fig. 4. " The shaft has been
discretised at n+1 equally spaced points

giving n segments. It is assumed that the Wi Wy W W Wi Ve Wag Weep _
weight and soil reaction of a segment . of MMy m M myy o m, Wgs 90"
3 a1 j ey net . De2  Aey Wnegn 170

shaft is lumped at each point. The masses

- are connected with each other by elastic 3,
weightless bars. The weight of the shaft- }
house has been lumped at three points.
The end mass is at the freeend of the

. cantilever. The bottom end of the shaft is
taken as fixed. At each point there are [z —frarbni
four quantities to be determined namely — t t—dn —

shear V, moment M, slope 8 and deflec~ Fig. 4. Mathematical Model of Shaft
tiony. At the fixed end slope and deflec- ~ when Supported on Elastic Foundation

tion are known (both “are zero) and shear ‘
and moment are to be found out. Let these be V, and M;.  Similarly at the free end,
mement Mg and shear V; are known to be zero and slope and deflection
are unknown. The unknown quantities are determined starting from the fixed end by
writing transfer equations for each point in terms of the two unknowns V;, M,. The recur-
rence relations for two consecutive points and segments are obtained for two cases of seismic
coeflicient loading and vibration analysis as follows :

e Jak JV 1:o'~=s.0‘
Mg Watownz 71K
wy EE1Y )

(a) Seismic Coefficient Analysis

If the horizontal seismic coefficient is ap, the seismic load applied at any point j will
be ay Wy. Then considering the bending and shearing deflections both, we have

Vi =V, +(an Wio1—kjq1 ¥5-1) | L o (2)
M;=Mj_1+V; hy o . | 3

Mi—l ;{__MJ
— 4
La L Co . )

hy
91 =91-1+§E (

| h? My, My _ GsVihy
¥s ==Y3;1+Qj—1 hj—ﬁg@ T +§"]]> GA, | - (5)

In expression (5), Cs is the shape factor for shear deformations. -

(b) Vibration Analysis

In free-vibration analysis for determining a natural frequency p and the correspond-
ing mode shape, we have the inertia forces p? m; vy acting at any point j instead of an W; in
the above case Besides, the rotary inertia will also act due to the rotation of the'segment
given by —p?p hy; I, 6;-, where p is the mass of the shaft per unit length. The mass
m;=W;/g where g is the acceleration due to gravity. Thus instead of equations (2) and (3)
we get : ' '

V) =V +(p* mj—kj-1) Vi __ | (6)
M;=M;_;+Vyhy—p? P hyy Iy y—y ()
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Equations (4) and (5) remain unchanged.

Equations (2) to (7) are applicable for all points but for n+-2 and n-3, the soil stiffness
Kn+, and kny, are zero. Applying them successively to all the points and segments of the
shafts starting with j=2 the forces and displacements at all intermediate points j=2 to
j=n+2 as well as the other end of the beam, j=n+3 can be written. All these will involve
V., and M, only as unknown since 8, and y; are zero. Finally it is known that the shear Vg
and moment My  at the free end j=n-3 are zero.  This will give the equations for deter--
mining V, and M, in the seismic coefficient analysis and two homogeneous equations involv-
ing p? in case of free vibration analysis which can be solved to calculate p. Using V, and
M, the force and displacements in the shaft can be ‘calculated at all points again using the
transfer equations, and using p the mode shape can be similarly derived. The forces and
moments in the later case may then be determined by the modal method using the relevant
response spectra® for displacement giving the displacement Sq for various natural time
periods and damping. '

CONDITION OF SHAFTS CONSIDERED IN ANALYSIS

The shafts have been divided in elements of small length, 17 elements of 4 ft each in
case of T, and 20 elements of 4.5 ft for Ty. The values of np, namely, 75 1b/in® for dry
soil above R.L. 1400 and 45 1b/in3 for submerged soil below this level have been used.

Other conditions considered are : (i) Shaft T, is in air, that is, no soil is around, with
shaft house at top, thickness of shaft 2 ft. ; (ii) Shafts T; and T, have soil stiffnesses. as
given above, and no virtual mass of soil is considered; Thickness is 2’ and 1'6”"; and (iii) Shafts
T, and T, have.soil stiffnesses as given above and a virtual soil mass is considered as expla-~
ined earlier. Thickness of shaft is 2’ and 1’6" as considered earlier.

: In each of the above cases, moments and shears are worked out under the conditions
~ of loadings : (i) Design seismic coefficient of 0.15 applied statically as adopted for designing
the structures at the site of the Beas dam ; (ii) Modal analysis using response spectra of El
Centro earthquake of 1940 (North-South Component) toned down to 0.17 g peak ground
acceleration as recommended for Beas Dam site for elastic design of structures ; and
(iii) Modal analysis wusing El. Cento '
earthquake of 1940 (N—S8 component, see
Fig. 5) without reduction considered to be
maximum probable for Beas Dam site.

a3 o~

. Besides the moments caused by the
seismic loadings, bending moments and

placing of the shaft-house on top. These §
shears and moments have also been worked 5
out and superimposed on the seismic shears

and moments for finding the maximum values  a.}
for design. 5

ANALYTICAL RESULTS ey

TIME N SECONDS

, (a)' Free Vibration Analysis

\ Mathematical model as given in  Fig. 5. Accelerogram For El Centro California
figure{s 4 was used in the dynamic Earthquake of May 18, 1940, Component
analysis. For the various cases the N—S (Shown for 15 sec. only)
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period of vibration and mode shape have been
computed. Table 2 shows the fundamental e
periods of wvarious cases, and corresponding § = pRopoRTIoN oF CRITICAL
spectral displacement values for E1 Centro 1940, k
N~—S component are shown in Fig. 6 for
various damping coefficients. 'A damping
coefficient of 109 critical is adopted in the
present case of Sy values given in Table 2 as
explained later under experimental study. This
value is on the conservative side for any
appreciable relative movement of the shafts with
respect to the soil. '

Sx0.05

SPECTRAL DISPLACEMENT..5d-cm

(b) Maximum Moments

The maximum moments caused in the 2|
shafts Tyand T, for thicknesses of 2 ft. and '
1.5 ft. under the action of various loading
conditions and various states of soil are present-
ed in Table 3. The sections of the shaft where

the maximum moments occur are also indicated, % X R O N Y S wa—
the distances being measured from the ground PERIOD . Bd. seog ’
level, that is, below R. L. 1430.00. While find-

ing combined maximum moments, the approp- . Fig. 6. Displacement Spectra of
riate moments at the various sections of the El Centro Earthquake,
shafts are to be added together (For example, ‘ May 18, 1940, N-S

see Table 4). -Component

(o) Obsérvations on the Results in Tables 2 and 3

The following observations can be made on the results presented in Tables 2 and 3:

(i) Whereas the fundamental time periods of the shafts T, and T, in air, without
the soil around, are 0.4395 and 0. 654 second respectively having a ratio 1 : 1, 49, the time
periods. when in soil, are about equal. This happens because the characteristic length of
the shaft ‘L.’ works out to be less than that of the shorter shaft. Therefore, their effective .
lengths which are subjected to flexure become nearly equal as shown below :

The characteristic length L. is given by ®

- |
LC_SA/n: ’ ®)

where EI is the flexural rigidity of the shaft and ny is the soil stiffness as defined on page 11.
In the present case ny=751b/in?, EI=10450% 10 Ib-in® for 2 ft. thick shafts and
6850 % 101 1b-in2 for 1.5 ft. thickness. Therefore, L, works out as 22.5" and 20.4’ for 2 ft.
and 1.5 ft. thickness of shaft respectively. These are less than the lengths of both the shafts
- Tyand T,. Therefore, the critical length L is the same for both ‘the shafts for any given
tinckness making their time periods about equal.

(ii) The shafts are in the low period range of the earthquake spectra indicating that
they are stiff structures which would develop high dynamic forces due to earthquake but
undergo small displacements.
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TABLE 2

Time Periods and Spectra) Displacement

(a) Thickness of shaft — 2 ft.

Condition of soil

Shaft T, (Ht. 68 ft)

8,4 for El Centro 1940

" Shaft T, (Ht. 50 ft)

around shaft : . Sq for El Centro 1940
v 'I.:rr-ﬂ)ed peak Accn.‘ Peak Accn. p’l;rlrz)cd peak Accn.| Peak Accn
P 0.17¢ 0.33g 0.17¢ 0.33g
(second) (cm) (cm) (second)  (cm) (cm)
1. Shaft in air 0.4395 1.946 3.775 0.6540 3.030 5.875
(no soil around)
2. Shaft in soil 0.2610 0.541 1.050 0.2639 0.552 1070
(no virtual mass) .
3. Shaft in soil 0.2827  0.628 1.220 0.2870 0.644 1.250
(cylindrical virtual :
' mass).
(b) Thickness of shaft—1.5 ft. Shaft T, (Ht 90 ft) .
, . Sa for El Centro 1940
Condition of Soil Time period .
around Shaft Peak Accn. Peak Acca.
0.17g ~033g
‘ (Second) (cm) (cm)
1. Shaft in soil 10,2857 0.633 1.23
~ (no virtual mass) . }
2. Shaft in sail 0.3054 - 0.722 1.40

(cylindrical virtual
mass).

. Note :=Since the shafts are low period (high frequency) structures, the contribution of the
higher modes than the fundamental is insignificant and therefore is not considered.

; (iii) The periods are within the usual range of the ground periods recorded in strong
ground motions. Therefore, quasi-resonance is likely to occur leading to appreciable amplifi-
ation of the motion and high dynamic forces as indicated in. (ii) above. But due
to the random nature of the ground motion, full resonance build-up as'in the case of steady
state vibrations is not feagible. The high damping offered by the soil around the shaft is a
- further check on the high peaks in the response of the shaft.

(iv) The maximum moments, that would have occurred in the shafts, if they were
standing in air, are very considerably reduced due to the presence of soil around the shafts.
The reduction is about 70%. The section of maximum moment is shifted from the base of
the shaft to a section within about the top 407 height of the shafts. ‘

(v) Out of the two soil conditions, not taking virtual mass into account and with
doing so, the latter situation gives higher moments in a shaft. It will. therefore, be critical
for design. :
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(vi) - The maximum moments in the two shafts T, and T, are not appreciably differ-
ent, the moments in shaft T, being slightly higher than those in shaft T,. Therefore, the
same design values may be adopted for the two. '

(vii) The maximum moments in the shaft obtained by dynamic analysis for El
Centro toned-down earthquake (with peak ground acceleration 0.17g for the condition of
soil with virtual mass are abont 4.4 times as large as the maximum moments produced by
static seismic coefficients of 0.15g applied uniformly to the shaft. Therefore, the design of
the shafts on the basis of uniform seismic coefficient of 0.15g will be grossly inadequate and
must be worked out for the forces determined dynamically. ,

(viii) The dynamic maximum moments for 1.5 ft. thickness are about 839 of those
for 2.0 ft. thickness.

EXPERIMENTAL STUDY

The object of this study was to observe the behaviour of the shaft under vibarting
conditions. A geometrically similar model having a scale ratio 1/24 to the shaft T, was
used. The scale ratio of 1/24 was chosen for making the model to suit the shake table
facilities and ready availability of a commercially manufactured concrete pipe of 6 in.
diameter and 1 in. thickness. The length of the model required for 90 ft. long shaft on this
scale was 3'9”. The shake table container was deep enough to contain this depth.

Due to certain practical difficulties of having a scaled down shaft house in the model,
it was considered easier to simulate its weight and overturning moment by protruding the
pipe beyond the 3’9" mark of sand fill and mounting extra weights on top. The extra
length used was 10 in.

For a geometrically similar model the similitude requirement is

Wm __ Ip - Em

Wp Im ) Ep

where w is the density of material. E the Young's Modulus of Elasticity, / the linear dimen-
sion and suffixes m and p refer to model and - prototype respectively.  This requires that
the model material should have a high density and low elastic modulus. But for the model
.under consideration, Wm=wp and En=E, and /y//m = 24. Therefore, this similitude require-
ment was violated in this model. Unfortunately this happens in most such experimental
cases. Because of the difficulties experienced in satisfying all the stimilitude requirements
it was not possible to have a model from which results for the prototype could be inter-
pretted directly. Therefore, the modsl dimensions were used assuch to determine its
frequency.

The model was sited in the middle of the shake table container of size 6" 4" X 42" X
4'. The prototype has a conical frustum shaped rock excavation around it from El. 1340
upwards. A similar formation was reproduced on the table by means of a rich mix of
plaster of paris and sand. The sand in the container was gradually filled upto elevation
1430 being compacted by tamping by wooden flat boards at their end.

The. model was subjected to free vibration test by means of pulling it at top horizon-
tally and letting it go suddenly, Accelerometers were mounted at the top and 8'in. and 16
. in. below the top corresponding to El. 1434 and El. 1418 respectively.  Free vibration
records were taken on oscillographs. The shaft was tested without any super-
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imposed loéd and with superimposed loads of 20, 30, 40 and 50 kg attached on its top.
Records were taken for the shaft vibrating in the dry sand fill upto El. 1430. ‘The observa-
tions were made in the following order of superimposed loads 00, 20, 30, 40 and 50 kg.

Observations

The variation of frequency with superimposed load is shown in figure 7. It
is seen that the reduction in the experimental frequency when top weight is increased is
rather gradual and the drop is only 27 per- . e : : we
cent when the top weight becomes 50 kg.
In the same figure theoretical frequencies «f
calculated for two values of soil stiffness
coefficients are also plotted which show '«
that the theoretical frequency is more sensi-
tive to the top weight than indicated by
experimental curve., When virtual mass for
dry soil according to cylinder analogy (see
page 11) is considered, the frequency of
vibration decreases and goes farther away =}
from the experimental frequency.

EYPERIMENTAL

L Fon n, = 70inwirn

(<2
3 M‘;SNONCAL VIRTUAL,

'S
o

THEORETICAL

FREQUENCY (7S

Apet80 (o/ind

-
o

fn s 78 to/in?

0

The damping was observed as 6% of

critical when the shaft was vibrating in air ° w %5 o W %
and ll% Of critical When Vibrating in Sand su\v:amvaszo LOAD ¥ kg
fill. Fig. 7. Variation of Frequency with Superim-

, posed Load on Top of Shaft Model.
Discussion of Results

(a) Soil Stiffness and Virtual Mass : The observations show that the experimental
frequency was higher than the theoretical frequency based on the nyp value of 75 1b/in3
recommended by Terzaghi for dense sands. It is stated by Terzaghi that the recommended
value is somewhat conservative and actual value may be'higher. The use of virtual mass
has the influence of reducing the theoretical frequency, further increasing the gap between
theoretical and experimental frequencies. This indicates that no virtual mass of soil may
actually be acting. However from the safety point of view of the structure it will be
necessary to consider what would happen if (i) the soil stiffness becomes higher (ii) virtual
mass acts.

From Fig. 7, itis seen that when the soil stiffness isincreased from 75 1b/in® to
160 Ib/in?, the frequency increases by 149 only. Thus the frequency is rather insensitive
to increase in stiffness. Moreover, the range of frequency of the prototype shafts lie in
the region of maximum acceleration response. Therefore, slight change of frequency
will be immaterial in the response.

The virtval mass of soil has two influences : to decrease the frequency and to add to
the vibrating mass which would increase the forces acting on the shaft. The first effect
would compensate the effect of stiffness to some extent. The increase of force will of
course be material in design. In view of the inconclusive results of the tests and to be
on the safe side, calculations have also been made by using soil mass on the basis of
cvlinder analogy as discussed earlier.

(b) Damping : The damping increased from 6% in air to 119/ of critical when
vibrating in soil. This damping is expected to further increase if the deflections of the
shaft increase. Therefore, a damping coefficient of 109 of critical was conservatively used
in the calcuiation of forces.
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DESIGN CRITERIA

Based on the analytical and experimental results, the following criteria have been
adopted for designing the shaft :

) (a) To use cylindrical virtual mass of soil for computing seismic moments and
shears. . o .

_ (b) To use seismic moments as calculated for El Centro toned-down earthquake
with peak ground acceleration 0.17. g for elastic design allowing the tensile stress in steel
to just reach the yield stress but without allowing any plastic deformations.

() To permit plastic yielding of the steel for the El Centro earthquake with peak
ground gcceleration of 0.33g. the ductility ratio, #, that is the ratio of maximum deformation
to the yield point deformation however not being allowed to exceed 4.

(d) To design the two shafts Ty and T, to have the same thickness and reinforcemen’
which may be kept uniform throughout the height of the shafts. This uniformity is adopted
in view of the possibility of occurrence of an earthquake during construction and the time
lag which may occur between the construction of the shafts and the placing of the back fill.

(e) To impose the restriction that at no stage of construction, the back fill should
. be allowed to lag behind the shafts by more than 25ft. This will keep the maximum
moments in the shaft within the maximum design moments at all stages of construction in
the event of the occurrence of an earthquake during construction.

DESIGN OF SHAFTS

On the basis of the criteria recommended above, the design values of moments and
shears in the top length of about 30-ft. of the shafts are given in Tables 4 and 5 for 1.5 ft.
thickness, which is estimated to be adequate. The checking of stresses and ductility 18
presented in the following : -

(a) Elastic Design

The maximum combined moment due to eccentricity of load and earthquake force
occurs at R. L. 1407.5 ft. At this section the vertical load is as follows : ’

P=380-4-7x 13.5%1.5x0.150 % 22.5=595 kips
Maximum moment M =8663 kip. ft., (see Table 4)
Maximum Shear Force F =205.9 kips

Let the shaft be uniformly reinforced with 0.7% steel of the conerets cross section.
Hence thickness of steel ring, 1,=0.007t where t=thickness of shaft, that is, 18 in.

Balancing the moments of the effective areas about the N.A. (see Fig. 8), we get

o m—0a
f‘[ t+(m—1)ts ] 2 (cos §—cosa)dd = j mtgr? (cos 6Fcosa)d @
o o ) f

or, (t—ts) (sin a—a cos ¢ )—m ts 7 COS a=0
Substituting the values of t and t, and m=13
0.093 ( sin a — a cos a ) —*0.286 cos a=10
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Table 4

Distribution of Moments Along Height*

Section

Moments in kip ft due to

Ecc. of shaft El Centro Combined El Centro Combined
House peak 0.17g | (4)=(2)+(3) I Peak 0.33g | (6)=(2)+(3)
(H (2) (3) 4) | (5) (©)

%” 1457.5 0.0 0.0 0.0 0.0 0.0
g 1447.0 0.0 622 622 1210 1210
% 1430.0 2660 3105 5765 6038 8698
T 1425.5 2660 4010 6670 7787 10447
{ 1421.0 2623 4900 7523 9503 12126
{ 1416.5 2532 5640 8172 10956 13488
% 1412.0 2283 6180 8563 12008 14391
{ 1407.5 2183 6480 8663 12591 14774
} 1403.0 1946 6535 8481 12698 14644
é 1398.5 1688 6360 8048 12367 14055
2 13940 1428 6000 7428 11663 13091
1389.5 1174 5490 6664 10669 11843
1385.0 936 4876 5812 9473 10409

| 1380.5 718 4200 4918 8158 8876
1376.0 523 3500 4023 6796 7319

[ 13715 355 2800 3155 5444 5799
i 1367.0 210 2130 2340 4144 4354

* Larger of the values for shafts T, and T,.
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Table §
Distribution of Shears*
) Shear in kips due to
Section Ecc. of shaft El Centro El Centro
house peak 0.17g Combined Peak 0.33g Combined
(1) (2) (3) #H=0)+(Q2) ) (6)=(2)+(5)
1457,5
0.0 57.0 57.0 110.9 110.9
1447.0
0.0 144.0 144.0 279.6 279.0
1430.0
8.2 197.7 205.9 3844 392.6
1425.5 : ‘
20.3 194.0 214.3 377.0 397.3
1421.0 _
33.1 164.2 197.3 319.2 3523
1416.5
44.4 118.5 1629 230.1 274.5
1412.0
‘ 52.7 65.2 117.9 126.4 179.1
1407.5
57.3 10.8 68.1 21.0 78.3
1403.0 :
57.8 39.1 96.9 76.1 1339
1398.5
56.3 81.5 137.8 158.5 214.8
1394.0 . a
53.0 114.5 167.5 222.5 275.5
1389.5 . '
- 48.5 137.5 186.,0 267.1 315.6
1385.0
43.1 151.0 194.1 293.3 336.4
1380.5 :
37.5 156.0 193.5 303.5 341.0
1376.0 :
32.0 155.0 187.0 300.9 342.9
1371.5
27.0 149.0 176.0 289.4 316.4
1367.0 :
22.8 134:5 157.3 261.0 283.8
1362.5
19.4 118.5 137.9 229.6 239.0
1358.0

%*

Values are given irrespective of sign.
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t EFFECTIVE CONCRETE

EQUIVALENT STEEL
THICKNESS

Fig. 8. Elastic Analysis of Section

Solving by trials, a = 0.85 radian.

Now moment of inertia of effective section about N. A,,

a m—a
I=2 J-[t-{—(m—l)ts]r3 (cos § — cos a)> df 4 2 J.m ts r3 (cos § 4+ cos a)? d6
o 0 ’
or I=2n[{t + (m—1)ts} {& a® 4 cos®a) — {sin2a} + mtg

{(r — a) (b + cos® a) + % sin 2 a}]
— 713mts (14+2 cos? a) + 1° (t—ts) {(14+2 cos® a) — 3 sin a cos a}
Substituting the various values,

I =607 x 10% in*
Area of section A = 0007 X 18 X 27 X 675 x 12 + 18 x 2 X 0.85 X 6..75 X 12
= 835 + 2480 = 3315 in?

595000 8663000 x 12

Tensile stress in steel = 13 [—— 3375 ~607 5 T0F

« 6.75 (140.66) 12]

= 27570 psi

. This is Jess than the yield stress oy of steel 34000 psi, and hence is safe. Compressive
stress in concrete -
595000 866300012

5315 607 x 108

= 805 psi (safe)

= 3.04 X 12
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Therefore 18 incHes thickness with 0.7% vertical steel is adequate. Now the static
moment of the area of the section lying above the natural axis taken about the neutral axis is,

Ay = 2m ts [sin a + (7—a) cos o] 12 | . (n
= 4,82 x 10%in3
205900 x 4.82x 104
6.07x108x 18 %2
= 45.5 psi (safe)

. The hoop steel may be kept a minimum of 0.3% of the concrete section except where
it is required to be more due to other loads such as hydrostatic pressure inside.

(b) Plastic Design

The plastic moment capacity My of the section of shaft may be worked out on the
basis of yielding of steel alone, the concrete being neglected.
‘ Mp = Ogy Zp == Ogy f Z } ’ ‘ ) (12)
where Zj, is the plastic modulus of section, f the shape factor equal to 1.27 for thin circular
section and Z the elastic modulus of section. Therefore

Mp = 34.0 x 1.27 (7 x6.752 x 144 x 0.007 x 18)/12 = 9380 kip-ft.

Max. shear stress =

A reasonable estimate of the ductility ratio ELASTIC

attained, when the El Centro (Peak acc. 0.33 g) Me b=
earthquake acts, may be obtained by equating 21477MK
the elastic strain energy with the plastic energy as

shown in Fig. 9 in the following manner.

PLASTIC

If the structure would have remained elastic,
and the moment was Me (which in this case is =9320K
1477 kip ft. as given in Table 4 (b)) and curvature :
fe, then tne elastic strain energy would have
been

1
Ue = '"5 Me eev ‘ v‘ . ‘(
1 Mze ¢y ¢e ém
= — —— fy (13) . .
2 Mp , Fig. 9. Energy Equivalence

where 0y is the curvature corresponding to the start of plasticity, shown in Fig 8. Now
if the structure actually deforms plastically to maximum curvature fm, the energy absorbed
would be

Up = Mp (O — % 0y)
Equating Ue to Up, we get

1 1 /Me\2
Om'—,i_ey = T(KA—p) Oy

Or the ductility ratio 8m/y is-given by
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b 1[/MeN2 | 15

e =3l +1] 9
Substituting the value of Me and My,

0m 1 ,147642 _

e _2.[<.__9320) i 1] — 1.755

This is much less than 4, hence the shaft will be safe in the maximum earthquake expected
at site.

CONCLUSIONS

The following general conclusions may be drawn from the results presented in this
paper. ~ :

(1D The soil offers substantial resistance against the deflections of the shaft increas-
ing the effective stiffness and consequently the frequency.

(2) In the behaviour of the buried shafts, their critical length L. turns out to a very
important parameter as their bending mostly takes place in this length below the ground
level. Consequently, where L¢is smaller than the actual length of a shaft, the maximum
moments caused in a shaft in soil will be much smaller than the shaft in air. The reductoin

in the cases presented is about 70%. Also the point of maximum moment will shift towards
the top near about the point at L, below ground level. .

(3) Damping to the vibrations is increased because of the presence of soil around
the shafts, 109 of critical will be a conservative value for adopting for design purposes.

S (4) The indications are that no virtual soil mass acts in the dry condition. However,
this point needs further testing to arrive at final conclusion. ‘

(5) The ordinary static seismivc coefficient method is rather inadequate for aseismic
design of such tall structures. Therefore dynamic analysis is strongly recommended. -
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