TEE EFFECT OF GROUND CHARACTERISTICS ON THE ASEISMIC DESIGN OF STRUCTURES.
by
Vernon A. Murphy.

*

ABSTRACT. The first part of this paper refers to evidence from damage
surveys of earthquakes that structural damsge is greater with increasing
softness and depth of alluvium, and varies with soil characteristics. &an
additional method of scil testing is proposed which would assist in the
estimation of seismic settlement of structural footings. The second
part discusses lateral earth pressure on model quay walls, and the
determination of the mode of failure under vibration conditions. 1In the
final part of the paper, an example of & model to represent a structure and
clay soil characteristics is given, together with comments or raft type
versus pile foundations. .

INTRODUCTION. In the design of structures to resist forces from an earth-
quake, the first consideration should always be to obtain full information
on tie dynanic characteristics of the ground. Considering the subject
broadly, the earth's crust is divided into so0il and rock, and the soil is
divided into sand, silt and clay. There are considerable differences in
the vibrational responses of these fundamental materials depending on their
mechanicel properties, their mixture with one another, their moisture content
and other conditions. It is well established from damage surveys of earth-
quakes, and reports drawn from all parts of the world, that the effect of
ground characteristics on the behaviour of structures under seismic
conditions is a matter of primary importance. Let us take two examples:
first, compare the action of sedimentary rock with that of granular
alluvial soil, and then compare saturated clay with comsolidated materials,
as foundations, together with the response of structures based upon them.

An informative example of the first case was provided in a striking manner
in the New Zealand town of Napier during the great Hawke 's Bay earthquake
of 3rd. February, 1931, (I). Napier is located on the coastal boundary of
a practically level alluvial plain with a hill of considerable area and some
100 feet high overlooking the town. The business area is on the alluvial
flat and is founded on mainly fine and coarse gravel tc a depth of approxi-
mately 85 feet. The elevated feature called Bluff Hill consists of lime-
stone of Tertiary geological age. During the major earthquake the
difference in damage to astructures was very marked. On Bluff Hill, except
for one notable case of poor construction, there were no serious foundation
troubles, and the damage to structures was comparatively light. On the
alluvial flat there was considerable. earth movement and serious settlement
of ground, ' This caused heavy damage in foundatioms and, in turn, heavy
demage to superstructures. There was considerable loss of life in this
area due to the esrthquake and to the fire that followed. Structural
demage was very closely related to ground conditious.

%  Structural Engineer, New Zealand Government Railways, Wellington, N.Z.,-
Chairman of Committee on Seism'l Research of N.Z. Institution of Eng'rs.
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ooumpreszive exazple of this second comparison of soils mentioned above
0 Previlet by tne report on soil conditions and damage in the Mexican
wAringeade of ortn, July, 1957 (2). In this report it is stated that the
Podifiec Mecally intensity wes a meximum of VII, in the vicinity of the
frilwiire near Acepulco Day on the Pacific Coast. At Mazatlan, a town 43
Ziies away, wnicu was founded on comsolidated materials, the MM intensity was
Ve wnile at wexice City , at 163 miles distant, or four times further awvay,
toe ¥M intensity was VII in the lake ares of saturated clay wnere tall
tuildings stasd.  Again at San Remon, a village 46 miles distant from

he epicentre, and founded on sand, the MM intensity was VII. This should
te compared with damage to towns at similar distances from the epicentre and
founded o consolidated materials, where the MM intensity was only v.

In other examples of earthquake damage, the cause has not always been
recognised at once, and the dazage has been regarded as due to exceptional
intemsity of ground motion, instead of being attributed to differential
seitlement.  (ne of the most obvious cases of differential settlement,
hewever, was demonstrated in the modern reinforced concrete Daiwa building
in Puiui, Japan, on 28th. June, 1948, where beams of the first floor showed
& difference in level of 25 inches after the quake, This building was
’f tunded om 300 feet of sard, alternating with clay strata, and is referred to

In commenting generally on the above, two main types of structural
dsmage are, firstly, that due to lateral forces and horizontal movement of
the superstructure, and, secondly, that due to induced vertical forces, and
general 4ifferential settlement of the substructure, It is practicable to

founiations, Differential settlement is common in sandy soils which are

wammdmt;,uigtmmofxapierammnéon. This

:;pm-?t: r:- d;gxcult Bituation because the position is not always

mmm usual shear strength ang Penetrometer tegts. It there-
becomes important to check the density of sandy soils in a site

“istances greater tngy 160 mil, T
to ce es from the epicentre, maj; i i
Tiala types of structures founded on very sort'clg;:f fdenage is possible

Bere as te 1.yv,p test.),
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The Bffect of Ground Characteristics on Aseismic Design

SOIL TESTING FOR DYNAMIC SOILS. _Relative Density Test.

In granular soils, the degree of compaction, and not the shear strength,
may govern the design of foundations and site preparation to resist earth-
quake forces. The relative density test is the one most favoured in
determining the degree of compaction before and after the use of
compaction methods. This test is a most valuable one for that particular
type of soil and, as its use is becoming common, the expressicn for relative
density is given below. Three dry unit weights are required: the minimum,
the maximum, and the natural (in situ) dry unit weight. The minimum weight
is that determined in its loosest possible state, and is found by pouring the
so0il through a large funnel while it is held at the apex of the conical
sand surface. The maximum is that in its densest state produced by the
Modified Proctor Compaction method. - The natu.ral dry unit weight is found
from undisturbed samples.  If ¥ is the dry umt weight, and the subscripts
L, D, and N refer to the soil in loose, dense and ratural states, the
relative density expressed in terms of dry unit weight is:

I - -1
WL WN
) R - '
L - 1
WL ¥

In seismic areas, the degree of compaction (relatlve density) necessary at
a particular site is generally taken as 85 to 90 per cent. Site preparation
and field compaction methods are now available for economically producing
this specified degree of compactionm, provided the s0il is clean, free-drain-
ing and granular. (3a). It is understood, however, that there is a
definite limitation in the use of methods such as "Vibroflotation" to soils
baving the above qualifications.  Moreover, it is quite evident that
relative density tests are unworkable in soils containing 5 to 10 per cent
of silt or clay, and this may be seen to some extent in Fig. I (¢), where
the Nepier sample has a low relative density when compacted by vibration and
yet has a high resistance in the I.V.L. test.

ISOLATED VIBRATING LOAD TEST.
" The writer has extended the use of an experimental arrangement similar,

to that used by Professor Okamoto {4), to become a standardised test on
granulaxr soils wvhich is here called “The Isolated Vibrating Load” test. This
test is designed to assist tbe designing engineer in identifying granular
soils which are liable to become troublesome in regions subject to heavy
vibrations, and its value may be best judged by considering an example as
described in the folloving study.

For the purpose of illustrating the essential charactenstlcs of vanous
types of granular soils, three typical gramular soils have been selected, two
‘being from the Wellington City area, and one from the City of Napier.

A STUDY OF PARTICLE DISTRIBUTION AND RELATIONSHIP TO SETTLEMENT.

We begin with the study. of the distribution of grain size and sieve
enalysis in Fig. I (a).. . We have plotted the two Wellington sands, cne a
crushed sand, ~and the other a beach sand from Lyall Bay, having a grain size
" of ‘limited variation. These sands generally produce a typical curve which
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: 2ol ralghtly anclined irom toe vertical. These should be compared

e curve Sur ‘ne .apier semple, ses Fige I {a). The mein fegture
s:s sazple is 1ts well balanced grading, shown by its general umform.
.inaticn. zeference now to the grapb in Fig. I (b) for each sample in
irn will reveal the fact that the samples having limited variation in size
of grain are nct resistant to sursidence of model footings when vibrated,
anz in fact, the smcunt cf subsidence or settlement is 3 or 4 times as

muck as that for tne sample naving & well balanced curve in the sieve
analysis. There are two important conditions. This statement holds

true

&
€

{a} wnen ¢ne material is cemposed of strong metallic particles
of 2iziler unit weignts.

(b) when the amcunt of compacticn is comparable in each sample,
toat 1s, wnen tneir relative densities are similar, if .dealing with
granular scils.

The presence of more than 8% to 107 of silt or clay in the sample renders
the rule inoperative.

It was found that vibration alome would not produce maximum
dernsiiies comparable with tre Modified Procter Compaction test. These
values are plotted cn Fig. I {c) for tme purpose of obteining the relative
densities of all samples after vibration preparatory tc the I.V.L. test.
Tris preparation consisted of vibrating the sample at 25% G for three .
mirutes, and then at 3&% G sccelleration for another three minutes, when it
was considered that all settlement from vibration had ceased. At this
point, the sample is ready to undergo the I.V.L. test. If it is of
interest to study how the vibrating load acts upon the sand particles, the
I.V.L. test can be made in a glass box, and the grey sand inlaid with
vertical columns of white sand. In this way, cne secures a picture of the
movement of the sand particles in the area under the load, as is described
in some detail in the following experiment.

A MODEL EXPERIMEN? OK A RICID FCOTING IN COHES IONLESS SO‘IL.;V
A special box wes made with plate glass sides and this was fastened to.

a teble capable of being vibrated horizontally. Dark grey sand was
placed in the glass box, in doing so, six vertical colummns of white sand
were inlaid in the dark sand 30 as to present a regular pattern which would
show through the glass. At this stage the sand was considerably
compacted by means of 6 minute vibration. 4 large wooden frame was screwed
to the box so that a steel shaft could be guided through the frame in &
vertical direction during the course of the experiment. At the base of the
shaft was welded a flat steel plate 2§ inches x 3} inches and % inch tnick.
The latter represented a rectangular rigid footing, and this was placed on
the surface of the sand as was shown in Fig. I{d) Owing to the previous
compaction by vibration, the sand snowed no visible settlement when the full
l;;::' of approximately 30-lbs was taken. The outside surface of the plate
%e was mxk;;it;ntm’hhe menner shoun in Fig. I§ by marking dots of white psint
mem:raspaad : theceutrescf the white columms of sand, and to act as
mmbm marks or mhm‘aqumt lateral movement of the sand particles in
The original position of tie colum footing was marked in white
paint, together with white dots,at § inch intervals along the centre line
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aof footing. An Ames diel was clamped in position on the shaft in order to
obtain readings of settlements.

The vibration apparatus was arranged in the same manner as that shown in
Fig. 8. The eccentricity adjustment was set and fixed so that the
emplitude of movement was 0.215 centimeters. The intensity of loading in
contact with the sand was 0.20 tons per square foot.

The shaking table was set in motion and immediately brought to an
acceleration of 250 gals with a period of vibration of 0.185 seconds. The
progress of the footing as it settled in the sand was marked on the glass
sides of the box in white paint and photographed as shown in Figs. 2 and 3.
After 100 seconds of vibration, the footing had settled approximately 1} inches
as can be seen in Fig. 3. The sand was dry up to this stage and it was
found that no further settlement could be obtained by vibration. The sand
was then submerged in water and vibration was continued. This produced
a further settlement of + inch before all settlement finally ceased.

From this experiment, it is clear that something more than unloaded
vibration tests are necessary before meking a practical decision on design
loads for footings. The main feature of the last experiment is the
demonstration of the fact that the supporting sand particles travel sideways
away from the footing and therefore confinement conditions surrounding a
footing in practice would apparently exert an influence on the rate of
settlement. Also it is felt that variation in the width of footing would
have an effect on the shape of the "bulb of disturbance". This is
apparent from the photographs, as the sideway itravel of particles is larger
than, and only slightly influenced by the vertical displacement. The
above experiment gives an insight into the mechanical action of particles
of cohesionless soil in sustaining footing loads and in compacting the area
around the footing. Small scale standard tests, such as the I.V.L. test
may be used in practical design in an impirical manner, for comparative
purposes only at first to test the camparative loading capabilities of
areas where some definite change in strata and conditioms are noted in any
site investigation.

As previously mentioned, Professor Okamoto carried out some experiments
of the same type in 1954, and his results are partly sumsarised in Fig.4.
The lefthand graph of Fig. 4 is plotted for settlement versus acceleration
for a footing load of 20.8 kgs., and the righthand graph records the same
information for a load of 29.1 kgs. A most significant change in the
rate of settlement always appears at about an acceleration of 300 gals.

SHEET PILE WALLS.

The use of sheet pile walls is fairly common in the design of earthwork
bounded on one side by estuaries or harbours. The basic requirements for
stability of such a wall are that the resisting forces should exceed the
actual forces by a suitable factor of safety. The forces resisting the
direct overturning of the wall are provided by an anchor and tie, and the
forces resisting sliding are provided by the depth of penetration of the
sheet piles end the shearing capacity of the soil at the toe.  Before
dealing with the dynamic experiments on models of walls, it would be well
to examine briefly the static condition with regard to failure planes which
occur when rotation begins to take place.  The photographs in Figs.5, 6,

235



YV, &. Murphy

. ° sre more or less self explamatory. In Fig. 6, a simple rotati.zn of
e wa.. a.cut 1ts base is zade to represent the yield of an actual wa

rairr atetiz condd lateral earth pressure. The wedge action
m;*w::f K;;w;;?:lii‘z:irdm the pattern of the alternate layers of whitef
and grey sand, Failure is occurring on all planes that l::ave a 81023 ©
45 pius B /Z degrees to tne horizontal.  If the same wal we:;: mov 1a be
laterally witoout retation, approximately the same anglg of failure u:u
produced, snd would have a value of 62°, if @ equals 34°. The geath the
disparity betwsen angles of failure for the al_zove case, as compared Wi
dyuamic case, is shown in the following experiment.

4 MCTEL OF PILE WALL SUBJECTED TO VIBRATION IN oonmigdnms SO;L.IO
Fig- © sonows the general arrangement of the experiment, Figs. 9, v
and 11, sbow the results of model experiments representing a sheet pile wall
subject to lateral wibratioms in cchesionless soil. The model was
cemstructed as follows: the tie, which consisted of a strand of round-
secticned rubber, was fixed to the model well and passed through the wall to
e cox wbere 1t was fimly anchored. The model wall was made of solid
rubter 1 inch tnick, and covered with white paper to make its movements
clearer through the glass. The depth of toe penetration into the sand was
kept at a mummum to ensure some movement taking place and to enable
chmervations to be made on the mechanics of failure. For the latter
purpose also, the face of the grey sand against the glass wes inlaid with
vertical columms of wnite sand both in front of and behind the wall. Taen
the glass wes maried with white paint to fix the original position of the
wall, the columms of sand, end the levels in front of and behind the wall. It
will be cbserved from Fig. 9, that the wall was slightly curved in taking the
lateral pressure in the static position before starting the dynamic test.
After 20 seconds of vibration, at an acceleration of 250 gals, the pattern of
the active and paseive forces in the sand are beginning to take shepe. It
\(13.3. be cbserved that tne resisting forces of the tie and the toe have
¥ielded an almost equal amount, so thet the wall has moved laterally while
still keeping vertical.  After a certain build-up has tsken place at the toe,
the enchor tie was marually released to simulate failure of an actual anchox
tie. The planes of shear failure, before and after release of the tie, are
Been o be parallel and at an angle of about 350 to the horizontal, The
second plane was brought about by bending the rubber wall about its built-up
Support at the toe,  The ingle of the plane of passive failure in front of
ﬁjé‘uli waa found to be about 18° which is also less than that for the
““'kﬁm@mmnma‘t&t@ and shown in Fi 12
The two main conclusions of the 2 'n Flige 1.
under dynamic conditions experiment are that the active pressures
exceed those of the static case, and that the active
wedge forms behind toe wall has a 1i ich
ine of failure which is much flatter than



The Effect of Ground Charascteristics on Aseismic Design

GRAVITY QUAY WALLS,

The behaviour of gravity walls under earthquske conditions can best be
studied from full scale examples of partial failures, but models are
informative and useful in relation to certain aspects of general
benaviour. Earthquake damage reports show that there is a tendency for
quay walls to tilt and slide rather than to overtumm, but obviocusly a great
deal depends upon the toe conditions as regards both depth and shear
strength of the soil. Gravity walls which chiefly depend on weight for
stability, frequently have anchor ties as well to assist in the
resistance to lateral earth pressures. The facts recorded by Amano, Azuma
and Ishii (5) show that as in the case of the Shimizu Harbour quay wall, the
anchor tie may be one of the most important items. The usefulness of such
well illustrated details of partial failures, as are contained in the above
report, cannot be over emphasized. It is noted that some of the ‘
conditions and dimensions are similar to those of New Zealand harbours, but
there has not been an earthquake of sufficient severity to test them
thoroughly. It was therefore considered useful] to make a model test of a
typical wall in New Zealand on a vibrating table.

" The object was to study-at least some of the points of general
. behaviour of a wall in a simulated earthquake of major intensity.

MODEL OF A GRAVITY WALL SUBJECTED TO VIBRATION IN A COEESIONLESS SOIL.

The model was built of solid rubber to a scale of 3/16 inch to a foot
or 1:64. As far as the "mass" ratio was concerned, the forces were not
proportional at all points with ‘the prototype, but the total weights were
sufficiently proportional to give a qualitative result. ~ Froude's law of
similitude states that the "time" scale must be equal to the square root of
the "length" scale so that the period of vibration of the model at 0.185
secs, corresponded to 1,48 secs. in the case of the prototype or a ratio of
one in eight (1:8).

The period of vibration of 1.48 secs. is reasonably near the dominant
period to be expected in an actual earthcuake in the harbour locality. The
acceleration imposed on the model will be 250 gals. which is just within
the limit of proportional behaviour of the soils.

Fig. 13 shows the model before starting the test, The figures indicate
inches, and reference marks &re painted on the glass to record the starting
position of the model and that of the white inlaid sand. Fig. 14 shows the
position after 1 minute of vibration at the period and acceleration given
above. Rotation of the wall is shown by movement at top of the model. Ko
actual plaae of failure has yet developed in the sand, although the
surface of the sand behind the wall has subsided slightly and there has been
a general lateral movement ‘to the right. Fig. 15 shows a rather advanced
stage of failure when the vertical columms of white sand bad mcved ore
complete space distance down the plane of failure. During the rotation
of the wall, the toe has subsided and moved forward.  Fig. 16 is a diagram
which illustrates the various stages of the wall overturning and the angle of
inclination of the line of failure as being 359 to the horizontal for both
active and passive pressurea. It is interesting to note that the saze
inclination occurs for the plane of failure in Figs. 11 and 15. As &
matter of interest also, Fig. 17 bas been drawn from information given in the
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Azuma and Ishii, on aseismic design of sea walls (5), in
angle of inclination of plane of failure
at Shimizu Herbour in 1930.
t is similar to that of the sheet

paper by Amanc,
oréer to show that his same
probably occurred in a guay wall failgre

e main conclusion of this experimen _ hat
pileﬁ:all experiment in that anchor ties should be of S?ffl@l_ent length to
pass beyond the region of the active wedge. The-ez!:penj?en't z'also dravrs
attention to the great importance of the toe conditions in mamtaimpg
stability. There is sometimes a demand for greater depth of l?ertbmg
facilities in the vicinity of the toe of quay walls. The opvmus danger
of dredging near the toe is well illustrated in the model.

MODEL INVESTIGATION TO DECIDE CON EE‘FECTIVEKESS OF RAFT FOUNDATION IN

SEISMIC CONDITIONS. . )
In foundation design for sPiff clay soils of moderate thickmess, there

is usually no fear of sudden settlements under dynemic loading. The main
problem is frequently wnen the stiff clay strata is underlaid by softer clay
and continmuous loading can cause a long term settlement. If, on
investigation, it is found that such conditions can be satisfactorily dealt
with, the question of seismic loading should then be considered. sSuch was
the case in a recent industrial building design where the loading was
relatively high and fairly heavy comstruction was required to accomodate
heavy locomotive and gantry loading. A thorough site investigation was
made and the shear strength of the soil was determined at all levels over
the whole area. The usual spread footings were first considered as a
foundation but, on analysis of soil tests, it was found that the size of
the footings would bave to be unduly large unless assisted by a heavy
system of foundation tie beams. - This requirement virtually changed the
foundation into a raft in which deep beams foimed an essential part.

The cost of the raft foundation was found to be much less than that of
a piled foundation which would have had to be driven to a lower
consclidated strata independent of soft ¢lay. Then the question of seismic
loading was comsidered, and it was felt that a model might prove useful im
reviewing all factors. . e

Two gelatine models were made of the soil and the shear strengths of the
soft stiff clay stratas were reproduced in correct proportion at the-
appropriate scale depths. Two alternate models of the superstructure were
made in perspex, one being the piled model and the other being the raft
model. In these models the elastic stiffnesses of each part of tne frame,
foundation, or pile constructién was correctly proportioned to reproduce

the stiffnesses of corregponding parts of the prototype. Photogre of
the models are shown in Figs. 19 and 20. Foe

When the models were subjected to lateral vibration, it was found that
(1) the piled foundation model did not contribute appreciably to the
lateral stability, and (2) the surfece interruptions due to the continuous
Pits in the floor created a distinct tendency to split in the case of the pile
foundation model, whereas the raft foundation model proved more affective
‘8gainst this action.  Fig. 18 shows the piled model after a test and the
fractured corners of the pits. Fig. 19 shows the special features of the
raftxi‘omda:zm d:;d:: which were effective against such action.

was deci adopt the raft foundation proposal. It was found to

be more important to strengthen the building floor and foundation as a
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horizontal ribbed unit capeble of taking vertical and horizontal forces
rather than to depend upen piles to take such forces.

It was found that, im tying the foundation together, any notch effects
or offsets in alignment need smoothing out as much as possible,

CONCLUSION.
It has been established from reporis of earthqueke damage that ground

characteristics greatly influence the type and amount of damage which
occurs in an earthquake. The experiments described, show that a close
examination of granular scils in particular during the site investigation
stege of building construction would assist the design engineer in
avoiding differential settlement which is obviously one of the most
destructive types of seismic damage.

The conclusions with regard to quay walls are given under their
respective headings, but it is emphasized that any deficiency in the toe
copfitions are a potent source of trouble, as well as deficiencies in
length of anchor ties.

In designing important buildings of moderate height on soft clays, the
established soil mechanics procedures for vertical loads are the first
consideration and model studies can form a good source of informetion for
special cases or special conditions, with regard to aseismic design.

In general it has been fourd that models, when carefully reproducing
the prototype, and when used in the light of earthqueke damage reports,
form a good basis for a realistic approach to problems of structural desigm.
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Pig. 1 (4)
Model Footing before
starting, I.V.L.
Test.

Fig. 2
Coendition after 40
seconds of Vibration
in I,V.L. Test.

Fig. 3
Condition at

.conclusion of I.V.1.
Test.
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Before Starting
Static Test of sand.

Fig. 6
Angle of Failure for
Static case,
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Fig. 7

Angle of Repose for
Static Case.
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Eccentricity

Model sea wall  aifiugiment General arrangement
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Model experiment.

Fig. 9
Before Starting Test
of Sheet Pile wall
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Fig. 10
Condition of Sheet
Pile wall after 20

seconds of Vibration.

Fig. 11

Condition after
release of anchor
tie.

Fig. 12
Diagram showing
development of failure
of Sheet Pile Wall.
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Fig. 13
Before Starting Test
of Gravity wall.

Fig. 14
Condition of Gravity
yall after 1 minute
of vibration.

Fig. 15
Conditicn of Gravity
vall after 2} minutes

of vibration.
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Fig. 16

Diagram showing development
of failure of Gravity wall.
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* FAILURE OF ANcHOR. IN .
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Fig. 17
Applying Model Results
to Damage Surveys.

Fig. 18
Gelatine Model fractured
at comers of pit.

Fig. 19

Special Peatures of Raft
Foundatiom Model.
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Fig. 20 Pile Foundation Model bdeing constructed.
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