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Earthquake mechanism and its effect on

ground motion and wave propagation
—with some comments on fundamental concepts
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Abstract A tentative analysis of the mechanism of mantle circulation flow, continent drifting and earthquake origin is first clearly made,
giving a simple mechanics— based explanation of the nature. Then the effects of earthquake mechanism on ground motion and wave propaga-
tion are delineated in a simple manner by accounting for the different types of earthquake source, break propagation, as well as the variations
of rock property. It is shown on the basis of principles of mechanics that at least two physical parameters characterizing the seismic intensity
must be specified because at the earthquake source two parameters, the stress jump and the velocity jump of particle motion, should act simul-
taneously whenever a sudden break occurs according to the discontinuous (jump) wave theory. While it is shown that the break propagation
speed Cj together with the break plane area may be the third key parameter influencing definitely the time form of unloading function at the
source. Since the fault break is an unloading process in the sense of mechanics and the break lead to stress jump and velocity jump so some
conceplts so far defined seem not exact or even of misunderstanding. Thus some comments on a number of basic concept in engineering seis
mology and earthquake engineering are made tentatively, aiming at arising an academic discussion.
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be based on the principles of modern sciences as widely as

1 Introduction we learned.

Up to the present, earthquake engineering and engi- In this paper we try to discuss some aspects of the ef-
neering seismology as two separate branches of science fect of earthquake mechanism on ground motion and wave
have made lots of remarkable progress and contributions. propagation and to present some comments aiming to e
However. since earthauake is such a tremendouslv com- voke a new interest of investigation and to promote this
plex phenomenon that only occasionally occurs in the deep science going further, based mainly on the principles of
ground of the secret Earth, of which mankind’ s knowl- modern mechanics especially the discontinuous wave theo-
edge is far from sufficient yet, by unknown driving forces ry and some physical insight, by means of simplified rea-
at unpredictable time, so almost all of the theories, hy- soning, without the use of complicated mathematics and
potheses and methods ete, developed so far were, strictly detailed computations.

speaking, come from indirect deduction approaches with-

out direct verification. Some model tests made cannot 2 Effect of mechanism of earthq.ake source

match with the original large complicated earth’ s real It is evident that the mechanism of earthquake source
conditions and the seismic observation data can represent must have prime influence on ground motion and on hur
only some indirect features of each particular event while man lives and property losses as well as building damages
post earthquake field investigations can only obtain some though they are a long distance apart, and should play a
surface damage data whose interpretation, however, can- vital role to cause the response of upper earth strata, in-
not be unique. Therefore we have to recognize that a cluding surface soil layers.

number of definitions. such as magnitude. intensitv and 2.1 Simplified reasoning of a source mechanism mode and
attenuation law etc, are only approximate with an un- the driving origin

known yet order of error. In other words, there are many Regarding the original actions that make earthquakes
respects needing refinement and innovative effort to con- possible, so far nobody can say exactly that he has under
tribute although we know our shortage of enough wisdom -

al present stage whereas what we can do our best would Received July 12, 1999
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— stood the truth already firmly, although there were
many hypotheses such as continent drifting, plate move-
ment, etc. But for the shallow focus earthquake, the fault
break mechanism was most accepted from mankind’ s
knowledge today. We believe that the driving action
should be the motion of plate blocks rather than any given
but randomly raised forces. The plate motions may be
similar to those ice blocks drifting on river or sea surface
in springtime and they compress and even collide or im-
pact each other. Not definite kinds of force exist between
the blocks except those induced by river flow (while for
plate blocks maybe melt lava flow) and the blocks them-
selves. However, only when such forces or their combi-
nations reach certain value of limit, 1. e. the strength of
material of the plate block, a fault break can occur.

In order to understand the possible origin of driving
forces between the plate blocks, we present herein a new
interpretation that may be regarded as a refinement to the
hypotheses of plate motion and mantle circulation.

Regardless what was really the reason for the separa-
tion of the original continent into six main plates and each
one then into many subplates again as well as why and
how the mantle lava circulates, we deal with now two ad-
jacent ones, as an illustrated example, to see how the
forces happen between two blocks.

As shown in Fig. 1, two plate blocks (abbrev. as PB
in the following) A and B drift on the earth mantle under
circulation flow. The soft lava in mantle may be regarded
as a viscoelastic liquid, such as Maxwell material whose
viscosity may be dependent somehow on pressure and
temperature. To simplifv. here we consider onlv the ef-
fect of pressure. According to the viscoelastic theory, a
laminar flow of such lava will induce shear stresses on
base surface of PB, which are directly proportional to the
flow velocity gradient (see e.g. Men, 1985)'". From ge-
ology and geography we know that PB— A and PB- B are
uneven with quite large height and depth variation. Sup-
pose PB— A (e. g. Euro- Asia Plate) contains large
mountains and highlands above sea level (e. g. 4~ 6 km in
average) and deep lower crust boundary (e. g. 30~ 40
km), shortly represented by large weight/ area ratio
Wi/ Fy, while PB— B (e. g. Pacific Ocean Plate) con-
tains subsea thinner crust with small weight/ area ratio
W/ Fy, which means also the normal vertical stress on
the base surface.

According to the direction of mantle circulation flow
three cases may be encountered as follows.

Case 1. Mantle flow in same direction. Because depth
hy is smaller than h; and from the continuity condition of
flow discharge,

vih1= wvaho
we may obtain that »; is slightly larger than v,. The
pushing forces acted on the plate base surface Tjand T e~
qual Ty Fidv/dz and ThF> dvo/ dz , respectively, when
no slip occurrence between the plate base and the top of
mantle; or f Wy and f W , respectively, when slip occur-
rence, where T and Tb are viscosity of mantles ; f is fric-

tion coefficient.

Since Ty >or= Th, W/F,> WyFy, soT|>
T,-
which means that PB— A pushes PB- B to move further
along the same direction as the mantle flow, and may in-
duces some small to medium earthquakes.

Case 2. Mantle flow in opposite direction. As shown
in Fig. 2 the flow direction is opposite, namely, the flow

T and a total pushing force T = T5 is resulted,

towards right. In this case T'; and T2 will be also in oppo-
site direction. The total pushing force T = T1- T3 now
is towards right. So PB— A does not tend to push PB— B
again, but will separate gradually from contact with PB—
B. This fact may explain why some continents (e. g.
South America And Africa) situated together in ancient
time have drifted long distant apart like today’ s.

pushing force as a function of x

_ X2 i ?

T.[ Talxe) — o Ty (x1) o,
T,
Fig 1 Casel

Fig 2 Case 2

Case 3. Mantle flow in counter opposite direction.
As shown in Fig. 3, if the flow directions under PB— A
and PB- B are counter opposite as the modern hypothesis
of mantle circulation supposed where the encountering
position between Ocean Plate and Continent Plate just is
the meeting position of the two mantle flow of counter
opposite direction. In this case, T and T, are also in op-

posite direction and the total pushing force, T = T+
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T makes PB— A and PB- B compress and/ or collide
more intensively, and thus may induce some earthquakes
of large magnitude. Because among these three cases, at
the contact location of two plates case 3 subjected the
largest T= T+ T2, whereas case 1 subjected only T'; .

Ti(x1)
—_— > vy Lk, hy | vie——
0 X2 Xj 2,
L(x) T T (x) -
T,
Fig.3 Case3

It must be pointed out that the pushing forces, equal
shear stress times base area, is a function of the horizontal
coordinate, x , of the point to be considered, as indicated
in Figs. I~ 2. From these function we may explain why
earthquakes often occur in the meeting belt of two Plates.
For example, in Fig. 1 only at point 02 the pushing force is
maximum, T, while at point x5, T = T)- Ta(x2).
A similar result may be find in Fig. 3.

Therefore, the analyses made above may satisfacto-
rily explain the mechanism of continent drifting, plate
motion and earthquakes origin, in principle. Considering
the mutual interaction of many plates and the fact that
within the spherical Earth the mantle flow direction and
velocity, etc. may be not of same pattern, so the real sit-
uation will be more complicated but we believe that the
above reasoning based on modern principle of mechanics
gives a deeper understanding of the nature.

Of course, it can be estimated that except those
forces caused by mantle circulation flow there may be
other factors, which can cause not balance of forces a-
mong the plate’s blocks. To the authors knowledge, they
maybe, for instance,

a) Thermal stresses. Since the temperature and its
variation in the underground of different plates should be
different so thermal stresses have to be a major problem
although so far we are still ignorant about its actual sta-
tus.

b) Position of gravity centers which influences the
tangential velocity and acceleration to Earth surface, and
the horizontal forces of each plate. Those plates with
large W and higher position of gravity centers will subject
larger total force.

c) Other irregular agitation and disturbance coming
from the mighty secret universe and/ or deep earth’ s inte-
rior.

In summary, from the above statements the origin of

interplate earthquake may be understandable more clear
ly. For intraplate earthquake we must consider yet the in-
teraction of multrplates and the possible distinctive tec
tonic structure,  discontinuous and nonhomogeneous of
earth materials and stress concentrations, ete.

In this paper we adopt, so far, the most believable
mode of focus mechanism, i. e. fault break caused by
plate motion for earthquakes of shallow focus, to make
discussion. It means that the driving action 1s the mutual
compression and/or collision and impact between the
plate blocks and the focus is a fault break due to the re-
sulting forces (stresses) exceeded the strength of the plate
rocks there. Note here the forces (stresses), not the mo-
tion, play decisive roles. As we will clarify in what fol-
lows, the stress conditions at the fault plane should differ
somehow from those understood previously and thus we
have some new understanding and make some comments
on fundamental concepts currently used in Earthquake
Engineering and Engineering Seismology, based on sim-
plified reasoning.

2.2 Stress and break conditions at source

As shown in Fig. 4 there maybe two types of fault
break caused by plate pushing motion, one being caused
directly by compression and another by shearing. The
stress systems of them will be different somehow. For the
plane fault break source mode, caused by compression
forces we can see that once upon these forces equal the
shear strength of the rock in some weaker cross section of
the stratum a sudden break occurs ( like the brittle fracture
of rock specimen under compression) and a fault plane is
formed. At the same time instant the shear stress at the
break plane suddenly becomes zero, which is likely that a
negative shear stress pulse applies on the fault plane in-
stantaneously, and then recoveries a rest state due to a
readjust of whole motion and force system acted around
the source area, while on the part of fault plane that
slipped out the normal stress becomes zero, which is e
quivalent to applying a negative normal ( here 1. e. tensile)
stress on 1it.

So from the principles of Mechanics and the back-
ground clarified above, we can clearly write out the
boundary condition and initial condition, which must be
specified at first to solve a concrete problem and obtain its
unique complete solution; However, the complete bound-
ary conditions cannot be specified exactly except those on
fault plane, which constitute the wave source. From
viewpoint of Mechanics, the tectonic processes in the
Earth are very slow, maybe ranging in 10" " to 107 '
strain per second (Li 1977)'* and at the source area of
earthquake, either collision and subduction zones of inter
plate motion, or elastic rebound zones of intraplate mo-
tion, a suddenly intensive break occurrence must imply
that the excessive stress, equal to the rock strength on the
fault plane, is the main cause but not the displacement
which must slnwly de\iel{)p before the break is started. At
the time instant starting fault break of a fault plane,
caused by shear action for example, the stress system
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should be as shown in Fig. 4, negative shear stress pulse,
equal to the shear strength, acting on the whole break
plane, and negative compression (i. e. tension) stress, e-
qual to the compression stress al the break plane just be-
fore the break, acting on part of whole break plane,
which slipped out and went free from contact as the fault
slip performed. These equivalent stress systems cause a
wave source in the sense of mechanics, not including
thermal, electro-magnetic action, if any. In company
with this, unloading waves will propagate away to long
distance along different directions with different peak
value and spectra.

intensive push

Fig.4 Two types of fault break

Thus the initial condition may be of the form:

F= O::I(t = 0)
"-;-_rJ:ll'_:-'l)%U(t: 0),1?: Ot=0  forr> (Y
while the boundary condition will be
[9]=- 9 U(t)§r) on Fy
[T=- Td1) on F 2)
[v)] = [9/(RC,) on Fy
[vd == [T/ () on F

for an instantaneously occurred break surface, Fig.5, and

[U]Z— a, U(C|,t)ﬁ_(r— C|,£) on Fy

[YU==[TJ&qCpt)&r—- Cyt) on F 3)

[ve] == [9/(,) on Fy

[vd == [T/ () on F
for a break surface performing with the speed of break
propagation Cy, , strictly speaking not a constant but var-
ied with the break length in general, where U(t) =
Heaviside unit function or unit jump function.

Why these two coupled stress boundary conditions
occur will be explained below.

It must be noted that at instant ¢ = Othe stress drop,
being a strongly discontinuous ( jump) unloading stress,
must induce a jump of velocity for the boundary at the
same time according to the theory of jump wave, which
has been studied broadly in Physics and Magnetohy-
drodynamics (Jeffrey, 1964)"! and for elastic wave we
may obtain for the one-dimensional compression problem
a relation as

[v]==[9/(F) (4)

When the rocks of the source area are saturated with
water or fluid the problem will be more complicated for
the quake source mechanism. As in some previous papers
(Men 1984, Men et al 1992)[*9 we proved for a rock
model of interconnected channel pores there may be four

jump variables when C, > C, and two jump variables
when C, < C, . Omitting the detailed derivation we list
only the final results in what follows for a given jump of
normal stress in rock skeleton at boundary [ @ |:

) C
(] == Elulfw] == 720 U= T el o

| .
UI == W 5
[U]=- Gol o (5)
for C,> C, .

For a center-symmetrical case of point source we can
get a similar solution of the jump relationships even for
viscorelasto-plastic materials ( Perzyna, 1959)!°. The
main one is

[vi]==[9]/C (6)
where 0, — initial stress before earthquake, which
may be equal to the longterm static tectonic plus self
weight stresses for the far field, and may be approximate-
ly replaced by 27T, at focus and near field; T = T, =
shear strength; [ ]= symbol denoting a jump value ; C,
= dilatational wave velocity of source rock; C,, = dilata-
tional wave velocity of pore water; v = velocity of point
at the break plane; P= material density of the rock; u
= displacement of rock; w, = w»; U= displacement of
pore water; U, = velocity of pore water; 0, = pore wa-
ter pressure; & ) — Dirac delta function; n = porosity
of rock; C; = shear wave velocity.

It must be pointed out here that we showed the jump
relations among the discontinuous waves only for the one
dimensional condition, including also the spherically sym-
metrical condition, since those for multr dimensional con-
dition, which would be just the case for the line or plane
source, will be not easy to treat by using the characteris
tics method. However, we can reasonably use the above
relations as a first approximation in considering the reason
stated later in 3. L.

2.3 Cauwses of fault break and their consequence

It would be evident that the real break details of the
shock- generated fault plane including the original type of
straining, orientation, break length and area, speed of
break propagation, etc. must definitely affect the details
of ground motion and wave propagation.

From the viewpoint of solid mechanics it may be
concluded that the types of straining or stress causing fault
planes to occur would be compressiorr tension, bending or
folding, shearing, torsion, and any of their combinations
such as tensiomrtorsion, compressiorr bending ete. As the
measurement data of irrsitu underground rock stresses in-
dicated the horizontal rock pressure is multrtimes of the
vertical one. And pushing forces caused by mantle flow
would be the essential origin, as clarified in subsection 2.
1.So we believe with confidence that the movement and
break of ground strata would be caused mainly by the
horizontal straining and stressing. Therefore, those com-
pressiorr tension and shearing types would be dominant for
the common earthquakes. Since rock masses always possess
very small tensile strength so the break due to tension
would be very seldom, if not impossible, and shear breaks
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must prevail even under compression because of small
shear strength of rocks.
2.4 Fffect of source break on wave propagation and ground
motion
Since a slow mantle flow will be inducing strain and
stress at certain coming source area and thus generates in-
ternal force with time, whenever this force is beyond some
limit of the rock strength a break plane may be started to
form( instantaneously or at a speed of break propagation).
At the same time as the break made the stresses at the
break plane drop to zero or other small value, as usually
called as residual strength, so unloading waves will also
start to propagate away from this plane. As is well
known, earth materials are of the property that the stress
strain relations are different for loading and unloading
stages. Therefore the speed of wave propagation from the
break source follows the speed of elastic waves because
the unloading stress strain relation may be regarded as e
lastic for many rocks; thus the unloading waves follow
nearly the theory of elastic wave. This must be why the e-
lastic wave theory basically validates in seismology dealing
with earthquake induced wave problems. However, a com-
plicated situation deviating from purely elastic phenomena
may be also caused by some source break of complicated
mechanism, affected by other conditions. Meanwhile, dur-
ing the sudden break a release of the accumulated energy
was accomplished and therefore a strong motion must be
accompanied to the stress drop, doing the work of ascer-
tain quantity following the principle of energy conservan-
cy. Because the stress drop is a jump pulse so the velocity
pulse is also a jump. We have derived the relation, which
also validates for shear, as follows,
[vd == [T/, (7)
on the basis of the theory of discontinuous wave, by the
characteristics method.

T /;7
7 i - —

— N\ T

Fig. 5 Coupled unloading normal stress when shear fault
moves

It may be noted therefore that two types of impulse
excilation occur initially at £ = 0 and at the break plane of
the quake source and at the same time instant induce two
types of wave propagation from there, one being a un-
loading stress wave and following the elastic wave theory
while the other, a velocity wave which maybe a loading
unloading wave or a loading wave, dependent on the
magnitude and the criterion of yield velocity which so far
we are of no sufficient knowledge of them, or in other
words the velocity wave may be elastic or inelastic in ac
cordance with how high its value is beyond the yield limit
or not. This value, in turn, relates indirectly to the value
of stress jump as given in the above equation. There may
be two possible situations, namely

(1) [v] does not exceed the yield value of the rock
and/ or the movement does not resist by other neighboring
strata so that one unloading stress wave and the other
loading velocity wave are originally emitted from the
source with elastic wave speed for the former and almost
elastic wave speed for the latter.

(2) [v] exceeds the yield value of the rock or resists
by neighboring strata so that one unloading stress wave
and one elastic plastic loading velocity wave are there
with a varying elastic plastic wave speed for the latter and
consequently cause a more complex wave pattern both in
nearfield and farfield.

Pursuant to the equations 4~ 7 the stress drop really
plays a major role at the source while the rock property
responding velocity imput is also a factor of considerable
influence, deciding what type the source and its action
will be. For ideal perfect elastic materials the stress wave
and the velocity wave shall have indeed same phase and
form with only different peak value. However, since
rocks are not really perfect elastic even when the unload-
ing stage so that the velocity wave may differ from the
stress wave in many cases, particularly whenever fluid
saturated, highly inelastic and plastic media with compli-
cated damping mechanism, etc are available in the wave
path, and they should normally be regarded as two inde-
pendent wave types initially excited at the source and then
propagate away therefrom. Therefore, it would be evi-
dent that for earthquake engineering problems at least two
ground motion parameters instead of only one acceleration
for measurement of earthquake intensity should be speci-
fied since there are two types of excitations at the quake
source as explained above, and as a consequence two in-
dependent variables must play part everywhere. Further-
more, in aseismic design of structures we noted that at an
interface between subsoil and foundation of building there
must be two continuity conditions, 1. e. stress and dis
placement ones. So we must know simultaneously these
two variables or their alternatives in soils caused from the
quake. As we will discuss later that a third parameter
characterizing the source nature may be the speed of
break propagation together with the break (fault) area. It
must be pointed out that the above statement is valid for
dry rock conditions. In contrary, for those rock condi-
tions at the source that fluids exist, making rocks saturat-
ed or surrounded with water or other kind of fluid, at
least an additional parameter must be specified, which we
attempt not state further herein.

In addition, it is reasonable to note that for shear
type of break mechanism two companion P waves, one
unloading tensile stress wave and one compressional veloc-
ity wave would be performed soon after the shear break
plane was totally resulted because the shear slip motion
must make the originally existed compression stress de-
crease to some extent, which likely apply a jump tension
stress to the break plane and induce a jump velocity at the
same time. Naturally, the energy loss of this type may be
smaller than that due to the shear break and will depend
largely on the slip displacement of the two branches of the
broken stratum, see Fig. 5. This might explain why for
the quakes of shear type we might also record P waves
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and the peak value of primary P wave was always smaller
than that of S wave in seismic records.
2.5 Effect of break propagation speed on ground motion
To clarify such effect we use a simple but clear-sight
manner to make a discussion. For an instantaneous break
plane source (i. e. C, = ©0) the boundary conditions
would be likely as shown in Fig. 6 where a jump stress,
and a jump velocity are applied to the whole plane, F =
x h, at the time instant t = 0. While the waves start to
propagate there to every direction. i.e.,

T=[T=-Tq1) on F

b= [T/ = T&)/(C) on F Y
and
Oi‘=_ % U(‘t)" Oslat)_ gy on F(l
vp=— %N &é{_ﬁl on Fy ()
p p

For a progressive break plane source with break
propagation speed, Cj, , the boundary conditions would be
likely as shown in Fig. 7 where a jump stress drop and the
u)rlespondmg jump velocity are time functions in x — ¢
plane, ie.,

T=- T&x- Cyt) on F

ve= L& x- Cut)/ () on F

G== 0 U(t)§x~- Cpt) on Fy

vp = — O, 5(C|»U &x - Ch‘)/(mp) on Fy
(10)

where xo= the length of break plane; h = the height of

break plane; F = hxg;and Fg= hD .

g v T
—Ts / Yy / -1 F
I ’ I i
0 14 0 t 0 H

Fig. 6 Jump conditions at source with €}, = o

Fig. 7 Jump conditions at source with C}, = constant

Since the straining energy accumulated will release
totally or partly through forming the break plane and oth-
er types of dissipation such as thermal, and even chemical
in certain cases, so the mechanical energy released would
be equal to the work done by the force exerted on the
break plane and the corresponding displacement of rock
point on the plane at t = 0. We thus can estimate it ap-
proximately as follows:

T
W, = J:]Tvﬁdz— SOUFD =~ [+ [%D]F

0, Deosa] Fy
(11)

a
W, = LT,ml,dt— TpDeosa= - [ﬁ?‘p+

for Cp, =

co; and

Cpt Cpt
J’T-v__-dt =- TF ve— fOFD
0 xXQ )

. ' (12)
9, Deosaf %:)i

W=

@

== Rl *

if Cy, is a constant, with 7" denoting the total shear force
e T = - TF, T,= -
friction coefficient, D = slipped displace-

drop on the break plane,
U.athy f =
ment, and a= inclination angel of fault plane.

It can be seen that both W are a time function and
vary with Cj, for the progressive break plane. Therefore
W has the same total magnitude for a specific quake of
same— L, F, Fy C.and Cj, but has different form of
time function, which leads consequently to different fre-
quency spectra. Then we may conclude that five parame-
- T, F, Fy, C,, and C,would be important for ful-
ly characterizing the mechanism of an earthquake. This
conclusion is almost coincided with that of Haskell
(1964)!™ but a little difference is still existed. We deem
that— T is of primary importance and it may be taken
nearly the break strength of rock at the source instead of
D , the slip displacement, of Haskell.

It must be pointed out that Cj, in reality may be not a

ters,

constant. From fracture mechanics of metals we can see
that

Cy= C(l- ay/a) (13)
In which C, = ecritical speed of crack propagation, close to
Rayleigh wave speed of metals or the less; ap=initial length
of the crack; @ = transient length of the crack at t.

Since up to now the fracture mechanics of rocks is
still in its infancy state so we do not know exactly to what
extent this relation holds for the rocks. A rather more
complex relation maybe expected for rocks due to their
complicated properties. We thus could imagine that vari-
ous T' = ¢ relations dependent on various, C,- a, rela-
tion may be resulted for rocks as shown in Figs. 8~ 9 for
examples. In conclusion we may see that Gy affects largely
the time figure of the total force drop caused by the ener-
gy release at the source and determines the original fre-
quency spectrum and duration of the quake at the source,
and is thus one of very important parameters specifying
the mechanism of quake, for same a magnitude.

peak of W/t

‘ -
time duration
»”

-»>

0 ¢ 0 Ch

W/t - t relation and quake duration to C),

11 1w

Fig 9

T — 1t for variable C,,
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3 Wave propagation path

Wave path plays an intermediate role to transmit the
shock at focus to the buildings. On the basis of the fore-
going sections we may make some further simplified rea-
soning of this topic. For earthquakes of shallow focus the
main types of fracture would be shear slip fault and we
thus put emphasis on this type of focus in what follows.
3.1 Correlation between ground motion and source mecha-

nism

Firstly, let us see some features when waves propa-
gate in bedrock. Omitting those commonly known fact
such as reflection, refraction, ete., we only want to point
out one thing herein i. e. the direction of slip motion of
fault plane and the inclination angel of the broken stratum
are of importance to decide the status of ground motion.
To simplify and limited by space, we take only two simple
cases, one dip slip and one strike slip focus in an original-
ly horizontal stratum as examples to show the basic differ-
ences. As is well known from geology and rock mechan-
ics, since the large plate blocks are always separated fur-
ther into subrblocks by longterm existed tectonic frac
tures, such as fault, crack, joint planes, etc, and they,
usually, can not withstand tensile stress so it is reasonable
to take out a certain body of rock rather than a semrinfi-
nite one as follows.

As shown in Fig. 10, a dip slip fault of sufficient
length ( perpendicular to the plane xz ) occurred in a hor-
izontal level rock stratum will make the pair [T, [v+]
and [ 9], [ vof propagate mainly in direction of x . A three
component seismometer placed on the rock surface along
the symmetric, centric line may obtain (a) horizontal
motion due to normal stress jump; and (b) vertical and
horizontal motions due to shear stress jump; (¢) motions
along y axis would be null or almost null for this ideal
symmetric example. This case likely induces only an ir
plane motion in a near field. In this case the shear waves
can also make vertical motion possible, even of great
quantity depending on dip angel and break shear stress.
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Fig. 10 Dip slip focus and wave motion
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Fig. 11 Strike slip focus and wave motion

Fig. 11 shows a strike slip fault source occurred in a
horizontal level rock stratum will cause the pair [ T/, [v1/
and[ O], [ve]. Only horizontal motion in x direction due
to normal stress and horizontal motions in y and x direc
tions can be induced in this case, while no vertical motion
occurs on the rock surface.

Generally, a dip slip fault induces SV, P, and small-
er SH (only when the stratum has not horizontal plane)
wave, while a strike slip one induces SH, P, and a small-
er SV (under the same condition mentioned just above) at
the source firstly.

For other more irregular stratum configurations, the
ground motion will be somehow more complicated. Be-
sides, since the plane source must be limited in size so the
geometrical attenuation has come into effect especially in
the far field. But a directional effect, e.g. major and mi-
nor propagation direction, has to be recognized from the
dip angel and strike angel and the inclination angel of the
strata, even roughly from the Saint Venant s Principle in
theory of elasticity. The exact expression of geometrical
atlenuation cannot yet be given here at once. Although
there were quite a number of publications giving out for-
mulae of wave motion induced from some typical source,
point, single couple, double couple, ete, based on ideal e-
lastic theory, in reality the shallow earth crust is consisted
of lots of irregular forms and qualities of lock blocks sepa-
rated by different fault, joint, and crack planes. It cannot
indeed be regarded as part of an elastic semrspace and
thus makes those formulae soundless and inaccurate too
beyond the source area. In addition, the material damp-
ing of bedrock will also play some part but we think that
in unloading stage it might be smaller than what in load-
ing stage.

3.2 Two types of soil base excitation

In addition to the very important factor of tectonic
force types such as shearing, compression, torsion, and
bending or folding etc., which decide what kind of stress
and deformation will play the principal part for that par
ticular quake, we divide two types of soil base excitation
to define the wave path in soil deposits overlaying the
bedrock, taking account of the above statements.

(1) For intraplate earthquake or other interplate
earthquake but with simpler tectonic structure under sim-
ple strike slip condition, an unloading stress wave and a
velocity wave start to propagate soon as the breaking
starts to spread. Because a dislocation spread speed of 2~
3 km/s was estimated by Trifunac (1974, 1989) ¥ we
may regard, approximately, the break as an instantaneous
for the far fields. As unloading waves propagate with e
lastic wave speed which for bedrock may be of order 2~ 3
km/s in shear and 4~ 6 km/s in compression ( Finn,
1995)'"!, so the disturbances at the source may propagate
through bedrock with a velocity ratio about 4~ 10 to the
overlying soil layers. It can be noted thus that stress waves
in bedrock are much more fast than those in soil layers
and we, therefore, can consider the whole bedrock moves
horizontally in one same phase and gives excitations at the
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rock surface to the overlying soils as an commonly consid-
ered one-dimensional problem. In this case the unloading
stress waves and velocity waves are the original ones,
while to simplify, we may consider it be under a displace-
ment excitation and a stress excitation inputted up on soils
base for every particular location of perfect elastic
bedrock’s. However, for a dip slip condition, the above
statements is valid but the base excitations have to use SV
waves and something representing a horizontal motion
caused by a smaller SH wave.

(2) For interplate earthquake and other earthquake
with complicated tectonic structure in the source area, an
unloading elastic stress wave and a velocity wave may also
start to propagate from the break zone firstly, but some
secondary complicated collisions and breaking between the
broken blocks and plates and their neighbors may cause
additional loading stress and displacement waves which
are elastic plastic in nature and generally with a lower
propagation speed than the unloading elastic waves. These
might make more complicated secondary wave motions
and a longer duration. Consequently, the base excitations
would be more complicated, dependent on many condi-
tions. So the base excitations of bedrock can not always i-
dentify as simple as an one dimensional excitation cited
above, due to the existence of unloading and loading elas
tic-plastic waves interaction and phase interference be-
tween stress and velocity waves in bedrock and soil strata.
An example has been shown in a previous paper (Men et
al, 1998)1".

In summary, we are intending to evoke attention
that earthquake source types and features are one vital o=
rigin of building damages regardless the geometrical and
soil material damping as well as multiple wave reflection,
scattering etc. through the complex geological paths. Be-
cause bedrocks show quite different mechanical behavior
under loading and unloading stages, especially for cyclic
loading condition, and of the much different geologic
structures there will be many different types of earthquake
excilations in reality that can not be described simply by
the attenuation laws so far specified, which only taken
account of the epicentral distance and magnitude. The
late welkknown Prof. Li Shi— Guang (1977) had pointed
out that "those two points of even long distance but locat-
ed in same a tectonic unit would be likely most closer than
those of even short distance but located in two different
tectonic unit 7, which correctly described one aspect of
the drawback of the empirical attenuation laws.

Wave propagation in ground during earthquakes,
both observational and theoretical, have extensive publi-
cations in the literature. However, an absolutely majority
of them was based on the elastic wave theory. As we have
pointed out above that the elastic wave theory was valid
only for earthquake of simple unloading ruptures, whereas
for quakes of complex unloading and loading and/or
reloading only the precursor or the initial motion may ex-
actly follow the elastic theory while for soil deposits in far
field, usually, we may regard them as subjecting to load-

ing waves which follow the inelastic wave theory.
4 Comments on some problems in engineering
seismology and earthquake engineering

Based on the source break model given above and the
loading conditions at the source we may sum up the expla-
nations made already in the foregoing sections and present
some comments on several problems and make them un-
derstandable more clearly.

(1) Why for such tremendously great earthquake
loading at the source, which can make a fault break occur
instantly and emit stress and velocity waves in highly in-
elastic rocks, can the elastic wave theory still nearly cor-
rectly hold.

As we have mentioned this is because the fault break
al the source makes an unloading state at the source and
then propagates far away in form of unloading waves.
Since the unloading at source is normally an impulse form
and the unloading stage of rocks may be regarded nearly
as an elastic so elastic wave theory is basically valid in
bedrock, except some complicated conditions near the
source make yet certain loading and/ or reloading condr
tions prevail. However, elastic wave theory may not fully
valid for reflected waves and in top soil layers because
they may subject loading waves from the bedrock as we
explained in the section on wave propagation path.

Besides, though seismic waves in bedrock basically
obey the elastic theory, those solutions for point, single
couple, double couple, dipole, etc. (see e. g. Roy, 1965

2 . R . .
I“'l'l, derived on the basis of semrinfi-

or many others)
nite homogeneous elastic media would be not sufficiently
valid since, as we have mentioned before, the huge rock
masses of plate blocks are separated by many fault, crack,
joint system, etc, and, consequently, part of them can
break in form of a limited fault plane in local zone as
many earthquakes showed, while it would be impossible
in a homogeneous and continuous media. Therefore,
strictly speaking, all of these solutions are approximate
with an unknown yet order of error, although we recog
nize their contributions at the same time and should point
out their limitations in describing the real earth problems.

(2) One of the reasons why we can always record out
P and S wave phases together even for an earthquake of
purely shear slip focus.

As we have explained before, this is due to the fact
that a drop of normal stresses at the fault plane will occur
as soon as the two branches of faulted stratum slip a dis
tance one to another no matter how the transition of wave
types may occur or not via the wave pr()pagation path up
to the recording seismometer. Since the slip distance is
usually smaller than the length of fault plane so the peak
value of P wave would be smaller than that of S wave in
seismogram.

(3) A comment on velocity record of earthquake.

Since the velocity at the source possesses a jump val-
ue at £ = 0 so it must have also a jump in the velocity
records at distant locations at least for those recording ve-
locity meters fixed in rock or rock surface. Only those
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that placed on the surface of thick soil deposits may this
jump diminish or even vanish due to the norrlinear soil
properties. From this fact we doubt the soundness of
those velocity records for bedrock, obtained via integra-
tion of accelerogram and letting v = 0, at ¢t = 0.

(4) A comment on the magnitude of earthquake.

From the quake model of jump wave clarified above
we may arrive a definition of the mechanical work, i. e.
not involving the thermal and chemical energy dissipated,
to measure the quake intensity of the focus, simply as

Wi= TF/(R)+ GFY(RC)+ WD(fF+ Fywsa)
(14)
To know W, we only need fault plane area F, shear
strength T, slip distance D , residual shear resistance or
friction resistance, and original compression stress which
may be taken nearly as 0, = 27T,

(5) A comparison between earthquake and under-
ground explosion.

Underground explosion emits spherically symmetrical
positive pressure in a loading stage for surrounding rocks
in all directions whereas earthquake of shear slip type
emits antrsymmetrical plane minus pressure and shear
stress in an unloading stage for the rocks and has an ex-
tremely strong directional effect. The stress— time form
of both them would be an impulsive. However, the for-
mer has a steep increasing curve (1. e. short rise time)
starting from the origin t = 0 and propagates away, fol-
lowing elasto-plastic wave theory, while the latter has a
jump at t = 0 and has a coupled jump [v] at the same
time, following nearly elastic wave theory. These features
show clearly that the two types of excitation are funda-
mentally different and consequently we cannot use the da-
ta of one to replace that of another in research work of
engineering seismology.

So far, though some authors have made works to use
explosion data for solving problems in earthquake engi-
neering, we are of opinion that these two are fundamen-
tally different loading types and have not any common
features Only for deep explosions below layered strata
their P waves may transform to generate other form of P
waves and S waves through the interfaces and boundaries
of different media, but they can generate only SV, not
SH waves, and their wave pattern, stress and strain con-
ditions cannot be identity with those of earthquakes. We
can see also that the use of any controlled explosions (ar-
ray of explosions) cannot simulate exactly the earthquake,
especially they cannot generate shear jump waves at the
source.

(6) The ratio of vertical to horizontal ground mo-
tion.

As we have explained in detail in a foregoing sec
tion, and some really existed observation records showed
there were not few with a greater ratio, even beyond 1
(see e.g. Tokuji, 1987, Elnashia, 1996)!"*" so we may
conclude that one of the reason of vertical component of
ground motion may be greater than the horizontal one for
dip slip focus depends on the dip angel of dip slip surface,

beyond 45 degree to horizontal direction. Of course,
there may be yet other reasons in complicated situations.

(7) A more complete criterion of earthquake intensi-
Ly.

To measure more completely the intensity we have to
use altogether, at least, two parameters, stress and veloc
ity, or their alternatives. Besides, the frequency spectrum
and the duration time due to the forced vibration phase
(i. e. the response to only the impulsive source action) are
also useful to represent indirectly the influence of C), and
fault length of the source. Those responses due to self vi-
bration might be of some different features and should
consider additionally.

(8) In comparison with the model of Haskell ( 1964)
our model included the jump contributions at time ¢t = 0,
and the coupled actions of negative shear and normal
stresses on the fault plane. Besides, in our opinion the slip
distance is the combined consequence of loading condi-
tions at focus and the environment conditions of the
quake- generated plate and its neighbors, not only a direct
function of the shear stress on the fault plane because this
displacement comes to the end only when the total earth-
quake process (including farfield response) ceased to act,
so it seems not suitable to regard D) as an independent pa-
rameter. Only when compute the total work we need it.

(9) Why large earthquakes usually are uneasy to o
cur repeatedly at one local position.

Because large quakes must be caused by a new fault
with big shear strength and mechanical work while, then
afterward, the possible fault break could occur only along
the old fault with much less shear resistance due to fric
tion, usually about 3 to 10 times smaller than T and con-
sequently 9 to 100 times smaller in work W. So this indi-
cates that large earthquake should occurs in different
zones within a longer time period if the crust motion is
normal.

(10) The so-called stress drop used so far in focus
study would be actually equal to the shear strength minus
the friction resistance on fault plane during fault slipping.
This friction resistance depends on many factors and
would be largely smaller than the shear strength of intact
rock. The commonly used estimation from slip distance D
seems not reliable enough because D depends on many
factors other than the shear stress and shear modulus on-
ly. And it does not much influence the original distur
bance causing waves generation at focus.

(11) Some doubts in mantle circulation flow.

May the flow patterns differ from that so far as
sumed? For instance, may all the flows are in one direc
tion as the Earth evolves? or may the flow velocities
change with time somehow and cause the change of push-
ing force? May the so-called subduction of ocean plates
into beneath continent plates at ocean valley ( pit) be
soundless? but, in fact, only because they collide and
break into small blocks and then washed and erosioned
away by seawater?
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5 Conclusions

From the above statements it would be reasonable to
conclude that

(1) The current broadly-accepted plate motion and
continent drifting might be validated by a simple analysis
based on modern mechanics, as we tried first in the pa-
per. The still existed unknowns may be the circulation
pattern ( velocities, flow directions at different locations,
etc.) and other types of disturbance sources, which no
one can surely know at present.

(2) The source mechanism is of vital importance to
excite waves and ground motion as well as buildings dam-
age. At the instant when the break plane starts to perform
a minus stress jump and a plus velocity jump, two waves
occur simultaneously and propagate away therefrom. Only
for purely elastic materials and one dimensional propaga-
tion may these two waves have same form while for
rocks quite far from purely elastic, these two waves
would have different forms soon after their leaving the
source. So there are at least two original independent
waves, stress and velocity one, in the ground before wave
types transition may occur under certain geologic and soils
conditions. Therefore, to measure the intensity of earth-
quake for engineering design we must choose also at least
two independent parameters, instead of only the accelera-
tion currently used in aseismic design.

(3) The break propagation speed C}, has also a decr
sive significance to specifly the mechanism and the wave
form of ground motion. Its value and variation form to-
gether with the fault plane area determine the original
pulse form as a time function of the released energy at
source and greatly influence the spectrum content and du-
ration of ground motion. Unfortunately, knowledge of C),
is much far lack at present in reality.

(4) Usually, for the break slip caused by shear, un-
loading tensile waves may be induced also in companying
with the shear waves as soon as the two branches of bro-
ken plate slipped a distance from one to another at the
source. This could explain why we can always record P
and S waves in seismograms of earthquakes consequently.

(5) Such parameters as T, C,, C,, C,, D, [, and
F ( particularly, T, C,, F, f and D) may fully describe
a quake source of fault break type and the jump wave the-
ory has to be used to analyze wave propagation taking ac-
count of the nature of instantaneously unloading of stress

at the break plane. Whereas strike and inclination direc
tion of the slip plane will have also some effects on
ground motion especially for the far field.

(6) Based on this focus mode in which we first clear
ly noticed the unloading nature, stress and velocity jump,
P and S waves together from the break plane and the sig-
nificance of C},, some comments on some fundamental
concepts are made, aiming at attracting academic discus
sion and prompting new progress, though our opinions
may be not totally correct.
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