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Summary. The elastodynamic fields of point forces and shear dislocations of 
finite source duration are analysed with the aim of establishing the frequency 
and time-domain characteristics of the field in the near-source region. Criteria 
are obtained for amplitude dominance in regions where the source -sensor 
distance is much smaller than the wavelength. 

It is shown that in the frequency domain, the Green’s tensor (and hence 
the displacement field of a single point force) attenuates like R-’ in the near- 
source region and there exists no region in which the ‘near-field’ term becomes 
dominant such that the ‘far-field’ term can be neglected. Hence, there is no 
real ‘near-field’ term for the elastodynamic Green’s tensor. The near-field 
terms of the displacements, velocities and accelerations excited by a shear dis- 
location attenuate like R-’, since the R-3 and R-4 terms tend to be eliminated 
due to mutual cancellation of P and S motions in the near-source region. 

In the time domain, the corresponding near field of the displacement 
field is defined for the steady amplitude interval (away from transients) 
RIP < t < R/a + T by the condition R < PT where is the shear velocity and T 
is the source’s duration. The relative strengths of all other arrivals will depend 
on the particular time window under consideration. 

The particle motion patterns due to a single force in the near-source region 
are shown to be similar to  rotating hyperbolas with an axis along the force 
direction, which are quite different from the ‘smoke ring’ motion patterns of 
the so-called ‘near-field’ term itself. 

Introduction 

In recent years, the study of the near elastodynamic field has gained importance for two 
reasons. First, seismologists realized that the seismic source model, as could be reconstructed 
from far-field data inversion, lacked fine details which could be obtained only via data 
analyses of near-field high-frequency body waves. Second, observations of velocities and 
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accelerations in the near-source region of earthquakes have great importance in the growing 
field of earthquake engineering. 

For many studies associated with these two categories, it is sufficient t o  solve canonical 
problems where the source is embedded in a homogeneous medium. For these reasons we 
limit our analysis in this paper to elastic isotropic homogeneous media. 

The electromagnetic field of an electric dipole can be grouped into three terms, each of 
which has a different R dependence, where R is distance between the source point and the 
observation point: The 1/R term is called the ‘radiation’ field term, and the 1/R2 term and 
1 / R 3  terms, the ‘induction’ field term and the ‘static’ field term respectively (see, e.g. 
Stratton 1941, p. 435). If R is much larger than the wavelength, the 1/R term dominates the 
observed field, and is therefore called the ‘far-field term’. For the same reason, the 1/R2 term 
and l /R3 term are called near-field terms because of the dominance of these terms in the 
near-source region, where R is smaller than the wavelength. 

In elastodynamics, the displacement field of a single unidirectional point force is quite 
similar to that of the electric dipole, but each of the three terms is composed of  both the 
P- and S-waves. The same terminology of ‘far-field terms’ and ‘near-field terms’ is used for 
the corresponding terms in seismology. However, we will show that due t o  the mutual can- 
cellation of P and S motion in the near-source region, the ‘near-field’ terms will have a 
residue of 1/R dependence, the same order as the far-field term. Therefore, there exists n o  
region in which the ‘near-field terms’ can become dominant and hence there is n o  real ‘near- 
field’ term for the elastodynamic Green’s dyadic. Furthermore, it will be shown that the 
displacement field of a point shear dislocation, has a formal ‘near-field term’ with 1/R2 
dependence. Yet there is actually n o  such region in which the ‘near-field term’ would 
become dominant (unless we introduce a source model with a rupture velocity that is much 
slower than the 5’-wave velocity), as will be shown later. 

In the literature, the mutual cancellation of the dilatational and shear motions in the 
near-source region have been noticed by some authors (Morse & Feshbach 1953, chapter 13; 
Burridge 1975; Barker & Minster 1980). Harkrider (1976) and Aki & Richards (1980) have 
discussed the behaviour of the ‘near-field terms’ in the near-source region in the static limit. 
In particular, Pendse (1948) pointed out that in the near field, compressional waves may 
have transverse components while shear waves may have longitudinal components there. 
Burridge ( 1  975) considered the near field of an expanding spherical cavity of radius y o  in a 
pre-existing shear field. He found a radial shear wave with significant amplitude. The inter- 
action of this wave with the primary longitudinal wave gave a pronounced minimum at 
dimensionless time /3(t/ro) = 2. Numerical calculations of the near field of a similar model 
were made by Minster (1979) and Barker & Minster (1980), who pointed out  again the 
existence of a near-field transverse pulse with polarity opposite t o  that of the corresponding 
‘far-field’ pulse. 

Our objective in this paper is to  determine the general nature of the elastodynamic near 
field. This objective can be achieved, as we shall soon show, via the vehicle of the Green’s 
tensor. Once the behaviour of the Green’s tensor in the near field is established, the 
character of the near field of any source can be obtained through the application of  the 
elastodynamic representation theorem. 

In the present paper we will present an asymptotic theory of the total field for the near 
source region (R + 0) and establish the complete correspondence between the time domain 
and the frequency domain behaviour. Criteria for the near- and far-field regions in both 
frequency and time domains have been achieved. We will also show that the field motion 
patterns in the near-source region are different from those of both the ‘near-field terms’ and 
the ‘far-field terms’. 

R. -S. Wu and A .  Ben-Menahem 
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The elastodynamic near field 61 1 
Spectral near field o f  a point single force 

Let us begin with the explicit expression for the Green’s dyadic in the frequency domain. It 
can be expressed as (Ben-Menahem & Singh 1981,4.12) 

ik, 
G (r I ro; w )  = - [Ihf)(k ,R)  t (1 - 3 e ~ e ~ ) h y ) ( k , R ) ]  12n(X+ 21.1) 

ikp 

12711.1 
t- [ 2fhg)(kpR) + (I  - 3eReR)h(22’(kpR)]= G, t Gp, (1 )  

where G is the Green’s dyadic, G ,  and Gp are the P-wave part and S-wave part I is the unit 
dyadic, eR= R/R, is the unit vector of R and R =  r ~ yo. Here r and ro are the position 
vectors of the observation point and the source point respectively. 

Substituting 

- exp (- ikR) 

ikR 
hg)(kr)  = 

3 

[ i i R  (ikR)2 (ikR)3 
hP’(kr)= ~ t __ + L] exp (- ikR) 

into (1) we have, 

1 1 

ik,R2 (ikJ2R3 
- eReR - ~ ( I  - 3eReR) - ~ (1 - 3eReR)] 

1 1 

G,= 

- exp (- ikpR) 1 
Gp = [- R(I - eReR> - ~ (I - 3eReR) - ___ (1 - 3eReR)].  (3) 

4711.1 ikpR2 (i kp)2 R 

In indical notation 
xi 

where yi = R  (I) . .  11 = 6 . .  11, (eReR)ij = /̂iq, 

is the direction cosine of the observation direction with respect to the ith-axis. 
In the far-field region, where k,R P 1 and kpR > 1 ,  the 1/R term will dominate and the 

other two terms can be neglected. Therefore, the 1/R term can be called the ‘far-field term’. 
However, in the near-source region, all the three terms will have the same 1/R dependence 
therefore, no dominant term exists. To show this, we expand the exponential functions into 
Taylor series, 

exp (- ik,R) - 1 - ik,R ~ 1/2(k,R)2 - . . . 

exp (- ikpR) = 1 - ikpR - i/2(kpR)2 - . . . 

Substituting ( 4 )  into (3), the 1/R2 terms and l / R 3  term of G together, expressed as (G),,,,, 
become asymptotically 

It is interesting to note that the l / R 2  and l / R 3  dependence have been eliminated due to 
the mutual cancellation of the shear motion and the compressional motion in the near-source 
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region, where the phase difference between the P motion and the S motion caused by the 
travel-time difference is much smaller than 1 radian. Morse & Feshbach (1953, p. 1784) have 
already pointed out this near cancellation. 

R.3. Wu and A. Ben-Menahem 

The Green’s dyadic has therefore an asymptotic expression for R + 0 

Assuming a/p = gx 

For a unit force acting along xl-axis, the displacement field 

where e l  is the unit vector in x1 direction and 9 is the angle between the observation 
direction and the force direction (Fig. 1). From (8) we can calculate the medium movement 
near the source. Along the x,-axis, the displacement has its maximum value and is directed 
in the force direction, while in the direction perpendicular to the xl-axis, it reaches a 
minimum but with the same direction. The motion pattern of the medium consists of 
rotating hyperbolas with the axis of symmetry alongxl (Fig. 2). This is quite different from 
the motion pattern of either the ‘near-field terms’ or the ‘far-field terms’ alone. In order to 
see the differences, we follow Morse & Feshbach (1953, p. 1784), taking only the l / R 3  term 
for both G ,  and GB as their approximate ‘near-field term’. From (3) we obtain 

Figure 1. The coordinate system e,, e 2  and e, are the unit vectors in the Cartesian coordinate system, r 
and ro are the position vectors of the observation and source points, respectively. R = r - ro and eR IS the 
unit vector of R. 
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The elastodynamic near field 613 

- A -  

- 
Figure 2. The motion pattern of the elastodynamic field in the near-source region of a unidirectional 
point force. The point force is situated in the centre. The direction of particle motion for each point 
around the source is along the tangent of the motion lines shown in the figure. 

a b 
Figure 3. (a) The near-field motion pattern of the compressional part of the elastodynamic Green’s 
function. (b) That of the shear part. Note that the direction of particle motion for the compressional near 
field is opposite to that of the shear near field. After the near cancellations, the remnant of the ‘near-field 
term’ is of the same order of magnitude as the ‘far-field term’, the motion pattern of the total field 
becomes the one in Fig. 2. 

For a unit force acting along the x,-axis, we have 

1 

4rpw R (Udnear = (%>near . el 

(u&ear - (%)near, R -+O, (10) 

~ (el - 3 cos 

where 8 is the angle between the observation direction and the force direction. From (lo), 
we can see that the compressional part of the Green’s function produces a trace-line pattern 
of forward ‘smoke rings’, as described by Morse & Feshbach (1953, p. 1784); while the shear 
motion produces a pattern of backward ‘smoke rings’ (Fig. 3). Remembering that the force 
and displacement have 180” phase difference, the physical meaning of the smoke rings is 
quite apparent. However, because of the opposite signs of (C,),,, and (GP),,~,, the smoke 
rings of P motion and S motion cancel each other, leaving a term given in (5), which has a 
pattern of backward smoke rings and has the same order of magnitude as ‘far-field terms’. 
The resultant trace-line pattern of the total field is no longer of smoke ring type. The ‘near- 
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field term’ and the ‘far-field term’ of a unit force in the x1 direction in the near-source region 
are 

R.-S. Wu and A. Ben-Menahem 

We can see that, along the force direction, the ‘near-field term’ prevails, while in the direc- 
tion perpendicular to the force direction, the ‘fa-field term’ dominates. Therefore, in the 
near-source region, no single term is dominant for all directions. The sum of these two terms 
forms a motion pattern as shown in Fig. 2, in which the motion-lines are no longer ‘smoke 
rings’. 

Spectral near field of couple sources 

The analysis in this case is similar to the derivation of (5) and (6) from (3). We shall therefore 
skip some intermediate stages. The field of a point force couple with moment M is 
(Ben-Menahem & Singh 1981,4.136) 

u = Mejek : grado C(r 1 ro) 

- - _____ - jMk’ ( 
20n(X + 2p) R 

[h(12’(kaR) + h(32)(k,R)] (Xkej + XieR + GjkRj 

5 

R3 
_ _  h i2’ jk,R) R 

- 3 ( ’ , ( 1 2 ) ( k p R ) X k e j  - 1 
[h(:)jkpR) + hF’(kpR)] 

20ny R 

5 
x (&ej + Xiek + GikR) + R3 - hf)(ksR)XiX;,R), (14) 

where 

r = xiei, ro = yiei, xi = xi - yi, R = J x ~  + X: + x:. (15) 

Here, ej, the unit vector in the force direction, along the xi-axis, ek is the unit vector in the 
arm direction along the xk-axis, and er= R/R, is the unit vector in the R direction. 
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The elastodynamic near field 615 
Substituting in (14) the expressions for the spherical Hankel functions, we obtain 

1 1 
u = A  - - ~ exp(- ik ,R)m--exp(- - ikpR)(m-n)  {: [ky (!f kp 

7 1 
+ -  _ _  [ RZ ik2 a tk$ 

15 1 

(Or exp (- ik,R) (6m - 51) - T e x p  (- ikpR) (6m - 51 - n) 

1 1 
exp (- ik,R) - - exp (- ikpR) (- in + 1) 

k i  

1 +-  
l 5  [ R4 ik: a ik$ 

('f exp (-ik,R) - exp (- ikpR) ] (- m + I) I ,  
where 

1 

R 

5 

R3 

5 

I =  -(&e, +Xjek+FijkR)=(eR.ek)ej+(eR.ej)ek+ FijkeR, 

m = - X.XkR = 5 (eR - ej) (eR - e d  eR, 

n = Xkej = 5 (eR - a e j ,  

iMk$ A = -  
20npl' 

Inserting the approximations (4 )  into (1 6 ) ,  we obtain, after some algebraic steps, 

I M I  
40np RZ 

u,,,, - ~ - [ (I - $)(3i11- 51) + 2n 

Because of the interaction between the compressional fieId and the shear field, the K 3  and 
R -4terms have cancelled each other in the near-source region. Therefore, 

where 8j and 8 k  are the angles from the observation direction to the force direction and to 
the arm direction respectively. 

In fact, we can derive (19) directly from the near-field asymptotics of Green's dyadic (6). 
From Tanberian theorems (Bender & Orszag 1978, p. 127), knowing that the derivatives of 
the Green's dyadic (1) exist and are integrable, we can have 

[VoC (r I r d l ~  -, 0 = \Jo [G (r  I ~ o ) R  - 01 = - V [G ( y  I r 0 ) R  -, 01. 
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After some manipulations, we obtain 
R.S. Wu and A. Ben-Mertahem 

where ( e ~ I ) ’ l ~  denotes the left transpose of the triadic, namely ( e ~ I ) ’ l ~  = (eReie$13 = ejeRei. 
For a force couple Meja,  we can immediately get (19) from (20). 

For a point shear dislocation, in a homogeneous isotropic unbounded medium, the 
displacement field can be written as (Ben-Menaham & Singh 1981,4.149) 

u = U,+ up, 

iki 

20 71 
up =- - U0dS 

where e, n, eR are the unit vectors in the slip direction, the direction of the normal to the 
fault plane and the observation direction respectively. With 

f = 10 (e * eR)(n - eR)eR, 

g = (n * eR) e + (e - eR)n, 

we have 

1 1 

ik,R3 kiR4 
+- (15f--30g)-  -(15f-30g) 

1 
- (- f t 5g) + - (- 6f + 1 5g) 

1 1 

up=-- 

ik,R3 k$R4 

R2 

1 - __ (1 5f - 30g) + .- (1 5f - 30g) exp (- IkpR). 

Here again, we can show that the (l/R3), ( l /R4)  terms of u, and up tend to cancel each 
other, and the residue is of 1/R2 dependence, when kpR Q 1 and k,R < 1. Thus, we obtain 
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The elastodynamic near field 
the near-source approximation of the field as R + 0, 

u = u, t up" 
20n R 

617 

In the case of an explosion point source, only P-waves are generated (Ben Menahem & 
Singh 198 1 , 4.138). The corresponding displacements have near-field dependence like R-' 
and a far-field dependence like R-I. 

I d  

4n(X + 2;)) R dR 
u = M div,G = - (-- [exp (- ikaR)]) R 

( ik, t $) exp (- ik,R)eR. 
M 

- - 
4 n ( h + 2 u )  R 

The spectral components of the particle velocities and accelerations are obtained from 
those of the displacement by multiplication with (iw) and (iw)2 respectively. Hence, the 
result of (23) applies to both velocity and acceleration in a similar way. 

Timedomain analysis 

Let us next investigate the time-domain field of a point single force. Here (3) becomes 
(Ben-Menahem & Singh 1981,4.29), 

1 

where g ( t )  is the source time-function. Table 1 lists the value of the integral 

1 

f ( t )  = g ( t  ~ STp)SdS, L 
where 

R R 
Tp" ,  r , = y  0 N 

for a number of standard source time-functions. Thus, the 'near-field' term of G is propor- 
tional to I ( t ) / R .  The R-dependence of this term is evaluated in Table 1. 

Our approximation of the Green's dyadic in the frequency domain was based on the 
assumption that (kp - k J  R or kpR is much smaller than unity. In the context of Table 1 this 
corresponds to T s  TP - T, or T ,  RIP in the time domain if one interprets w = @kp as the 
dominant frequency (or corner frequency) and T as the overall source duration (mostly 
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The elastodynamic near field 619 

rupture time). Both conditions are incorporated in the inequality R/CTe 1 ,  where P < C <  (Y. 

It is clear from the entries in Table 1 that the so-called ‘near-field term’ will differ accord- 
ing to whether the source duration time T is smaller or bigger than the difference of the S 
and P travel times from the source to the receiver. For g(t) = H(t)  - H ( t  - T ) .  where 
T s  (70 - 7,) 

This result is the same as (5). In the case of T Q  ( T ~  - T,>, namely, whenever the source dura- 
tion is much smaller than the travel-time difference (the case of the ‘narrow gate’ source 
function), the ‘near-field term’ has 1/R2 dependence for 7, t T <  t < TO (Table I ) .  However, 
after examining the relative strength of the ‘near-field term’ with respect to the ‘far-field 
term’, we can see that the observation for this narrow gate source function is alwqys in the 
far-field region. Putting r = R/C for the interval T~ < r < TP where < C< 11 and denoting 
E = TC/R Q 1, we can write 

1 

4nC2pR 
 near= - E ( 1 - I) - ( 3 e R e l -  I) T,Q t < r p  

Consequently, (GInex will be much smaller than the ‘far-field’term of equation (25), i.e. in 
this case the observation is still in the ‘far-field’ region. 

In the limiting case of a delta functiong(t) = T&(t), we see that 

is always less than the far-field term. Therefore, no ‘near-field’ region exists for a delta 
source function. This case can be obtained as a limit of the narrow unit-gate function for 
T+0.  

From the above analysis, we see that wherever the 1/R2 dependence for the ‘near-field 
term’ occurs (see Table I), the observation is already in the far-field region. In the near-field 
region the ‘near-field term’ has always a 1/R dependence. 

Another limiting case is at T + m, namely, the static limit of the unit-step response. From 
Table 1 and (25) we find this limit to be 

We note that the ‘near-field’ concept is easier to define in the frequency dornain where the 
distances is directly comparable with the wavelength. In the time domain, the situation is 
more complex since the time-scale may depend on the particular part of the signal under 
observation. Consider for example the ‘wide’ unit-gate case in Table 1 where R Q OT. Away 
from the transients, in the steady amplitude interval rp< t < T ~ +  T, the ‘near-field’ term is 
comparable to the far-field term and we are actually in the ‘near-field’ region. However, 
during the arrival of the transient amplitudes in the ‘head’ of the wave at T, < t < T ~ ,  or later 
when the ‘tail’ arrives during T&+ T <  t < T$+ T, the ‘near-field’ term will always be weaker 
than the far-field term. So, if one observes only the earlier part of the ‘head’, one will 
actually be in the far-field region for that part of the time-function, though one is in the 
‘near-field’ region for the entire time function. Therefore, in the time-domain ’far’ and ‘near’ 
are relative concepts depending on the particular time window under consideration. 
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Having determined the near- and far-field behaviour of the Green’s tensor (which 

determines the field of a single force) we can write the corresponding displacement and 
acceleration fields of a displacement dislocation in the time-domain. It is sufficient to look 
at a particular component, say, the radial component (Ben Menahem & Singh 1981, 

R.3. Wu and A. Ben-Menahem 

pp. 219-220) 

where 

I n  this expression we have suppressed the radiation pattern factor ( e  - eR) (n * eR) and the 
point-source factor 3 U0dS/2n. A dot signifies a derivative with respect to  time. From the 
values of / ( t )  in Table 1, we again obtain the l / R 2  dependence of the near-field displacement 
for the steady slip interval T ~ <  t < T,+ T, which is consistent with the result in the frequency 
domain. Harkrider (1976) has shown a similar result in the static limit of the displacement 
field. This also agrees with the limit of our equation (3 1)  as t + 00. 

The corresponding medium velocities and accelerations are obtained by a time differen- 
tiation of (30)  once and twice respectively: 

Similar to the case of the displacements, if we introduce the concept of steady velocity and 
steady acceleration intervals, the near fields of the velocity and acceleration will have also a 
l / R Z  dependence for the corresponding steady intervals. Since the displacement, velocity 
and accelerations may have different steady intervals, they can have different ranges for the 
corresponding near fields. 

Discussion and conclusions 

In Table 1 we have summarized the frequency and time-domain characteristics of the near- 
source region. These characteristics are: 

(1) For the Green’s tensor (and hence for the displacement field of a single point force) 
there exists nu  region in which the ‘near-field’ terms become dominant such that the ‘far-field’ 
term can be neglected. Under the condition (ko - k,)R Q 1 in the frequency domain or the 
condition T a  TO - T, in the time-domain, the field attenuates with distance like R-’. In most 
cases, kp - k, is of the same order as kp and we can use the condition kpR Q 1 which translates 
into R < PT in the time-domain. 

(2) The near-field terms of the displacements, velocities and acceleration due to a shear 
dislocation will attenuate like R-’ both in the frequency- and time-domains. 

The above analysis can be generalized for finite propagating faults in the following way: 
We interpret T as the rupture time with associated rupture velocity close to the shear 
velocity p. Then, the condition R Q CT will mean R < L, L being the fault length. In this 
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The elastodynamic near field 62 1 

case, when the observation point is very close to the source compared to the source length, 
the source can no longer be regarded as a point source. However, we may then divide the 
causative fault into small segments such that each segment has a source duration that is 
much shorter than the travel time of the S-wave. Then, our former results permit us to use 
the far-field approximation for each subfault section (it can be shown that this mode of 
calculation is justified by the stationary-phase approximation of the field displacement 
integral). We then superpose the contributions from all segments. If we do so, the near-field 
condition for each segment will no longer hold. Thus we can conclude that in seismology 
there exists no near-field term in the sense that a certain field term becomes dominant in 
certain near-source regions, unless the source rupture velocity is much slower than the 
S-wave velocity. In the later case, there may exist a region which is far enough from the 
source so that the source can be treated as a point source but is still close enough to have the 
i/R2 term dominant over the 1/R far-field term. This situation is similar to the case of a 
short antenna, where the velocity of the electric current in the antenna is much slower than 
that of the electromagnetic wave, so that a near-field region does exist, in which the observa- 
tion distance is much longer than the source length but much shorter than the wavelength. 
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