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The major hazard posed by earthquakes is often thought to be due Lo moderate to
large magnitude events. However, there have been many cases where earthquakes of
moderate and even small magnitude have caused very significant destruction when they
have coincided with population centres. Even though the area of intense ground shaking
caused by such events is generally small, the epicentral motions can be severe enough to
cause damage even in well-engineered structures. Two issues are addressed here, the first
being the identification of the minimum earthquake magnitude likely to cause damage to
engineered structures and the limits of the near-field for small-to-moderate magnitude
earthquakes. The second issue addressed is whether features of near-field ground motions
such as directivity, which can significantly enhance the destructive potential, occur in
small-to-moderate magnitude events. The accelerograrns from the 1986 San Salvador (El
Salvador) earthquake indicate that it may be unconservative to assume that near-field
directivity effects only need to be considered for earthquakes of moment magnitude M
6.5 and greater.

Keywords: Near-field, small earthquakes, moderate magnitude earthquakes, strong
ground-motion.

1. Introduction

On 29 February 1960, an earthquake of magnitude 5.8 destroyed more than half

of the modern buildings in the Moroccan town of Agadir, leaving a death toll of

12 000. The epicentral intensity was estimated as X on the Modified Mercalli scale

IReiter, 1989]. On 26 July 1963, the city of Skopje in Yugoslavia was hit by an

earthquake of magnitude 60 M The shaking was severe and reached V111AX on

the MSK scale, resulting in the loss of more than 1000 lives and leaving up to 85%

of the population homeless. The damage was mainly concentrated in the newer part
2of the city, an area of not more than km where more than 40% of houses were

destroyed or damaged beyond repair [Ambraseys, 1965]. On 23 December 1972,

an earthquake of magnitude 61 M., struck Managua, capital city of Nicaragua,

lCorresponding author: Fax: 44-20-7225 2716; Tel: 7594 5984.
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65 kilometers should be considered 'near' for exposure to a major earthquake". A
number of researchers have proposed upper limits or the source-to-site distance that
defines the near-field for large earthquakes that approximately coincide with the
values proposed by Blume 19651. For example, Campbell 1981] defined near-field
as less than 50 km for earthquakes of magnitude greater than 625, and Krinitzsky
and Chang 11977] proposed upper limits of 25, 35, 40 and 45 km for earthquakes of
magnitude 6 65 7 ad 75 respectively. More recently, Zhang and Kezhong 19971
proposed a limit of 40 km for earthquakes of magnitude 7 or greater and 35 km
for earthquakes of magnitude 6 or greater. Damaging earthquake motions can be
encountered at greater source-to-site distances but will generally be attributable to
amplification by soft soil deposits or topographical features, or else to Moho bounce
[e.g. Somerville and Yoshimura, 19901.

Figure I shows two different definitions for the engineering near-field in terms
of the magnitude-distance space within which damaging ground are expected. The
first curve was presented by Vanmarcke 19791 based on Chang and Krinitzsky
[1978]. The other curves were developed by Martinez-Pereira 119991 using a much
larger database of strong-motion accelerograms and a detailed procedure. The first
step was to plot various strong-motion parameters against te corresponding values
of MM intensity. Taking an intensity of VIH to be the threshold for iotion that is
potentially amaging to well-engineered structures, a lower bound was established
for each strong-motion parameter [Martinez-Pereira and Bornmer, 19981. Passing
any one threshold is not necessarily indicative of damaging motion, a for xample
many records have PGA values higher than the 0.2g threshold and yet correspond to

I 000
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Fig. 1. Definitions of magnitude-distance space comprising the earthquake "near-field".
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Fig. 2 Predicted values of horizontal peak acceleration (ah) for earthquakes of M 5.5 and
different focal depths from the relationship of Ambraseys and Bominer 1991].

of Ambraseys and Bommer 19911 - that includes 'implicitly the focal depth of the

earthquake - for a moderate magnitude earthquake: It can be seen that for source-

to-site distances of less than km, the predicted levels of ground motion are very

strongly dependent on the focal depth of the earthquake. Recalling the threshold of

0.2g for damaging motions, it can be seen from Fig. 2 that for M, 5.5 events, only

those with focal depths at less than 10 km from the surface would be expected to

generate potentially damaging motion. Ambraseys 19851 showed similar results for

intensities of northwest European earthquakes; the average magnitude for which

intensity VI (NISK) shaking would be generated over a km radius ranges from

about 48 for a focal depth of 20 km to 43 for a focal depth of 10 km and just 37

if te earthquake is superficial. Ambraseys 19851 derived an empirical relationship

between epicentral intensity and magnitude in northwest Europe, which suggests

that the magnitude required to generate intensity VIII shaking is 54 although it is

noted that very shallow earthquakes were excluded from the regression.
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Fig. 3 Elastic acceleration response spectrum front UBC97.

UBC97 requires the application of near-source factors, termed N and N, to
amplify the short- and intermediate-period spectral ordinates respectively, for sites
in Zone 4 (highest hazard) that are potentially situated within the near field of
an earthquake, determined by the proximity and activity of geological faults in
the vicinity. The definitions of Na and N imply that for earthquakes of M 7 and
greater, the near field is limited to 15 km from he fault, and that the ear field

does not exist for earthquakes smaller than M 6.5.

Figure 3 sows the form of the elastic response from UBC97, controlled by the

factors C and C, in the short- and intermediate-period ranges. In Zone 4 the zone

of highest eismic hazard, the near-source factors N ad N, applied to the short-

and intermediate-period ordinates respectively (i.e. multiplied by C and C, re-

spectively), need to be applied if the site is within 15 km of a known geological

fault capable of producing an earthquake of magnitude M 65 or greater. Figure 4

shows the values of the near-source factors with distance from the closest fault, for

the three different classes of fault defined according to the criteria given in Table .

Another important feature of ground motion exclusive to sites near to the

causative fult are high vertical accelerations. The vertical motion can cntribute

significantly to the level of damage both directly and through interaction with

the horizontal shaking [Papazoglou and Elnashai, 19961. Few seismic codes consider

the earthquake loading in the vertical direction and these usually assume that
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3. Damage DiAe to Small Magnitude Earthquakes

There are now many detailed accounts of the effects, both observed and recorded,
of small-to-moderate magnitude earthquakes around the world, which provide very
useful insight into the possible lower limits for the near-field. The 1960 Agadir, 1963
Skopje and 1972 Managua earthquakes were cited in the introduction as well known
examples of moderate magnitude events that resulted in severe damages and loss of
lives. The earliest of these may well be an example of where the very high level of
damage could have owed at least as much to the density and high vulnerability of the
exposed building stock as it did to severe ground shaking although the reported
maximum intensity was indeed high. Reiter 1989] lists several other important
examples of damaging small-to-moderate magnitude earthquakes, including several
earthquakes in Central Asia, such as an event in 1943 near Fiazabad (Tadjikistan,
USSR), of magnitude 47, that resulted in damage corresponding to intensities of
VIII to IX. Another event, of magnitude 5.5 and very shallow focal depth, occurred
in Khulum (Afghanistan) in 1976 and destroyed over 1000 houses, leaving 2 dead.
Significantly, this earthquake also caused irreparable damage to a power station,
which presumably would have been built to much higher engineering standards
than the affected houses.

It is possible for small earthquakes to cause considerable damage, at least in
brittle houses built from rubble masonry or adobe, when these occur in extended
swarms. Reiter 1989] again reports such a series of small events in Tashkent (Uzbek-
istan, USSR) in 1966- the largest single event had a magnitude of just 5.1 yet some
300000 people were left homeless by the damage and much of the city needed to
be repaired. Such swarms are also common in volcanic regions such as Central
America: in the area of San Vicente in El Salvador, for example, a swarm of small
earthquakes in March and April 1999, none of which reached even magnitude ,
resulted in damage to many adobe houses, ranging from minor to some cases of
collapse. Also in El Salvador, during two days in May 1951, three earthquakes of
magnitude 6 or lower caused the almost complete destruction of four towns in the
east of the country, leaving 400 dead [Ambraseys et al., 2001]. Earthquake series
are also common in Italy, where the cumulative effect of several earthquakes over
a eriod of days or weeks results in much more extensive damage than would be
expected, or indeed caused, by a single event. Examples of such series are those of
Ancona in 1972, Friuli in 1976 and Umbria-Marche in 1997, the largest magnitude
in the first series no larger than about 45. It is, however, important to point out
that the assigned intensities for such series, such as the value of IX for the Ancona
earthquake, may be overestimated as a result of te superimposition of the effects
of several events.

Many factors can be identified that contribute in different cases to the see-
mingly disproportionate damage caused by some small-to-moderate magnitude
earthquakes. Apart from close proximity to important centres of population or
industry, defined by the epicentre being within at ost a few kilornetres of the city
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none of the accelerograms recorded during the Athens earthquake were located close
to the source [Elnashai and Ambraseys, 20001. Nonetheless, Tselentis and Zahrad-
nik 20001 have identified rupture directivity effects, resulting in short duration
of motion, as well as a very short rupture rise-time, as contributing to the high
accelerations recorded outside the near-field and the destructive near-field motions.

Another interesting case has been the M 5.0 Napa (California) earthquake of
3 September 2000 that caused disruption to lifelines, in particular to the water
distribution system, and damage estimated at a much as US$ 100 million EER1,
2000b].

4. The San Salvador (El Salvador) Earthquake of October 1986

Another earthquake that stands out as deserving of particular attention in this
context is the San Salvador (El Salvador) earthquake of 10 October 1986, which left
1500 dead and caused economic damage est imated as being equal to 31% of the GNP
of El Salvador in the same year [Olson, 1987; Bommer and Ledbetter, 1987; Coburn
and Spence, 19921. This moderate magnitude earthquake caused severe dstruction
in San Salvador, including the collapse of many large engineered structures. The
earthquake was also very well recorded by a umber of accelerographs in the city,
providing -a suite of records obtained very close to te source of this small ut highly
destructive earthquake, providing unique insight into the nature of destructive near-
field motions from small-to-moderate agnitude earthquakes [Shakal et al., 19871.
In addition to strong-motion recordings, excellent soil profile characterisations are
available from the microzonation project carried out for a large part of the city
following the earthquake accioli et al., 19881. All of this data provides a unique
opportunity to examine the presence of near-field effects in the destructive ground-
motions produced by this earthquake, which was f a size that would be considered
by many t b the threshold to cause damage with a magnitude of just M. 54 (Mb

5.0 M 57).
There are many factors that may have contributed to the disproportionately

high damage from this earthquake, including a great number of landslides in ravines
and road cuttings, which despite their relatively small size, caused damage to many
houses located near the susceptible and near-vertical slopes [Rymer, 187] A very
significant proportion of the damage, particularly in larger engineered structures,
can be attributed to damage caused by a similar earthquake in May 1965 [Lom-
nitz ad Schulz, 1966; Rosenblueth and Prince, 19661, which was not followed
by adequate repair and strengthening. Several of the multi-storey bildings that
collapsed in the 1986 earthquake, icluding the ub6n Dario building where 300
perished, had been clearly identified as having been severely weakened in the 1965
earthquake. Many buildings may have been further weakened by the low-amplitude,
long-duration ground motions caused i San Salvador by a large (M, 73) earth-
quake off the coast in June 1982 [Alvarez, 1982; Lara, 19831. Furthermore, the
building stock was generally vulnerable, since th. seismic design code introduced



is I er a vear-P teld or 5mail I O-Moderate Magnitude Earthquakes.' 407

(U
CL

0
CL

7)

Z

0
7�
.13
>

Cf)

00

Zz
C

> 0-7f
E 0cn

We'll

bD

U

0

0

VS
. . . . bO



is , ea ivear-riew jor amati- io-moaerate iviagnaude Earthquakes?' 409

predictions from attenuation equations carried out by Bommer et al. 19961 found
that the oserved spectral ordinates exceeded the predictions by factors as high as 4
or more. It must be acknowledged that this degree of underestimation could be con-
sidered within the range of the scatter associated with the attenuation equations.
Nonetheless, it is clear that the application of te Somerville et al. 1997] factors
- notwithstanding their authors' suggestion that they be reserved for earthquakes
of M > 65 - would not significantly reduce the underestimation of the spectral
ordinates y te attenuation relationships.

The thickness of the layers of volcanic ash oerlying bedrock in San Salvador
decreases from east to west, with increasing distance from Lake Iopango (located
to the east of San Salvador, just outside the limits of Fig. 5), the volcanic centre
that was te source of the most recent deposit, te tierra blanca, identified as the
main culprit in the amplification of the ground shaking. Examination of Fig. 
would then suggest that the high spectral ordinates at both short and intermediate
periods observed in some of the spectra, and particularly those at CIG and IGN,
could be explained entirely by their proximity to the fault and the amplifying effect
of the dynamic soil response. However, deconvolution of the records to bedrock
suggests that the soil response alone, although significant, does not account for the
level of the spectral ordinates.

The first source of geotechnical data is the seismic microzonation study carried
out by an Italian tearn, Italtekna-Italconsult, referred to previously accioli et al.,
19881. The second source of data is the report of' Atakan and Figueroa 1993 on
local seismic site response in San Salvador as pall of a broader study on natural
disaster reduction in Central America. These investigators had access to unpub-
lished geotechnical and geological information from the Soil Mechanics Department
of El Salvador's Centro de Investigaciones Geot6cnicas, as well as the Italian data.
The Italian data is of particular relevance to the current study, the laboratory and
in situ tests having been carried out with a seismic response study in mind. The
inclusion of'extensive background information in the Italtekna-Italconsult reports
is useful in allowing a third-party study such as this one to evaluate the stated soil
parameters [Italtekna-Italconsult, 1987abc] A lack of background information for
the other ain source of data makes a critical analysis of the uncertainty associ-
ated with stated soil parameter values difficult. In the following soil profile descrip-
tions, all "A-profiles" are based on data from the Italian investigation, whereas the
"B-profiles" are from Atakan and Figueroa 1993). For sites CIG and HCR, Atakan
and Figueroa 19931 quote Italtekna-Italconsult as their source, so the profiles are
almost identical.

In order to obtain bedrock motions, the observed surface records were decon-
volved usin- a one-dimensional pseudo-linear ground response model, ProShake
JEduPro Civil Systems Inc, 13981. ProShake is an updated version of the widely
used SHAKE [Schnabel et al., 19721. The analysis required the soil at each strong-
motion recording site to be discretised into horizontal layers from the surface down
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there is evidence to suggest that fault ruptures that do not reach the ground surface,
but are somehow contained within the crust, produce stronger ground motions.

It is also important to note that no claim is being made to have newly identified
directivity effects from this or other small and oderate magnitude earthquakes.
Faccioli et al. 19881 identified directivity effects in the 1986 San Salvador earth-
quake from two-dimensional displacement plots. Batwright and Boore 19821 found
clear directivity effects, resulting in variations of PGA values by up to a factor of
10, from the Livermore Valley (California) earthquakes of 24 and 27 January 1980,
which had magnitudes of M., 5.8 and 5.0 respectively. They also pointed out that
Bakun et al. 19781 had previously identified directivity effects in the high-frequency
motions from central Californian earthquakes of magnitude as small as 20 and 30.
Liu and HeIrnberger 1985] also identified forward directivity affects producing high-
amplitude high-frequency ground motions in the TVIL 5.0 Imperial Valley aftershock
of 15 October 1979. They also point to high stress drop as a possible cause for
the high levels of the recorded motions. On this point it is interesting to note the
studies of Haddon 1995] and Haddon and Adams 119971, which considered the high
levels of acceleration recorded in the 25 November 1988 Saguenay (M, 60) and
19 October 1990 Mont-Laurier (M., 42) earthquakes in Canada. In both cases, the
accelerations had previously been attributed to exceptionally high stress drops, but
they found that this was not the case, more likely explanations being related to
fault rupture history, including the effects of directivity.

There i a potential danger in attributing all high-amplitude near-field mo-
tions to directivity effects, since many factors, including path effects due to
lateral variations as well as spatial and temporal variations in the fault rupture
propagation cn also exert a very significant influence [e.g. Panza and Suhado1c,
19871. Nonetheless, there is a considerable body of evidence to support the pre-
sence of directivity effects producing amplified ground motions in the near-field
of even small earthquakes. The point herein, however, is not primarily to show
that directivity effects can exist for small-to-moderate magnitude earthquakes
but rather to explore their possible implications for seismic hazard nd seismic
risk.

5. Implications for Seismic Hazard Assessment and Seismic Design

Following the 1986 earthquake, a new seismic design code was drafted that came
into effect in 1989, although like its predecessor from 1966 there is little evidence
of its havin ben enforced. In 1994 a third seismic design code was adopted in El
Salvador [Bominer et al., 19961. None of these codes has considered near-field effects,
although the 1989 code adopted a response spectrum based on the recordings of the
1986 earthquake. Indeed, the only codes to consider explicitly the effect of near-field
directivity n seismic actions to be used in design are the 1997 edition of the US
Uniform Building Code, UBC97 and its successor the International Building Code,
IBC-2000 [ICC, 20001.
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The envelope spectra from the other stations, CA and HSH, lie below the

UBC97 spectrum across nearly the entire period range, the former exceeding the

code spectrum slightly in the same period range as the HCR spectrum in Fig. .

The most striking observation is the very large exceedance of the UBC97 spectrum

by the spectra from CIG and IGN over a significant range of periods. Comparison

of Figs. 7 and 9 with Fig. 4 shows that the application of the near-source factors for

a Class fault would produce code spectra that matched much more closely the

observed spectra from these two near-field records. However, it is important to note

that the application of the UBC97 factors for such small magnitude earthquakes

would be made difficult by the fact that it would be necessary to identify and

characterise geological faults of no more than a few kilometres in length.

Polarisation, another characteristic of near-field otion, is also observed in the

recorded ground motions from San Salvador, the E-W components (which are

closer to the fault-normal components) showing higher values of PGA and PGV

than the N-S components, especially at IGN and CIG. This is also clear in the

spectral ordinates, particularly at IGN, up to about 1.1 s; again, this is not ac-

counted for by the Somerville et al. 19971 factors, which only predict polarisation

effects at periods greater than 0.5 s and for magnitudes greater than or equal to

M .0.

6. Discussion and Conclusions

It appears that rupture directivity effects could have played an 'important role

in generating the very high ground motions recorded in the 1986 San Salvador

earthquake. Recent re-evaluation of the empirical factors for the eects of rupture



noting here that methods have recently been developed to include te effects of
rupture directivity in PSHA, adopting the factors of Somerville et a 19971 together
with taper functions that introduce both magnitude and distance dependence not
present in the original formulation [Abrahamson, 2000]. Rather than have an abrupt
cut-off at M 65, the taper function interpolates between a value of unity at M
6.5 and zero at M 60, acknowledging the possibility of some directivity effects in
events smaller than M 65 but still excluding the possibility of their presence in
earthquakes saller than M 6.

Regardless of how near-field directivity effects are modelled in the attenua-
tion relationships employed, it is questionable whether the potentially destructive
motions from small, shallow focus earthquakes can really be captured by PSHA.
Only those events postulated to occur very close to the site of interest re likely to
generate damaging motions, and these high amplitudes will generally be lost by the
"smoothing" process that results from considering all possible earthquakes- within
each source zone, most of which will be too far away to produce near-field effects at
the site. It is worth noting that the near-field factors in UBC97, although applied
to an elastic response spectrum that is constructed from the output of a proba-
bilistic seismic hazard assessment, are deterministic: the application of N a N,
implicitly asumes that an earthquake will occur on the closest adjacent fault to
the site and that it will rupture in such a fashion as to produce forward directivity
effects at the site. For te ca-se of San Salvador, the recordings from the October
1986 suggest tat the factors would be applicable for earthquakes of magnitude
smaller than M 65.

It is not proposed, o the basis of the recordings from the 1986 San Salvador
earthquake alone, that the near-field factors should be changed nor tat te
lower magnitude limit for their applicability should be altered. Nonetheless, it is
abundantlyclear that small-to-moderate magnitude earthquakes can, under certain
conditions that include shallow focal depths, generate ground motions that are
potentially estructive even to egineered structures. The evidence presented in
this paper suggests that near-field directivity effects may be encountered in some
small earthquakes and these may be the cause of' the significant seismic hazard
posed by these events. Since te ground shaking from these earthquakes is of sort
duration by virtue of their small magnitude, and the duration is further reduced
by the forward directivity, it ay not necessarily ult in great destruction. How-
ever, becaus saller earthquakes occur more frequently, there is always the danger
that buildings will be weakened by the enhanced shaking and then caused to collapse
by subsequent (Earthquakes. In those areas of the 'world where small-to-moderate
magnitude earthquakes frequently occur in series over short periods of time, such
as Italy and Central America [White and Harlow, 1993], the cumulative effect can
be catastrophic.

It is clear that greater study of this topic is required, particularly the compilation
of a database of observed effects frorn damaging -- and, equally important, ot
damaging - small-to-moderate magnitude earthquakes. This database could help



Arnbraseys, N. N. and Bommer, J. J. 19911 'The attenuation of ground accelerations in
Europe,' Earthq. Eng. Struct. Dyn. 20, 1179-1202.

Ambraseys, N. N., Bommer, J. J., Buforn, E. and Udias, A. 20011 "The earthquake
sequence of May 1951 at Jucuapa, El Salvador," J. Seism. 5(l), 23-39.

Ambraseys, N. N. and Menu, J. M. H. 19881 "Earthquake-induced ground displacements,"
Earthq. Eng. Struct. Dyn. 16, 985-1006.

Ambraseys, N. N., Simpson, K. A. and Bommer, J. J. 19961 "Prediction of horizontal
response spectra Europe," Earthq. Eng. Struct. Dyn. 25, 371-400.

Arias, A. 19701 "A measure of earthquake intensity," In Seismic Design for Nuclear Power
Plants, ed. Hansen, R. J., MIT Press, Cambridge, Massachusetts, pp. 438-483.

Atakan, K. and Figueroa, J. C. 19931 "Local site response in San Salvador: Compar-
ison between the synthetics and the observed ground motion of the October 10,
1986 earthquake," Reduction of Natural Disasters in Central America: Earthquake
Preparedness and Hazard Mitigation Report No. 8, Institute of Solid Earth Physics,
University of Bergen, Norway.

Attalla, M. R., Paret, T. F. and Freeman, S. A 19981 "Near-source behaviour of build-
ings under pulse-type earthquakes," Proceedings of Sixth US National Conference on
Earthquake Engineering, Earthquake Engineering Institute, Oakland.

Archuleta, R. J. and Hartzell, S. H. 19811 "Effects of fault finiteness on near-source ground
motion," Bull. Seism. Soc A. 71, 939-957.

Badawy, A. and Monus, A. 19951 "Dynamic source parameters of the 12th October 992
earthquake, Cairo, Egypt," J. Geodyn. 20(2), 99-109.

Bakun W H., Stewart, - M. and Bufe, C. . 1978] "Directivity in the high-frequency
radiation of small earthquakes," Bull. Seism. Soc. Am. 68, 1253-1263.

Bernard, P., Broile, P., Meyer, B., Lyon-Caen, H., Gomez, J.-M., Tiberi, C., Berge,
C., Cattin, R., Hatzfeld, D., Lachet, C., Lebrun, B., Deschamps, A., Cour-
boulex, F., Larroque, C., Rigo, A., Massormet, D., Papadimitriou, P., Kassaras, J.,
Djagourtas D Makropoulos, K., Veis, G., Papzisi, E., Mitsakaki, C., Karakostas,
V., Papadimitriou, E., Papanastassiou, D., Chouliaras, M. and Stouvrakis, C. 19971
"The M., 62, June 15, 1995 Aigion earthquake (Greece): Evidence for low angle
normal faulting in the Corinth rift," J. Scism. 1, 131-150.

Blume, J. A. 19651 Earthquake ground motion and engineering procedures for important
installations near active faults," Proceedings of the Third World Conference on Earthq.
Eng., Wellington, Vol. 111, 53-71.

Boatwright, J and Boore D. M. 19821 "Analysis of ground motions radiated by the 1980
Livermore Valley earthquakes for directivity and dynamic source characteristics,"
Bull. Seisyn. Soc. Am. 72, 1843-1865.

Bolt, B. A. 11996) "From earthquake acceleration to seismic displacements," The Fifth
Mallet-Milne Lecture. Wiley.

Bommer, J. J., Hernandez, D. A., Salazar, W. M. and Navarrete, J. A. 19961 "Seismic
hazard assessments for El Salvador," Geofisica Internacional 35, 227-244.

Bommer, J. and Ledbetter, S. 19871 "The San Salvador earthquake of 10th October 1986,"
Disasters 11(2), 83-95.

Bommer, J. J., Scott, S. C. and Sarma, S. K. 20001 "Hazard-consistent earthquake
scenarios," Soil Dyn. Earthq. Eng. 19, 219-231.

Boore, D. M., Joyner, W B. and Fumal, T. E. 19931 "Estimation of response spectra and
peak accelerations from western North American earthquakes: an interim report,"
USGS Open-File Report 93-509.

Bouchon, M. 19781 "The importance of the surface or interface P-wave in near-earthquake
studies," Bull. Scism. Soc. Am. 68(5), 1293-1311.



Haddon, R. A. W. 1995] 'Modeling of source rupture characteristics for the Saguenay
earthquake of November 1988," Bull. Seism. Soc. Am. 85(2), 525-551.

Haddon, R. A. W. and Adams, J. 19971 "Anatomy of a small intraplate earthquake: a
dissection of its rupture characteristics using regional data," Geophys. J. nt. 129,
235-251.

Hall, J. F., Heaton, T. H., Halting, M. W. and Wald, D. J. 19951 "Near-source ground
motion and its effects on flexible buildings," Earthq. Spectra 11(4), 569--605.

Harlow, D. H., White, R. A. and Alvarez C., S. 119931 "The San Salvador earthquake of
10 October 1986 and its historical context," Bull. Seism. Soc. Am. 83 143-1154.

Heaton, T. H. 119821 "The 1971 San Fernando earthquake a double event?" Bull. Scism.
Soc. Am. 72, 2037-2062�

Housner, C. W. 1952] "Spectrum intensities of strong motion earthquakes" Proceed-
ings of EERI Symposium on Earthquake and Blast Effects on Structures, UCLA,
pp. 20-:36.

Hudson, D. E. 119771 "Strong motion earthquake measurements in epicentral regions,"
Proceedings Sixth World Conference on Earthquake Engineering, New Dehli, Vol. 
pp. 323-329.

Hudson, D E 19881 "Some recent near-source strong tion accelerograrris," Proceed-
ings Ninth World Conference on Earthquake Eineering, Tokyo-Kyoto, Vol. 11,
pp. 271-276.

1CBO 19971 "Uniform Building Code - 1997," International Conference of Building
Officials, hittier, California.

[CC 20001 "Inter-national Building Code - 2000," International Code Council, Falls
Church. Virginia.

ITALTEKNA-irALCONSULT [1987a] "Valutazione (fella pericolosita sismica nelle aree
del Distretto Sanitario A3 (San Salvador) del Distrett 7 Apopa). Parte la -
Contesto sismotettonico, analisi delta sismicita storica e strumentale, determinazione
semplificata del terrernoto di riferimento," Unpublished 'report, Consorzio Salvador e
San Salvador di Riconstruzione, Republica Italiana. Ministerio degli Affari Esteri,
Direzione enerale per la Cooperazione alto Sviluppo.

ITALTEKNA-ITALCONSULT [1987b] "Valutazione elta pericolosita sismica nefte aree
del Distretto Sanitario A3 (San Salvador) e del Distrett 7 Apopa). Parte 3 -
Caratteristiche dinamiche dei terreni nelle aree di San Salvador e Apopa ricavate
da misfire sismiche in sito con metodo down-hole," Unpublished report, Consorzio
Salvador e San Salvador di Riconstruzione, Republica Italiana. Ministerio degh Affari
Esteri, Direzione Generale per la Cooperazione allo Sviluppo.

ITALTEKNA-ITALCONSULT [1987cl "Valutazione (fella pericolosita sismica nelle aree
del Distretto Sanitario A3 (San Salvador) e del Distretto 7 Apopa). Parte 4 -
studi di riposta sismica locale ed elaborazione delle carte di micozonazione sismica,"
Unpubhshed report, Consorzio Salvador e San Salvador di Riconstruzione, Republica
Italiana. Ministerio degli Affari Esteri, Direzione Generale per la Cooperazione alto
Sviluppo.

Krinitzsky, E. L. and Chang, F. K. 19771 "State-of-the-art for assessing earthquake
hazards in the United States: specifying peak motions for design," Miscellaneous
Paper .5-73-1, Report 7 US Army Corps of Egineering Water-ways Experiment
Station, Vicksburg, Mississippi.

Laxa, M. A. 19831 "The El Salvador earthquake of June 19, 1982," EERI Newsletter 17(l),
January, 87-96, Earthquake Engineering Research Institute, Oakland, California.

Lara, M. A. 19871 "The San Salvador earthquake cf October 10, 1986 -- history of
construction practices in San Salvador," Earthq. Spectra 3 491-496.



Schnabel, P. B., Lysmer, J. and Seed, H. B. 19721 "SHAKE: a computer program
for earthquake response of horizontally layered sites," Report No. EERC 72-12,
Earthquake Engineering Research Center, University of California, Berkeley.

Shakal, A. F_ Moh-Jiann Huang, M. and Linares, R. 1987] "The San Salvador earthquake
of October 10, 1986 - processed strong motion data," Earthq. Spectra 3 465-481.

Singh, J. P. 19851 "Earthquake ground motions: Implications for designing structures and
reconciling structural damage," Earthq. Spectra 12), 239-270.

Somerville, P. 2000] "New developments in seismic hazard estimation," Proceedings of the
SuM International Conference on Seismic Zonation, Palm Springs, California.

Somerville, P. G., Smith, N. F., Graves, R. W. and Abrahamon, N. A 119971 "Modification
of empirical strong motion attenuation relations to include the amplitude and duration
effects of rupture directivity," Seism. Res. Lett. 68, 199-222.

Somerville, P. C. and Yoshimura, J. 119901 "The influence of critical Moho reflections on
strong ground motions recorded in San Francisco and Oakland during the 1989 Loma
Prieta earthquake," Geophys. Res. Lett. 17, 1203-1206.

Tselentis, G. A. and Zahradnik, J. 20001 "The Athens earthquake of September 7,
1999," submittted for publication, Bull. Seism. Soc. Am. (http://karel.troja.rnff.cz/
athpap/BSSA-www.html)

Vanmarcke, E. H. 19791 "State-of-the-art for assessing earthquake hazards in the
United States: representation of earthquake ground motion: scaled accelerograms and
equivalent response spectra," Miscellaneous Paper -73- 1, Report 14, US Army Corps
of Engineering Waterways Experiment Station, Vicksburg, Mississippi.

Wells, D. L. and Coppersmith, K. J. 1994) "New empirical relationships among magnitude,
rupture length, rupture width, rupture area, and surface displacement," Bull. Seism.
Soc. Am. 84, 974-1002.

White, R A., Harlow, D. H. and Alvarez, S. 19871 "The San Salvador earthquake of
October 10, 1986 - seismological aspects and other recent local seismicity," Earthq-
Spectra 3 419-434.

White, R. A. and Harlow, D. H. 19931 "Destructive upper-crustal earthquakes of Central
America since 1900," Bull. Seism. Soc. Am. 83, 1115-1142.

Wyllie, L. A., Wright, R. N., Sozen M A., Degenkolb, H. J., Steinbrugge, K. V. and
Kramer, S. 119741 "Effects on structures of the Managua earthquake of December 23,
1972," Bull. Seism. Soc. Am. 64, 1069-1133.

Zhang, W. and Kezhong, P. 19971 "Estimation on the duration of strong ground motion,"
In Mitigating the Impact of Impending Earthquakes: Earthquake Pognostics Strategy
Transfer-red into Practice, eds. Vogel, A. and Brandes, K., Balkerna, pp. 149-156.


