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ABSTRACT: Material from design earthquake studies for infrastructures projects world-
wide is presented, grouped in the two broad subjects of PSHA and site response analysis
(SRA). Emphasis is given in the first group to seismotectonic complexity occurring where
stable continental zones are contiguous to active ones, and uncertainty in ground shaking
hazard assessment increases because of data scarcity worldwide for continental crust. Using
the Persian Gulf region as an example, the difficulty in establishing seismogenic source models
and earthquake activity rates is highlighted. In the same context, the selection of GMPEs in
such complex settings is also discussed, with examples from Near East and Africa. Regarding
SRA, discussed first are the comparative merits of the type of approach used, i.e. hybrid
(probabilistic + deterministic) vs. rigorous probabilistic (Bazzurro & Cornell 2004). Lastly,
deep borehole data from a real project site are used to investigate whether the lack of deep
seismic velocity data at deep soft soil sites plays or not a significant role in SRA.

1 BACKGROUND

Engineering seismology studies for the assessment of the design seismic action, performed for
large industrial projects worldwide, were the source of inspiration for the material presented
herein. Hydrocarbons exploitation and processing projects played a leading role, including
offshore installations, LNG terminals and petrochemical plants. These required in several
cases the probabilistic seismic hazard assessment (PSHA) in little investigated seismotectonic
settings, in provinces of the Earth crust with low seismicity or belonging to different domains,
such as shallow active vs. stable continental. The main goal in such projects was one of defin-
ing design seismic action levels, for return periods typically varying between 500 and 5000
years, often justified by lack or deficiencies in national zonation maps and seismic codes
(mostly conceived for ordinary buildings).
The topics discussed are grouped into the two broad subjects of PSHA and site response

analysis (SRA), often combined in practice in a two-step, or hybrid, approach to the deriv-
ation of site-specific design spectra. For both subjects, attention here will be directed on
exploring the impact of some epistemic uncertainties in contexts where their exploration has
typically been made difficult by scarcity of data.
Source models that include active shallow crustal regions (ASCR) side-by-side with stable

continental crust (SCR) are a typical case in point, as a consequence of significant differences
in seismic activity rates and parameters (including Mmax), amount of data available in earth-
quake catalogues, and seismogenic depth ranges involved, with ill-defined transitions from
one regime to another. A closely related source of uncertainties in the same context resides in
regional attenuation characteristics, with seismic waves traversing different crustal domains
and no, or very few records available. Situations of this kind have been found in oil producing
regions, near oceanic crust domains.

* Formerly Politecnico di Milano
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In a hybrid approach to the derivation of site-specific design spectra, one obtains first the bed-
rock spectra by PSHA and then, after selecting appropriate compatible input motions, performs
SRA to obtain site spectra via local wave propagation computations (where microzonation may
be needed in projects over land with differences in near-surface geology). A most significant epi-
stemic uncertainty lies here in the type of approach used, and attention will be devoted to the
loss of its probabilistic nature in the SRA step. Lastly, within such step, it will be discussed
whether the lack of deep seismic velocity data at deep soft soil sites plays or not a significant role.

2 SEISMOTECTONIC COMPLEXITY

2.1 Influence of both stable and active crustal regions on seismogenic source models

Greatly reduced seismic activity rates, a larger thickness of the Earth crust and much older
(and generally stiffer) rocks that change the attenuation of seismic waves are among the main
distinctive features of Stable Continental Regions (SCR) with respect to Active Shallow
Crustal Regions (ASCR). When the two types of crust are contiguous, the hazard assessment
uncertainty at a site typically increases because there is far less data worldwide for SCR.
Using the Persian Gulf region as an illustrative example, emphasis is given here to uncertain-
ties related to seismogenic source models and activity rates.
The Persian Gulf and surrounding regions (including the active Zagros belt of Iran to the N

and the stable Arabian craton to the S) are an example of crustal contrasts of this type. The
three maps in Figure 1, showing GPS velocities, the seismicity from current earthquake cata-
logues (mainly International Seismological Center, ISC, http://isc-mirror.iris.washington.edu/
iscbulletin/), and the best re-localized 2000-2013 events in Iran (via the EHB procedure,
Engdahl, pers. comm. 2017) depict the difficulty in devising the seismotectonic context of this
region. The catalogue epicenters in Figure 2c indicate activity in the northern Persian Gulf,
whereas the distribution of the EHB re-localized Iranian events (Engdahl et al. 1998; Engdahl
et al. 2006) shows almost zero offshore earthquakes. The fact that there are no EHB reloca-
tions there, or that there could be smaller events that did not meet the EHB selection criteria
(too few stations and/or too large teleseismic azimuth gap), suggests that most of the Gulf epi-
centers may be incorrectly located offshore, as also suggested by the observed absence of
crustal deformation. Otherwise, they should be associated to thrusting of the NE edge of the
Arabian block against the Zagros, not detected in the focal mechanisms of current low energy
events, in a zone called “Zagros foredeep” by some authors (e.g. Al-Haddad et al. 1994).
Therefore, one can treat the epistemic uncertainty on the area source model appropriate for the

Persian Gulf in a PSHA Logic Tree by two branches. These are: a) a Model 1 branch: this con-
siders the Gulf earthquake activity as ill-located, associates it to the active Zagros belt inland, and
regards the whole Persian Gulf as part of the stable Arabian platform, and b) a Model 2 branch:
this accounts for the activity in question as shown by the catalogue (Figure 1c) and associates it
to an offshore active zone of transition from Arabia to Zagros, termed “Zagros foredeep” by pre-
vious authors (Figure 2a). Model 2 is a simplified version of the three alternatives introduced by
Aldama-Bustos et al. (2008). To illustrate the influence of adopting Model 1 or 2, a fictitious site
in the middle of Persian Gulf was chosen for a PSHA. In this, for simplicity a representative
branch of a more complex Logic Tree (originally designed for other offshore locations in the
Gulf) was kept, which uses Atkinson & Boore (2006) (AB06, as in Zahran et al. 2015) as GMPEs
for SCR sources, and Bindi et al. (2014), BEA14, for SCR sources.
The expected increase in the site spectrum for Model 2 with respect to Model 1 depends on

the maximum magnitude, Mmax, attributed to the Zagros Foredeep AS (Figure 2b); the values
6.5, 7.0 and 7.5 take into account that 7.5 and 7.0 are those (fixed, for simplicity) associated to
the Zagros and Arabian ASs, respectively, and that the actual maximum observed value in the
Zagros Foredeep is 6.3; values adopted by Aldama Bustos et al. (2008) are 6.1 to 6.9 (depend-
ing on zone model adopted). Thus, uncertainty on Persian Gulf epicenters location and on the
associated maximum magnitude AS, may indicatively result in a 50% spread in estimating the
maximum spectral ordinate at the Gulf site. In this light, one may wonder about the basis for
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the much larger level of the Abu Dhabi code (ADIBC2013) spectrum, also shown in
Figure 2b, derived with the rules of ASCE 7 from short-period (SS) and long period (S1) maps
in the code. No background is provided therein for such maps, but a possible explanation
could be that “the hazard estimates in the UAE were simply inferred from the hazard in sur-
rounding regions without any consideration of local seismicity” (Aldama Bustos et al. 2008).
As such they should be disregarded, were it not for the fact that they stand in a code used as a
reference by local authorities in the UAE.
As a further example, at Abu Dhabi the foregoing area source Model 1 provides PGA and

peak spectrum acceleration on rock of 0.07g and 0.16 g for 2% in 50 years exceedance prob-
ability, see Figure 3, in close agreement with Aldama-Bustos et al. (2008), but spectral acceler-
ations as much as 6 times higher at some response periods are found in other studies
(Sigbjörnsson & Elnashai 2006), as a result of assuming activity on highly uncertain faults
onshore in the UAE. Khan et al. (2013) actually provide a list of PGA values at 475 years
return period from PSHA studies carried out for Dubai, 1994 – 2011, which shows a rather
amazing spread from < 0.05 g to 0.32 g. Variations of this magnitude in PSHA results point
to the need of independent and rigorous studies in low seismicity regions such as the NE Ara-
bian stable craton, where the earthquake data, in addition to being naturally scarce, have been
severely affected by low quality until recent years.
This is reflected in high uncertainty on seismic activity rates λ0 = 10 a – bMmin, where a and b

(or β = b ln10) are the Gutenberg – Richter parameters and, in addition, on the hypocentral
depth distribution, not discussed here. As pointed out by Aldama-Bustos et al. (2008) for all
UAE sites, the largest contribution to the seismic hazard for short-period ground-motion
measures come from the Arabia stable craton. Modifying the activity rates for this source is
therefore likely to have, in theory, a significant impact upon the calculated hazard.
Figure 3Probabilistic UH acceleration spectra on class B site for 2% -in-50-years exceedance
probability at Abu Dhabi (shown by triangle in Figure 2a). Red curve shows the result for the
logic tree branch closest to the mean weighted spectrum (black solid curve) using the GR1

Figure 1. a) 1999–2001 GPS horizontal velocities and their 95 percent confidence ellipses in the Arabia-

fixed reference frame (Vernant et al. 2004). b) Best re-localized 2000-2013 events in Iran and Persian Gulf

(Engdahl, pers. comm. 2017). c) De-clustered earthquake epicentres 1900-2017.
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estimate of the Gutenberg-Richter parameters for the Arabian craton area source, while blue
curve is derived from the same branch but using the GR2 estimate.
Actually, the Arabian stable craton AS of Figure 2a is nearly aseismic: for the shallow activ-

ity, with focal depth less than about 20 km, only 6 events with MW ≥ 4 were found in the de-
clustered catalogue of Figure 1c to comply with the completeness periods in Model 2. This
gives λ0,shallow = 0.18 ±0.14 ev/yr, clearly a very weak estimate; coupled with b = 0.98±0.22,
obtained for the entire Arabian region, this is labelled as GR1. Alternatively, one can assume
an annual long-term rate of 0.004 events per 106 km2 for events of MW ≥ 6 and b = 0.98 from
the Johnson et. al. (1994) world average for seismicity in stable cratonic cores. With the exten-
sion of 0.125×106 km2 of our SAC area source, this will translate into λSAC (MW ≥ 6) = 0.0005
ev/yr, or λ0,SAC = λ (MW ≥ 4) = 0.045 ev/yr; such estimate, together with b = 0.98 is labelled as
GR2. Note that the activity rate estimated by Pascucci et al. (2008) for the whole of Saudi
Arabia excluding the active margins (3.092×106 km2) would translate into λ0,ASC = 0.098 ev/
yr, intermediate between the previous ones. Figure 3 shows that, despite the large difference in

Figure 2. a) Area Sources (AS) for Persian Gulf PSHA Models 1 and 2: in Model 1 the separate

“Zagros Foredeep” zone AS is not present and its activity is attributed to the Zagros AS, while in Model

2 such zone is treated as a separate AS; b) Probabilistic UH acceleration spectra on ASCE 7 class B hypo-

thetical site located at 53°E and 26°N (shown by a star in the map of (a) for 2% -in-50-years exceedance

probability, resulting from previous models (for different Mmax values attributed to the Zagros Foredeep

in Model 2). ADIBC spectrum (black curve) is derived from the Abu Dhabi building code hazard maps.

Figure 3. Probabilistic UH acceleration spectra on class B site for 2% -in-50-years exceedance probabil-

ity at Abu Dhabi (shown by triangle in Figure 2a). Red curve shows the result for the logic tree branch

closest to the mean weighted spectrum (black solid curve) using the GR1 estimate of the Gutenberg-Rich-

ter parameters for the Arabian craton area source, while blue curve is derived from the same branch but

using the GR2 estimate.
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λ0,ASC values, the impact on peak spectral values at Abu Dhabi is of only about 16%, due to
the influence of source zones other than the Arabian craton on hazard.
In conclusion, at a representative site such as Abu Dhabi, one can compare the exceedance

curves for weighted mean and percentiles of spectrum ordinates from logic trees of different
complexity in order to assess the influence of the uncertainties at play. Figure 4 illustrates
such comparison for a short (0.2 s) and a long (1.0 s) structural period, on soil class B. The
curves in blue are from this study and they are derived from the previously discussed area
source models and a relatively simple LT with 32 branches, while those from Aldama-Bustos
(2009) shown with red curve are rely on a LT of 15552 branches. At 0.2 s period, more than
the expected large difference in spread, the similarity of the weighted mean value curves for
the two cases up to about 5000 years return period should be noted; actually, the GMPEs
used provide comparable median predictions and actually coincide in one case for SCR
(Atkinson & Boore 2006). Such agreement, however, should not conceal the that it remains
unknown how realistic the estimation range spanned by the chosen GMPEs is, given the total
lack of strong motion data for the whole region to the S of Iran.
At long period the differences are large both in mean values and percentile curves; in this case

ground motion is controlled by Zagros earthquakes, which occur at > 200 km from Abu Dhabi.
While ground motion hazard for such large distances is unusual, Al-Amri et al. (2008) report that
shaking caused by distant events in the Zagros have resulted in felt motions in tall buildings in
cities along the Arabian coast and, as an example of this, that the November 22, 2005 M 5.7
Qeshm Island earthquake in Iran caused motions in tall buildings in Dubai, United Arab Emir-
ates, and other cities along the Gulf coast. Based on broad-band digital recordings, they also
report that “propagation of long-period motions from earthquakes in the Zagros Mountains to
the western shore of the Gulf demonstrates high-amplitude and long-duration ground motions”
and that “The path from Zagros to the South coast of Persian gulf passes through a thick sedi-
mentary cover in the Persian/Arabian Gulf that enhances long-period ground motions”. These
considerations would lend support to preferring the long period exceedance curve from this study.

2.2 Ground motion attenuation in SCR

PSHA tools appropriate for SCR have been mainly developed and applied for Central and
Eastern North America (CENA), largely in connection with the design of nuclear power
plants, and analysts have extended to other continental regions the results and models devel-
oped for CENA. Prominent among these tools are the GMPEs, which take a large share in
the differences in hazard assessment between SCR and ASCR. The scarcity or complete
absence of recorded strong motion data in SCR has typically led to attenuation models
derived from numerical simulations, that have been exported (with adaptations) elsewhere.

Figure 4. Probabilistic hazard curves for response spectral ordinates at Abu Dhabi, on a class B site: (a)

for structural period T = 0.2 s and (b) T = 1.0 s. Red curves from Aldama-Bustos (2009): solid = weighted

mean, dashed = 15- and 85-percentiles. Blue curves same, this study.
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Regional anelastic attenuation and near-surface attenuation of high-frequency energy essen-
tially distinguish the influence of ASCR and SCR environments on ground motion. The first
one acts in addition to the geometric attenuation and reduces the amplitude of ground motion
proportionally to the factor exp (-γR) where R is distance and γ (coefficient of anelastic attenu-
ation) = πf ⁄(Qβ;) with f = frequency, Q = quality factor, inversely proportional to the damp-
ing, and β; = shear wave velocity in the crust. To appreciate the differences at play, the values
γ = 0.00122f 0.64 and γ = 0.00499f 0.55 may be regarded as representative for Eastern and West-
ern North America, respectively (Tavakoli & Pezeshk 2005); for f = 3 Hz at 500 km distance
the former reduces the amplitude by about 70%, against about 99% of the second, in addition
to the reduction operated by geometrical spreading (proportional to R-0.5 at large distance).

On the other hand, the near-surface attenuation acts a low-pass filter described by the high-
frequency slope of Fourier amplitude spectra plots, with the form exp(-πκf). κ is in the order of
0.02-0.04 in ASCR hard surface rocks, while on hard or very hard surface rocks in SCR κ can
decrease to 0.006, in concomitance with shear wave velocities of the order of 2500 ms-1. This
interpretation leads to computed amplification functions (and response spectra) that at SCR
sites are substantially higher than at ASCR sites in the high frequency range (>10 Hz). While
the amount of available ground motion data on hard-rock sites has expanded worldwide during
the last years, the dependence of the high-frequency ground motion on κ has not yet explicitly
been addressed and the κ-related high-frequency modifications in response spectra are still
debated (e.g. Pecker et al. 2017), so that they are not further discussed herein. It is, however,
quite common – when working on SCR with Eurocode 8 class A surface ground conditions – to
modify the probabilistic spectra through transfer functions from very hard rock, i.e. ASCE 7
Standard (2013) Class A conditions (for which the GMPEs were developed) to rock.
Regarding regional attenuation, one example from East Africa and one from the Middle

East are here considered to be of interest as possible clues to checking the applicability of the
empirical attenuation models assumed for SCRs (mainly).
As part of the preliminary assessment of a vast hydrocarbon project, a PSHA was carried out

in a coastal zone of northern Mozambique, in a region ordered by the western and eastern
branches of the East African rift system where ASCR, thinned SCR and oceanic crust provinces
are found side by side (Saria et al. 2014). No strong motion data are available, and only a few
macro-seismic intensity descriptions exist for the region at large. Among these, Figure 5 depicts
MSK isoseismals drawn by Ambraseys (1991a) for the strong MW 7.4, Rukwa earthquake of
1910, with epicentre near Lake Tanganyika and, on the right, approximate intensity attenuation
curves with distance in the direction of slowest attenuation for the same event, as well as for the
MW 6.9 Subukia earthquake of 1928 in Kenya. The 1910 event was the largest recorded earth-
quake in sub-Saharan Africa, felt throughout Tanzania and in all neighbouring countries,
within a radius of 750 km; the slow attenuation towards NE is worth noting in Figure 5.
Although the region affected lies to the N of the one originally analysed for the Mozambique
PSHA, such slow attenuation has been conservatively assumed as characteristic of the SCR at
study and not dissimilar from that predicted by the CENA models. To check this assumption,
PGA values were estimated first at several distances along the direction of slowest attenuation
for both previous earthquakes using as GMPEs appropriate for SCR Silva et al. (2002), SEA02,
and Tavakoli & Pezeshk (2005), TP05, and the magnitude 7.2. Then, such PGA values were
converted into intensity I (MM scale) with the correlation (Faccioli & Cauzzi 2006):

IMM ¼ 6:54þ 1:96logPGA m=s2
� �

ð1Þ

Figure 5b shows a reasonably good agreement between the intensity attenuation observed in
the region of Figure 5a in E Africa and that estimated from the PGA attenuation curves chosen
for SCR. This suggests that one is effectively dealing with a stable continental zone with charac-
teristics comparable to those of CENA. One may then ask what the price would be to pay, in
terms of SHA changes at coastal sites in Mozambique, if GMPEs for ASCR were associated in
PSHA to active zones instead of GMPEs for SCR, apparently less appropriate.
The probabilistic spectra in Figure 6b are representative of the extent of the change at such

a site based on a single representative branch of the logic tree (close to the mean hazard
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curve); the solid-curve spectrum shows the effect of associating also to the zones that are seat
of active faults, denoted as AS1, AS2, and AS3 in Figure 6a, the same SCR GMPE used for
the other area sources in accordance with the dominant regional character of the Earth crust.
On the other hand, to obtain the dashed-curve spectra two different ASCR GMPEs have been

associated to the active zones AS1, AS2, and AS3. The two types of spectra in Figure 6b differ
most significantly in the very low period range (T ~ 0.02 s), as a result of the conversions to
which the SCR-based spectrum has been subjected (from very hard rock to rock, depending on κ,
and from rock to soil class D), that cannot be discussed here in detail but are shown in Figure 7.
At intermediate period the largest difference in the spectra of Figure 6b is about 30%, which

is significant, and the ASCR GMPE of Chiou & Youngs (2014) consistently provides a con-
servative estimation over a broad period range; this is considered as a useful lesson learned for
PSHA in heterogeneous crustal regions.
The second case chosen for discussion on attenuation of motion in SCR comes from a

PSHA study carried for a site in the Dead Sea in Jordan. The simple AS zonation model in
Figure 8a is one simple option introduced in the logic tree, meant to reflect the difference in
seismotectonic style that separates the active NS trending Dead Sea Rift Valley from the Sinai
sub-plate to the W (only weakly active in its interior), and the very stable Arabian Plate to the
E, see also Figure 1a. Representative strong motion data could be in this case be retrieved in
varying number from the Geophysical Institute of Israel (GII) accelerometer network for two
earthquakes.
The best data coverage was available for the 2004, MW 5.3 Dead Sea earthquake, see

Figure 8b (with all stations providing good quality digital recordings, but evident lack of data E
of the Jordan valley), while fewer stations recorded the much stronger and damaging 1995 Gulf
of Aqaba event. Figure 8c refers to the 2004 event and suggests that beyond about 30 km source
distance the SCR GMPEs perform better in describing PGA attenuation on rock, with most of
the data lying between the SEA02 (Silva et al. 2002) and AB11 (Atkinson & Boore 2011)
models, although the distinction is not so sharp in the 100 km distance range. However, the
attenuation of the 1s spectral ordinates, portrayed in Figure 8e, provides even stronger evidence
in favor of SCR attenuation models. The few and mostly distant data for the stronger 1995
event, on the other hand, do not allow to discriminate between the two types of GMPEs.
Based on this partial evidence, SCR attenuation models have been associated in the PSHA

to the stable crustal region in the circular AS zone of Figure 8a and ASCR to the Jordan rift
zone. While PGA only was of interest for this particular PSHA, an alternative source model

Figure 5. a) MSK intensity isoseismals for the 1910 MW 7.4 Rukwa earthquake, in Lake Tanganyika

region of east Africa (Ambraseys 1991a). b) Intensity decay with distance along direction of slowest

attenuation (shown by red line in panel at left) for the 1910 earthquake (black solid line) and for the 1928

Subukia, Kenya earthquake (stippled black line, after Ambraseys 1991b). These are compared with inten-

sity attenuation curves derived from two GMPEs (SEA02 and TP05) for MW 7.2 and using Equation 1.
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consisting of faults plus a diffuse seismicity background was also considered and was found to
result in a small difference with respect to the simple area source model of Figure 8a.
A lesson to be retained here could be that in heterogeneous crustal regions, with transitions

from SCR to ASCR, the ground motion attenuation could be sensitive to the actual location
of the source zone. If e.g. this is within active crust near the SCR margin, but the data come
mostly from the latter, the “continental” attenuation features would likely be seen to prevail
(case of the 2004 E Dead Sea earthquake).
Otherwise, for source zones in ASCR near or on the margin of surrounding SCR, a kind of

smooth transition would probably be expected, and the differences may not be so statistically
significant (cases of the 1995 Aqaba earthquake and, possibly of the N Mozambique coastal
region).

3 SITE RESPONSE

After the first PSHA step that will provide probabilistic spectra on bedrock, a local seismic
response analysis is usually performed as a second step of the site-specific hazard assessment.
The two steps constitute the hybrid approach to the task, which is the most widely used in
practice. However, the second step, by which a number of spectrum-compatible acceleration

Figure 6. a) Earthquake epicenters 1911 – 2013, regional faults, and Area Source (AS) model (green

polygons) used for PSHA at sites on N Mozambique coast; b) Probabilistic response spectra for indicated

Return Period (RP) at Mozambique site on soil class D of ASCE 7, or VS,30 = 240 ms-1. Black solid spec-

trum computed with SCR GMPE (TP05) associated to all AS in (a), red dashed spectrum with ASCR

GMPE (Chiou & Youngs 2014) associated to AS1, AS2 and AS3 and TP05 to other area sources, blue

dashed spectrum ditto. but for the Akkar et al. (2014) GMPE associated to AS1, AS2 and AS3.

Figure 7. Transfer function for conversion of SCR-based spectrum from very hard rock to rock (red

curve, using amplification factors from Van Houtte et al. 2011), and from rock to ASCE-7 soil class D

(blue curve, from Atkinson & Boore 2011).
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signals is propagated through a soil deposit, is deterministic and this deprives the soil output
motions of probabilistic features. The rigorous one-step probabilistic approach, first proposed
by Faccioli & Ramirez (1975) and made widely known by Bazzurro & Cornell (2004), B&C,
yields instead the probabilistic site response in the form of a hazard curve on soil surface. This
result is obtained through convolution of the bedrock hazard curve (for an assigned spectral
ordinate) with a conditioned stochastic transfer function of the soil system. Although widely
used in the nuclear industry applications, this approach is less frequent in standard assessment
of site-specific hazard.
Among the factors carrying potentially large uncertainties in site response determination

two are selected here as representative for the response analysis on deep soft soil sediments,
based on the authors’ design experience. The first aspect addresses the choice of the analysis
approach: how well does the (approximate) hybrid two-step approach perform vs. the

Figure 8. a) Simplified model of AS zones for PSHA adopted for NW portion of Arabian peninsula,

with epicenters (300-2016) from de-clustered catalogues; b) Accelerometer stations of Geophysical Insti-

tute of Israel (GII) that recorded the MW 5.3, 2004 Dead Sea earthquake, with epicenter shown by red

symbol; c) PGA data recorded for the 2004 event by the GII network, with GMPEs predictions vs.

Joyner and Boore distance, Rjb, for ASCR (Akkar & Bommer 2010 shown as AB10, and Zhao et al. 2006

as ZEA06) and SCR (Atkinson & Boore 2011 as AB11, and Silva et al. 2002 as SEA02); d) Same as (c)

for the MW 7.2 1995 Gulf of Aqaba (Eilat) earthquake, with data from Al-Tarazi (2000) for the Jordan

Seismological Office (JSO) accelerometer stations in Aqaba city; e) Spectral ordinates at 1 s vs. Rjb for

2004 earthquake; f) Same as (e) for the 1995 earthquake, with C03 denoting the prediction for the Camp-

bell (2003) GMPE.
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rigorous probabilistic one? The second aspect affects both the one-step and the two-step
methods and, simply stated, addresses the following question: for sites on thick unconsoli-
dated sediments, how deep is it necessary/advisable to extend the shear wave velocity (VS) pro-
file in SRA modelling? In particular, does one need to reach the depth where the reference
bedrock Vs is reached (about 800 ms-1 in Eurocode 8)? This problem is frequently encountered
in practice and some practical criterion would be useful for guidance.

3.1 Two-step vs. rigorous (one-step) site specific hazard assessment

The key question addressed here is whether one can expect significant differences in site
response spectra obtained from the application of the B&C method in comparison with the
hybrid approach in which the site response calculation is deterministic and only the variability
of input motions can be taken into account. The question acquires even more weight for sites
on deep soft soil sediments, where the dynamic soil properties profile, e.g. of propagation vel-
ocity VS, is typically not available beyond depths of the order of 100 m (at most), the depth to
reach seismic bedrock formations with, say, VS ~ 800 ms-1 is typically larger than 100 m, and
one must then fill the depth interval of “missing” VS values with uncertain estimates. No vari-
ability can be attached to soil profile properties in the hybrid approach, unlike in the B&C
approach.
As a matter of fact, in the B&C approach the soil column is assumed to have uncertain

properties and its amplification function, i.e. the ratio of the response spectral acceleration at
soil surface to that at bedrock level, is characterized through a statistical study on the influ-
ence of varying soil profiles, based on many nonlinear 1D wave propagation analyses. For a
given spectral ordinate, the first and second moment of the randomly varying amplification
function thus obtained, conditioned to an assigned excitation level, define (together with the
choice of a distribution function) the conditioned distribution of the spectral ratio. This is
then convoluted with the probability density distribution of the spectral ordinate on exposed
bedrock, obtained from derivation and change of sign of the exceedance curve, to obtain the
exceedance rate at soil surface. The principal advantage of the B&C convolution method rela-
tive to the hybrid method is that it accounts for uncertainty in the site amplification function.
In practice, to implement the method one needs to introduce in the (1D) calculations some

tens of acceleration histories and several tens of randomly generated soil profiles (defined by
VS, density, and degradation curves for shear modulus and damping ratio of the different soil
materials), which make the total number of propagation analyses easily ascend to many hun-
dreds for one assigned site. This task can nowadays be efficiently performed if an equivalent
linear (EL) description of the soil behaviour is adopted, e.g. using the RV-based STRATA
computer program (Kottke & Rathje 2009), but the computational burden vastly increases if
nonlinear (NL) time-domain analyses are to be carried out. If only one or two design return
periods are of interest, one may in this case opt for giving up probabilistic soil response esti-
mates, and revert to the standard two-step approach, in which only the variability of input
motions is taken into account. The differences in seismic response resulting from the EL and
NL material descriptions in general are discussed in the literature, see e.g. Stewart et al.
(2014)1and Faccioli et al. (2015). Thus, for a deep soft soil profile it is of interest to compare
the performance of the B&C method with EL soil description with the standard two-step
approach using a NL soil description.
The example chosen here for the comparison is related to an offshore site on deep sediments

in the Adriatic Sea, where a VS profile has been reconstructed using heterogeneous data down
to about 800 m from seabed, which is the depth estimated for the velocity value to reach 800
ms-1 (associated to Eurocode 8 category A ground), see Figure 9. The overall profile has been
assembled by treating separately an uppermost portion, from 0 to 120 m depth below seabed,

1. These authors indicate that there are no significant differences between EL and NL analyses for periods >

0.7 sec, while for shorter periods, EL are considered unreliable (biased) for γind ~ 0.1 - 0.4%; for these condi-

tions, NL analyses should be preferred. γind is a shear strain index defined as PGV r/VS30.
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where layers of both coarse-grained and fine-grained materials are found and where CPT
soundings had been carried out as geotechnical investigations. Below this, there is a deep
lower portion from 120 to 800 m depth consisting of alternating layers of Pleistocene sand and
clay, where only geophysical logs had been obtained. In the upper part, geotechnical correl-
ations between the CPT tip resistance and VS have been applied with their dispersion taken
into account. Instead, in the deeper portion starting from about 300 m depth an originally
available VP interval velocity log was converted into VS through different geophysical correl-
ations; after some testing, the result of applying a VP – VS correlation by Dvorkin (2007) was
assumed as reference VS profile, while the correlation of Brocher (2005) was used as lower
bound for VS, and the elasticity relationship with Poisson’s coefficient ν = 0.3 as upper bound.
From 120 to 300 m depth, a smooth transition was introduced. In Figure 9a, the mean velocity
actually used in the calculations is shown as a solid black curve and the upper and lower
bounds of the associated variability as dashed black curves. The excitation at (buried) bedrock
level for the NL analyses consists of 7 acceleration time histories, manipulated to become
spectrum-compatible for the two design return periods of 1000 and 2000 return periods, asso-
ciated with bedrock PGA values of 0.14 g and 019 g, respectively.

Figure 9. a) Reference VS profile with upper and lower bounds, determined from the indicated empir-

ical correlations, discussed in text; b) Seabed acceleration response spectra for 1000 years return period:

blue curve = spectrum from PSHA on soil type C, green curves = mean ± 1 standard deviation spectra

from NL Site Response Analyses (SRA), red curve = spectrum from application of Bazzurro & Cornell

(2004) method, blue curves = Uniform Hazard spectra calculated from PSHA on soil type C; c) Same as

(b), for 2000 years return period.
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To save time, advantage was taken in the NL analyses from the circumstance that for the
given excitation levels wave propagation remains viscoelastic across most of the profile depth
and that (moderate) NL behaviour is actually confined in the upper few tens of m. Hence,
only the 120 m upper section was treated as NL in the calculations (performed with the
DEEPSOIL (Hashash et al. 2016), and the much longer deeper section from 120 m to 800 m
depth as Linear (viscoelastic). Thus, the output motions obtained at 120 m depth from the
deep-portion linear propagation analyses were used as (buried) excitation for NL propagation
in the upper portion sediments to compute seabed motions. Note that with input PGV values
on rock in the 0.08 – 0.15 ms-1 range and VS,30 = 190 ms-1, the shear strain index γind previ-
ously introduced takes the values 0.04% - 0.08% and, hence, the criterion introduced in foot-
note 1 indicates that EL analyses would be largely adequate for the entire soil column.
On the other hand, in applying the B&C method, the entire column was treated as EL in

the 1D propagation analyses, performed with STRATA (Kottke & Rathje 2009). The variabil-
ity of the soil properties was in this case made to comply with the bounds shown in Figure 9a
for VS; for the mean values of the degradation curves, those of Seed & Idriss (1970) upper
limit were used for coarse-grained soils, and those of Seed & Sun (1989) for fine-grained ones.
For their variability ranges, the model of Darendeli (2001) implemented in STRATA has been
used (see as an example Figure 10 for the coarse-grained materials).
From the seabed spectra plots for 1000 years (Figure 9b) and 2000 years (Figure 9c) return

periods, one can first deduce that since the B&C spectra are most of the time enclosed within
the mean ± 1 σ bounds of the spectra from the NL analyses, their differences are not statistic-
ally significant. Upon a more detailed scrutiny, the spectra from the B&C calculations are
seen to be more narrow-band and systematically lower for T < 0.1 s, while the agreement is
very close for T > 0.3 s.
While increasing the number of excitation time histories in the NL would likely introduce

some further modifications, the comparison of the spectra in Figures 9b and 9c is believed to
be sufficiently representative and suggests that the B&C approach can work effectively also in
the presence of deep and soft soil deposit.
In addition, in Figures 9b and 9c, standard UH spectra calculated from PSHA on soil

type C have been drawn for a comparison. For the shorter return period, the PSHA spec-
trum is very close to the average spectrum from site response analysis while for the higher
return period, it exceeds the mean + 1 σ bound. This result can be interpreted by observing
that the vast majority of the strong-motion accelerograms that form the database of the
GMPEs used in PSHA, have recorded (presumably) linear soil response, so that the 2000-
year UH spectrum derived thereby significantly exceeds the spectra that reflect NL or EL
soil response.

Figure 10. Nonlinear degradation curves in terms of (a) normalized shear modulus and (b) material

damping ratio (%) with respect to shear strain (%) for coarse grained soil: blue curve = mean value from

Seed & Idriss (1970) upper limit, dashed red curves = variations based on the Darendeli (2001) model

implemented in STRATA.
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This example suggests that, when performing PSHA for return periods from a few to several
thousands of years (as required in the nuclear industry) with the rigorous probabilistic
approach of Bazzurro & Cornell (2004), one should preferably abandon the EL assumption of
soil behaviour, typically applied in popular codes such as DEEPSOIL and STRATA, and use
strictly NL models, although this will greatly increase the computational load.

3.2 Influence of Vs profile in deep soft soil sediments

In SRA on deep soft sediments, geologic formations with VS values of ~ 800 ms-1 representa-
tives of bedrock may occur at some hundreds of m depth, and a question may arise as to how
deep one should extrapolate the velocity profile beyond the near-surface range of direct meas-
urements, in most cases limited to some tens of m. As an example, Figure 11 shows 6 VS – vs.
depth profiles at a deep sediment site, from a projected industrial area in SE Africa; they were
obtained by combining VS – NSPT correlations in the upper part (to about 80 m depth) with
geophysical refraction surveys using SH waves to reach about 120 m depth. Shown in
Figure 11 for comparison are also the measured VS profiles at 9 vertical array sites of the Jap-
anese KiK-net, chosen among those with VS,30 in the 240-to-340 ms-1 range found at the pro-
ject site and a depth of the borehole seismometer, where VS reaches ~ 800 ms-1, varying
between 200 m and 401 m.
The reason for introducing the KiK-net sites is that they provide the possibility of using

their observations as a guide for assessing the validity of the 1D calculations for SRA on deep
soil sites.
With the input PGA levels in this project not exceeding 0.2 g, linear viscoelastic wave

propagation was in first approximation judged adequate for SRA, with a 10% decrease in

Figure 11. Vs velocity profiles in the SE Africa project area, shown in red (solid lines from 0 to 120 m

depth, dashed where extrapolated to larger depths, see text). Shown for comparison are nine selected

KiK-net stations profiles, labelled as AICH05, . . ., YMTH01.
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initial VS values to account for limited soil non-linearity. This assumption was checked against
the data at some of the KiK-net sites, notably NIGH03. Here, the empirical surface/down-
hole transfer functions computed for two strong motion records (with PGA=0.14 g and 0.19
g) and one weak motion (PGA=0.036 g) record showed no evidence of non-linear soil
behavior.
1D wave propagation was, thus, calculated (with the DEEPSOIL code) using the red-curve

VS profiles of Figure 11, reduced by 10%. The calculations were run in three groups: one with
fixed soil depth of 120 m, i.e. the range covered by the seismic velocity surveys, and VS =500
ms-1 at the base, and a second group with randomly generated velocity profiles starting from
the previous group, based on values of COV ≤ 0.2 obtained from the KiK-net profile. Thus,
25 different profiles were generated, all having the same velocity of 500 ms-1 at the base. In a
third group the profiles of the first group were extended to different maximum depths to reach
the reference value of 800 ms-1. Beyond 120 m, the profiles were extrapolated using a power
law, and the depths reached varied between 380 and 450 m. Five spectrally matched accelero-
grams were used as excitation on exposed bedrock for the first and third group, while 35 accel-
erograms were used for the second group. Test calculations performed for a few of the profiles
using both hysteretic and (frequency independent) Rayleigh damping have shown that the hys-
teretic damping generated high amplification peaks at low frequency and a quicker decay at
high frequency that did not fit at all the empirical data, so that the Rayleigh damping formu-
lation was preferred, with a damping level of 1-to-2 % between about 1 Hz and 10 Hz. The
fast high-frequency decay occurring beyond 20 Hz was related in this case to the maximum
frequency that could be propagated in the 1D mesh (25 Hz).
The mean Fourier amplitude transfer function (TF = soil surface-to-“inside” bedrock

ratios) from two of the three groups of soil profiles, computed from time domain analyses, is
compared in Figure 12 (red and blue curves) with the variability band (mean ± 1 σ) of the
empirical transfer function from the KiK-net stations listed in Figure 11. For the frequency
range 0.5 Hz < f < 4Hz a somewhat better agreement to the KiK-net TF is provided by the
mean TF for the randomized profiles, including the fundamental amplification peak at 0.6-0.7
Hz. The comparisons also confirm that the linear analysis with Rayleigh damping was an
acceptable choice, at least up to ~ 10 Hz.
For better guidance in engineering applications, Figure 13 compares the computed mean

response spectra from the previous three groups of subsoil models with the KiK-net average
spectrum taken over 6 records with PGA > 0.10 g and 4.8 ≤ M ≤6.5 at the indicated stations.

Figure 12. Mean computed Transfer Function (= FAS ratio surface/downhole) of the deep soil sites

discussed in text: red curve is for BH profiles with 380-450 m depth to bedrock, blue curve for fixed 120

m depth with 25 randomized velocity profiles (and 35 input motions). Shaded band shows the mean ± 1σ

surface/downhole ratio from recorded data at the nine selected KiK-net stations listed in Figure 11.
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This magnitude range is consistent with the dominant short-period disaggregation scenario for
the reference bedrock spectrum in SRA. Especially the 120 m but also the 380-450 m models are
statistically consistent with the KiK-net envelopes for period T up to ~ 0.4 s, since they yield
spectra that lie in the mean + 1 standard error (σ. ε.) band, while the significant band of the
randomized group spectra is too wide. However, all models overestimate the observed spectrum
ordinates for T > 0.5 s, well over the mean + σ. ε. level. The main indication are that in calcula-
tions for deep soil sites of class D (or C for Eurocode 8) preference in SRA should be given to
velocity models that reach formations with VS ~ 500 ms-1 (“engineering bedrock”), randomiza-
tion of velocity profiles can probably be omitted, and that in the long period range 1D vertical
wave propagation will no longer be the main propagation mode.

4 CONCLUSIVE REMARKS

The variety of subjects discussed derived from worldwide design studies of infrastructures,
mainly for hydrocarbon exploitation and processing projects. Although this variety makes it
difficult to extract general conclusions, to conclude we bring out the lessons learned on a few
salient points. Among PSHA topics, a real challenge was posed by complex seismotectonic
settings where stable continental and tectonically active regions co-exist, e.g. in the Persian
Gulf and in East Africa, and by the ensuing difficulty in devising defensible seismogenic
source models. We found that strongly increasing the number of logic tree branches would
not strengthen the estimation the mean hazard estimation but could lead to an unrealistic
increase in the percentile spread. In these settings, the earthquake activity distribution
obtained from sparse regional networks and from working catalogues assembled from hetero-
geneous databases can be biased by large earthquake location errors. Hence, source models
should be primarily consistent with the kinematic constraints provided by GPS observations
and with available subsets of relocated events, in addition to regional tectonics. The scarcity
of events in SCR also weakens the estimation of activity rates and extrapolation from similar
regions worldwide should be considered and weighed against estimation from available
regional data. When dealing with ground motion attenuation in SCR, for which simulation-
based models developed for North America are transferred to Europe and elsewhere, we have
argued in favour of exploring the use of macroseismic intensity attenuation patterns of
regional earthquakes, illustrated in the case of Eastern Africa.

Figure 13. Acceleration response spectra on the deep soil sites, i.e. for the 120 m deep original profiles

of Figure 11 (green curve), for the profiles extended to larger depth (red curves), and for the mean from

875 analyses on the 120 m depth randomized profiles (blue curve). Also shown, by black curves, are the

mean and mean +1 σ.ε. spectra from six strong motion records with PGA > 0.1 g at KiK-net sites of

Figure 11.
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In presenting aspects from SRA, we have focused on deep soft sites, found often at offshore
platform locations. In one representative site in the Adriatic Sea, the rigorous probabilistic
approach (attributed to Bazzurro & Cornell 2004, but first proposed by Faccioli & Ramirez
1975) was shown to perform well with respect to the commonly used hybrid approach as long
as the soil behaviour is nearly linear, see also the independent validations thereof by Faccioli
et al. (2018). However, the rigorous approach may lead to different surface spectra if soil
response departs significantly from linearity, but the standard equivalent soil treatment of the
method is retained. For the analysed design case, standard PSHA with the soil class amplifica-
tion factors of the GMPE could do well up to about 1000 years return period.
Finally, analysis of a deep soil site in Africa with VS velocity profiles extending to over 100 m

depth has indicated the benefit of drawing seismic response indications directly from available
records of Japanese KiK-net sites with similar velocity profiles. Relying only on 1D wave propa-
gation analyses leads to overestimation of intermediate and long period spectral ordinates, i.e.
in a range where 1D vertical wave propagation is no longer the dominant propagation mode.
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