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Abstract
In the Kribi region (south-western Cameroon), a new industrial harbour has been built. 
This area is marked as a low-seismicity zone, according to the global seismic hazard map. 
This estimate is based, however, on a poorly documented data set. Industrial harbours are 
critical facilities and, consequently, appropriate cautions have to be taken in the seismic 
design. This paper illustrates the methodology adopted to compute the expected ground 
motion for the seismic design of the new harbour, starting from the available information. 
The standard probabilistic seismic hazard assessment is based on a logic tree approach 
considering areal and fault sources with two earthquake rate models (characteristic earth-
quake and Gutenberg–Richter), and two ground motion prediction equations. As expected, 
the obtained ground motion at the bedrock for a return period of 475  years is not very 
large [0.07 g, in terms of horizontal peak ground acceleration (PGA)] with a well marked 
peak between 0.1 and 0.2  s. This result is in agreement with that of the Global Seismic 
Hazard Assessment Project, where a general PGA between 0.04 and 0.08 g is associated 
with south-western Cameroon. The effects of local site conditions are evaluated through 
geophysical methods (single station and array surveys) and 1D linear-equivalent numerical 
modelling. Considering the two geotechnical models identified in the study region, by a 
specific geophysical survey executed during this study, local amplifications of 1.9 and 2.2 
have been calculated for the two sectors, respectively. Furthermore, the results obtained, 
in terms of uniform hazard response spectra, have been used as guidelines to determine 
the design ground motions for the maritime and land infrastructures planned in the Kribi 
harbour area. This study represents a summary of the present knowledge on the seismicity 
of this part of Africa as well as the first regional and local seismic hazard assessment for 
the Kribi area.
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1 Introduction

Cameroon (Fig.  1) is one of the most expanding economies in the African continent. A 
new deep-sea port has been built in the Kribi area, a coastal town on the Gulf of Guinea, 
150 km south of Douala, the busiest seaport and largest city in the country, which is now 
no longer suitable for this role. The project is articulated and includes the construction of 
industrial facilities as well as an inevitable urban expansion of the small town, expected to 
become a regional transport hub for Atlantic coast countries. This facility will be important 
for the outbound cargos, primarily transporting iron, alumina, and other minerals, from 
both Cameroon and the surrounding countries. The new harbour will provide access to big 
ships that cannot at present dock in Cameroon, not even in Douala. The project encom-
passes the creation of one multi-purpose platform and one container berth, the gravity 
caisson arrangement will be used for sub-structures, and the designed hydraulic structure 
can support bulk and container carriers when docking. Loading and unloading facilities, 
electro-mechanical devices, rear stack yard, and other service buildings are also part of the 
project.

The construction of such a critical facility involves the study of the seismic hazard dur-
ing the design phase, as recommended by the American PIANC standards (PIANC 2001) 
or by the British Standard (BS 6349 2016). Nevertheless, the available information on 

Fig. 1  Seismicity of Africa from 1903 to 2010 (from the USGS web site). The Cameroon border is high-
lighted in red

Author's personal copy



1827Bulletin of Earthquake Engineering (2019) 17:1825–1861 

1 3

this argument is very scarce because of the lack of studies and insights into strong seismic 
events historically occurred in this area (Ambraseys and Adams 1986, 1991). Previously 
hazard studies were carried out on continental (Giardini et  al. 1999) or regional (Midzi 
et al. 1999; Mavonga and Durrheim 2009) scales whereas it is difficult to find in literature 
detailed studies.

In this paper, we attempted to assess the expected ground motion for designing the new 
port of Kribi. This is done in three steps: first, the expected seismic input at the bedrock, 
for different return periods (RPs), is assessed through an ad hoc revision of the earthquake 
catalogue and by using a probabilistic seismic hazard analysis (PSHA) that takes into a 
special account the uncertainty associated with the available data. Second, a number of 
geophysical surveys are performed to assess the bedrock-to-surface transfer function and 
response spectra, and to calculate the seismic motion at the depth of the foundations. Third, 
the resulting probabilistic accelerations are used to design both maritime and land infra-
structures according to Eurocode 8 (CEN 2002) and BS 6349 (2016).

The methodology here applied for seismic hazard assessment of critical facilities fol-
lows the guidelines given by the Senior Seismic Hazard Analysis Committee (SSHAC, 
1997), summarized by Budnitz et  al. (2006). A description on how the seismic ground 
motion should be considered in design can be found in Grimaz and Slejko (2014) and an 
example of application for normal buildings and critical facilities was illustrated by Slejko 
et al. (2011). A recent application of the SSHAC methodology for the Swiss nuclear power 
plants is represented by the Pegasos project (Abrahamson et al. 2002; Musson et al. 2005; 
Schmid and Slejko 2009; Renault 2014).

Today the Kribi port is operating.  Despite the core of the work has been performed 
some years ago, we believe that our study is still valid as an  interesting example of this 
topic in a region with limited data and basic information.

2  Seismic hazard for the Kribi site

Seismic hazard is not one of the major natural issues for central-western Africa (Fig. 1) 
and, as a consequence, only few seismological stations are installed in this part of the 
continent. This affects the quantity of the instrumental data collected at present and, con-
sequently, the knowledge of the recent seismicity. Information about the historical earth-
quakes is not complete as well and we, therefore, conclude that the seismicity of central-
western Africa, and specifically of Cameroon, is not well known. Nevertheless, a few 
major earthquakes that stroke Cameroon are recorded in the earthquake catalogues and this 
suggests that seismic hazard should be considered and possible extreme events should be 
taken into account when designing critical facilities.

According to the Global Seismic Hazard Assessment Project (Giardini et al. 1999) peak 
ground accelerations (PGAs) between 0.08 and 0.16 g are expected in a limited south-east-
ern part of Cameroon for a return period (RP) of 475  years, while most of the country 
remains below 0.08 g. In 2007, the United Nations Office for the Coordination of Human-
itarian Affairs produced a different estimate of seismic hazard (OCHA, 2007), in terms 
of macroseismic intensity, and, according to that work, only north-western Cameroon is 
concerned with values larger than VI in the Modified Mercalli scale (Wood and Neumann 
1931), that is above the damage threshold.

The low seismicity of Cameroon documented in the catalogues and the caution required 
in designing critical facilities, as the harbour object of this study, motivated an improved 
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application of standard seismic hazard assessment methods, by taking into account the large 
uncertainties that characterize this kind of studies.

Quantifying the uncertainties (McGuire 1977) is a fundamental issue in modern PSHA. 
The aleatory variability (natural randomness in a process) and the epistemic uncertainty 
(scientific ignorance about the models of the process) are the two kinds of uncertainties 
(McGuire and Shedlock 1981; Toro et  al. 1997) that mainly affect PSHA results. The first 
is taken into account by introducing in the computation the standard deviation of the rela-
tions describing the process while the second introducing alternative models in the frame of 
a logic tree (Kulkarni et al. 1984; Coppersmith and Youngs 1986). In this way, the final result 
is a weighted mean of the individual outcomes of the logic tree branches [more details can be 
found in Rebez and Slejko (2004)].

The geometry of the seismic sources, the earthquake catalogue, and the attenuation model 
are the core of the seismotectonic approach, originally introduced by Cornell (1968), to the 
modern PSHA studies. The seismic sources are usually modelled as wide areas, named seis-
mogenic zones (SZs): inside them the earthquakes are supposed to occur randomly (see e.g. 
Kramer 2013). The seismic sources can generate earthquakes of all magnitudes, according to 
the Gutenberg–Richter (GR) law, or can produce only events of a certain magnitude, accord-
ing to the characteristic earthquake (CE) model (Schwartz and Coppersmith 1984). The atten-
uation model is expressed, generally, by ground motion prediction equations (GMPEs) via 
data recorded by accelerometric stations.

Generally, the delineation of the SZs is based on geological and seismological evidence. 
The identification of tectonic structures with documented seismic activity, unfortunately, is 
rare. More frequently, geology identifies tectonic structures that were, and perhaps still are, 
active according to the seismicity documented in the vicinity. Furthermore, it is hard to infer 
the deep geometry of the faults. Thus, a way to establish a link between geology and seismic-
ity is the definition of a general kinematic framework (see e.g. Meletti et al. 2000). Upon this 
kinematic basis, seismotectonic regions with homogeneous behaviour are identified, leading 
to the SZ map that collect one fault, or alternatively, a population of homogeneous faults with 
their associated earthquakes [see Schmid and Slejko (2009) for more details of the approach]. 
Alternatively, once identified the kinematic and seismotectonic character of a region, a source 
model can be based on the fault activity evidence highlighted by the tectonic information 
available. In our case, both source models have been applied as neither seismicity nor geology 
are strong enough to constrain a single model (see Slejko et al. 2011).

In the present study, a logic tree (Fig. 2) with four branches has been constructed for the 
bedrock hazard maps to deal with the epistemic uncertainties. It includes two source models: 
(1) a model with wide SZs, GR magnitude model with statistical computation for the maxi-
mum magnitude, and (2) a model with faults, associated with CE seismicity model with tec-
tonic estimation of the maximum magnitude. Two GMPEs of global validity have been con-
sidered for the ground motion parameters: Akkar and Bommer (2010), A&B hereafter, and 
Cauzzi and Faccioli (2008), C&F hereafter.

Seismic hazard has been computed in terms of PGA and uniform hazard response spectra 
(UHRSs), under the Poisson model for seismicity time occurrence both for the GR and CE 
magnitude models.

2.1  Earthquake catalogue

The present study is focused on the broader Kribi harbour area but for a sound PSHA a 
wider region must be considered to be sure that all seismic sources that can contribute to 
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the ground shaking of the study area are properly taken into account. For this reason, a 
circular region with a 500-km radius from Kribi has been selected (hereafter cited as SW 
Cameroon, see the orange circle in Fig. 3): all sources in this area have been defined and 
their seismicity has been modelled.

The earthquake catalogue of this region is the basic information for any PSHA: the 
richer and more homogeneous is the information about past earthquakes and the better and 
more stable will be the results of the seismic hazard computation. As already stated, just 
a very few events interesting Cameroon are reported in the catalogues and databases, and 
regional catalogues are not available.

The worldwide bulletins of the International Seismological Centre (ISC) have been cho-
sen as main source of information to retrieve earthquake data (ISC 2012). The other data 
sources considered in the present study are: the catalogue of the British Geological Sur-
vey (Musson 1994), the Centennial Catalogue (Engdahl and Villaseñor 2002), the Global 
Earthquake Catalogue for Stable Continental Regions (Schulte and Mooney 2005), and the 
bulletins of the National Earthquake Information Center of the United States Geological 
Survey (NEIC 2012).

The number of events reported in the ISC database for Cameroon from 1900 to 2010 is 
quite small and they have a magnitude larger than 6 only in exceptional cases. The strong-
est event occurred in September 1945 at the border with Congo (635 km from Kribi) and 
a strong sequence happened in January 1969 in the area of the Mbam et Djerem National 
Park, with an event of magnitude 5.8, followed one  month later by a strong aftershock 
of magnitude 5.5. Few additional events are located offshore, some of which around the 
island of Malabo.

The event of September 23, 1974 in Gabon with a magnitude around 6, is the only 
important earthquake in the vicinity of Cameroon reported in the Centennial Catalogue. 
The Global Earthquake Catalogue for Stable Continental Regions reports the quake of 
March 26, 1911 in the area of Lolodorf (Ambraseys and Adams 1991) with a magnitude 
of 5.8. Two additional quakes hit the coastal area of Cameroon in 1903 (magnitude 4.4) 
and 1908 (magnitude 4.3) according to Ambraseys and Adams (1986). Additional sixteen 
earthquakes that occurred in southern Cameroon during the last 100 years were gathered 
from scientific studies on the Kribi area (Nfoumou et al. 2004), that represent an update of 
the previous earthquake compilations by Ambraseys and Adams (1986, 1991) and Tabot 

Fig. 2  The logic tree used to treat the epistemic uncertainties in the PSHA calculation of the study area. 
The weight adopted for each branch is reported as decimal number
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et al. (1992). Ateba et al. (1992) deeply studied these seismic events and claimed that they 
are related to the volcanic activity of Mount Cameroon (NNE of Kribi) (Fig. 3). The most 
recent earthquake in the region, with a magnitude of 3.2, occurred in July 2002 (Nfoumou 
et al. 2004).

It is superfluous to remember that location and magnitude of earthquakes occurred in 
the early 20th century have macroseismic origin, and, therefore, with considerable uncer-
tainty. We are also talking about areas that were scarcely inhabited and very often earth-
quake news is related to the oral tradition of local tribes (Ambraseys and Adams 1986). 
Finally, instrumental relocation for these events is difficult due to the lack of stations in 
Africa and their incomplete spatial distribution at that time (Ambraseys and Adams 1991).

Additional information on low magnitude events would help in defining the seismi-
cally active zones and would drive the design of the SZs that are a fundamental element 
in PSHA evaluation. The instrumental recording of earthquakes in Cameroon started in 
1982 (Fairhead 1985) and since 1984 the Institute of Mining and Geological Research 
has been running a network of seismic stations around Mount Cameroon to monitor the 

Fig. 3  Seismicity of SW Cameroon (area with a 500-km radius from Kribi, marked with an orange circle). 
The earthquakes reported in the map refer to Table 1 and the number indicates the year

Author's personal copy



1831Bulletin of Earthquake Engineering (2019) 17:1825–1861 

1 3

eruptive activity of the volcano (Ateba et al. 1992; Tabot et al. 1992 and references therein) 
and its associated seismicity also along the so called Cameroun Volcanic Line (Ubangoh 
et al. 1997; Gallacher and Bastow 2012; Koch et al. 2012). However, the Mount Cameroon 
Observatory seismic network is quite shifted with respect to the Kribi region and it is not 
suitable to provide useful data: Batoke, the nearest station, is at 145  km NW of Kribi, 
while the Yaoundè station is located at 190 km NE (Fig. 3).

The earthquake magnitude is given in several scales  (MS,  mb,  ML), which have different 
scaling properties (e.g. with peak ground motions), saturation or minimum cut-off levels. 
To guarantee a certain homogeneity in the catalogue, the moment magnitude  (MW) scale 
was selected as the most reliable one, because it scales linearly with seismic moment and 
energy for a large magnitude range. For this reason, all other magnitude types that were 
available from the original sources were transformed into  MW by appropriate formulas 
(Kanamori 1983; Scordilis 2006).

As the seismic hazard assessment has been performed according to the Cornell (1968) 
approach, some operations needed to be applied to the earthquake catalogue before 
approaching the seismicity rate computation for the different seismogenic sources. The 
first operation was the removal of the aftershocks. The exclusion of the dependent events 
(aftershocks) has been done according to the Gardner and Knopoff (1974) approach, i.e. 
by applying the space–time windows defined for California. In such a way six dependent 
events were rejected and the final data file (Table 1) used for hazard estimates includes 58 
events with magnitude larger than 2.7.

The magnitude distribution in the catalogue of SW Cameroon as a function of time is 
rather peculiar (Fig. 4): there are three earthquakes at the beginning of the 20th century, 
one of magnitude larger than 5  (MW = 5.8), no events until the second half of the 1960s, 
when only quakes with  MW larger than 5 are reported, and events also with low magnitude 
from the second half of the 1980s.

A way to analyse the catalogue contents is that of computing the GR distribution, i.e. 
to check if the various classes of magnitude are adequately represented (in terms of num-
ber of events) in the catalogue according to the periods of completeness of the different 
magnitude classes (identified as 1965 for events of  MW 5 and more, 1985 for  MW 2.5 and 
more, see Fig. 4). To construct the GR distribution, we have computed the seismicity rates 
following the “higher not highest” method developed for the seismic hazard map of the 
Italian territory (Slejko et al. 1998) in terms of  MW. This method is conservative: the seis-
micity rates are computed taking into consideration the completeness but also the level of 
seismicity in different time periods. The maximum likelihood method (Weichert 1980) has 
been applied for interpolating the seismicity rates and the value of 0.8 was obtained for the 
b-value of the Kribi catalogue with a standard error of 0.2.

2.2  Seismogenic source definition: kinematic framework and seismotectonic model

The basic element for delineating seismogenic sources is an adequate kinematic model, 
capable of explaining the recent (Neocene–Quaternary) evolution of the whole area and 
describing the actual movements linked to the seismicity. The choice to consider SZs, wide 
or narrow (fault like) according to the available seismotectonic information, is motivated 
by the difficulty to associate specific earthquakes to individual faults, due to the uncertain-
ties in earthquake location and in the poor knowledge of the deep geometry of the faults.

Several studies about the pan-African belt of Central Africa improved the under-
standing of this stable continental area whose margin is segmented by many fracture 
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Table 1  Earthquake catalogue. h 
is the focal depth; the values 33 
and 10 represent the depth fixed 
for crustal earthquakes in the ISC 
data base

Year Month Day Time Lat. (˚) Lon. (˚) h (km) Mw

1903 06 10 11:20:00 03.00 10.00 4.4
1906 11 20 21:00:00 06.50 00.30 5.1
1911 03 26 13:20:00 03.10 11.00 5.8
1913 10 09 16:00:00 03.80 12.30 4.9
1917 01 21 23:27:20 − 03.00 10.00 5.6
1921 09 16 19:00:00 03.80 16.30 4.8
1945 09 12 00:51:20 02.50 15.60 6.1
1966 10 28 16:55:40 02.00 15.00 4.0
1967 04 25 15:40:52 14.00 16.00 33 5.2
1967 05 14 12:40:37 − 02.00 04.00 33 5.3
1967 06 08 05:07:07 06.00 14.00 33 5.1
1967 06 08 13:38:06 03.00 08.00 33 5.4
1967 06 23 14:54:33 09.00 15.00 33 4.9
1967 10 24 03:29:19 09.00 16.00 33 5.3
1967 11 04 11:15:55 11.00 12.00 33 4.8
1967 11 13 06:43:49 09.00 17.00 33 5.0
1967 11 17 09:35:22 00.00 05.00 33 5.0
1968 03 08 12:03:39 − 01.20 04.50 33 5.0
1968 03 10 01:37:45 05.80 10.00 33 5.1
1968 03 10 01:51:50 04.80 11.40 33 5.1
1969 01 24 03:30:52 05.60 12.40 33 5.8
1969 03 25 07:25:53 09.30 17.00 33 4.9
1970 07 14 04:03:44 13.70 06.00 33 4.1
1974 09 23 19:28:14 − 00.30 12.76 3 6.0
1976 03 12 15:59:14 − 00.49 12.62 33 5.1
1976 05 15 08:09:57 04.46 19.44 23 5.5
1983 06 18 02:09:37 − 01.05 04.34 10 4.8
1986 02 13 00:42:06 04.36 09.14 10 3.7
1986 02 13 01:06:11 04.37 09.14 8 4.1
1986 02 13 01:30:48 04.44 08.97 11 4.1
1986 02 13 01:54:22 04.36 09.14 7 4.2
1987 01 26 23:11:34 06.37 12.45 10 4.9
1987 09 04 21:30:54 03.20 09.90 4.0
1987 09 11 04:11:27 03.20 10.10 3.7
1987 09 17 14:09:11 03.00 10.00 3.3
1987 09 18 11:04:15 03.80 10.40 2.8
1988 01 07 22:55:54 00.56 18.44 36 4.7
1988 03 19 13:10:47 03.50 09.90 3.4
1989 03 14 15:24:09 04.00 11.40 2.8
1989 03 16 13:19:57 03.00 09.70 3.5
1990 09 20 12:13:25 04.22 09.06 10 4.5
1994 07 30 08:30:22 00.77 06.53 2 2.7
1994 11 07 05:07:51 11.65 06.35 30 4.2
1995 09 22 08:51:49 01.09 19.34 10 5.3
1998 03 05 02:59:00 00.81 17.40 9 5.1
1998 04 26 14:16:55 00.89 17.34 27 5.2
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zones and volcanic lines; see Toteu et al. (2001) and reference therein for a comprehen-
sive summary. The most reliable regional kinematic model (continent–continent colli-
sion) identifies a huge fracture zone created by the relative motion between the Congo 
craton (CC) to the south and the West African craton (WAC) to the north (Fig. 5a). This 
enormous Central African Shear Zone, a lineament extended from Sudan to the coastal 
Cameroon, is visible in the Foumban Shear Zone (FSZ), which was active before and 
during the opening of the South Atlantic in the Cretaceous period, and in the Central 
Cameroon Shear Zone (CCSZ). Among the earthquakes that might have been felt in 

Table 1  (continued) Year Month Day Time Lat. (˚) Lon. (˚) h (km) Mw

1999 03 27 18:04:44 03.97 08.78 10 4.2
1999 03 27 19:03:56 03.83 08.63 10 4.4
1999 03 27 22:32:46 03.96 08.72 10 4.4
2000 03 07 15:53:24 06.29 05.07 10 4.4
2000 10 17 11:10:41 01.12 16.93 33 4.2
2001 11 04 19:48:39 09.40 04.75 33 4.7
2002 07 23 19:50:00 03.00 09.00 3.2
2005 03 19 11:49:17 04.21 11.10 10 4.2
2008 05 24 05:06:24 − 00.25 12.81 0 3.8
2009 07 06 03:11:32 − 01.26 04.59 0 3.7
2010 05 26 13:03:46 − 00.82 06.40 10 3.9
2010 11 09 20:38:20 00.13 16.77 0 3.9

Fig. 4  Earthquakes in SW Cameroon (within an epicentral distance of 500 km from Kribi) as distributed in 
time. The green area highlights the periods of magnitude completeness of the catalogue: 1965 for events of 
 MW 5.0 and more, 1985 for  MW 2.5 and more
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Cameroon since 1900, many are linked to the FSZ. A major earthquake in 1986 could 
indicate that the shear zone is reactivating (Nfoumou et al. 2004).

The SW Cameroon Shear Zone (SWCSZ) is the prolongation of the CCSZ (Fig. 5b). 
The western end of CCSZ is obscured by the volcanoes of the Cameroon Volcanic line 
(CVL), a unique volcanic lineament stretching from the Atlantic island of Annobon to 
the interior of the African continent. Most of the earthquakes occurred in Cameroon is 
associated with the volcanic activity of Mount Cameroon (NNE of Kribi) (Nfoumou 
et al. 2004). Further south and west of the CC, the Fracture Zone Offshore (FZO) repre-
sents a possible continuation of the fracture zone in the Gulf of Guinea.

The Sanaga Fault (SF), a NE–SW oriented fault covered by a thick layer of alluvial 
deposit, belongs to the CCSZ too. The SCSZ, SF and the northern limit of the CC may 
have been frequently reactivated as seen from the concentration along them of most of 
the historic and recent tectonic seismicity in Cameroon (Nfoumou et al. 2004).

The seismotectonic model (Fig. 6), defined from the global analysis of seismicity and 
tectonic data, represents homogeneous areas both from the geological and seismological 
points of view. Summarizing what we have explained before, we can say that tectonic 
activity is motivated to occur in the FZO, in SWSCZ, and in the CCSZ. Moreover, vol-
canic activity is motivated in the area containing the CVL. Conversely, the CC appears 
to be aseismic.

Merging together the data from the earthquake catalogue and the available tectonic 
information enabled us to identify the seismotectonic model for the study region; from 
it, the seismogenic sources, both as linear sources and areal ones, remain defined.

Fig. 5  Kinematic framework of SW Cameroon (modified from Nfoumou et al. 2004): a map showing the 
principal tectonic units of Africa: WAC  West African craton; CC Congo craton; KC Kalahari craton; CVL 
Cameroon volcanic line; b principal fracture zones: CCSZ Central Cameroon shear zone; FSZ Foumban 
Shear Zone; SWCSZ SW Cameroon shear zone; SCSZ South Cameroon shear zone; SF Sanaga fault
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2.2.1  Seismogenic model based on wide zones

We tried to use simple geometric structures in order to design the SZs with common seis-
motectonic characteristics. The geometry and the characteristics of major faults were con-
sidered for the definition of the general shape of the proposed zones, while earthquake 
epicentre distribution was taken into account to define the transition borders between 
neighbouring seismic zones.

Figure 7 shows the seismogenic model based on wide SZs for the study area. The model 
has four zones. SZ1 contains all the seismicity related to the volcanic activity of Mount 
Cameroon and follows the CVL, where 60% of the earthquakes in southern Cameroon 
occurred according to Nfoumou et al. (2004). SZ2 is placed around Kribi and encloses the 
seismicity related to the Edea-Kribi area (Ateba et al. 1992) included the last July, 2002 
earthquake (Nfoumou et al. 2004). SZ3 is at the edge of the craton including the largest 
March 26, 1911 earthquake occurred on in the area of Lolodorf (Ambraseys and Adams 
1991). This zone is managed using the CE seismicity model, because it includes only one 

Fig. 6  Seismotectonic model of SW Cameroon. It identifies the homogeneous regions from the tectonic and 
seismological points of view
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event. SZ4 is part of the CCSZ collecting inside the January 1969 strong sequence [the 
Mbam et Djerem National Park  MW 5.8 event and a  MW 5.5 strong aftershock (ISC 2012)].

The GR distribution of the various SZs (Table 2) have been computed in the same way 
as for the whole SW Cameroon earthquake catalogue fixing the b-value at 0.8 (value of the 
SW Cameroon catalogue) as the number of events in the SZs is not adequate to perform a 
sound regression analysis (see Fig. 8).

2.2.2  Seismogenic model based on faults

For the zonation based on actual faults, all most recent on-shore and off-shore geologi-
cal, tectonic, and geophysical available data have been compiled and analysed in order to 
delineate the areas with different geo-tectonic environment for usage in the seismic source 
definition and modelling. We have considered all the faults as active faults according to 
several criteria: seismological (presence of hypocentres around the fault area), kinematic 
(local and regional active stress field, faulting pattern, etc.), geological (age of deformed 

Fig. 7  SZs and seismicity of SW Cameroon. The orange circle identifies SW Cameroon
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rocks and their internal structure, etc.), as well as any other data available at small and 
large scales.

The enormous fracture zone that characterizes southern-central Cameroon, according to 
our seismotectonic model described above, shows different steep dipping structures delim-
ited by two main N70°E shear zones: the SCSZ to the north and the SF to the south (Ngako 
et al. 2003).

The SF is the most continuous tectonic lineament (highlighted also by the remote sens-
ing images of the ground), hundreds of kilometres long and affected by a dextral movement 
in its northern part, while the southern part appears to be linked to the CC (Dumont 1986). 

Table 2  Parameters of the SZs: a 
and b are the GR coefficients; σb 
stands for the standard deviation 
of the b-value;  Mmax stands for 
maximum magnitude; σMmax 
is the standard deviation for  Mmax

SZ a b σb Mmax σMmax

1 3.0 0.8 0.2 5.8 0.4
2 2.1 0.8 0.2 4.7 0.4
3 – – – 6.9 0.2
4 2.9 0.8 0.2 6.2 0.5
Bkg 2.6 0.8 0.2 6.0 0.2

Fig. 8  GR graphs for the SZs and the background zone. A fixed b-value of 0.8, computed for the SW Cam-
eroon catalogue, has been applied to all SZs
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Anyway, the SF is located at the border of the study area and, consequently, it contributes 
only marginally to the seismic hazard of Kribi. The SCSZ is characterised by late tectonic 
development of left-handed fault zones with orientation from NE–SW to N–S (Nsifa et al. 
2013). The entire fracture area is more than 100 km long. The SWCSZ shows fault seg-
ments (about 20 km long) mainly oriented towards N–S and arranged parallel to each other.

The northern edge of the CC occupies much of southern Cameroon, where it is called 
the Ntem complex (Tokam et al. 2010). The contact with the Oubanguides Belt is structur-
ally well defined by E–W thrust faults, which is extended over a distance of about 300 km 
(TN in Fig. 9). To the west, the contact (TW in Fig. 9) appears less clear and known (Ateba 
et al. 1992).

The Cameroon Volcanic Line (CVL), a N30°E oriented volcanic zone, about 1600 km 
long, with both ocean and continental sectors (Tokam et al. 2010), is included in the Cam-
eroon Volconic Zone (ZMC) (Fig. 9).

The fracture system defined by faults parallel to the rift and oriented N60°E (FZ in 
Fig. 9) is linked to the rifting stage when the basement of the southern continental margin 
of Cameroon has been subjected to extensive stress (Benkhelil et  al. 2002). The Benito 
Rift (BR in Fig. 9) is one of the main onshore lines, showing evidence of Cenozoic rifting 
(Ministry of Mines, Industry and Energy, Republic of Equatorial Guinea; http://equat orial 
oil.com).

Faults without documented seismicity have been also considered in this study, even if it 
was extremely difficult to estimate a recurrence interval for these faults due to the absence 

Fig. 9  Active faults in SW Cameroon contributing to the seismic hazard of the Kribi harbour complex. See 
Table 3 for the names of the faults. The region shown in the right panel corresponds to the red square in the 
left panel
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of seismicity data. For considerations about the use in PSHA of faults without documented 
seismicity see Slejko et al. (2011).

The fault activity has been modelled with a geodetic approach based on slip rate values 
estimated for each fault from GPS data modelling and the geometry of the fault rupture. 
According to an integrated global model of present-day plate motions and plate bound-
ary deformation proposed by Kreemer et al. (2003), the regional slip velocity is taken as 
25 mm/year toward NE (51°).

The faults displayed in Fig. 9 were used as seismic sources in the second model of this 
study. We have considered a possible segmentation for the major faults, where only a part 
of the fault length ruptures according to a simple segmentation scheme (see parameter 
Rup. in Table 3).

Giving the orientation of the fault (Φ in Table 3), the type of rupture mechanism (K in 
Table 3), the fault segment (Rup. in Table 3) and the seismotectonic model, a slip rate has 
been attributed to each fault (SR in Table 3). Then, starting from the estimation of the fault 
average slip, in accordance with the magnitude of the CE associated to each fault, derived 
from empirical relationships (Wells and Coppersmith 1994), we have calculated the recur-
rence interval of the CE (RI in Table 3).

In addition, a background zone (Bkg in Table 2) has been introduced: it collects the low 
seismicity not linked to any fault. More precisely, the events in the background zone with 
a magnitude lower than the minimum characteristic magnitude have been fitted accord-
ing to the GR model and this seismicity has been treated in the PSHA elaboration as a 
zone-source.

2.3  Shaking attenuation model

GMPEs are one of the basic elements for seismic hazard analysis. At present, many ana-
lytical relations have been proposed in the literature (see Douglas 2018, for a review), 
defined at different scales (from local to regional and global), for different magnitude and 
distance ranges, using data sets of various qualities, which sometimes demonstrate severe 
drawbacks.

Generally, different GMPEs are considered as branches of the logic tree and they repre-
sent the epistemic uncertainty of this topic. In our case, no GMPE of regional applicability 
for this area is available, because of the low number of accelerometric recording stations.

For the above considerations, we applied two global GMPEs selected on the criterion 
of well-controlled strong motion database used for calibration. We used the A&B GMPE, 
calibrated on data from the European Strong-Motion Database and largely validated by 
the scientific community, and the C&F GMPE, calibrated only on well-controlled Euro-
pean and Japanese strong motion records. The choice of these two GMPEs is motivated by 
the fact that the authors claim that the data base upon which both relations are calibrated 
is carefully controlled and as homogeneous as possible. Recent updates of these GMPEs 
(Akkar et al. 2014; Cauzzi et al. 2015) were not yet available when this study was origi-
nally carried out, and were therefore not considered.

The comparison between the two chosen GMPEs shows that both predict very similar 
shakings for  MW = 6, while they differ notably especially in the near field for  MW = 5, with 
the A&B GMPE predicting larger shakings (Fig. 10).
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Table 3  Faults parameters: ϕ = strike angle in degrees; δ = dip angle in degrees; K = kinematics (S = strike-
slip; R = reverse); L = length in km; W = width in km; Rup. = rupture as fault length percentage; SR = slip 
rate in mm per year; RI = CE recurrence interval;  MW = CE magnitude

Name ID ϕ (°) δ (°) K L (km) W (km) Rup. (%) SR 
(mm/y)

RI (y) MW

Benito rift BR 42 85 S 97 12 0.3 0.48 2545 6.6
Fracture zone 

offshore
FZ1 43 85 S 124 13 0.3 0.48 2992 6.8

Fracture zone 
offshore

FZ2 42 85 S 120 13 0.3 0.48 2934 6.8

Fracture zone 
offshore

FZ3 46 85 S 79 12 0.3 0.49 2207 6.5

Fracture zone 
offshore

FZ4 48 85 S 53 10 0.3 0.49 1681 6.3

SW Cameroon 
shear zone

SCSZ1 21 85 S 25 11 1.0 0.88 1167 6.5

SW Cameroon 
shear zone

SCSZ2 21 85 S 81 12 0.3 0.88 1235 6.5

SW Cameroon 
shear zone

SCSZ3 21 85 S 62 12 0.5 0.88 1363 6.6

SW Cameroon 
shear zone

SCSZ4 21 85 S 82 12 0.3 0.88 1245 6.5

SW Cameroon 
shear zone

SWCSZ1 18 85 S 56 12 0.5 0.39 2873 6.5

SWt Cameroon 
Shear zone

SWCSZ2 18 85 S 55 12 0.5 0.39 2865 6.5

SW Cameroon 
shear zone

SWCSZ3 18 85 S 40 11 0.5 0.39 2308 6.4

SW Cameroon 
shear zone

SWCSZ4 18 85 S 37 10 0.5 0.39 2184 6.3

SW Cameroon 
shear zone

SWCSZ5 18 85 S 58 12 0.5 0.39 2967 6.6

SW Cameroon 
shear zone

SWCSZ6 43 85 S 30 12 1.0 0.46 2555 6.6

SW Cameroon 
shear zone

SWCSZ7 43 85 S 18 10 1.0 0.46 1838 6.3

SW Cameroon 
shear zone

SWCSZ8 43 85 S 24 11 1.0 0.46 2231 6.5

SW Cameroon 
shear zone

SWCSZ9 43 85 S 28 12 1.0 0.46 2437 6.6

Thrust Craton 
Est

TW1 234 10 R 31 15 1.0 0.02 51,719 6.7

Thrust Craton 
Est

TW2 234 10 R 46 19 1.0 0.02 65,971 7.0

Thrust Craton 
Est

TW3 234 10 R 27 14 1.0 0.02 46,841 6.6

Thrust Craton 
Est

TW4 234 10 R 100 16 0.3 0.02 54,169 6.8

Thrust Craton 
Nord

TN1 285 10 R 43 18 1.0 0.37 4128 6.9
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2.4  The reference return periods for the hazard assessment

In order to define the reference RPs for the present seismic hazard assessment, we have 
consulted the relevant documents available in literature regarding the seismic defence of 
seaport infrastructures (e.g. Bozzoni and Lai 2012; Werner 1998; Pitilakis et  al. 2006; 
POLA 2007). Standards and seismic codes give the characteristics of the reference PGA 
 (agR) at the site, considering different performance levels, design working lives, and classes 
of importance of the structures. Consequently, the BS 6349 (2016) standards and the EC8 
(CEN, 2002) seismic code have been considered as main points of reference. From this 

Table 3  (continued)

Name ID ϕ (°) δ (°) K L (km) W (km) Rup. (%) SR 
(mm/y)

RI (y) MW

Thrust Craton 
Nord

TN2 285 10 R 42 18 1.0 0.37 4042 6.9

Thrust Craton 
Nord

TN3 285 10 R 48 19 1.0 0.37 4396 7.0

Thrust Craton 
Nord

TN4 285 10 R 47 19 1.0 0.37 4331 7.0

Thrust Craton 
Nord

TN5 285 10 R 48 19 1.0 0.37 4380 7.0

Thrust TN6 285 10 R 13 10 1.0 0.37 1879 6.2
Cameroon Vol-

canic zone
ZMC 39 0 R 226 16 0.3 2.03 1078 7.1

Fig. 10  GMPEs for rock and 
two fixed earthquake magnitudes 
 (MW 5 and 6). A&B stands for 
Akkar and Bommer (2010); C&F 
for Cauzzi and Faccioli (2008). 
The solid lines show the mean 
values; the dashed lines indicate 
the mean values plus one stand-
ard deviation
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analysis, we have distinguished the seaport infrastructures into two main categories: mari-
time structures and land structures and infrastructures.

2.4.1  Maritime structures

Maritime structures are: berths, jetties, wharfs, pens, shipping guidance infrastructure 
(navigation buoys and beacons), berth furniture (bollards, fenders, capstans, etc.), fixed 
access structures, seawalls.

PIANC (2001) and BS 6349 (2016) are specifically defined for seaport maritime struc-
tures and refer to different levels of performance (L1 = limited damage, L2 = no-collapse), 
design working lives (50 and 100  years), and importance classes (Table  4). Taking into 
account what is suggested and indicated by Werner (1998), PIANC (2001), Pitilakis et al. 
(2006), and POLA (2007), we have considered as RPs of interest for maritime structures: 
71, 95, 144, 190, 475, 949  years (Table  6). The importance categories classification of 
maritime structures to identify the specific RP to use in the design calculation is presented 
in the following Sect. 5.

2.4.2  Land structures and infrastructures

For land infrastructures, we refer to the EC8 (CEN 2002) seismic code that defines the 
seismic design loads in terms of design spectra for different soil types. EC8 (CEN 2002) 
introduces an importance factor γI in order to transform, by a simple scaling law, the ref-
erence PGA and response spectrum calculated for a 475-year RP, to shorter or longer 
RPs, according to the importance class of each building. This scaling formula contains an 
exponent “k” that depends on the level of seismicity of the area: in the present study, we 
have selected k = 2.5 because the Kribi harbour area is characterized by a low seismicity. 
Considering that this scaling approach provides only a rough estimation of the expected 
shaking for RPs different than 475 years, it is preferable for critical facilities, as industrial 
seaports, to proceed with a site-specific seismic hazard assessment, which calculates the 

Table 4  Importance classes of maritime structures (from BS 6349) and buildings (from EC8)

Importance 
class

BS 6349: maritime structures EC8: land structures and infrastructures

I Small easily restorable structures Buildings of minor importance for public 
safety, e.g. agricultural buildings, etc.

II Ordinary structures not belonging the other 
categories

Ordinary buildings, not belonging in the 
other categories.

III Critical structures with potential for appreciable 
loss of human life and property. Key structures 
that are required to be serviceable for recovery 
from earthquake disaster

Structure that, if damaged, is difficult to restore
Structures the failure of which will lead to sig-

nificant environmental consequences

Buildings whose seismic resistance is of 
importance in view of the consequences 
associated with a collapse, e.g. schools, 
assembly halls, cultural institutions etc.

IV Critical structure that, if damaged, devastates 
economic and social activities or the environ-
mental consequences of failure are very great 
in earthquake damage area. Critical structures 
that handle hazardous materials

Buildings whose integrity during earth-
quakes is of vital importance for civil 
protection, e.g. hospitals, fire stations, 
power plants, etc.
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ground motion according to the surrounding seismicity. In fact, for sites of special facilities 
and constructions, designed for RPs longer than that for standard buildings (475  years), 
EC8 (CEN 2002) suggests a site-specific hazard assessment in order to estimate more real-
istic seismic loads than those obtained scaling the code spectra by importance factors.

If the seismic action is defined as a function of the reference PGA, e.g.  agR, the value 
of the importance factor γi multiplying the reference seismic action in order to achieve the 
same exceedance probability in TL years as in the TLR years for which the reference seismic 
action is defined, may be computed as:

The implicit RPs corresponding to the different importance classes and values of the 
coefficient k are reported in Table 5.

(1)�i =
(

TLR∕TL

)−1∕k

Table 5  Implicit RPs for different 
importance classes and values of 
coefficient k of Eq. 1 for a design 
working life of 50 years

Importance 
class

Importance 
factor γi

Implicit mean RP (years)

k = 2.5 k = 3 k = 4

I 0.8 272 243 195
II 1.0 475 475 475
III 1.2 749 821 985
IV 1.4 1102 1303 1825

Table 6  RPs defined by different seismic codes and standards for designing working life of structures (50 
and 100 years): for maritime infrastructures the RPs refer to two performance levels L1 (limited damage), 
and L2 (no-collapse). For land structures and infrastructures the RPs are defined for different classes of 
importance and importance factors (II, III, IV) considering an area with moderate seismicity (k = 2.5)

Code/standard Exceedance probability Return 
period 
(years)Maritime infrastrucutres Land structures and infrastructures Design life 

50 years (%)
Design life 
100 years 
(%)

PIANC L1-50 50 71
BS 6349 L1-50 41 95
PIANC L1-100 50 144
BS 6349 L1-100 41 190
BS 6349 L2-50
PIANC L2-50

EC8 50-II (1.0) k = 2.5 10 475

EC8 50-III (1.2) k = 2.5 10 749
EC8 50-III (1.3) k = 2.5 10 914

PIANC L2-100
BS 6349 L2-100

EC8 100-II (1.0) k = 2.5 10 949

EC8 50-IV (1.4) k = 2.5 10 1102
EC8 100-III (1.2) k = 2.5 10 1497
EC8 100-III (1.3) k = 2.5 10 1829
EC8 100-IV (1.4) k = 2.5 10 2201
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We report in Sect. 5 the classification of the land structures and infrastructures for the 
identification of the specific RP to consider in the design calculation, coherently with the 
EC8 (CEN 2002) prescriptions.

As result of this investigation, in the PSHA, we have decided to consider all the RPs sug-
gested both for maritime and land infrastructures as indicated in Table 6. Concerning EC8 
(CEN 2002), we have considered both the design working lives of 50 and 100 years and the 
following importance factors for the different importance classes: II = 1.0; III = 1.2 and 1.3; 
IV = 1.4. The importance factor 1.3 for the importance class III has been introduced, coher-
ently with BS 6349 (2016), in order to consider more important the critical infrastructures 
on the coast, whose collapse can determine serious environmental consequences.

3  Expected ground motion for design purposes at bedrock

At the present stage of knowledge, rather limited from both the tectonic and seismological 
point of view, the two zonations, together with their related seismicity models, represent 
the best way to capture the large epistemic uncertainties contained in assessing the seismic 
hazard of this region. The average results are aggregated by the weighting scheme for the 
different branches of the logic tree (Fig. 2).

An updated version of the computer code Crisis (Ordaz et  al. 2013, 2015; Aguilar-
Meléndez et al. 2017) has been applied for all the elaborations: it implements for sources 
designed both for wide zones and 3D faults, and for seismicity modelled both according to 
the GR and the CE models.

The main results of the PSHA are here shown in terms of seismic hazard curves and 
UHRSs for rock: these data can be considered as the design parameters for the Kribi har-
bour complex, more specifically at bedrock. The results, related to the individual branches, 
show large differences in the expected ground motion, clearly pinpointing the global uncer-
tainty (see the curves related to PGA in Fig. 11). From the seismic hazard curves referred 
to different spectral ordinates, the PGA value and the UHRSs have been derived. More pre-
cisely, the RPs introduced in the previous section (Table 6) have been considered and PGA 
and UHRSs have been computed for 71, 95, 144, 190, 475, 949 years, for the maritime 
structures (Table 7 and Fig. 12a) and for 475, 749, 914, 949, 1102, 1497, 1829, 2201 years, 
for the land structures (Table  8 and Fig.  12b), respectively (see the related exceedance 
probabilities in Table 6). In the case of the UHRSs, only the weighted average of the differ-
ent branches is reported. The shape of the UHRSs is, obviously, similar for both maritime 
and land structures, as the same GMPEs (A&B and C&F) have been applied, and it shows 
the peak at 0.1 s and a fast amplitude decay for spectral ordinates exceeding 0.15 s. Among 
the different spectral ordinates of the UHRS, the one related to 0.5 s usually refers to ordi-
nary buildings, while that at 2.0 s refers properly to port facilities.

To show more in detail the uncertainty related to the obtained curves, all computed 
branches, with the related weighted mean, are reported in Fig.  11 for PGA and in 
Fig. 13 for the UHRSs related to the three RPs of 95, 475, and 949 years. The grey area 
identifies the epistemic uncertainty in terms of weighted mean plus/minus one standard 
deviation. In such a way, it is possible to evaluate the differences in the expected shak-
ing caused by the various choices introduced at the nodes of the logic tree and, conse-
quently, the total uncertainty in the final results clearly transpires. The UHRSs show 
a notably dispersion, due to the two recognizable source models: seismogenic zones 
(branches b01 and b02 in Fig.  13) and faults (branches b03 and b04). Moreover, the 
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influence of the two models is well noticeable considering the different RPs. In fact, 
the contribution of the fault model is negligible for RPs shorter than approximately 
500  years and becomes dominant for RPs longer than 2000  years. Considering PGA 
(Fig.  11), the branches related to the fault zonation produce higher shaking than the 
zonation based on wide SZs for long RPs (low exceedance probability), as expected 
considering the long recurrence intervals associated with the identified faults (see 
Table 3). As for the UHRSs (Fig. 13), the two GMPEs operate in quite a different man-
ner: the A&B produces high shaking between 0.1 and 0. 15 s while the C&F GMPE is 
strongly peaked at 0.1 s and gives lower ground motion than the A&B one (compare e.g. 
the branches b01 and b02 in Fig. 13, see Fig. 2 for the meaning of the branches). Moreo-
ver, the contribution of the zonation based on faults is important only for long RPs, as 
already seen in the case of the seismic hazard curves (Fig. 11).

The spatial distribution of the seismic hazard for the Kribi harbour area is depicted in 
Fig. 14 for the three RPs of 95, 475, and 949 years. It can be seen that a higher shaking is 
expected in the northern and eastern parts of the study region. To highlight the importance of 
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Fig. 11  Hazard curves for the Kribi harbour complex referred to rock. The results of the individual 
branches of the logic tree are shown together with the related mean value and its standard deviation. Name 
and colour of the curves refer to the logic tree in Fig. 2

Table 7  Expected ground 
motions at bedrock for the Kribi 
site for different RPs related to 
maritime structures

RP (years) 71 95 144 190 475 949

PGA (g) 0.02 0.02 0.03 0.04 0.07 0.10
SA 0.1 s 0.05 0.06 0.09 0.11 0.20 0.29
SA 2.0 s 0.001 0.001 0.002 0.002 0.01 0.01
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the epistemic uncertainty also at map view, Fig. 15 shows the effect of the two GMPEs refer-
ring to a 949-year RP and the larger contribution given by the A&B GMPE is worth to note.

In the previous elaborations, preference has been given to the EC8 site-specific approach 
that consists in considering the proper RP for the analysed infrastructure (CEN 2002). To pin-
point the difference obtained following the EC8 scaling approach, the UHRS referring to a 
475-year RP (10% exceedance probability in 50 years) has been amplified to a 945-year RP 
(10% exceedance probability in 100 years) according to the scaling factor of Eq. 1 (Fig. 16). It 
can be seen that the site-specific approach determines a slightly more conservative result for 
the peak (T = 0.1 s) and  mainly in the range of periods between 0.5 and 1.0 s.

4  Analysis of the site effects

The seismic motion expected at the bedrock level from the PSHA studies presented in the 
previous sections has been then propagated to the surface (i.e. the foundation level of the 
Kribi harbour infrastructures) through a 1D modelling. This required the knowledge of the 
mechanical properties of the subsoil from the surface down to the bedrock, the SH-wave 
bedrock-to-surface amplification function, and the response spectrum at bedrock.

In order to characterize the mechanical and geophysical properties of the cover (that is 
of the softer geological units overlying the bedrock), we first have collected pre-existent 

Fig. 12  UHRSs for the Kribi harbour complex referred to bedrock: a for maritime structures, i.e. RP of 
71, 95, 144, 190, 475, 949 years; b for land structures, i.e. RP of 475, 749, 914, 949, 1102, 1497, 1829, 
2201 years. Only the weighted mean value of the different branches is reported for simplicity

Table 8  Expected ground 
motions at bedrock for the Kribi 
site for different RPs related to 
land structures

RP (years) 475 749 914 949 1102 1497 1829 2201

PGA (g) 0.07 0.09 0.10 0.10 0.11 0.13 0.14 0.16
SA 0.1 s 0.20 0.25 0.28 0.29 0.31 0.35 0.38 0.41
SA 2.0 s 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.03
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Fig. 13  UHRS for the Kribi harbour complex referred to bedrock with an RP of: a 95 years; b 475 years; 
c 949 years. The grey area identifies the epistemic uncertainty in terms of weighted mean plus/minus one 
standard deviation

Fig. 14  Seismic hazard for the Kribi broader region in terms of PGA (in g) with an RP of: a 95 years; b 
475 years; c 949 years
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geological/geotechnical data. According to the geological map and the in  situ surveys 
(Fig. 17), three main lithotypes outcrop at the Kribi harbour site, that is syenite, gneiss, and 
quartzite. However, as common, these kind of rocks (particularly syenite and gneiss) are 
expected to be weathered and, therefore, to be covered by a few metres of soft/weathered 
layers.

In September 2013 a geophysical survey was conducted along the harbour coastline, 
consisting of 25 single-station passive seismic surveys to assess the resonance frequencies 

Fig. 15  Seismic hazard for the Kribi broader region referred to rock in terms of PGA (in g) with a 949-
year RP: a location map; b weighted average value of the four branches of the logic tree (Fig. 2) evenly 
weighted; c individual branches b01, d b02, e b03, f b04. The orange circle in panel (a) indicates SW Cam-
eroon, the red square shows the region illustrated in the following panels with the PSHA results
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of the inspected sites and 5 active/passive multichannel seismic arrays based on surface 
waves (Fig. 17).

For the single-station surveys we used a digital tromograph  Tromino® (MoHo s.r.l.) 
system (equipped with 3 orthogonal electromechanical sensors). The data, amplified and 
digitized at 24 bits, were recorded for at least 10 min at each site at the sampling rate of 
128 Hz, and processed according to the SESAME (2004) recommendations. H/V curves 
(Nakamura 1989) allow us to highlight some key characteristics of the subsoil: (a) rigid 
layers through the peak amplitudes, (b) their relative depth through the peak frequencies 
(Castellaro and Mulargia 2009a), (c) lateral heterogeneity and (d) velocity inversions (Cas-
tellaro and Mulargia 2009b). The single-station H/V curves make it clear that, with the 
exception of a few sites (e.g. site Tk15, Tk19, Tk20) where the recording shows some arte-
facts due to human activity (e.g. ongoing compaction of the harbour site through weight 
drops, nearby working machineries etc.), stratigraphic seismic amplification in the area is 
absent at the few sites (Tk2, Tk7, Tk17 and Tk24 in Fig.  17) on outcropping quartzite 
(Fig.  18a). Several sites (Tk3, Tk8, Tk12, Tk13, Tk16, Tk19 and Tk20 in Fig.  17) had 
strong amplification at low frequency (≤ 5 Hz) (Fig. 18b). Most sites (Tk1, Tk4, Tk5, Tk6, 
Tk9, Tk10, Tk11, Tk14, Tk15, Tk18, Tk21, Tk22, Tk23, and Tk25 in Fig. 17) had instead 
generally a broad peak amplitude at mid-to-high frequency (≥ 5 Hz), which was compatible 
with a stiff seismic bedrock located at a few metres depth, under soft covers or weathered 
deposits (Fig. 18c).

Multichannel techniques can be grouped essentially in two groups: (1) techniques 
based on the arrival time of seismic waves (P or S), (2) techniques based on the spatial 
correlation of the active (i.e. produced by a known source) or passive (i.e. produced by 
ambient sources) signals among the receivers (dealing essentially with surface waves). 
We applied the second type of techniques for several reasons: (a) they provide estimates 
of the shear wave velocity  (VS) with no need to generate S waves on purpose; (b) they 
can provide information at deeper depths (compared to refraction surveys); (c) they pro-
vide curves that are particularly suited to be inverted or fitted together with the H/V 
curves. In this study we apply both the active MASW technique (Park et al. 1999) and 
the passive  ReMiTM technique (Louie 2001).

Fig. 16  Comparison between the 
design UHRSs for a maritime 
(PIANC L2-100 and BS 6349 
L2-100) and land (EC8 100-II 
k = 2.5) infrastructure (949-year 
RP) obtained by site-specific and 
scaling approaches
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The SoilSpy  Rosina® multchannel digital seismic acquisition system (MoHo s.r.l.) 
was used, linked to 12 vertical geophones (Geospace ltd. with 4.5 Hz eigen-frequency). 
The digitization of the system was performed at the geophones in order to prevent any 
cross-talk phenomenon or noise coupling along the cables, thus considerably increas-
ing the signal-to-noise ratio, compared to standard analogue systems. All the recordings 
were acquired for a few minutes (passive acquisition) and used weight drops as active 

Fig. 17  Location of the single station (light blue circles) and multichannel (red circles) geophysical surveys 
acquired in September 2013 on the geological map of the Kribi area (modified from Kalla Mpako 2011)
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source. Sampling rate in all cases was set to 512 Hz. All the analyses and modellings 
were performed by using the proprietary software  Grilla® (Castellaro 2016).

Both the passive (microtremors) and active (weight drops) multichannel seismic signals 
were processed in the Rayleigh wave phase–velocity versus frequency space to provide the 
experimental dispersion curves, as shown in Fig. 19. These data were used together with 
the H/V curves to calculate subsoil models for the sites in terms of  VS profile with depth 
(Castellaro 2016). In detail, the maximum depth of the investigation is 50 m for array 2 
(the  VS profile in Fig. 19 is restricted to only 20 m depth but the  VS of the last layer can 
be considered the same down to 50 m), 30 m for array 4, 25 m for array 1 and array 3, and 
20 m for array 5.

The surveys showed that the soft layers had thickness generally lower than 10 m and 
intermediate  VS (usually higher than 200 m/s). At a very few sites the bedrock was practi-
cally outcropping. A few metres of weathered/fractured rock were often present under the 
soft cover and could be recognized from intermediate  VS values (300–500 m/s). Sites on 
quartzite showed higher  VS (> 800 m/s) at shallower depths compared to sites on gneiss 
and syenite.

Fig. 18  Average H/V curves resulting from the 25 measurements (see Fig. 17 for the locations): a no ampli-
fication as for sites Tk2, Tk7, Tk17, and Tk24; b frequency amplification ≤ 5  Hz as for sites Tk3, Tk8, 
Tk12, Tk13, Tk16, Tk19, and Tk20; c frequency amplification > 5 Hz as for sites Tk1, Tk4, Tk5, Tk6, Tk9, 
Tk10, Tk11, Tk14, Tk15, Tk18, Tk21, Tk22, Tk23, and Tk25. The grey transparent band defines the one 
standard deviation range. A very strong amplification for stratigraphic resonance is observed for site Tk19 
at 3.5 Hz, due to an impedance contrast at about 15–20 m depth. The amplitude of this peak is probably 
biased by the overlap of some anthropic artifacts at the same frequency
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Following the described results, two  VS profile models have been selected as representa-
tive of the whole area (Fig. 20a), corresponding to the geological settings illustrated above. 
Model 1 (black line in Fig.  20a) was applied to sites on quartzite, while Model 2 (red 
line in Fig. 20a) was applied to sites on gneiss/syenite. No significant amplification was 
expected on the few sites where quartzite rock outcrops, but considering their small areas 
(not identified in the available geological map), it was decided to operate in a conservative 
way and to consider a 5-m thick cover everywhere (see Fig. 20).

We have performed a numerical modelling of site response by using the code PSHAKE 
(Sanò and Pugliese 1991) which is a variation of the SHAKE code (Schnabel et al. 1972), 

Fig. 19  Contour plots (left column): phase velocity spectra of the Rayleigh wave versus frequency after the 
five array (A1–A5) measurements. Colours are proportional to the energy normalized for each frequency 
value (red stands for maximum energy levels, blue for minimum energy levels). The light blue circles indi-
cate the theoretical dispersion curves for the subsoil models (A1–A5) on the top right. For array 3, 4 and 5 
also the H/V spectral ratio recorded at the sites are shown (average ± 2 standard deviations of the mean) as 
well as the theoretical H/V curve (light blue) for the same subsoil models (right column)
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widely used in the literature for computing nonlinear site response. PSHAKE computes the 
seismic local response of a layered viscoelastic halfspace traversed by shear waves travel-
ling in the vertical direction. The code requires as input a response spectrum and the defi-
nition of a number of mechanical properties for each subsoil layer (see discussion below). 
Each layer is treated as a Kelvin–Voigt (spring-mass-damper) single-degree of freedom 
harmonic oscillator, characterized by a shear-modulus (proportional to  VS), a mass (related 
the layer thickness and density) and damping. As already cited, layers are assumed hori-
zontal and subjected to transient and vertically travelling shear waves. The cyclic soil 
behaviour following the earthquake excitation is simulated by using an equivalent linear 
model, extensively described in the geotechnical earthquake engineering literature (e.g. 
Seed and Idriss 1970; Kramer 2013).

As input ground motion, we have considered the UHRS calculated for the Kribi site 
(mean value of the four branches) and we have performed the calculations for all consid-
ered 12 RPs (71, 95, 144, 190, 475, 749, 914, 949, 1102, 1497, 1829, and 2201 years) in 
order to verify the stability of the amplification factor (AF).

For what concerns the subsoil mechanical characterization, we have used the two aver-
age  VS profiles identified for the study area (Fig. 20) and we have taken into account that 
the selected  VS profiles are ‘average’  VS profiles. The shear-modulus and damping varia-
tion with strain rate used for each layer was derived from the literature [weathered quartzite 
(Seed and Idriss 1969) weathered gneiss (Vucetic and Dobry 1991)] for similar materials 
(Kramer 2013), since no enough data were available from laboratory testing at the site.

The typical output of the numerical simulation is the response spectra of a single-degree-
of-freedom system (interpreted as a building/structure settled on the top of the modelled 
subsoil) for the input earthquake motion (Kribi UHRS). As example, the response spectra 
for the two  VS models representative of the Kribi site are shown in Fig. 21 for the three RPs 
of 95, 475, and 2201 years. The related standard deviation band (shown in Fig. 21 by dot-
ted lines) quantifies the aleatory variability related to the calculation performed by the code 
PSHAKE (Sanò and Pugliese 1991). It can be seen that the shape of the spectra generated 
by the two soil models are quite different, with that related to Model 2 (Fig. 21b) sharply 
peaked at 0.12 s and much less steep for oscillation periods larger than 0.18 s. In the case 

Fig. 20  Soil characterization of the Kribi area: a  VS profiles of the investigated sites: Model 1 = quartzite 
model (black line), Model 2 = gneiss/syenite model (red line); b stratigraphy of Model 1; c stratigraphy of 
Model 2
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of the 475-year RP, the maximum acceleration (around 0.6 g as mean value becoming 0.7 g 
when the aleatory variability is considered) is expected at the site for structures with eigen-
period around 0.1–0.15 s (6–10 Hz).

Fig. 21  Response spectra obtained by 1D modelling for Model 1 (a) and Model 2 (b). The input UHRSs 
for three RPs (95, 475, and 2201 years, see Fig. 12) are shown as coloured dashed lines. The corresponding 
output response spectra are plotted as solid lines, with the same colour as the input ones, along with ± one 
standard deviation represented as dotted lines

Table 9  AFs calculated for the 
two considered soil models and 
the 12 RPs

The average values have been calculated from the normal distribution 
obtained by averaging the ordinates of the probability density func-
tions related to the 12 RPs
SD standard deviation

RP (years) Model 1 Model 2

AF SD AF SD

71 2.01 0.39 2.35 0.46
95 2.01 0.39 2.35 0.46
144 2.00 0.39 2.35 0.47
190 1.99 0.39 2.34 0.46
475 1.93 0.38 2.27 0.46
749 1.90 0.38 2.22 0.45
914 1.88 0.37 2.20 0.45
949 1.88 0.37 2.19 0.45
1102 1.87 0.37 2.17 0.45
1497 1.84 0.37 2.13 0.44
1829 1.82 0.37 2.11 0.44
2201 1.81 0.36 2.09 0.44
Average 1.91 0.51 2.23 0.62
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The AF for the two models has been calculated as spectral ratio in the interval 0.1–0.5 s 
for each of the 12 RPs considered in this study and the results are reported in Table  9 
together with their related standard deviations. The mean AF values and the related stand-
ard deviations for the two models have been calculated from the normal distribution 
obtained by averaging the ordinates of the probability density functions derived from the 
values of Table 9 and the AF values of 1.9 and 2.2 can be proposed, at this stage, for Model 
1 and Model 2, with a standard deviation of 0.5 and 0.6, respectively.

5  Seismic design of seaport structures and infrastructures in the Kribi 
harbour area

Seaports require high attention in terms of safety provisions in case of earthquake con-
sidering both the direct (in terms of physical damage and involvement of hazardous sub-
stances) and indirect (economic losses) potential consequences. For these reasons port 
structures are usually classified as structures with high importance and specific criteria 
define the level of seismic protection. Codes specifically defined for maritime structures 
[i.e. PIANC (2001) and BS 6349 (2016)] classify the level of seismic action with refer-
ence to specific RPs and relative performance criteria. No specific indications are given for 
taking into account the site characteristics (e.g. the local amplification). EC 8 (CEN 2002) 
permits to define the seismic loads by a scaling criterion depending on the different classes 
of importance of the structure  (ag).

5.1  Identification of site‑specific spectra

Taking into account the great variety of structures foreseen in the design of the Kribi 
seaport, we have identified the RP associated to each specific structure according to the 
suitable standards or seismic code, considering for maritime structures and buildings, the 
importance classes in Table 4. Taking into account the soil characteristics of the different 
sites (Fig. 20), the UHRSs presented in the present work (Fig. 12) can be used to design the 
seismic load in the Kribi harbour area. In fact, the specifications offered by PIANC (2001), 
BS 6349 (2016), and EC8 (CEN 2002) can be used for the seismic design of any specific 
structure in the seaport.

More in details, two different approaches are proposed here: the scaling procedure sug-
gested by EC8 (CEN 2002) and the most rigorous site-specific approach, based on seismic 
hazard estimation for different RPs. The comparison of the obtained results is shown in 
Fig. 16.

Figure 22 illustrates the amplification computed for the Kribi harbour area that can be 
multiplied by the rock 475-year UHRS (Fig. 13b) to obtain the UHRS at the specific site of 
interest within the Kribi harbour complex. The design spectrum for any maritime or land 
infrastructure can be obtained simply scaling this UHRS according to the proper impor-
tance factor provided by the EC8 (CEN 2002):

where γi may be computed by Eq. 1.
Alternatively, the UHRSs at bedrock reported in Fig.  12, which refer to the different 

RPs suitable for maritime and land infrastructures, respectively, can be scaled considering 
the AF proper of the specific site of the Kribi harbour area, as depicted in Fig. 22.

(2)ag = �i × agR
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6  Conclusions

From the analysis of the available literature, it is possible to state that the seismicity of 
Cameroon is of low to medium magnitude. The strongest events have interested regions far 
away from the Kribi area, where the earthquakes are almost absent (in fact, the strongest 

Fig. 22  Location map of the two stratigraphic models present in the Kribi broader region and related ampli-
fication. This map illustrates the expected amplification of the surficial soil with respect to the bedrock, 
whose expected ground motion is displayed in Fig. 14
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and most recent local event occurred in 1987 and had a  MW = 4). The strongest quake  (MW 
around 5.8) in SW Cameroon occurred in 1911 in the Lolodorf region that is about 120 km 
far away from Kribi. This magnitude could produce a PGA around 0.02 g at a 120-km dis-
tance (Ambraseys et al. 1996).

The novelty of this study is represented by the articulated seismogenic models that have 
been considered for representing the seismic sources in the light of a poor documentation 
of the past seismicity. In fact, the present study has faced the problem of quantifying the 
uncertainties that play an important role especially in low seismicity regions. While the 
aleatory variability in the GMPEs has been taken into account in the hazard computation, 
as requested by the fully probabilistic approach, the epistemic uncertainty about the source 
model has been treated considering a logic tree (Fig. 2) with braches collecting wide SZs 
and others with individual faults. Moreover, two different GMPEs have been used in the 
calculation, again to take into account the epistemic uncertainty in the attenuation model. 
In addition, some geophysical measurements, acquired specifically during this study, have 
allowed us to characterise from the geotechnical point of view the different soils in the 
Kribi harbour complex and to compute the expected local amplification. The introduction 
of the local amplification in the regional seismic hazard map is particularly important in a 
region of low regional seismic hazard, as Cameroon is. In fact, the local amplification can 
play a crucial role amplifying small ground motions to important values. Actually, this is 
only partly the case of the Kribi area, where the calculated AF is around 2 everywhere (see 
Fig. 22). The aleatory variability obtained by the 1D modelling of the local amplification 
has been calculated considering the ground motion (in terms of UHRSs) related to 13 RPs 
and averaging the obtained probability density functions (see Table 9). In the study, we 
have considered jointly both land and maritime structures calculating a set of spectra that 
can be directly used for the design of different types of structure and infrastructure in har-
bour and coastal areas.

The present study highlighted that, although the earthquake threat in Cameroon is low, 
seismicity has to be considered when planning strategic facilities like an industrial harbour. 
Figure 15 highlights the results for hard rock obtained from the 4 branches of the consid-
ered logic tree for the 949-year RP, i.e. one of the RPs of interest for a critical structure as 
the Kribi harbour is. The expected ground motion shows different levels according to the 
various branches but it remains low in all cases, with values below 0.20 g. The branches 
that lead to higher results are those where the A&B GMPE is applied. The weighted mean 
expected PGA for a 949-year RP is 0.10 g for rock (see Tables 7 and 8). It is worth not-
ing the influence of the two source models in the final result (Fig.  15): while the wide 
SZs form a large area of ground motion to the north of Kribi (Fig. 15c, d), the individual 
faults concentrate the shaking specifically around their location (Fig. 15e, f). Moreover, the 
fault contribution to hazard becomes important for long RPs. This is clearly shown by the 
seismic hazard curve for Kribi (Fig. 11), where the contribution of each source model is 
represented. It can be seen that the curves related to fault models (red and yellow lines in 
Fig. 11) forecast larger PGA than those related to the zone models for exceedance proba-
bilities smaller than 0.09 in 50 years, i.e. for RPs longer than approximately 500 years. The 
obtained ground motion at the bedrock for a 475-year RP is 0.07 g, in terms of horizontal 
PGA and it is in agreement with that of the Global Seismic Hazard Assessment Project 
(Giardini et al. 1999), where a general PGA between 0.04 and 0.08 g is associated to south-
western Cameroon.

The seismic motion expected at the bedrock level from PSHA has been, then, propa-
gated to the surface through a 1D analysis. Two  VS profiles (Fig. 20) have been selected 
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as representative of the whole area corresponding to different geological settings. Model 
1 was applied to sites on quartzite, while Model 2 was applied to sites on gneiss/syen-
ite. The resulting average response spectra for the 2 subsoil models (see three examples in 
Fig. 21) show an AF of 1.9 ± 0.5 and 2.2 ± 0.6 for models 1 and 2, respectively (Table 9). 
For the 475-year RP, common RP for both maritime and land structures, the average PGAs 
of 0.07 g at bedrock and 0.16 and 0.18 g at the surface, for sites represented by Model 1 
and 2, respectively, have been estimated. The response spectra at bedrock have been com-
puted for specific RPs both for maritime and land structures (Fig. 12): the expected shaking 
at the site of interest inside the Kribi harbour area can be obtained simply scaling them 
according to the proper AF (Fig. 22). In both cases (maritime and land structures) and also 
taking into account the local amplification, the largest design seismic action is expected for 
structures with eigen-period around 0.1–0.2  s. Instead, seaport structures and infrastruc-
tures with eigen-periods higher than 0.8–1.0 s are over the resonance range for all the cases 
considered.
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