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SUMMARY 

 
Geological   and   geotechnical   data indicated that the subsoil conditions at Central Khartoum are 
characterized by alluvial deposits underlain by Nubian Sandstone at a depth of 25 m. The alluvial deposits 
locally known as Gezira formations consist of clays grading into silt and sand with depth. Macro seismic 
zonation of Sudan and its vicinities, developed by the authors, gave the ground acceleration at the bed 
rock surface. The effect of alluvial deposits at Central Khartoum on propagation of seismic motion 
parameters to the ground surface is investigated in this study. Correlations are proposed for pertinent 
cyclic soil properties such as shear modulus, damping, and shear wave velocity. The Equivalent-Linear 
Earthquake Response Analyses (EERA) Model developed by Bardet et al (2000) was used to study the 
effect of local soil conditions on ground motion parameters. In absence of strong motion records in 
Khartoum, available strong motion records worldwide are used. Plots showing the time histories of ground 
motion parameters at the ground surface are obtained. The results indicated amplification of ground 
motion of up to 4.93. The predicted fundamental period of soils is about 0.5 seconds which is typical for 
these types of soils.  The maximum spectral acceleration varied form 0.76 to 0.95 g. For design purposes a 
response spectra curve is proposed. 
 
 

INTRODUCTION 
 
Sudan is generally considered a country of low seismic activity. However; recent seismic activities in 
different regions within the Sudan warrant seismic hazard assessment of the Sudan. The country and its 
vicinity experienced one of the  largest earthquake  in recent history: The May 20,1999, 7.4 earthquake 
and its after shocks that hit Southern Sudan is the one of the largest in continental Africa in the 
instrumental era of  earthquake recording. In additional to the Southern Sudan, major portions in Central 
Sudan also experienced earthquake recently (e.g. Earthquakes stroke Kordofan State in August 1, 1993 
with a magnitude of 5.5 and in November 15, 1993 with a magnitude of 4.3).  Central Khartoum is 
affected by all seismic sources in Sudan and its vicinity though some sources, e.g. Kordofan State sources, 
are more sensible in Central Khartoum (Mohamedzein et al [1]).  Alluvial deposits known locally as 
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Gezira Formation underlie Central Khartoum. This formation includes a hard crust of fine grained soils 
underlain by saturated loose to medium dense sand. Given the recent earthquake activities and the 
vulnerable soil condition, an amplification of earthquake acceleration or soil liquefaction may occur in 
Central Khartoum. This fact is not appreciated by current design practice in Sudan. This is true regardless 
of the large amounts of investment in buildings and structures in Sudan as a whole and especially in 
Central Khartoum.  The objective of this study is to quantify the local soil effects on the seismic risk of 
Central Khartoum and to propose a design response spectra. 
 

STUDY AREA AND SUBSOIL CONDITIONS 
 
Khartoum, the capital of Sudan, is located at the junction of the White and Blue Niles (the main tributaries 
of the River Nile). The Central Khartoum area lies on a strip adjacent and parallel to the Blue Nile (see 
Fig. 1). Subsurface data was collected from boring logs obtained from local consulting firms and research 
institutions. The data bank consisted of more than 100 borings. The borings revealed a typical subsoil 
profile that consists of Gezira Formation extending to the Nubian Sandstone as shown in Figure 2. The 
Gezira Formation consists of clay at the surface grading into silt and sand with depth. The thickness of  
the  fine grained soils (i.e. clay and silt ) varies up to 8 m. Various types of sand extend below the fine 
grained soils down to the Nubian  Sandstone found at a depth of about 25.0m.  Free subsurface water level 
ranges from 4 m near the Niles to about 10 m away from the Niles with the an average of 8 m. 
 
 

 
 
 
 
 
 
 
 
 

Figure 1. Central Khartoum Study Area 
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Figure 2.   Average Soil Profile for Central Khartoum. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Seismotectonics and seismicity of Sudan and its vicinity (After Abdalla et al.[3]) 

22 24 26 28 30 32 34 36 38 40 42 44

East Longitude

22 24 26 28 30 32 34 36 38 40 42 44

2

4

6

8

10

12

14

16

18

20

22

24

N
or

th
 L

at
itu

de

2

4

6

8

10

12

14

16

18

20

22

24

SUDAN

EGYPTLIBYA

ETHIOPIA

UGANDADEMOGRATIC
REPUBLIC OF
CONGO

KINGDOM
OF SAUDI 
ARABIA

ERITRIA

KENYA

CENTRAL
AFRICAN
REPUBLIC

CHAD RED 
SEA

YEMEN

SOMALIA

INDIAN
OCEAN

CARS

SSRS

WNRS

BNRS

ARRS

EARS

AARS

 



TECTONIC FEATURES AND SEISMICITY OF SUDAN 
 
Tectonic features of Sudan are associated with four major rift systems (Abdalla et al [2,3]: (1) the Red Sea 
rifts, in the North-East of Sudan, (2) the East African rift in the East,  (3) the Central African rift (4) and 
the Southern Sudan rift. Branches of these rifts within the Sudan include White Nile, Blue Nile, the Nile, 
Atbara River and Abu Gabra rifts as shown in Figure 3. 
 
Seismic studies (e. g. Ambraseys and Adams [4], Abdalla et al. [3]) have shown that Sudan is relatively 
stable with occasional  earthquakes of low to moderate magnitude that can give rise  to  damaging 
intensities. They also noted that the Southern  States  of Sudan are frequently subjected to moderate to 
high intensities of earthquakes. Earthquake felt in Central Khartoum were originated from different source 
zones : e.g.  from rifts and faults in North Kordofan State (about 260  km West of  Khartoum ), rifts and 
faults in Southern States (about 800 km South of Khartoum ), faults in Red Sea State (about 500 km North 
East of Khartoum ), and induced earthquakes in Lake Nassir (Aswan Dam) in Southern Egypt (about 900 
km North of Khartoum ). Among all  these sources the Hamrat Elwiz source (Latitude 14.9 o and  
Longitude 30.3 o )  in North Kordofan is the one that affects Khartoum area the most. The source has been 
active recently : e.g. an earthquake of magnitude of about 5.5 was felt in Khartoum on the morning of 
August 1, 1993.  The duration of shaking lasted about 30 seconds. Four after shocks were felt, minor 
injuries were reported, however no building damage was observed. The same epicenter produced another 
shock of magnitude 3.0 that was also felt in Khartoum on November 15, 1993. 
 

SEISMIC MICROZONATION OF CENTRAL KHARTOUM 
 

The authors presented a probabilistic seismic hazard of Sudan and its vicinities (Abdalla et al.[5, 6]).  
Seismic hazard maps of the studied area based on peak ground acceleration (PGA) for 10% probability of 
exceedance for time-spans of 50, 100, 200 and 250 years were presented. The results showed that the 
PGA ranges from 0.02g for low seismic activity regions to around 0.62g for high seismic activity regions. 
For Khartoum area the PGA ranged from 0.1g for 50 years exposure time to 0.2g for 250years exposure 
time.  
 
The seismic hazard analysis gives the maximum PGA at the rock surface. The effect of local soil 
conditions on seismic response of a site can be based on either stable or unstable soil during earthquake 
(Faccioli [7]). In stable soils the seismic waves can propagate through the soil without appreciable loss of 
shear strength. However; the ground motion parameters will be modified depending on the local soil 
conditions (e.g. the amplification of PGA). In the unstable soils significant loss of shear strength occurs 
and produces failure such as in the case of liquefaction, large settlement and landslide.  
 
For stable soil conditions the effect of local soil conditions is usually based on simple empirical or 
sophisticated analytical methods (Hodder and Graham [8], Faccioli [7]).  The simple empirical approach 
uses data collected from literature, soil and geological description and correlations with observed damage. 
The most sophisticated approach uses analytical and numerical tools combined with measured soil 
properties. The programs SHAKE (Idriss and Sun [9] and EERA (Bardet et al [10]) are based on this 
approach. 
 
For Central Khartoum both site response analysis and liquefaction were considered. This paper presents 
the results of site response. The possibility of liquefaction of soils in Central Khartoum was studied by 
Mohamedzein et al [1, 11, 12]. In these studies the susceptibility of subsoils in Central Khartoum to 
liquefaction is evaluated probabilistically by modifying the classical method developed by Seed and Idriss 
[13].  The risk of earthquake-induced liquefaction is computed by combining the seismic hazard and the 
conditional probability of liquefaction. The study showed that the risk of liquefaction is low.  



 
The parameters of interest in site response analysis consist of fundamental frequency of soil, amplification 
factor of ground parameters, time history of ground motion parameters at the ground surface and response 
spectra.  These parameters will be evaluated for Central Khartoum using the program EERA. 
 

FREQUENCY AND PERIOD OF SOIL LAYERS 
 
The frequency or period of soil layers is one of the most important parameter in the determination of site 
response during earthquake (Zeng [14]). Depending on the fundamental frequency of soil layers and 
damping characteristics of the soil, vibration can either attenuated or amplified as shear wave propagates 
through the soil.  In this study the fundamental frequency of the soil in Central Khartoum was obtained 
using the equations used in EERA program. The fundamental period of soil layers, T, can be obtained 
using the following simple equation (Bardet et al [10]):  
 

V
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Where hi and vi are the thickness and the shear wave velocity of layer i.  Also V is related to the average 
shear modulus of layers as: 

ρ
avgG

V =                                                                                                (4) 

Where Gavg is the average shear modulus of soil layers and ρ is the density. 
Using the above equations and the empirical correlations for G and V shown in Table 1, the computed 
fundamental period for Central Khartoum was found to be about 0.5 seconds. 
 
Also the fundamental frequency of soil layers at Central Khartoum was found by the authors 
(Mohamedzein et al [12]) using the classical shear beam model (Idriss and Seed [15]). The parameters for 
the model such as shear modulus were obtained by empirical correlation. The parameters used are shown 
in Fig. 2.  The soil profile is divided into a suitable number of soil layers. The fundamental frequency of 
free vibration of soil layers is obtained by the solution of the eignvalue problem using Jacobi iteration 
method (Bathe [16]). The solution also gives the mode shapes of vibration. The frequency corresponding 
to the lowest mode of vibration is 2.12 Hz (or a fundamental period of 0.47 seconds). This value is in 
reasonable agreement to those predicted by the simple equations proposed by Idriss and Seed [15] for a 
uniform soil layer. 
 

SITE RESPONSE ANALYSIS OF CENTRAL KHARTOUM  
 



The site response analysis is a one dimensional analysis of vertically propagating shear waves.  The input 
for this analysis is the time history of motion parameters at the bedrock and the appropriate soil 
parameters (e.g. fundamental frequency, shear modulus, damping, density and thickness of soil layers). 
The output includes time history of ground motion parameters at the ground surface, amplification ratio 
and response spectra. In this study the computer program EERA (Bardet et al [10]) is used in the analysis.  
 
 Acceleration Time History at the Bedrock.:  
 Since the Sudan is considered a low seismic region, no seismic recording stations were established and 
consequently no records of time history of ground motion parameters are available. In this study strong 
motion records available in the literature are used.  The following four records are used:  
Loma Prieta Earthquake (1989)  
El Centro (1940) 
Kobe (1995) 
Northridge (1994) 
The peak ground acceleration (PGA) for each of these records was scaled to the PGA at Central Khartoum 
which can be obtained from the seismic hazard analysis of Sudan performed by the authors (Abdalla et al. 
[5]). Based on that study a PGA of 0.1g is used. This value corresponds to 10% probability of exceedance 
in a time of exposure of 50 years.  

 
SOIL PARAMETERS  

 
The soil parameters required for the site response analysis are: shear modulus, damping characteristics, 
fundamental period and the density. Extensive geotechnical engineering data is available for soils in 
Central Khartoum. The SPT N values for different soil layers and the correlations shown in Table 1 can be 
used to estimate the initial shear modulus (low strain modulus). For clayey soils where the N values are 
not available the initial shear modulus can be estimated from Table 1. The variation of shear modulus and 
damping ratio with strain can be assumed to follow that proposed in EERA program (Bardet et al [10]).  
 
Results of Site Response Analysis 
The results of the site response analysis using the input from the 4 strong motion records are summarized 
in Table 2. The maximum acceleration at the ground surface varies over small range from 0.19 to 0.243g.  
For practical purposes an average value of 0.214g can be adopted for Central Khartoum.  The table also 
shows that the time for maximum acceleration at the ground surface is not the same for the four events 
because this parameter depends on the time history of acceleration at the bedrock which is different from 
one event to the other.   
 
The maximum amplification of ground motion parameters also varies over small range from 4.36 to 4.93 
for the different events considered. This implies that the amplification depends strongly on the soil 
properties and to less extent on the characteristics of the earthquake event. Similar conclusion was 
reported by Elton and Martin [17] who emphasized that the frequency content of the earthquake event 
does not have a large effect on the dynamic site response.  The results shown in Table 2 clearly indicate 
that the amplification factor due to soils at Central Khartoum is significant and must be considered in 
earthquake resistant design of buildings. 
 
The analysis also shows that the frequency for the maximum amplification is about 1.6 Hz ( a period of 
0.625 sec.). The buildings in Central Khartoum are usually low to moderate storey buildings (e.g. 3 to 8 
stories). The fundamental period of such buildings can be estimated as 0.1 times the number of stories 
(RIC [18]) which means a fundamental period of 0.3 to 0.8 sec. This is in the same range as that for 
maximum amplification and can cause double resonance (i.e. resonance of soil column given the 
earthquake motion of similar frequency may occur in addition to the resonance of the building having a 



natural period similar to the dynamic soil period). This fact must be considered in structural design of 
buildings. 
  
Response spectra are a collection of charts depicting maximum response values for any single degree of 
freedom system within the frequency or period range.  The analysis has shown that the maximum spectral 
acceleration for Central Khartoum varies over a small range from 0.76 to 0.95g, indicating that the effect 
of earthquake characteristics is minimal on the response spectra.  
 

Table 1. Empirical Correlations for Soil Properties. 
 Parameter Reference 
G (t/m2) = a Nb 
For sand a=650, b=0.94 
For clay a=1400, b=0.71 
For all soils a=1218, b=0.78 

Faccioli [7] 
Dowrick [19] 

G= ρVs
 2 

Vs= 190 (m/s)   for medium sand with fines. 
Vs =  60 (m/s)     for loose saturated sand. 
Vs =  60 (m/s)     for  silt. 
Vs =  60 to 190 (m/s)     for silty clay. 
 

Dowrick  [19] 
 

 
 

Table 2. Summary of the Results of Site Response Analysis 
Parameter Loma Prieta 

Earthquake: 
Diamond Height  

(1989) 

Imperial Valley       
(5/19/40), El Centro 

Array #9 

Kobe (01/16/95) Northridge 
(1/17/94) 

Maximum ground 
surface acceleration 

(g) 

0.198 0.226 0.19 0.243 

Time for maximum 
ground surface 

acceleration (sec.) 

11.34 2.29 12.54 9.9 

Maximum 
amplification 

4.931 4.915 4.83 4.36 

Frequency for 
maximum 

amplification (HZ) 

1.6 1.6 1.6 1.6 

Maximum spectral 
acceleration (g) 

0.7907 0.7687 0.9172 0.9495 
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Figure 4. Average Spectral acceleration for four Earthquakes at ground level for Central Khartoum, Sudan 

 

RESPONSE SPECTRA AND DESIGN SPECTRA 
 
Response spectrum analysis became the method of choice for dynamic analysis of structures. It is 
necessary to define the design spectra where major structures are to be constructed. Central Khartoum is 
an area where several high rise buildings are planned to be constructed and there is no information about 
the local site effect on the amplification of earthquake ground motion and the consequences it may has on 
buildings. 
The variability in actual mass and stiffness of buildings from those of the design values, the variability of 
site parameters and their influence on magnification of earthquake motion and the continuous change in 
the building dynamic properties such as period due to inelastic response suggest the use of average, 
smooth and conservative response spectra curves that include local site effects which are known as design 
spectra (Clough and Penzien [20]). The average response spectra for Central Khartoum is shown in Figure 
4.  In comparing Figure 4 with the spectral curves recommended by NEHRP (Todd and Harris, [21]), the 
soil at Central Khartoum can be reasonably represented by curves for soils E and D ( where soil D is stiff 
soil with   m/sec; and soil E is soil profile with thickness > 3m and Vs < 183 m/sec. Based on these 
consideration a design curve is proposed for Central Khartoum as shown in Figure 5. The proposed design 
curve is more conservative than the actual average spectra shown in the Figure. 
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Figure 5. Average Acceleration Spectra Ratio and Design Spectrum for Soil at Central Khartoum 

 
CONCLUSIONS 

 
Data was collected from available geotechnical investigation in Central Khartoum to study the effect of 
local soil conditions on the earthquake ground motion parameters. Tectonic features, seismic history and 
results of seismic hazard analysis were outlined. Site response analysis was performed for Central 
Khartoum using the program EERA. The following conclusions can be inferred from this study:  

1. The average fundamental period of soil layers in Central Khartoum is  0.5 secs (a fundamental 
frequency of 2 Hz).  

2. The alluvial deposits in Central Khartoum have the capability to increase the earthquake motion 
parameters by a factor of up to 4.93.  

3. In absence of strong motion records, events recorded world-wide can be for site response analysis 
with minor effects from the characteristics of the earthquake.  

4. The maximum spectral acceleration at Central Khartoum varies from 0.76g to 0.95g.  
5. A design spectra curve is proposed for Central Khartoum. 
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