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ABSTRACT
The results of a study undertaken to evaluate the local site conditions in Greater Cairo and estimate their influence on the total seismic hazard are presented and discussed. A Geographic Information System (GIS) platform and framework were developed and adapted for the analysis of the available data. 
Dahshour area one of the most important and clearly defined fault systems in the Western Dessert. The area lies across the northern segment of the Dahshour  fault and has suffered a number of devastating earthquakes which are well documented in the historical record. The city of Cairo in particular and sites further towards the Nile Valley have been destroyed on at least three occasions in the past two thousand years. 
As a study area, Greater Cairo is an interesting and complex environment with significant variations in stratigraphy, soil and rock types and structural features. The topography and proximity to the Nile River in the area, combine to contribute further seismic hazard sources. The hazards that were assessed as part of our study included site specific ground amplification and liquefaction.
In this paper, the process of creating the base GIS framework and the collection and generation of pertinent data is described. The methodology, assessment schemes and various tools and scripts developed for the generation of the various hazard maps for the Greater Cairo Area are presented. Finally, the results of the study are discussed and evaluated.
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INTRODUCTION
Earthquake hazard zonation for urban areas, mostly referred to as seismic microzonation, is the first and most important step towards a seismic risk analysis and mitigation strategy in densely populated regions. Seismic zonation using probabilistic seismic hazard assessments are routinely used to estimate ground motion parameters such as peak ground acceleration, peak ground velocity or spectral response ordinates for firm ground using the earthquake magnitude and the distance from source to site. However, the damaging effect of earthquakes is also dependent on the local conditions as defined by soil strata underlying the sites under study, local topography, etc. 

The evaluation of the local soil conditions and the estimation of their influence on the total seismic hazard from ground shaking and related phenomena are the main purpose of a microzonation study. Such an effort would include the collection, interpretation and mapping of all available geological and geotechnical data for the area under study. Availability of borehole data, geophysical surveys and laboratory tests are often very limited. Subsequently, seismic microzonation is often carried out by dividing the project area in rather large sub-areas where the geological model and ground conditions are considered to be homogeneous. For each sub-area, the seismic response is calculated and assumed to be representative for this entire area. A problem with this method is that at the boundaries, the seismic response will show large discrepancies, which does not reflect the actual situation.

Using GIS as a tool for geological applications is becoming more common, especially in recent years with the development of cheaper and more powerful PCs. GIS is employed in mineral exploration (Bonham-Carter et al. 1988) especially when integrated with raster based images such as Landsat TM, SAR, and aeromagnetics (Harris 1991). GIS has also received some attention for its potential geotechnical engineering applications (Wentworth 1987; MacDonald, Goodbrand and Johnstone 1991). For example, a GIS can be used deterministically (Shasko and Keller 1991; Ellen et al. 1993) or empirically to assess natural hazards (Wadge et al. 1991). Empirical techniques can produce hazard zonation maps by overlaying the location of past hazard events with surrounding data relevant to the hazard process. The hazard probability assigned to each polygon in the zonation map may be derived from rule-based or index models (Jayawardhana and Hill 1990; Gupta and Joshi 1990) or established multivariate or regression statistical models (Carrara et al. 1991; Yin and Yan 1988).

The Greater Cairo Area (GCA), an agglomeration that comprises Cairo Governorate and the urban areas of Giza and Qalyobiya Governorates, is a place of unique political and cultural significance in the Arab World. It is also home of archeological and historical landmarks that make it one of the most important tourist destinations in the world. In modern times, GCA continues to have important landmarks, including the nation’s two leading universities of Cairo and Ain Shams. The draw factor of such important landmarks coupled with a very vibrant megalopolis with an estimated 16 million inhabitants makes GCA an important tourist destination, receiving over four million tourists each year (Figure 1). 

As with other mega-cities, GCA is the prime engine of economic growth and the main population center in Egypt. In the mean time, many key challenges such as planning, infrastructure and service delivery have not been managed to keep up with very rapid urban growth over the past four decades during which GCA’s population grew more than triples due to an average annual growth rate of over 2.5%. This makes the GCA the 13th largest mega-city in the world today. This growth necessitated a similar improvement in infrastructure and structural development. Naturally this population growth plus the urban development plan of the area make it more vulnerable to strong earthquakes. Recently, a moderate size earthquake struck the southwestern part of Greater Cairo on October 12, 1992. This earthquake was one of the most expensive single natural disasters in the history of Egypt. It was felt allover Egypt from Alexandria to Aswan (Hussein et al. 1996). For these reasons, Greater Cairo Area was selected to be target area of study.

In this paper we outline a methodology for creation and application of a GIS geological database for producing seismic hazard probability maps for Greater Cairo Area (GCA). By combining binary map patterns (faults, lineaments, hydrology, and plutonic contacts) using Bayesian statistics, a map is produced showing areas favorable for large seismic hazard in the lower Nile Valley in GCA. The results are illustrative however; more rigorous analyses incorporating more database attributes are needed before the results can be used for planning purposes.
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Figure 1: Location map of the study area. Dashed lines show the boundaries of GCA (after EGSMA, 1983)



GIS-BASED FRAMEWORK / ANALYSIS FOR THE MICROZONATION OF GCA
A Geographic Information System (GIS) platform was adopted as a primary working tool in preparing the seismic hazard micro-zonation study for the GCA. The GIS framework allowed us to account for added levels of details and complexity. Furthermore, the use of GIS is highly beneficial given the fact that the preparation of the resulting seismic microzonation maps is intrinsic to the tool itself. The GIS platform allows for the storage and manipulation of many layers of data linking topographic, geological and geotechnical information with other available region/site-characteristics. It is very important that the relevant data layers be consistent in their level of detail, in order to successfully combine them and cross analyze them in the interpretation process. The GIS-based micro-zonation study for this particular study of the GCA consisted of generating ground amplification maps and liquefaction hazard maps.

Data Collection and Manipulation
The mandatory starting point for a GIS-based microzonation study for the GCA was clearly the collection of data pertaining to geology, soil properties, peak ground accelerations (PGA) on bedrock, groundwater, slope and topography (Table 1). The collection of data was a tedious task given the absence of reliable information, properly compiled and/or digitized. The collected data came from different sources, relatively old hard copy maps and other contributors. Hardcopy maps showing faults, lineaments, landslides, streams, rivers, lakes, roads, and towns were available at the same scale.  Polygonal data such as bedrock geology, surficial geology, vegetation type or land use may are scanned from maps into a raster format and digitized to retain their spatial accuracy. These images are geometrically corrected to a UTM map or digital elevation model (DEM) for use as accurate map layers within a GIS. An attribute database was created for each GIS layer. Identifier numbers for each point, line, or polygon in the layer correspond to a record in the database file. This facility links the spatial information to the attribute information and constitutes a GIS. Attributes include names, rock type, age, type of slide, trend of lineament, and magnitude of seismic record. The completed GIS database may now be employed for spatial correlations such as the seismic hazard analysis presented below.

Table 1: The input data used which consists of a series of raster and vector maps.

	Base data
	Hazard data

	Digital contour lines Egypt: Contour Egypt (segment map)
Digital contour lines Cairo: Contour Cairo (segments)
Digital elevation model: Elevation (raster map)
Digital topographic map (1:25.000): Topomap Cairo (raster map)
Airphotos overview Center of Cairo
Airphotos detail western part of Cairo
Satellite images: (raster images)
	Earthquake catalog Egypt: Earthquake catalog (pointmap and table)
Geological map Nile Valley: Geological units (polygon map)
City center: City Center (pointmap)
Faults and lineaments: faults (segment map)
Borehole locations: Boreholes (point map)
Landslides: Landslides (segment map)
Depth to water table: Watertable (segment map)
Digital map of soil or overburden thickness (in meters): Soilthick (raster map)
Digital map depicting outline of the soil deposits (derived from the geological map Geological units): Geolsoil (polygon map)
Digital map of the geological units: Geological units (polygon map)
Earthquake activity map: (raster map)





Soil Types and Faults Data Layers

The studied area is located on the tip of the Nile Delta (Figure 1). Sources of data related to soil and rock nature and properties were screened, compiled and rigorously evaluated for inclusion in our GIS base map. They included previous studies related to the geotechnical characteristics of various soils/rocks in the GCA. The soil layers in this area were influenced by the history of the Nile Valley and the remnants of old settlement. Generally, the topmost layers of the soils are mainly composed of coarse soft sediments that were deposited in the Nile Canyon (Said 1981, 1990). The basin, from which these deposits are formed, belongs to relatively old formations due to erosion from subsequent streams and rainfalls (Said 1990). The Cultivated Valley is the narrow strip that is penetrated longitudinally by the River Nile. The topmost are sedimentary layers, overlying the Pliocene deposits (Figure 2a). It was excavated during the advent of the Pliocene period, and formed a tectonic valley to which the Mediterranean Sea had access. 
The studied area is highly deformed with different fault systems (EGSMA 1981, Said 1990). The most predominant ones are those of E-W and NW-SE trends. These trends are reported on both surface and subsurface. According to the Egyptian Geological Survey and Mining Authority (EGSMA 1993), the area is affected mainly by the Gulf of Suez NW-SE fault trend represented by the Qatrani fault of normal type, and the Mediterranean E-W trend represented by Gabal El-Sheeb fault (Figure 2b).


Earthquake Activity Data Layer
The temporal distribution of the last decade reported seismicity shows three periods of observation. These periods are represented by the early instrumental (1900-1960), intermediate instrumental (1961-1997) and recent instrumental period (1997-now). The recent instrumentally recorded seismicity and regional tectonic in Northern Egypt is depicted in Figure 3. In the studied area, Abu El-Enean, (1997) using the epicentral distribution, seismicity level, and the similarity of focal mechanisms, considered the area southwest of Cairo as a seismogenic zone. This zone experienced damage from historical and recent earthquakes. The most catastrophic one, in this century is that of October 12, 1992 (Figure 3). Tectonically, the faults of this area are trending east-west, parallel to the Mediterranean trend, or northwest-southwest, parallel to the Gulf of Suez trend. The NW-SE and E-W directions accord with the surface features, which appeared immediately after the occurrence of 1992 earthquake (JICA, 1993). 


Figure 2: (a) Regional geological map of study area, (b) The surface and subsurface faults of Egypt (both plots after the Egyptian Geological Survey and Mining Authority, 1981).
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Figure 3: Earthquake activity of Northern part of 
Egypt
 from 1997 to February 2008. The arrow points to the location of the 12 October 1992 Dahshour earthquake epicenter, while the ball shows the focal mechanism of that event (After Hussien, 1999).
)
The local seismic activities recorded by ENSN from August 1997 to December 2009, as shown in figure, are located at specific seismic zones that reflect their tectonic activity. These zones are described as (Figures 3 & 4): 
Suez–Cairo shear zone, this zone extends from the apec of the Suez Gulf toward Cairo City and is characterized by moderate activity.
Besides its societal importance, the 1992 earthquake attracts attention also because it occurred in one of very few tectonically quiet parts of Egypt. The epicentral area of 1992 earthquake, Southwest of Cairo, and its surroundings was considered as a separate seismic zone in the general division of the active seismic zones in Egypt. South–West Cairo zone (Dahshour area), is characterized by moderate seismic activity.
The closer sources to Cairo are: the southwest Cairo (Dahashour), northeast Cairo (Abo-Zaabal) and southeast Beni-Suef. These intraplate earthquakes are very useful because they are potential for seismic hazard and can provide insights about the tectonic process and present day stress filed running on any specific source. 
Northern part of the Eastern Desert, which reflects a tendency of WSW-ENE active faults (these faults transverse the Gulf of Suez main faults). 
A cluster of the seismic activity shows one of these faults from the Suez Gulf to Beni Suef City.
























Figure 4: Magnitude of completeness (Mc)of the earthquake catalog used in the study.


Ground Amplification Maps
Amplification of ground motion due to local soil conditions depends primarily on soil type, properties and thickness. Seed and Idriss (1982), presented approximate magnitudes of amplification for different soil types as a function of peak ground accelerations, indicating that most soils amplify peak acceleration where the firm ground acceleration is less than 0.1g, with the largest amplification occurring in "soft to medium stiff clay and sand". Idirss (1990), later improved the amplification curve for soft clay sites, based on additional analysis and data from the Mexico City and Loma Prieta events and showed that soft clay sites amplify peak accelerations up to 0.4g, beyond which “de-amplification” occurs as a result of the nonlinear behavior of soil under large strains. 

The simplest method for producing a ground motion amplification map would be to map the distribution of soil type, soil thickness and rock exposures. Site-specific amplification factors could then be estimated from the amplification chart in Seed and Idriss (1982). Zones would be mapped where the ground conditions correspond to soil categories for which distinctive patterns of ground response have been observed.

In the case of the GCA, a direct measure of the shear wave velocities of the different soils/rock deposits is not available. As such, the different units were categorized based on their general classification of Finn, 1993. Accordingly, the susceptibility to amplification for every type of soil formation found in the GCA was determined and is graphically illustrated in Figure 5. 


Figure 5: Susceptibility to Amplification Map Layer

From the figure, it can be seen that certain formations are assigned a range of categories; for producing the map, the more conservative soil category is used, i.e., the one indicating higher susceptibility. As noted, this map provides a qualitative estimate of the soil susceptibility to amplification. As expected, the areas where the soil consists of loose soft weak sands and silty clayey sands are the ones where the susceptibility to amplification is the highest.

Liquefaction Susceptibility Maps
Liquefaction susceptibility is a measure of the inherent resistance of a soil to liquefaction, and can range from not susceptible regardless of seismic loading, to highly susceptible. Susceptibility can be estimated by comparing the properties of a given deposit to other soil deposits where liquefaction has been observed in the past. The primary relevant soil properties include grain size, fines content, density, degree of saturation, and age of the deposit. Liquefaction susceptibility maps are the most basic level of liquefaction hazard mapping.
In some areas of the GCA, the soil is clayey, in others sandy and in some cases bedrock is exposed. The areas where rock is outcropping or where the soil is classified as “clay” are considered as non–susceptible to liquefaction. The areas where the soil is sandy and a water table is present within the top 20m are considered as susceptible to liquefaction. These categories are presented in figure 6.


















Figure 6: Location of liquefied (circles), marginally liquefied (stars) and non-liquefied (triangles) boreholes for different peak ground accelerations (PGA).

Other Data
The topography data for the area was obtained in the form of topographic contour lines at 30-meter intervals. The corresponding slope inclination data were then generated within the GIS platform (Figure 7). As for the depth to groundwater data, it was originally available as contour lines of equal groundwater elevations at 10m intervals. Manipulation of this data resulted in the generation of contour lines showing equal depths to water table, representing the difference between the natural ground elevations and the groundwater elevations (Figure 8).














Figure 7: Digital elevation model (DEM) and drainage network (blue lines) for the study area.
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Figure 8 :Drainage network and fault segments used in the study.
Seismic Geo-Hazard Assessment
The following steps are used in the analysis and the method is schematically shown in the diagram below (Figure 9):
Step 1: Defining earthquake scenario. Location of epicenter, magnitude and depth
Step 2: Calculate the attenuation using the function of Joyner & Boore (1981)
Step 3: Calculate the amplification due to local soil conditions using the soil map.
Step 4: Calculate deterministic seismic hazard peak ground acceleration
Step 5: Convert the Peak Ground Acceleration to Modified Mercalli Intensity (Wald et. al., 1999)



















Figure 9: Schematic diagram of the GIS-based framework / analysis for the microzonation of GCA


RESULTS
The finite-fault simulation method FINSIM (Beresnev and Atkinson, 1997 & 1998b), an extension of the stochastic point simulation method of Boore (1983), is an efficient stochastic approach used and known worldwide. The rectangle fault plane is subdivided into an appropriate number of sub-faults, which are modeled as point sources characterized by a ω-squared spectrum. The sub-fault moment and corner frequency are derived from the size of each sub-fault and the number of triggered sub-faults is adjusted, so that the specified target moment is achieved.

The finite-fault stochastic approach needs model parameters on the fault-plane geometry (length, width, strike, dip, number of sub-faults considered and depth to the upper edge), on the source parameters (seismic moment, slip distribution, stress drop, nucleation point and rupture velocity) and on the crustal physical properties of the region (geometrical spreading coefficient and anelastic attenuation). Applicability of the method to ground motion prediction in various tectonic environments, has been verified in several recent studies (e.g., Berardi et al., 2000; Atkinson and Beresnev, 2002; Erdik and Durukal, 2003; Roumelioti and Kiratzi, 2002; Roumelioti and Beresnev, 2003; and Benetatos & Kiratzi, 2004). Further details and a complete description of the method are given by Beresnev and Atkinson (1997, 1998a).
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Figure 10: Comparison of obtained PGA values in Gal.  a-stocastic simulation, b-emprical relation between PGA and macroseismic intensity (Wald et. al., 1999), c- emprical attenuation realations used for Egypt (Deif, 1998), and d-emprical attenuation relation of Kawashima et al. (1986).

For this study, we use the available published earthquake source, site and path effect parameters from previous researches in the area. The site-specific soil response information could be specified and inserted as additional input in the used FINSIM program in order to obtain the shaking at the surface.

The PGA map consists of lines of equal peak ground accelerations on rock. In order to determine the amplification factors for every area and PGA value, the PGA map should be converted into a polygon coverage. This was done by drawing an area around every contour line extending to mid-distance between it and the contour adjacent to it. Every area was assigned an average PGA value equal to that of the corresponding contour. By superimposing the polygon PGA map to the “soil categories” map and combining them, a new theme was created which divided every soil category into sections with the same soil properties but with different PGAs on rock. Then, the amplification factor was determined for every soil category based on its rock PGA and was multiplied by the rock PGA to finally calculate the amplified PGA at the soil surface. The results are presented in Figure 10.

CONCLUSIONS
The results of a preliminary seismic micro-zonation study for the Greater Cairo Area were presented. Hazard maps were generated and produced in a GIS context. 
Given the absence of digitized records, the data used in our analysis was generated as part of this and other recent work. We believe that significant efforts should be directed at improving the quality and quantity of the data. The changes and additions could be easily incorporated now that the basic framework is defined. 
The generated amplified ground acceleration maps for the GCA suggest that areas previously considered of “moderate seismic risk”, should be revised to reflect significantly higher PGAs. The liquefaction potential is also significant particularly for depths less than ~10m. The potentially liquefiable zones in a magnitude 6.5 event cover large portions of the Western and Southwestern
Suburbs of Cairo. Work on improving the database and implementing a rigorous analysis for the seismic slope stability risk is currently under way.
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