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About the Study: 

The Amman Citadel Southern Slope Project is a collaborative effort between the Jordanian 
Ministry of Tourism and Antiquities (MoTA), the Department of Antiquities (DoA) and 
USAID/SCHEP implemented by the American Center of Research (ACOR). Among the 
improvements initiated by USAID/SCHEP is the reconstruction of the main gate and the topology, 
hydrology, stability study and drainage design that is presented in this document. The 
aforementioned improvements were all financed by USAID. With improvements ongoing to open 
the southern gate for visitors in the near future, USAID/ACOR/SCHEP commenced the study to 
provide the DoA with the necessary information to conduct the improvements based upon sound 
engineering analysis, particularly the hydrology study. With rainfall a key ingredient in 
deterioration of historic structural stability, USAID/ACOR/SCHEP completed the study in January 
2023 along with the design of the drainage configurations in February 2023. Pending the installation 
of the drainage system, this will relieve the water saturation problem and assist in securing the 
structural integrity of the existing structures and extend the life of the recent improvements 
including the USAID/ACOR/SCHEP Archaeological Field School excavations at the archway 
located in the lower section of the southern slope. 

Figure 1- Amman Citadel – Southern Slope Area of Study (Circled in Red)
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1.1 Introduction 

The main purpose of this study is to present the work and tests results of the geotechnical 
investigation, slope stability and hydrological study of the proposed project site. 

The investigation is to determine the surface and subsurface ground conditions of the 
southern slope section of the Amman Citadel and to define the physical, mechanical 
engineering properties of the slope material; and to specify other characteristics such as the 
hydrological characteristics of the available strata. This will assist in assuring that all means 
are performed in order to achieve an adequate estimation and protection of the historical 
landmark. The method of investigation as follows:  

a) Research and collection of available information about geological features, surface 
topography, surface drainage and any other distinct structures encountered in the 
field during drilling. 

b) Drilling and sampling (disturbed and undisturbed samples) of four (4) Test pits and 
two (2) boreholes. 

c) Conducting the necessary field and laboratory tests. 
d) Conclusions and recommendations. 

1.2 Site Description 

The area of study is part of the southern facade of the Amman Citadel  

1.3 General Geology 

The materials described in this report are geologically related to Amman Silicified 
Limestone Formation (Santonian-Campanian) and is 50m thick in the study area. The 
formation covers broad areas of Amman city. This formation consists mainly of dark brown 
to grey thick bedded chert, silicified limestone, chalk, marl of dark brown to grey, thick 
bedded chert, silicified limestone, chalk, marl, siliceous coquina, cherty phosphate, 
brecciated chert, and tripoli. The formation was deposited in a shallow marine 
environment. 

A geological map is shown in (figure no. 3). 
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Table 1 - JEL Report Data 

Company Jordan Engineering Laborites 
Report No. 124/S-2022 
To USAID/ACOR/SCHEP 
Village Amman 
Plot No. 355 
Block No. 33/ALMADINA 
Date 31/12/2022 
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2.1 Topographical Survey: 

The topographical elevations and contours is the basis for any hydrology and stability study. 
The survey of the southern slope established temporary benchmark elevations for near term 
use. For long term use, topographical mapping is important in recording the history of the site 
to document differences in physical changes of the landscape.  

 

 

  

Figure 2- Topography Map
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Figure 3 - Geological Map 

GELOGICAL MAP OF THE SITE 

(Natural Resources Authority –map of) (scale 1: 50,000) 

LEGEND 

 
Soil The materials described below are geologically related to Amma

Silicified Limestone Formation (Santonian-Campanian) is 50m 
thick in the study area. The formation covers broad areas of 
Amman city. This formation consists mainly of dark brown to 
grey thick bedded chert, silicified limestone, chalk, marl of dark 
brown to grey thick bedded chert, silicified limestone, chalk,  
marl, siliceous coquina, and cherty phosphate, brecciated chert 
and Tripoli. The formation was deposited in a shallow marine 
environment. 
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3.1 Field Exploration and Drilling 

On 12-Nov-2022, two (2) boreholes were drilled at the site as following: 

Table 2 - Boreholes 

BH No. Depth (m) Elevation 
BH-1 15 792.92 
BH-2 15 791.09 

 

Bulk samples were collected from each meter depth and where Litho-logical changes of 
strata occur. Samples recovered were described and classified by our geological engineer 
and taken to the lab in watertight plastic bags for further testing. The drilling was executed 
using the rotary air flush method HW-412 Sampling core barrel and four inch bit hammer. 
These boreholes are good enough to supply the designer with sufficient information to the 
type of subsurface lithology and their characteristics. The field-testing included coring at 
2m depth. A general site plan (Figure no.7) showing the boreholes location in the site is 
attached in Figure  3 ,4 , and  5 . The subsurface profile is attached in (Figure no.3). 

The logs of the boreholes showing the depth of each stratum and some other characteristics 
of it are attached in Table 2. 

Note: There was no free ground water or cavities encountered until the bottom of the 
drilled boreholes. 

 

3.2 Laboratory Testing 

Laboratory testing included water content determination and unconfined compression 
strength. Recommended procedures are in ASTM designation D2938-71a. All of the 
undisturbed samples were collected utilizing modified core recovery, as described in the 
Rock Quality Designation (RQD) by Deere (1963), as the method of measurement for these 
samples. The results of these tests are shown on the borehole logs in Figure 4 and Figure 
5. 
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3.3 Type of Material 

The surface and subsurface materials after drilling has been geologically described. The 
first borehole (BH1) is located at Hashem Al-Kheir Street on the north side of the road in 
front of the local hotel. The second borehole (BH2) is located to the east on the north side 
of the road near a large archway on the southern slope. The descriptions are shown in the 
following Table no.3: 

Table 3 - Material Types and Properties 

 

 

 

 

 

 

 

 

3.4 Analysis of Tests Results 

Safe bearing capacity test was performed to check the capacity of the soil to withstand 
loads. The ultimate and safe bearing capacity for soils in the boreholes is calculated using 
the number of blows from the standard penetration tests results, considering a factor of 
safety of three, depth of footing of 1.5 m (Terzaghi’s equation). 

Table 4 - Safe Bearing Capacity 

             

 

 

 

 

BH No Depths m Ground Materials 

BH-1 0.0m To 4.0m Backfill materials clayey silt mixed with gravels 
and cobbles of limestone BH-2 0.0m To 4.0m 

BH-1 4.0m To 15.0m Alternated layers of Yellowish beige hard marl, 
Yellowish cream weak marlstone, white moderately 
weak fractured limestone and thin bands of grey 
chert  

BH-2 4.0m To 15.0m 

Description Soft Firm Stiff Hard 

N 2-4 4-8 8-29 >29 

uq (kg/cm) 0.25-0.50 0.50-1.00 1.00-4.00 >4.0 
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


sin1

sin1




3/ cmg

2/cmkg

2/cmkg

 aK/1

 

1

 

3.5 Conclusions and Recommendations 

The top soil material are composed of Back fill material clayey silt mixed with gravels and 
cobbles of limestone, extending from existing ground surface till 4.00 meters depth, 
followed by alternated layers of yellowish beige hard marl, yellowish cream weak 
marlstone, white moderately weak fractured limestone and thin bands of grey chert. 

 

3.6 The Coefficients of Earth Pressures 

    Unit weight of rock (           ) 

   Cohesion of rock (             )  

    Angle of internal friction of rock. 

=   Coefficient of active earth pressure =  

Pa =   0.5 * γ* H2*Ka   (             ) 

  Coefficient of passive earth pressure =  

    Poisson’s ratio of soil. 

=   Coefficient of earth pressure at rest =          . (Equation (13.4) ALAM SINGH. P398) 

   Allowable rock pressure (kg/cm2)  

S.F=   Safety factor   

  Modulus of sub grade reaction =                 . (Bowles equation 

=    Friction angle between structure & soil or rock1. 

  

                                                            
1 Bowles, J.E. (1997). Foundation Analysis and Design. International Edition. McGraw‐Hill Publishing. (Table 11.6, p. 
619) 



C



aK

pK



oK

aq

sK



40*SF*qa 
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             Table 5 - Earth Pressure Factors 

Marlstone Silty Clay Material 
2.2 1.56 Ɣ 
0.1 0.6 C 
36 33 Ø 

0.260 0.295 Ka 

0.286 0.230 Pa 

3.852 3.392 Kp 

0.18 0.3 µ 
0.412 0.429 Ko 

2.4 1.2 qa 

18.5 3 S.F 

1776 144 Ks 

24 22 δ  
 

Table 6 - Modulus of Elasticity (KPa) 

 

3.7 Boring Log Designation 

Total Core Recovery (TCR) is the total length of the core recovered from a borehole as a 
percentage of the length of the borehole. 

Rock Quality Designation (RQD) is a measure of quality of rock core taken from a borehole. 

Table 7 - Rock Quality Designation 

Rock Quality Very Poor Poor Fair Good Excellent 
RQD Percent 0-25% 25-50% 50-75% 75-90% 90-100% 

 

Material Marl Marlstone 
Marly 

limestone 
Limestone Chert 

Δstrain

Δstress
E s 

 
750-1,250 4,000-55,000 55,000-65,000 65,000-80,000 75,000-100,000 
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Standard Penetration Test (SPT) indicates the relative density of granular deposits. 

Table 8 - Standard Penetration Test 

Relative Density SPT Value Bulk Density (kg/m3) 
Very Loose 0–4 < 1,600 

Loose 5–10 1,530–2,000 
Medium 11–30 1,750–2,100 
Dense 31–50 1,750–2,245 

Very Dense >50 >2,100 
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Figure 4 – Boring Log (BH-1) 
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Figure 5 - Boring Log (BH-2) 
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Figure 6 - Subsurface Profile (BH-1 and BH-2)
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Test Pits 
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4.1 Test Pit Description 

Four Test Pits were excavated at locations shown in Drawing SR-01. Samples were taken 
from each test pit and tested as per Standard Test Methods for Liquid limit, Plastic limit, 
and Plasticity Index for Soil (ASTM D4318-17) to determine the soil classification and 
parameters for each test pit 

4.2 Field Exploration and Drilling 

Table 9 - Test Pit Soil Description 

Test Pit No.  Ground Material  Date 

Test Pit‐1  Backfill silty clayey materials with gravels and 
cobbles 

11th‐Nov‐2022 

Test Pit‐2  11th‐Nov‐2022 

Test Pit‐3  13th‐Nov‐2022 

Test Pit‐4  14th‐Nov‐2022 
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Standard Test Methods for Liquid Limit, 
Plastic Limit, and Plasticity Index for Soil  

(ASTM D4318-17) 
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5.1 Test Pits Profile  

The locations of the required samples associated with the stability study made it impossible to 
utilize a drilling rig. This coupled with the matrix of the soil left the only feasible remaining option 
of hand excavated test pits. The location of the test pits can be found on Drawing SR-01. 

 

 

Figure 7 - Test Pit 1 Profile 
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Table 10 - Test Pit Sample 

 فحص تدرج التربة بالمناخل

)ASTM C136-19)  

(ASTM D1140-2017) 

 تاريخ الادخال :  
    

23/R : رقم الادخال 
  رقم التقرير الفني :

 تاريخ الفحص:  
23/R/2023 المواد  -المختبر: التربة

     رسانةالخ-الخام

LOCATION BH-1 (0.0---3.0)M 

Material For : Reddish brown medium plastic silty clay with gravels  

Weight of dry 
sample=                      

17855 
weight of sample after washing= 12713 

Sieve 
Weight Retained Percent Passing  

SPECIFICATION (gm) (%) 

Size Opening (mm) (gm) (%) 

No.4 4.75 8302.6 54      

10 2.00 9945.2 44      

40 0.43 11391.5 36          

200 0.075 12712.8 29      

Classification Of Soil ( A-2-6 )  :ملاحظات 

           6200/22         شھادة معايرة الميزان رقم :   

 الفاحص:إسم     التوقيع: التاريخ:

 تدقيق:    التوقيع:  التاريخ:

    T-AGG#6REV.1 
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Table 11 - Atterberg Limits (Test Pit 1)
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Figure 8 - Test Pit 2 Profile 
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Table 12 - Test Pit 2 Sample 

6200/22 
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Table 13 - Atterberg Limits (Test Pit 2) 
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Figure 9 - Test Pit 3 Profile 



 

32 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 

 

 

  

Table 14 - Test Pit 3 Sample 

6200/22 
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Table 15 - Atterberg Limits (Test Pit 3) 



 

34 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 

  

Figure 10 - Test Pit 4 Profile
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Table 16 - Test Pit 4 Sample 

6200/22 
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Table 17 - Atterberg Limits (Test Pit 4) 
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Slope Stability Study 
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6.1 Slope Stability 3D Elevations 

 

Figure 11 - Slope Stability 3D Elevations 
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 6.2 Test Pits (Classification Study) 

Slope Stability  

Depending on the test pits study results and the topographic measures; the slope stability is 
calculated as follows: 

Slope = Difference in elevation  

              Horizontal Distance 

 

Test Pit No. 1 

Slope = (815.65-814.97)        *100 

                    5.983 

Slope = 11.37% 

Ø = 28°, from laboratory results 

11.37 ˂ 28°                           Safe 

Recommendation: Slope is Safe 

Test Pit No. 2 

Slope = (812.22-811)    *100 

                   4.03 

Slope = 30.2 

Ø= 32°, from laboratory results 

30.2 ˂ 32°                           Safe 

Recommendation: The slope can be relieved to be less than 25° 

 

Test Pit No. 3 

Slope = (811.02-810.1)       *100 

                   5.86 
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Slope = 15.7 

Ø = 26°, from laboratory results 

15.7 ˂ 26°                           Safe 

Recommendation: Slope is Safe 

 

Test Pit No. 4 

 

Slope = (812.5-810.5)           *100 

                   8.76 

Slope = 22.8 

Ø= 28°, from laboratory results 

22.8 ˂ 28°                           Safe 

Recommendation: Slope is Safe 
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Jordan Seismic Zones  
Jordan Code for Earthquakes  
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7.1 Earthquake Recommendation 

The site is located within zone (2A) of the Jordan earthquake map. According to the map 
(12) from Jordan code for earthquakes (see Figure 12): 

 The soil profile is described as SC from table (1–2). 

 Z: the coefficient of the earthquake zone = 0.15 from table (2–2). 

 Ca: coefficient of earthquake = 0.18 from table (3–2). 

 Cv: coefficient of earthquake = 0.25 from table (4–2). 

We suggest that the structural engineer take into consideration the above factors, and any 
future effect due to earthquakes, especially with regard to the footing system. 
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Figure 12- Seismicity and Earthquake Map



 

44 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

  



 

45 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 



 

46 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 



 

47 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

  



 

48 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 

Hydrological study 
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8.1 Description of the Area 

The Amman Citadel is one of the most significant historical sites in the city. It is located 
along King Ali bin al-Hussein Street on a hill that provides views of Amman's center as 
shown in Figure 1. It is an exceptionally rich archaeological site with monuments. 

 

 

  

Figure 13 - Study Area
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8.2 Catchment Area 

The catchment area that discharges storm water runoff toward the southern area of Amman 
Citadel as shown in Figure 14 was delineated from available digital elevation model files, with 
a total area of about 2.57 hectare (25,700 m2), the characteristics of the catchment are presented 
in Table 19. 

 

Table 18 - Catchment Area Characteristics 

 

Catchment 
Area 

Area 
(ha) 

Maximum flow 
distance (m) 

Mean Basin 
Elevation 
(m) 

Slope 
(m/m) 

Curve 
Number

Lag 
Time 
(Min) 

Time of 
Concentration
(Min) 

2.57 429 822 0.16 69 3.2 5.4 

Figure 14 - Catchment Area of Southern Area of Jabal Al Qala'a 
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8.3 The Observations from Site Visit 

The existing stormwater drainage is made up of grates that drain water into drainage pipes   
that free discharge the water to the study area of (Figure 15). 

 

8.4 Objectives of The Hydrology Study 

The hydrology study conducted for the project estimated the stormwater runoff that would 
be generated by the catchment area under various storm return periods. 

The following principles formed the foundation for the hydrological study: 

 Rainfall analysis: This study examined the rainfall statistics that are now 
available and used statistical analysis to extrapolate the data to storms with 
extreme values, such as the storm with a 100-year return period. 

Figure 15 - Stormwater Drain Grates
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 Models for simulating rainfall and runoff were used to transform rainfall to 
runoff. 

 The simulation models were used to generate runoff hydrographs, which are    
then utilized to estimate the peak flow rates and quantities of stormwater runoff. 

8.5 Rainfall Data Analysis 

Roads and properties are protected from frequent floods by storm water drainage systems.  
Such flooding may result from runoff from catchments that contribute drainage flows 
toward the targeted properties or from rain directly falling on the property. This study 
quantifies the catchment area that contributes to the Southern Area of Amman Citadel and 
recommends a drainage approach to enhance site drainage. 

8.6 Storm Return Period 

Return period is the average number of year between storm events equal to and exceeding 
the design storm. The 10, 25, 50 and 100-year return period will be investigated for the   
Southern Area of Amman Citadel area. 

8.7 Rainfall Gage Station 

The Amman Hussein College station was adopted for this study. Daily rainfall data were 
collected from Jordan's Water Authority from 1987 to 2019. The daily record was used to 
determine the Maximum Daily Rainfall for the Amman Hussein College station, and 
statistical analysis were done on these records. The maximum daily rainfall at Amman 
Hussein College station is shown in the Figure 16 and Table 20. 
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Figure 16 - The Maximum Daily Rainfall for Amman Hussein College Station
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Table 19 - The Maximum Daily Rainfall for Amman Hussein College Station 

Water Year Max of Daily Rainfall (mm) 
1987/1988 84 
1988/1990 37 
1990/1991 49 
1991/1992 123 
1992/1993 46 
1993/1994 46 
1994/1995 57 
1995/1996 52 
1996/1997 44 
1997/1998 66 
1998/1999 50 
1999/2000 53 
2000/2001 35 
2001/2002 100 
2002/2003 55 
2003/2004 45 
2004/2005 35 
2005/2006 51 
2006/2007 60 
2007/2008 57 
2008/2009 89 
2009/2010 119 
2010/2011 34 
2011/2012 111 
2012/2013 98 
2013/2014 67 
2014/2015 42 
2015/2016 72 
2016/2017 37 
2017/2018 44 
2018/2019 55 
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Based on records from past years, the maximum 24-hour rainfall depth for each water year 
(October to May) were determined and ranked in order to determine how frequently they 
will be exceeded. The probability of exceedance for the 24-hour rainfall depth is shown in 
the Figure 16. 

 

 

The 24-hour maximum rainfall depth for the 10, 25 and 50 and 100 year return period was 
estimated using the Exponential distribution by Hyfran Plus Software as shown in Figure 
18 and the Table 21. 

  

Figure 17 - 24-Hour Rainfall Exceedance Probability for Amman Hussein College Station



 

56 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

 

 

Figure 18 - Statistical Distribution using Hyfran Software for Amman Hussein College 
Station 

 

Table 20 - 24-Hour Rainfall Depth for Amman Hussein College station 

Return Period (Year) Rainfall depth (mm) 
10 100 

25 126 

50 147 

100 167 
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8.8 Rainfall-Runoff Modeling 

The unit hydrograph method was adopted to determine the peak discharges and volumes of 
runoff for the catchment area that discharges flow toward South Area of Amman Citadel. 

8.9 The Unit Hydrograph Theory 

The unit hydrograph theory is based on the property of proportionality and the principle of 
superposition. The linearity of a watershed assumes that 

 Rainfall excesses of equal duration produce hydrographs with equivalent time bases, 
and 

 Direct runoff ordinates are directly proportional to rainfall excess volumes. 

These linear assumptions are useful because they are relatively simple and are the best   
developed methods, and the results obtained are acceptable for hydrological simulation 
purposes. 

Unit hydrographs are produced for gaged watersheds from historical records and are then 
applied to predict the basin’s response to design storm events. However, when stream flow data 
are not available to develop the unit hydrograph, other methods can be applied to relate 
hydrograph peak flow and timing to basin characteristics. These are normally referred to as 
Synthetic Unit Hydrographs. 

For this study the SCS dimensionless unit hydrograph method was used to develop synthetic 
unit hydrographs. 

8.10 Soil Conservation Service (SCS) Method 

L = 0.6 tc 

Where: 

L is the basin lag time 

tc is the time of concentration 

The time of concentration is the time of equilibrium, at which time the whole catchment 
contributes to flow at the outfall. 



 

58 | T o p o g r a p h y ,  G e o t e c h n i c a l ,  H y d r o l o g y  S t u d y  a n d  D e s i g n  
 
 

 

A number of equations were developed by researchers to estimate the time of concentration 
for different basins and boundary conditions. For this study, the Kirpich equation was used 
in estimating the time of concentration as follows: 

tc = 0.0195 L0.77 S-0.385 

tc = Time of concentration (min); 

L = Length of channel from headwater to outlet (m); 

S = Average watershed slope (m/m), which is the difference in elevation between the outlet 
and the most remote point divided by the length (L). 

8.11 Application of The Unit Hydrograph Theory 

The Unit hydrograph is used to compute the design discharge of a watershed as follows: 

A. Develop Design Precipitation Hyetographs: The design hyetograph was developed from 
the Intensity-Duration-Frequency (IDF) curves using the Alternate Block Method. The 
design hyetograph produced by this method specifies the precipitation depth occurring 
in n successive time intervals of duration Δt over a total duration T = n Δt. After selecting 
the design return period, the intensity is read from the IDF curves for each of the 
durations Δt, 2 Δ t, 3 Δt, etc., and the corresponding precipitation depth found as the 
product of intensity and duration. By taking differences between successive 
precipitation depth values, the amount of precipitation to be added for each additional 
unit of time Δt is found. These increments, or blocks, are re-ordered into a time sequence 
with the maximum intensity occurring in the center of the required duration T, and the 
remaining blocks arranged in descending order alternately to the right and left of the 
central block to form the design hyetograph. 

B. Compute Rainfall Excess: The rainfall excess is the resulting rainfall after accounting 
for losses due to precipitation and infiltration. The rainfall excess was computed using 
the SCS Curve Number Method, which abstracts initial loss. 

C. Cumulative rainfall excess as a function of cumulative precipitation is calculated using 
the following equations: 
S = (1000 / CN) –10 
Where S is the potential abstraction in inches. 
Ia = 0.2 S 
Where Ia is the initial abstraction in inches, and in this project, it will be assumed to 
equal zero. 
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R = (P-Ia) 2 / (P – Ia + S) 
Where: 
R = Rainfall Excess (in) P = Precipitation (in) Infiltration = P – R 

A.  Sub-basin Runoff  Calculation: Computation of runoff from the sub-basin was 
carried out by applying the convolution equation. In this process, the unit 
hydrograph ordinates are multiplied by the rainfall excess and added and lagged in 
sequence to produce the resulting storm hydrograph. The discrete convolution  
equation   can be written in the following form: 

 

 

B.  Baseflow Calculation: The baseflow of the catchments in the study area is either 
zero or negligible compared with the direct runoff of the design storm, which 
dominates the peak of the hydrograph, and as such it will not be added to the storm 
hydrograph. 

8.12 Runoff Coefficients 

The SCS Curve Number Method requires soils types to assess infiltration versus runoff 
percentages. Soil properties influence the process of generation of runoff from rainfall and 
they must be considered in the runoff estimation. The SCS defined four hydrologic soil 
groups (A, B, C and D) as given in Table 16. 

 
Table 21 - The SCS Hydrologic Soil Groups 
 
Soil Group Description

A Deep sand, deep loess, aggregated silts group 

B Shallow loess, sandy loam 

C Clay loams, shallow sandy loam, soils low in organic content, and 

D Soils that swell significantly when wet, heavy plastic clays 
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The Soil types of catchments areas are defined based on online maps of the Harmonized 
World Soil Database v 1.2, the hydrologic soil group "B" is adopted for the study area as 
shown in Figure 18, the runoff curve number CN=69 is adopted for the site conditions from 
Table 17. 

 
 
 
 
  

Figure 19 - Soil Type Classification of the Catchment Area 
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Table 22 - Runoff Curve Numbers
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8.13 Simulation of Software 

The generation of runoff from rainfall will be modeled using the HEC-HMS software, 
developed by the U.S. Army Corps of Engineers. 

 
8.14 Runoff Quantities 

Using HEC-HMS software, the flood hydrographs were calculated for the various return 
periods. The following Table 6 summarizes the flow calculations results, and the figures 
below show the generated hydrographs for the different return periods. 

 
 
 
Table 23 - Flow Calculations Results 
 
Return Period (year ) Peak discharge (Q) m3/s Volume 1000 m3 

10 0.2 0.8 

25 0.4 1.3 

50 0.5 1.7 

100 0.6 2.1 
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Figure 21 - 10 Year Return Periods Hydrograph

Figure 20 - 25 Year Return Periods Hydrograph
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Figure 23 - 50 Year Return Periods Hydrograph 

Figure 22 - 100 Year Rete run Periods Hydrograph 
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8.15 Runoff Quantities for the Sub Catchment of the Study Area 

The study area is affected by the storm water runoff generated from the sub catchment area 
which delineated from available digital elevation model, the sub catchment area is shown 
in the Figure 23 and the characteristics of the catchment are presented in Table 19. 

 

Figure 24 - Sub Catchment Area 

 
 
 
Table 24 - Catchment Area Characteristics 
 

Sub 
Catchment 

Area 

Area 
(ha) 

Maximum
flow 
distance 
(m) 

Mean 
Basin 
Elevation (m)

Slope 
(m/m) 

Curve 
Number 

Lag 
Time 
(Min) 

Time of 
Concentration(
Min) 

 0.7 267 828 0.1 69 1.8 3.0 
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Using HEC-HMS software, the flood hydrographs were calculated for the sub catchment area for 
the various return periods. The following Table 8 summarizes the flow calculations results, and the 
figures below show the generated hydrographs for the different return periods. 

 

Table 25 - Flow Calculations Results for the Sub Catchment Area 

 
 

 
 

  

Return Period (year ) Peak discharge (Q) m3/s Volume 1000 m3 

10 0.06 0.217 

25 0.097 0.341 

50 0.129 0.541 

100 0.162 0.561 

Figure 25 - 10 Year Return Periods Hydrograph 
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Figure 26 - 25 Year Return Periods Hydrograph 

Figure 27 - 50 Year Return Periods Hydrograph 
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Figure 28 - 100 Year Return Periods Hydrograph 
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8.16 Proposed Mitigation Measures 
 
Based on the results of the pre mentioned hydrological analysis there is a major and a minor stream 
that passes in the study area that needed to be drained by suitable hydraulic structure to ensure the 
study area protection. 
The mitigation measures are to drain flood of 25 Yr. return period and checked against 50 Yr. return 
period resulting from the flood streams. 
 
The proposed mitigation measures are summarized as following: 

Option 1a (shown in blue)  

 Proposing a Main rectangular channel to drain the 25 Yr. flood of the catchment area to 
mitigate the flood toward the study area, the channel dimensions are 0.7 m width, 0.3 m 
depth with approximate length of 150 m and the construction slope shall not be less than 
1%, the path of the proposed channel is shown in Figure 17 and the calculations   results   of   
the used Software Flow Master are presented Table 10. 
Option 1b (shown in red) 

 Proposing a secondary rectangular channel to drain the 25 Yr.  flood of the sub   catchment   
area to mitigate the flood toward the study area, the channel dimensions are 0.4m width, 0.2   
m depth with approximate length of 170 m and the construction slope shall not be less than 
1%, the path of the proposed channel is shown in Figure 20 and the calculations results of 
the used Software Flow Master are presented Table 9. 
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Figure 29 -  Path for the Proposed Channels 
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Table 26 - Calculations for the Proposed Secondary Rectangular Channel for 25 Yr. Flood 
Event 

Table 27 - Calculations for the Proposed Main Rectangular Channel for 25 Yr. Flood Event
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Table 28 - Calculations for the Proposed Main Rectangular Channel for 25 Yr. Flood Event
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Figure 30 - Catch Basin and Piping Paths 
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Southern Slope Drainage Design 
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10.1 Designs 

With the data derived from the Topography, Geotechnical, Hydrology Study and Design, a 
drainage solution was engineered to improve the site drainage and protect the deterioration of the 
historic structures from further damage due to the effects of water saturation. Images of the effects 
are shown in Figures below: 

 

Figure 31 - Drainage Path Depositing Soil on Southern Entrance 
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Figure 32 - Moisture Saturation on Existing Wall 

Figure 33 - Moisture Saturation Evidence 
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Figure 34 - Effects of Salts on Existing Structures 
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