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ABSTRACT 

     Near surface disposal facilities are designed to provide long term isolation for low 
and intermediate level radioactive wastes from the human environment by means of 
multi-barriers system, which consists of a combination of natural and engineering 
barriers that act passively to isolate the waste. Adequate and reliable multi-layer 
engineered cover system is required by the long-term safety concept for waste 
disposal to control moisture and percolation, promote surface water runoff, 
minimize erosion, and prevent direct exposure to the waste. In this work, 
investigations of some engineering properties that are utilized in hydrological and 
geotechnical design of capillary barrier have been estimated for different local soil 
textures. Measurements of the physical properties of the studied soil textures have 
been conducted to determine their suitability for the utilization in engineered cover 
system for near surface disposal facility. The soil water characteristics have been 
estimated from the measured physical properties using Vereecken’s pedotransfer 
functions. The critical pressure head for different combinations of soils have been 
evaluated and the thickness of the finer layer has been calculated. Also some 
mechanical properties, angle of internal friction and the cohesion, have been 
estimated using pedotransfer function. The pre-compression stresses have been 
evaluated and the slope stability of the designed barriers has been quantified by 
comparing the factor of safety for each studied case for different slope values.  

INTRODUCTION 
 
      Low and Intermediate Level radioactive Wastes (LILW) arise from all nuclear activities, 
ranging from users of radionuclides in medicine, industry and research, to establishments of 
nuclear power plants. The global production, accumulation and disposal of LILW with varying 
characteristics is continuing to grow (despite the significant impact of waste minimization 
programs) and there is a growing need to ensure that adequate disposal facilities are designed and 
built to allow the disposal of the waste. Various disposal options have been identified as final step 
for the management of LILW. These include surface or near surface disposal facilities with 
varying levels of engineering complexity. The design of any disposal facility aims to provide 
adequate isolation of the disposed waste for an appropriate period of time, taking into account the 
waste and site characteristics and the appropriate safety requirements(1). Also, the facility design 
should ensure that long-term releases do not exceed applicable regulatory limits during either the 
operational or post-closure phases and are as low as reasonably achievable (ALARA) taking into 
account relevant economic and social factors. These aims should be achieved by using passive 
rather than active control systems. 
 
     Waste disposal cover is one of the engineering barriers, which is utilized to control moisture 
and percolation, promote surface water runoff, minimize erosion, and prevent direct exposure to 
the waste. Several cover designs of different engineering complexities and installation costs are 
worldwide experienced(2-6). The choice of the cover design depends on site-specific conditions 
and the regulation requirements. Capillary barrier layers are utilized in evapotranspiration cover, 
as lateral drains to minimize percolation into the underlying layers or waste(6-8). This barrier 
consists of two soil layers of different grain size, the finer-grained layer overlying the coarser-
grained layer. Due to the contrast in the hydraulic conductivities between the two layers, the 



percolation into the coarser-grained (lower) layer is minimized under unsaturated conditions(9- 10). 
Good design is an important step towards ensuring operational as well as long term safety of 
LILW disposal. In designing the capillary barrier, the selection of material, minimization of 
percolation, and optimization of the thickness and slop are critical factors that needs to be highly 
considered. Intensive research efforts have been focused on the evaluation of the usability of 
different natural materials, modified soils, synthetic material, or waste materials as engineering 
materials in waste disposal system i.e. as liner or cover(11-12). This paper addresses some 
engineering issues involved in using different soil textures in designing capillary barrier. 
Experimental characterizations of the physical properties are carried out to support the pre-design 
investigations of the technical feasibility for the studied samples. Soil water characteristics and 
some mechanical properties, angle of internal friction and the cohesion of studied soil, are 
estimated using pedotransfer functions. Then the obtained data are utilized to develop initial 
design for the capillary barrier. 
 

EXPERIMENTAL WORK 
 
     For reasons of availability and convenience, the investigated soil samples were obtained from 
the waste disposal site at the atomic energy authority campus at Inshas site, Cairo, Egypt. All the 
studied samples collected were subjected to laboratory measurements to determine bulk density, 
particle density, particle- size distribution (PSD), and organic carbon content. Samples were dried 
oven at 105°C to determine dry bulk density ρb. SALD 2001, SHIMADZU, JAPAN laser 
diffraction- particle size analyzer was utilized to determine the particle size distribution. Organic 
matter content in soil was determined using the ASTMD294 standard test methods(13), and the soil 
texture was identified according to the USDA system of soil classification.  
 

RESULTS AND DISCUSSION 
 
Results of Experimental Investigations 
 
     The results of the bulk density, organic matter content measurements are listed in Table (1), 
where the results of the PSD have been illustrated in Fig.(1). The PSD results are analyzed to 
classify the soil samples. The coefficient of uniformity Cu and coefficient of concavity Cc have 
been determined using Eq.(1) to check the grading of the studied samples. 
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where Dx = diameter of particle (µm) where x percent is finer. A well graded sample that reduce 
the problem of fine must have a coefficient of uniformity less than 4.0 and coefficient of 
concavity bigger than 1.0 and less than 3.0 (14). The classification and values of Cu and Cc have 
been presented in  Table (1). It was found that only the samples 1and 2 are classified as well 
graded soil while sample 3 is poorly graded soil.  

 
Table (1): Soil Classification, properties, and grading indices. 

Percentage fine Soil type Cu Cc ρb  OMC Sample 
number clay% 

<2µm 
silt% 

2-50µm 
sand% 
>50µm    gcm-3  

1 91 9 0 clay 3.95 2.74 1.4 2.61 
2 0 16 84 sand 1.95 1.30 1.76 0.01 
3 0 40 60 sandy loam 8.68 0.60 1.62 1.27 
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Fig.(1): Particle size distribution of the studied samples. 

 
Evaluation of the Soil Water Characteristics  
     An effective representation of soil water characteristics is of prime importance for 
hydrological design of the cover system(15, 16). Pedotransfer functions (PTFs) are used to estimate 
the soil water characteristics from basic soil physical and chemical properties to overcome the 
difficulties arising when direct laboratory and field measurements are utilized such as 
cumbersome, time- and labor-intensive and cost(17, 18). Vereecken PTF have been utilized in this 
study, these functions are given as follow(19): 
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where  

θr, θs,   are the residual and saturated moisture content respectively, cm3/cm3 
α & n are van Genuchten soil water retention parameters 
CL  clay percentage, % 
SA  sand percentage, % 
OM percentage of organic matter, % 
ρb bulk density (g/cm3) 
k s  saturated hydraulic conductivity (cm/d) 

     The soil waster characteristics have been estimated using Eq.(2), the estimated values are 
listed in Table (2). 

Table (2): Soil water characteristics. 

Soil type θr θs 
α 

cm-1 n ks 
cm/d 

clay 0.019 0.47 0.005 1.04 0.173 
sand 0.015 0.311 0.008 2.4 794 

sandy loam 0.017 0.35 0.0072 1.9 9.64 
 



Evaluation of Critical Pressure Head 
 
     In designing the capillary barrier, the contrast in the unsaturated hydraulic properties between the 
finer and coarser-grained layer forms the hydraulic impedance that limits the downward water 
movement. The barrier will act successfully as long as the pressure at the interface remains larger than 
the critical pressure that corresponds to equal unsaturated hydraulic conductivities at the two layers. 
The critical pressure of the clay and the sandy loam with the uniform graded medium sand layer as a 
coarser layer were extracted form Fig(3.a) and are 3*103 and 5.7*103 cm for the sandy loam and clay 
respectively. 
 

 
Fig.(2): Soil water retention curves for the studied samples. 

 
     Stormont and Anderson (20) show that significant amounts of water will enter the coarser soil 
only when the matric suction at the surface of the coarser layer decreases to the value near the 
bend in the soil water characteristic curve near residual water content. The corresponding matric 
suction is ψbc and the volumetric water content in the coarser layer is θbc. Continuity in pore water 
pressure requires that the matric suction in the two layers must be equal at their interface. As a 
result, the matric suction in the finer layer at the interface must equal ψbc before water will enter 
the coarser layer. The water content in the finer layer at θbc is noted as θbf in Fig. 3(b), and it 
corresponds to point BF on the soil water characteristic curve for the finer layer. Even when BF is 
reached, water still enters the coarser-grained layer slowly because the hydraulic conductivity of 
the coarser-grained layer is still lower than the critical pressure θbf are 0.07 and 0.392  
 
     The thickness of the finer layer of the barrier could be determined based on the storage 
capacity of the finer layer during the critical time period (tc) that may result in percolation(21). The 
daily precipitation at the disposal site is illustrated in Fig.(3), The storage capacity can be 
estimated by the cumulative precipitation and assuming that runoff and evapotranspiration are 
zero. So the finer layer thickness should be capable to store 2.9 cm. the thickness of the layer 
could be estimated form the following equation:  
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where  
Scb   storage capacity, cm 
θt total moisture content, cm3/cm3 
θbf moisture content corresponding to the capillary break pressure, cm3/cm3 
L the thickness of the fine layer 

 
     By applying Eq.(3), the thickness of the finer layer in the capillary barrier was found to be 
27.62 for the sandy loam and 11.13 cm for clay. 

0

0.2

0.4

0.6

0.8

1

Jan. Mar May Jul Sep Nov

Month

D
ai

ly
 P

re
ci

pi
ta

tio
n,

 c
m

 
Fig.(3): Daily precipitations at Inshas site. 

Estimation of Mechanical Properties. 
 
     The mechanical properties, cohesion and angle of internal friction, for the studied samples 
were obtained from Horn et al (22). The Alcor model was utilized to estimate the pre-compression 
stress of the studied samples, as follow (23): 
 
clay 
Pv = 4.59ρb − 1.02OMC − 16.43(ks)0.33 − 1.57wc+ 3.55c + 1.18ϕ − 18.03  
 (4) 
 
sand 
Pv = 374.15 ρb − 4.1OMC − 1.58(ks)−0.5 + 1.79c − 6.37(ϕ)0.67 + 0.088(wc)2 − 472.77 
 (5) 
 
Sandy loam  
Pv = 438.10 ρb − 0.0008ϕ3 − 0.11(wc)2 − 465.60      
 (6) 
 
where  

Pv pre-compression stress, kPa 
ρb  bulk density, gcm−3 
wc  water content, vol.% 
ks  saturated hydraulic conductivity (×103), cm s−1 



OMC  organic matter content, wt.% 
C Cohesion, kPa 
ϕ  angle of internal friction  

     Table (3) present the mechanical properties of the studied samples, form this table it is obvious 
that the sandy loam sample is very stable soils, where the clay is a unstable soil. 

Table (3): Mechanical properties for the studied soil samples. 

Soil texture 
classes Soil structure cohesion angle of internal 

friction (◦) 

Pre-
compression 
stress (kPa) 

classification of 
compressibility 

sand sin 2 29 128.5 stable 
clay sin 0 16 33.06 extremely unstable 
sandy loam coh/pri 12 34 212.68 very stable 

 
Slope Stability Analysis  
 
     The presence of a barrier layer within the final cover invites sliding failure of the cover due a 
build up of pore water above the barrier. This pore water reduces the contact or effective stress 
acting on veneer interfaces and thus reduces the sliding stability of the final cover. Limit 
equilibrium methods have been widely used for assessing the stability of natural or man-made 
slopes. Usually, the factor of safety is used to assess stability of the slope under static conditions. 
The factor of safety is defined as the ratio between the available strength and the strength required 
for a state of incipient failure along a possible slip surface. Giroud et al.(24) have shown that the 
factor of safety of a geosynthetic-soil layered system constructed on a slope of finite height is 
expressed by the following equation when there is no water flow: 
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where  
 

δ  interface friction angle,  
a interface adhesion; 
c cohesion of soil above the geomembrane, 
ϕ  internal friction angle of soil above the geomembrane 
γ unit weight of the soil above the geomembrane, 
t  thickness of the soil above the geomembrane 
h  height of the slope 
β slop angle 
T geosynthetic tension above the slip surface. 

 
     The factor of safety was calculated for various slop angles for the two studied combinations as 
shown in Fig.(4), the results indicate that the sandy loam have higher factor of safety.  
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Fig. (4): Factor of safety as a function of slope. 

 
CONCLUSION 

 
     This paper presents a method to estimate some engineering properties that are utilized in 
hydrological and geotechnical design of capillary barrier using pedotransfer functions. A design 
procedure that can be used for preliminary selection of the thickness of the finer layer has been 
described and utilized to evaluate the thickness of the sandy loam and clay samples. This method 
employs a series of equations relating the storage capacity, total moisture content, moisture 
content corresponding to the capillary break, and the annual infiltration rate. The results obtained 
indicate that the required thickness in case of using clay is less than half that required for the 
sandy loam. Also the factor of safety was calculated using Giroud equation, it was found that the 
sandy loam have higher factor of safety.  
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