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          Abstract—In deep excavations, it is necessary to guarantee 

stability against catastrophic failure and to ensure that the 

deformations in the surrounding are within acceptable limits. 

Excavations done above the groundwater table can be 

supported with simple structures such as soldier pile walls. But 

the stability of the structure is affected by the infiltration of 

rainwater. If the infiltration of rainwater can be reduced the 

construction of a deep vertical excavation support system can be 

optimized. A Capillary Barrier (CB) which consists of a fine 

layer lying on top of a coarse layer at the ground level can cut 

off the infiltration into the lower layers. In this research study, 

initially, attempts were made to establish the critical parameters 

through parametric studies. A laboratory model of a Capillary 

Barrier was constructed with instrumentation and a rainfall 

pattern was applied. Experimental results were verified with 

GeoStudio, 2012 SEEP/W software and there was a very good 

agreement. A deep excavation supported by a soldier pile wall 

in an unsaturated soil was modelled thereafter with Midas GTS 

NX 3D software and the effectiveness of the capillary barrier in 

optimizing the design of the support system during a prolonged 

rainfall was illustrated.   
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I. INTRODUCTION 

       Due to the scarcity of land, deep vertical excavations 
have become necessary for providing adequate parking 
spaces in urban constructions. If the excavations extend 
below the groundwater table expensive watertight retaining 
wall systems in the form of diaphragm walls and secant pile 
walls would be required. Vertical cuts made in unsaturated 
soils may be supported with simpler retaining wall systems 
such as soldier pile walls. If unsaturated conditions with high 
matric suctions are assumed to prevail, support systems can 
be designed economically. But due to the infiltration of 
rainwater during prolonged rainfalls, matric suctions will be 
lost and designs for the worst condition will have high prop 
forces and are costly. The factor of safety of slope is basically 
defined as follows by Eq. (1), � = ����    (1) 

Where F is the factor of safety of slope, �� is shear strength 

and �� is mobilized shear strength for equilibrium. 
The shear strength in unsaturated soil is given by Eq. (2) [1],  �� = 	′ + (
� − �) tan ∅′ + (
 − ��) tan ∅� (2) 

Where �f is shear strength, 
� is total normal stress, � is pore 

air pressure, ∅′ is the effective angle of shearing resistance, �� is porewater pressure and ∅� is angle indicating the rate of 
increase in shear strength relative to matric suction. 
       If the infiltration can be cut off, high matric suctions can 
be assumed, and the design can be optimized. A properly 

designed Capillary Barrier (CB) system with; material of 
contrasting hydraulic properties, adequate layer thickness and 
sloping interface angle could cutoff the infiltration to the 
underlying layers significantly. This could economize the 
excavation supporting system. Hence, a study of the capillary 
barrier concept is very important. 

II. CAPILLARY BARRIERS IN DEEP VERTICAL EXCAVATION 

         A capillary barrier is a cover system commonly 
consisting of a relatively fine soil layer placed over a 
relatively coarse soil layer. Capillary barriers are generally 
unsaturated and function in response to changes in negative 
pore-water pressures [2]. Infiltrating water is removed from 
the fine layer by evaporation or transpiration, or percolation 
into the coarse layer (failure) [3] [4]. In the case of deep 
vertical excavations, capillary barriers can be used on the top 
of the excavated sides and the top surface of the capillary 
barrier should be kept horizontal to allow the construction 
process without any hindrance as shown in Fig 1. The fine-
coarse layer boundary should be made to an adequate slope. 
The capacity of the barrier will be enhanced with the increase 
of the slope angle. The length of the barrier will be restrained 
by the space available on the site. It is necessary to drain out 
the water at the edge of the capillary barrier. The thickness of 
the layers should also be optimized. In this research, a 
parametric study was done on the critical dimensions and the 
performance of a capillary barrier was evaluated. 

III. METHODOLOGY 

       In this research study, a laboratory-scale physical model 
of a capillary barrier was made with appropriate material. A 
lateritic gravelly soil was compacted to simulate the natural 
soil in the site. The capillary barrier was made with fine river 
sand as the fine layer and coarse fraction (coarser than 
1.18mm) as the coarse layer with a slope interface angle of 
30%. A rainfall of 10mm/hr was given to the model and pore 
water pressure and volumetric water content measurements 
were taken using tensiometers and moisture sensors which 
were installed in the model as shown in Fig 2. This paper 
presents the construction of a laboratory model with 
appropriate instrumentation and application of a design 
rainfall. Changes in the matric suction and moisture contents 
were measured in two sections; one within the capillary 
barrier and another outside it. The experimental results were 
compared with those obtained from the numerical simulation 
of the process with GEOSLOPE SLOPE/W 2012 software. 
          Another analysis was done studying the effect of 
rainfall on the prop forces on a soldier pile wall done in an 
unsaturated soil in a site with a deep groundwater table. The 



 Fig 1: Proposed Capillary barrier in a deep vertical excavation 

 Fig 2: Laboratory infiltration model with instrument placements 

effectiveness of CB in controlling the infiltration and 
maintaining low prop forces during prolonged rainfall was 
studied. This study was done with MIDAS GTS NX software 
under 3 Dimensional conditions 

IV. PROPERTIES OF SOIL 

      Capillary barrier system consists of two layers fine-
grained layer placed on top of a coarse layer and with a 
significant contrast in hydraulic conductivity. A typical set of 
curves are presented in Fig 3 [2]. At high matric suctions, the 
permeability of the coarse-grained layer is lower than that of 
the fine-grained layer and the infiltrated rainwater can be 
retained under capillary action and moved away under the 
condition of lateral diversion if there is a sufficiently large 
inclination at the interface.           

 Further, the fine-grained layer should be of adequate 
thickness. In this research locally available fine river sand and 
a coarse fraction (greater than 1.18mm in size) of 
manufactured sand (crushed aggregates) will be used as fine 
and coarse layers, respectively. The hydraulic properties of 
these materials Soil Water Characteristic Curve (SWCC) and 
Permeability Function of these materials were obtained from 
the previous studies done by [5], [6], [7], & [8]. Those curves 
were idealized to be used in the software using Fredlund and 
Xing model (1994) given in Eq. (3). 

���� = �1 � ln �1 � ����
ln �1 � 10 �� !" # 1ln $% � ���&'(

)
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�1 � ln �1 � ����
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Where Ө is calculated volumetric water content, ψ is matric suction under consideration �kPa�, a is fitting parameter related to air entry value of the soil �kPa�, n is fitting parameter related to the maximum slope of the curve, m is fitting parameter related to the curvature of the slope, ψr is fitting parameter related to the residual suction of the soil �kPa� [9]. 
A. Properties of fine river sand 

     The basic properties of fine Sand are; specific gravity = 
2.7, maximum dry density = 1673.8kg/m3, optimum moisture 
content = 7%, Coefficient of uniformity, Cu = 2.44, 
Coefficient of curvature, Cc = 0.78, and Saturated hydraulic 
conductivity, k = 2.1×10-4m/s. In this study, for the numerical 
analysis conducted with GEOSLOPE SEEP/W software, 
SWCC was idealized through Fredlund Xing’s (1994) 
parameters as shown in Table I [6]. The permeability at 
different matric suctions could be related to the saturated 
permeability through SWCC.  

B. Properties of Manufactured sand 

Manufactured sand used in this research was purchased from 
Tokyo super plant. Basic soil properties and SWCC of the 
manufactured sand (coarse fraction) were determined 
through laboratory experiments to be; Coefficient of 
uniformity, Cu = 3, Coefficient of curvature, Cc = 0.9, 
Saturated hydraulic conductivity, k = 2.8×10-2m/s. For the 
numerical analysis in this research, SWCC was idealized 
through Fredlund Xing’s (1994) parameters shown as shown 
in Table I [6].  

C. Properties of Residual Soil 

      In Sri Lanka majority of these deep excavations are done 
in residual soils - the product of weathering of the 
metamorphic parent rock. Table II presents the basic 
properties of the residual used in this research. Fredlund 
Xing’s best-fit parameters were used in the establishment of 
SWCC of the residual soils in the numerical simulations. 
Table I presents the best-fit parameters used in the study [6].  

      SWCC curves for the three types of materials used in the 
experimental setup are presented in fig 4. 

Fig 3: Permeability curves of capillary barrier materials [2] 



TABLE I: FREDLUND XING BEST-FIT PARAMETERS 

Material ӨM Best fit parameters 

a(kPa) m n 

River sand 0.35 25 0.21 17.23 

M-sand 0.22 0.9 0.38 3.83 

Residual soil 0.55 13 4.8 0.97 

TABLE II: BASIC PROPERTIES OF RESIDUAL SOIL 

Specific Gravity 2.64 

Maximum Dry density 1589kg/m3 

Optimum moisture content 21.8% 

LL 46.2 

PL 41.6 

PI 4.6 

Saturated hydraulic conductivity 1×10-5m/s 

 

 

Fig 4: Soil water characteristics curves of the soils used ( Geo Slope 2012, 
SEEPW) 

V. RESULTS OF THE LABORATORY PHYSICAL  MODEL AND 

VERIFICATION WITH NUMERICAL ANALYSIS 

A. Experiment using physical laboratory physical model 

          The Physical model was designed to study the effect of 
the capillary barrier in controlling the infiltration of 
rainwater. The model has a capillary barrier of the length of 
600mm with a perforated PVC pipe at the bottom level of the 
interface to collect and dispose of the infiltrated water (Fig 
2). The fine layer thickness of 200mm, the Coarse layer 
thickness of 100mm, and a slope of 30% were selected after 
conducting a parametric analysis changing the above values 
within a practical range. An intermittent rainfall of 10mm/hr 
was applied to the model with various durations as presented 
in Table III while monitoring the matric suctions and the 
moisture content through the tensiometers and moisture 
sensors installed in the model at locations indicated in Fig 5. 
The monitoring was conducted continuously from 
24/02/2022 to 27/03/2022.  
             As illustrated by the results shown in Fig 6, the 
capillary barrier was effective in maintaining the matric 
suction in the lateritic layer underneath (CH 1 and CH 2) until 
the 6-hour long rainfall given on 5/3/2022. After that rainfall, 
the matric suctions were depleted to 20 kPa indicating 
breakage of the capillary barrier. Two tensiometers outside 
the capillary barrier (CH 3 and Ch 4) showed a loss of matric 
suction from the very first rainfall on 25/2/2022. The 
experiment was continued after the breakage to examine the 
possibility of the capillary barrier recovering and functioning 
again. 

TABLE III: RAINFALL PATTERN OF EXPERIMENT 

Date  Duration 

25/02/2022 1.00 PM – 3.00 PM 

26/02/2022 8.00 AM – 12.00 PM 

27/02/2022 8.00 AM – 12.00 PM 

28/02/2022 8.00 AM – 10.00 PM 

05/03/2022 8.00 AM – 2.00 PM 

23/03/2022 10.00 AM – 2.00 PM 

24/03/2022 10.00 AM – 2.00 PM  

 

 
Fig 5: Geometry of the model and Names given to the instruments 

 
Fig 6: Porewater pressure variation with time – Experimental 

 
Fig 7: Volumetric water content variation with time – Experimental 

Monitoring was continued from 05/03/2022 – 23/03/2022 
without applying any rainfall and again the rainfall was 
applied on 23rd and 24th as shown in Table III. Some 
recovery was observed in CH 1 but no recovery was there in 
CH 2 at a deeper level. 
                       As shown in Fig 7, the moisture content 
recorded by CH8 in the fine layer recorded increased in value 
during the rainfalls. But CH 6 recoding the moisture content 
at upper levels in coarse layer did not show much variation 
with the rainfall. 



 
Fig 8: Numerical model and the cross-sections used 

 
Fig 9: Porewater Pressure variation along with depth - X-X 

 
Fig 10: Porewater pressure variation along with depth - Y-Y 

B. Numerical analysis of Infiltration model 

            Infiltration into the physical model was numerically 
simulated (Fig 8). The variation of matric suction with depth 
was plotted for Section X-X within the capillary barrier and 
Section Y-Y outside it for the full duration of the experiment. 
The results of the numerical analysis also showed that after 
the rainfall on 06/03/2022 matric suction values decrease 
from 60 kPa to almost zero (Fig 9).  
        In this plot the depth up to 0.3m is within the capillary 
barrier and attention should be focused on the lateritic layer 
below the CB. Matric suction values of the order of 60 kPa 
were maintained up to 05/03/2022. The numerical analysis 
predicted the reduction of matric suction in Section Y-Y 
outside the capillary barrier from the very first rainfall 
onwards (Fig 10). 

C. Discussion 

           Both the experiment and the numerical analysis 
showed that the capillary barrier worked effectively in cutting 
the infiltration for more than 9 days. Matric suction in the 
section without the capillary barrier (Y-Y) reduced with each 
applied rainfall from the first rainfall itself. The experiment 
shows the model failed on 05/03/2022 and the numerical 
model shows it failed on 06/03/2022.  

 
Fig 11: Cross sections and geometry of the model 

 

Fig 12: Pore water pressure variation with depth (a)-Section Z-Z, (b)- 
Section X-X 

And both show the capillary barrier did not recover within a 
given time of 32 days. It can be concluded that the 
experimental infiltration study is verified reasonably well by 
the numerical analysis. 

VI. MODELLING THE EFFECT OF CAPILLARY BARRIER COVER 

SYSTEM FOR A FIELD EXCAVATION 

Thereafter the excavation of a 6m deep vertical excavation 
with a width of 20m with a CB was modelled. The capillary 
barrier was extended up to 4.5m with the lined drain at the 
bottom part (Fig 11). The CB used in this study was with a 
fine-grained soil layer and a coarse-grained soil layer each of 
a thickness of 100mm and an interface slope of 20%. Soil 
water characteristic curves and the permeability function of 
the materials used for this simulation are the same as the 
materials used for the Laboratory infiltration model. 
         Due to the symmetry of the model half of the model was 
analyzed to reduce the analyzing time and the geometry, and 
cross-section names are shown in Fig 11. Results obtained 
from the numerical simulation of the continuation of 
10mm/hr rainfall for 48 hours are presented in Fig 12.  



         Fig 12a presents the pore water pressure distribution in 
section Z-Z (outside the CB) and Fig 12b shows the pore 
pressure distribution in section X-X within the CB. It could 
be seen that the capillary barrier has prevented infiltration in 
section X-X and the initial matric suction was maintained 
even after 48 hours. In section Z-Z outside the capillary 
barrier, matric suction was completely destroyed, and 
positive pore water pressures were developed up to a depth of 
2m. The prevailing high matric suctions under the capillary 
barrier in the residual soil will ensure maintenance of high 
shear strength despite the continuing rainfall thus reducing 
the forces transferred to the structural elements – props in the 
excavation support system. 

VII. CHANGES IN THE EARTH PRESSURES AND PROP FORCES IN 

THE EXCAVATION SUPPORT SYSTEM WITH THE PRESENCE OF 

CAPILLARY BARRIER  

The matric suction/pore water pressure changes occurring in 
the soil media due to the continuing rainfall were 
incorporated in the finite element stress analysis through 
MIDAS software to evaluate the changes in the state of stress. 
The changes in the prop forces of the support system with the 
continuing rainfall were evaluated under different conditions. 
A typical excavation support system with soldier piles is 
presented in Fig 13. In this system, the lateral support had 
been provided through anchors.  
               Due to limitations in 2-D numerical analysis in 
attaining numerical convergence with capillary barrier cover 
in stress-seepage analysis, these studies were performed on a 
3-D model using MIDAS GTS NX software. Fig 14 presents 
the geometry, boundary conditions, and prop levels used in 
the analysis. 
       For the Stress-Seepage analysis, three types of cases 
were considered to compare the results with each other so that 
the effectiveness of the capillary barrier can be studied. The 
cases considered were, 
 

1. Excavation without capillary barrier in the absence 
of rainfall (Case1) 

2. Excavation without capillary barrier in the presence 
of rainfall (Case 2) 

3. Excavation with capillary barrier in the presence of 
rainfall (Case 3)  

Analysis was done for rainfall of 10mm/hr continuously with 
lateral prop spacing of 1m. 
 
 

 
Fig 13: Actual excavation with soldier pile wall 

 
Fig 14: Geometry, boundary conditions, and prop levels of the model 

TABLE IV: MATERIAL PROPERTIES OF ELEMENTS USED IN FE ANALYSIS 

(MIDAS GTS NX) 

Element Element 
type 

Model  Elastic 
modulus 
(kPa) 

Permeability 
(m/s) 

Fine 
Soil 

3D-
soild 

Mohr - 
coulomb 

1.3×104 2.1×10-4 

Coarse 
Soil 

3D-
soild 

Mohr - 
coulomb 

1.2×104 2.8×10-2 

Residual 
Soil 

3D-
soild 

Mohr - 
coulomb 

2.2×104 1.0×10-5 

Drain 3D-
soild 

Mohr- 
coulomb 

3.0×107 1.0×10-12 

Soldier 
pile wall 

2D- 
shell 

Elastic 3.0×107 1.0×10-12 

A. Results and Discussion 

       The variation of the prop forces at levels A, B, and C 
were plotted under the three different conditions discussed 
above. Fig 15 presents the prop force variations for case 1 
which do not include any effect of rainfall but to give an idea 
about the initial forces acting on the props. Prop forces in A, 
B, and C at the end of the excavation process are respectively 
16.6kN, 19.0kN, and 18.5kN.  
       Fig 16 presents the results of case 2 which shows the 
increase in the prop forces in each A, B, and C level for a 
period of 5 days due to the infiltration of rainwater. From the 
results of the analysis, the increase in prop forces in prop 
levels A, B, and C are respectively 8.3kN, 6.3kN, and 5.2kN 
for rainfall of 10mm/hr continuously for 5 days. The prop 
forces at the deeper levels experience a lesser increase due to 
the limited infiltration to a deeper level.  
          From the results of the analysis of case 3, the increase 
in prop forces in prop levels A, B, and C are respectively 
0.75kN, 0.18kN, and 0.11kN for rainfall of 10mm/hr 
continuously for 5 days. This comparison shows the 
effectiveness of the capillary barrier in minimizing the 
infiltration and optimising the design of supporting systems 
of deep vertical excavation. 

 
Fig 15: Variation of prop forces with stage (case 1) 



 
Fig 16: Variation of prop forces with stage (case 2) 

 
Fig 17: Variation of prop forces with stage (case 3) 

TABLE V: INCREASE IN PROP FORCE 

Prop 
level 

Increase in prop 
force without 

capillary barrier 

Increase in prop 
force with capillary 

barrier 

(kN) (%) (kN) (%) 

A 8.3 50 0.75 4.63 

B 6.3 33.16 0.18 0.96 

C 5.2 28.12 0.11 0.6 

 
           Table V provides the increase in prop forces at the end 
of the analysis period of 5 days. Results of these analyses 
show the effectiveness of the capillary in reducing the 
increase of prop forces during rainy seasons by comparing 
case 2 and case 3. 

B. Comparison of empirical and FEM results 

The prop forces at three levels A, B, and C could be 
calculated using the empirical strut loading envelope concept 
shown in Fig 18. With respect to Fig 18 active pressure 
diagram corresponding to soft/medium clay was selected to 
represent the residual soil.  In the empirical process, the 
prevailing matric suction was used to estimate the apparent 
cohesion, and earth pressure distribution was computed with 
that estimated apparent cohesion.  A comparison of the results 
of the empirical and FEM results is presented in Table VI. 
The comparison showed that the empirical methods are much 
more conservative. 

VIII. CONCLUSION  

Using appropriately selected materials, capillary barriers 
were found to be effective in minimizing the infiltration of 
rainwater into unsaturated vertical excavated slopes. By 
minimizing the infiltration, it maintains high matric suction 
and shear strength of the deep vertical slopes.  

 
Fig 18: Strut loading envelopes recommended by Peck (1969) [10] 

TABLE VI: COMPARISON OF RESULTS 

Prop 
level 

Analysis without 
capillary barrier 

Analysis with capillary 
barrier 

Prop load 
Empirical 

(kN) 

Prop load 
FEM  
(kN) 

Prop load 
Empirical 

(kN) 

Prop load 
FEM 
(kN) 

A 45 24.8 20.26 16.95 

B 72 25.3 32.4 18.95 

C 72 23.7 32.4 18.59 

 
        Therefore, capillary barriers have a high potential for 
application in optimizing the support systems of deep vertical 
excavation. Seepage conditions and their related stress 
conditions were studied in detail and their applicability in Sri 
Lankan residual soil with locally available materials like river 
sand and manufactured sand were studied. This research 
study provides an initiative to use the capillary barrier 
concept in deep vertical excavations in Sri Lanka because it 
is a proven solution for economizing the support systems. 
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