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ABSTRACT 

 

Trenches are typically excavated in soils that are in a state of unsaturated condition. 

Stability of trenches in unsaturated soils, therefore, primarily depends on matric suction 

distribution with depth, which has a great influence on the shear strength of unsaturated 

soils. The location of the groundwater table, types of soils, and local climate conditions 

such as rainfall and evaporation are major contributing factors to the matric suction 

distribution, and thus the stability of unsupported trenches. Trench failures are labelled as 

the cause of many work-related injuries and deaths in the construction industry. Hence, the 

design of unsupported trenches should be done with utmost caution. Critical height and 

stand-up time are two critical factors that govern the design of unsupported trenches. The 

focus of this research is directed towards investigating the influence of rainfall infiltration 

on the stand-up time of unsupported vertical trenches excavated in cohesive (Indian Head 

till) and cohesionless (Unimin 7030 sand) soils. For this investigation, a series of numerical 

analyses were carried out to estimate stand-up time of unsupported vertical trenches 

considering possible practical scenarios such as various rainfall intensities and 

groundwater tables, impermeable membranes on the ground surface, and tension cracks. 

The commercial geotechnical modelling software, GeoStudio (2016, GeoSlope Ltd. Inc.) 

was used in this study to simulate excavation, rainfall infiltration, redistribution of pore-

water pressure due to excavation and slope stability analysis. The results show that rainfall 

infiltration reduces the stand-up time of unsupported vertical trenches. The use of 

impermeable membrane is found not to be effective especially in sand for shallow ground 

water tables.   
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 Introduction  

1.1 Problem Statement 

Trenching is the most common practice in geotechnical engineering practice, especially in 

mining, tunneling, building foundations, drainage construction and installation of piping 

systems, etc. Trench cave-ins are blamed for many work-related injuries and deaths in the 

construction industry. In the U.S., between 60 and 100 deaths per year in the construction 

industry are attributed to trench cave-ins (Thompson and Tanenbaum 1977, Suruda et al. 

1988, White 2008). According to the OSHA (Occupational Safety and Health 

Administration) Data Base (1985 - 1989), most deaths related to trench failures occurred 

in sewer line construction.  

Trenches are typically excavated in soils that are in a state of unsaturated condition. 

Stability of trenches in unsaturated soils primarily depends on matric suction distribution 

with depth since it has a great influence on the shear strength of unsaturated soils. Level of 

groundwater table, types of soils, and local climate conditions such as rainfall and 

evaporation are major contributing factors to the matric suction distribution, and thus the 

stability of unsupported vertical trenches (Pufahl et al. 1983, Stanier and Tarantino 2013, 

Vanapalli and Oh 2012, Whenham et al. 2007). 

Critical height (i.e. maximum depth of an unsupported trench that can be excavated without 

failure) and stand-up time (time elapsed from the instant a trench is excavated until it fails) 

are two governing factors that should be considered in the design of unsupported vertical 

trenches. Theoretically, an unsupported vertical trench can be excavated up to a critical 
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height without failure. However, since the stability of an unsupported vertical trench in an 

unsaturated soil is governed by the variation of matric suction, it can fail anytime due to 

the decrease in matric suction associated with rainfall infiltration. In other words, stand-up 

time of an unsupported vertical trench should be reliably estimated before field workers 

initiate their works in the unsupported trenches considering the aforementioned factors, 

especially rainfall infiltration.  

1.2 Hypothesis 

It hypothesized that that potential failure surfaces pass through the toe of an unsupported 

trench. Instability or failure of unsupported vertical trenches are caused only by the 

decrease in the shear strength of soil associated with rainfall infiltration.  

1.3 Research Objective 

The primary objective of this research is to propose an approach (i.e. numerical analysis) 

to estimate stand-up time of unsupported vertical trenches in unsaturated soils considering 

i) types of soils, ii) initial level of the groundwater table (i.e. initial matric suction 

distribution), iii) depth of tension cracks, iv) length of impermeable membrane, and v) 

rainfall intensities.   

1.4 Research Scope 

This research was carried out for two different types of soils: Unimin 7030 sand and Indian 

Head till that represent cohesionless and cohesive soils, respectively. Instability of 
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unsupported vertical trenches can be caused by several factors such as decrease in matric 

suction, ground surface loading or vibration adjacent to a trench. This research focuses on 

the failure of unsupported trenches due to decrease in matric suction associated with 

rainfall infiltration in estimating the stand-up time. Various matric suction distributions 

were achieved by simulating the groundwater table at different depths. Three ranges of 

constant rainfall intensities were considered in the numerical analysis: namely, low (0.1 to 

0.5 mm/hr), medium (1 to 5 mm/hr) and high (10 to 25 mm/hr) rainfall intensities. In 

practice, a temporary impermeable membrane is commonly used to divert surface runoff 

during heavy rainfall. Hence, the effectiveness of an impermeable membrane towards 

stand-up time was investigated by applying zero unit flux on the assumed covered distance 

from the edge of unsupported trench. When tension cracks extend to a certain depth due to 

effective and apparent cohesion, the stability of an unsupported vertical trench decreases 

since the shearing resistance above the depth of the tension cracks disappear. Therefore, 

additional stability analyses for unsupported vertical trenches were also conducted 

considering the depth of a tension crack with and without water in it in estimating stand-

up time.  

1.5 Methodology 

 Commercial geotechnical modeling software, SIGMA/W, SEEP/W and SLOPE/W 

(GeoStudio 2016; GeoSlope Ltd. Inc.) were used for the numerical analyses. SIGMA/W 

was used to simulate trench excavation and redistribution of pore-water pressure due to 

excavation. Rainfall infiltration and subsequent changes in matric suction were analyzed 

using SEEP/W. Finally, SLOPE/W was used for stability analysis with and without a 
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tension crack based on the shapes of unsupported trenches and resultant pore-water 

distributions. Each software was validated using simple examples.  

1.6 Organization of the Thesis 

 This thesis consists of six chapters including ‘Introduction’ (Chapter 1), ‘General 

Conclusions’ (Chapter 6), and ‘Limitations and Future Research (Chapter 7)’.  

Chapter 2 presents the basic concepts of soil suction and the importance of the Soil-Water 

Characteristic Curve that is key to analyzing the mechanical behaviours of unsaturated soils 

such as shear strength and permeability. 

Chapter 3 provides previous research undertaken by several researchers towards the 

understanding of the stability of cuts and slopes associated with redistribution of pore-

water pressure due to excavation and rainfall infiltration.  

In Chapter 4, the stand-up time of unsupported vertical trenches in an unsaturated 

cohesionless soil (Unimin 7030 sand) is discussed, taking account of various levels of 

groundwater tables, rainfall intensities and the use of an impermeable membrane. The 

numerical modeling techniques used to simulate excavation (SIGMA/W), rainfall 

infiltration (SEEP/W) and slope stability analysis (SLOPE/W) are delivered in detail.  

In Chapter 5, the same approaches used in Chapter 4 are extended to estimate the stand-up 

time of unsupported vertical trenches in an unsaturated cohesive soil (Indian Head till). In 

addition, the influence of tension cracks on the stability and stand-up of unsupported 

vertical trenches is also investigated.     
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 Background 

2.1 The Concept of Soil Suction in Unsaturated Soils 

In most parts of the world, especially in arid and semi-arid regions, many civil engineering 

operations are carried out within the soil that lies above the groundwater table (hereafter 

referred to as GWT). The GWT in these regions is relatively deep since the annual upward 

flux as a result of evaporation and evapotranspiration is usually greater than the annual 

downward flux as a result of precipitation. The soil above GWT thus becomes unsaturated 

and consists of three phases; solid phase (i.e. grain particles), liquid phase (i.e. soil water) 

and gaseous phase (i.e. air in the voids). Figure 2.1 describes the proportions of these 

phases in a saturated-unsaturated soil profile. 

Soil suction is related to the capillary phenomenon, water adsorption and dissolved salts. 

It is known as matric suction if soil suction is caused by capillary and adsorption forces. 

On the other hand, osmotic suction is attributed to the presence of dissolved salts in the soil 

(Fredlund and Rahardjo 1993, Lu and Likos 2004, Ng and Menzies 2007). More details of 

soil suction are discussed in the following sections. 
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Figure 2.1. Classification of regions within a saturated-unsaturated soil profile (Fredlund 
2000) 

 

2.1.1 Matric Suction 

Matric suction may be described as a measure of the energy required to remove a unit 

volume of pore-water from the matrix of a soil. It is one of the most influential factors on 

the mechanical behaviour of unsaturated soils as it is the material potential for water 

attraction (Fredlund and Rahardjo 1993).  

Fredlund and Morgenstern (1977) proposed a fourth phase for unsaturated soils called 

‘contractile skin’ which is related to the air-water interface. They argued that the air-water 

interface qualifies to be an independent phase because its properties differ from those of 
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the air and water phases in the soil. The contractile skin is believed to significantly 

influence the mechanical behaviour of unsaturated soils. However, in the consideration of 

mass-volume relationships of unsaturated soils, the physical recognition of the contractile 

skin is unnecessary. This is because the thickness of the contractile skin is on the order of 

only a few molecular layers, and can, therefore, be considered as part of the water phase 

without any significant errors (Fredlund and Rahardjo 1993).  

In the interior of the water, a molecule experiences equal forces in all directions, which 

means there is no unbalanced force. However, within the contractile skin, a water molecule 

experiences an unbalanced force toward the interior of the water (Figure 2.2a). In order to 

keep the contractile skin in equilibrium, a tensile pull is generated along the contractile 

skin, which is called surface tension, Ts (Figure 2.2b). Surface tension is measured as the 

tensile force per unit length of the contractile skin (i.e. unit of mN/m). Surface tension is 

tangential to the contractile skin surface. Using the force equilibrium based on Figure 2.2, 

pressure difference, u can be written in terms of Ts and Rs as shown in Eq. (2.1).  

     

             (a)                                                                                    (b) 

Figure 2.2. Surface tension phenomenon: (a) intermolecular forces, and (b) pressures and 
surface tension acting on the curved two-dimensional surface (Fredlund and Rahardjo 1993) 
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2 s

s

T
u

R
    (2.1) 

where u = change in the pressure on the air-water interface, Ts = surface tension of water, 

and Rs = radius of curvature 

u in Eq. (2.1) is denoted as matric suction, which is the difference between ua (pore-air 

pressure) and uw (pore-water pressure) (Eq. (2.2)).  

   2 s
a w

s

T
u u u

R
      (2.2) 

If the air phase is continuous throughout a soil-water-air system and in equilibrium with 

the atmosphere (i.e. ua = 0), matric suction is given by the negative pore-water pressure. 

On the other hand, if the system is subjected to an air-pressure greater than the atmospheric 

pressure but the continuous water phase is in equilibrium with the atmosphere (i.e. uw = 0),  

matric suction will simply be given by the value of the applied air pressure.   

The capillary action that is attributed to surface tension of the water and water adsorption 

property is the major source of matric suction in the soil. The water adsorption property of 

the soil is more pronounced in clay soils, which undergo high level electro-chemical 

activity at their negatively charged surfaces. In coarse-grained soils, water adsorption is 

less significant compared to fine-grained soils so that the capillary action is mainly caused 

by surface tension of the water (Fredlund and Rahardjo 2000). 

The capillary model in Figure 2.3 is used to describe the behaviour of water in a porous 

medium such as soil (Fredlund and Rahardjo 1993, Ridley et al. 2003, Lu and Likos 2004). 
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Water rises and fills the soil voids above the water table leading to a near saturation zone 

called the capillary fringe (see Figure 2.1). The height of the capillary fringe above the 

water table is a function of the pore sizes which are in turn a function of particle size and 

distribution within the soil system. Higher capillary rise is developed in smaller tubes and 

hence finer soil particles due to higher surface tension and vice versa. 

 

 

                                                (a)                                                         (b) 

Figure 2.3. Capillary model; (a) capillary rise in a small-diameter tube and (b) meniscus 
between two particles (Fredlund and Rahardjo 1993) 

 

2.1.2 Osmotic Suction 

Osmotic suction is the component of suction related to the amount and concentration of 

dissolved salts in the soil water. When the concentration of the dissolved salts is high, the 

relative humidity is low, and hence the osmotic suction is high. The physical significance 

of the presence of dissolved salts therefore increases the amount of energy required to 

remove a unit volume of water from a soil particle. Dissolved salts do not affect the 
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capillary phenomena and so the matric suction remains unchanged (Leong et al. 2007). In 

other words, the matric and osmotic suctions are considered independent variables. 

2.1.3 Total Suction  

Figure 2.4 shows total, matric, and osmotic suction independently measured on compacted 

Regina clay (Krahn and Fredlund 1972). Experimental data has demonstrated that matric 

suction plus osmotic suction is essentially equal to the total suction in a soil.  

 

Figure 2.4. Total, matric, and osmotic suction measurements on compacted Regina clay 
(Krahn and Fredlund 1972). 
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2.2 Soil-Water Characteristic Curve (SWCC) 

In geotechnical engineering practice, trenches are typically excavated into soils that are in 

a state of unsaturated condition. This indicates that the influence of matric suction on the 

engineering properties of soils such as permeability, shear strength and volume change 

should be taken into account in analyzing the behaviours of unsaturated soils. However, 

experimental procedures related to the determination of the engineering properties of 

unsaturated soils are time consuming, cumbersome and difficult to conduct in many 

conventional geotechnical laboratories. For this reason, various attempts have been made 

toward the development of empirical, semi-empirical and computational models to predict 

the variation of non-linear engineering properties of unsaturated soils with respect to matric 

suction using the Soil-Water Characteristic Curve (SWCC) as a main tool.  

The SWCC shows the relationship between the soil suction and the degree of saturation 

(gravimetric or volumetric water content) (Figure 2.5). The SWCC is conventionally 

measured using the pressure plate technique in low suction ranges and vapour pressure 

technique in high suction ranges (Fredlund and Rahardjo 1993). The SWCC consists of 

three identifiable stages of desaturation: boundary effect zone, transition zone and residual 

zone of unsaturation (Vanapalli et al. 1999). In the boundary effect zone, soil pores are 

fully filled with water (i.e. saturated condition). The soil starts to desaturate as the matric 

suction exceeds the air-entry value in the transition zone. Air-entry value is the matric 

suction that must be exceeded for air to enter into the soil pores that were initially filled 

with water. Finally, at large suction values, small changes in the degree of saturation (or 

water content) take place under large increase in soil suction.   
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Figure 2.5. Typical SWCC showing different zones of unsaturation (Nishimura et al. 2008) 

 

The drying (desorption) SWCC curve differs from the wetting (absorption) SWCC curve 

due to hysteresis (Croney 1952, Fredlund et al. 2002, Pham and Fredlund 2003, Yang et 

al. 2004, Tarantino 2009) (Figure 2.6). This is attributed to the difference in sizes between 

the primary pores and connecting pore throat, known as the ‘ink bottle effect’ (Tinjum et 

al. 1997, Hillel 1998, Gallage et al. 2013). Figure 2.7 shows the primary pore connected to 

a small pore and the capillary rise during drying (Figure 2.7(a)) and wetting (Figure 2.7(b)) 

processes. As shown, the volumetric water content during the drying process is greater than 

that of the wetting process at the same matric suction value (i.e. same radius of curvature; 

Eq. (2.2)). This indicates that it can be more conservative to analyze the mechanical 

behaviours of unsaturated soils based on the wetting SWCC curve. In the present study, 

the wetting SWCC for Indian Head till (hereafter referred to as IHT) was used in the 

numerical analysis. However, the drying SWCC curve for Unimin 7030 sand was used in 

the analysis since no information of the wetting SWCC curve was available in the literature.      
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Figure 2.6. Idealized wetting and drying SWCCs (after Yang et al. 2004) showing 
hysteresis   

 

 

                                              (a)                                   (b)  

Figure 2.7. Ink bottle effect; (a) capillary drainage (drying) and (b) capillary rise (wetting) 
(Stirling 2014) 
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In GeoStudio (2016), users can define the SWCC using either Fredlund and Xing (1994) 

model  or Van Genuchten (1980) model by directly entering fitting parameters. Otherwise, 

users can manually establish the SWCC by entering data points. In this study, the model 

proposed by Fredlund and Xing (1994; Eq. (2.3)) was used to best-fit the SWCC.  

  
ln

s
m

n
C

e
a

 



       

     

  (2.3) 

Where a, n, m = fitting parameters and C(correcting function defined as Eq. (2.4)
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  (2.4) 

where Cr = a constant related to the matric suction corresponding to the residual water 

content 

2.3 Relationship between the SWCC and the Shear Strength of 
Unsaturated soils 

Shear strength of saturated soils can be interpreted extending either effective stress 

approach (i.e. c’ and ’; Terzaghi 1943) or total stress approach (i.e. u = 0; Skempton 

1948) depending on soil types and drainage conditions of pore-water in voids during 

shearing stage. Similar approaches can also be extended to estimate the shear strength of 

unsaturated soils considering soil types and drainage conditions of both pore-air and pore-

water.   
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2.3.1.1 Modified Effective Stress Approach (MESA) 

For unsaturated cohesionless soils (typically plasticity index, Ip = 0), it is reasonable to 

assume that both pore-air and pore-water are under drained conditions during the shearing 

process. In this case, the shear strength of an unsaturated soil can be estimated extending 

the Terzaghi’s (1943) approach using the effective shear strength parameters (i.e. c’, ’ and 

b) (i.e. Modified Effective Stress Approach, MESA). Fredlund et al. (1978) proposed an 

Eq. (2.5) for interpreting the shear strength of unsaturated soils, unsat based on the MESA.   

 
   

    
 

tan tan
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a a w

b
a w a
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c u u u

c u u u

C u

  

  

  

 

 

           

       
  

  (2.5) 

where sat = shear strength for saturated condition, us = increment of shear strength due to 

matric suction, c’ = effective cohesion, ’ = effective internal friction angle, b = internal 

friction angle due to the contribution of soil suction towards shear strength, ( – ua) = net 

normal stress, (ua – uw) = matric suction, and C = total cohesion 

Table 2.1 summarizes empirical and semi-empirical models proposed by various 

researchers for the estimation of us (i.e. increment of shear strength due to matric suction) 

based on the MESA using the SWCC as a main tool. GeoStudio (2016) adopts the model 

proposed by Vanapalli et al. (1996) (i.e. Eq. (2.7)) to estimate the variation of shear 

strength of unsaturated soils with respect to matric suction.     
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Table 2.1. Semi-empirical models to estimate the contribution of soil suction toward shear strength of unsaturated soils 

Authors Equations Remarks 

Vanapalli et al. 
(1996) and Fredlund 
et al. (1996) 

         tan tanus a w a wu u S u u             

                                                                                            (2.6) 

us  -  shear strength contribution due to suction 

   - effective angle of internal friction 

 a wu u  - suction 

 a w b
u u  - air entry value 

 a w r
u u - residual suction 

  -  normalized water content or degree of saturation 

  -  volumetric water content 

s  - saturated volumetric water content 

r  - residual  volumetric water content 

atP   - atmospheric pressure (101.3 kPa) 

S  - degree of saturation 

  - fitting parameter 

  -  Bishop’s fitting parameter 

Vanapalli et al. 
(1996) 

   tanr
us a w

s r

u u
  
 
      

                                        (2.7) 

Oberg and Salfours 
(1997) 

     tanus a wu u S                                                     (2.8) 

Bao et al. (1998)      
     

log log
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log log
a w a wr

us a w
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     (2.9) 

Khalili and Khabbaz 
(1998) 

     tanus a wu u       , 
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a w

a w b

u u

u u



      

           (2.10) 

Tekinsoy et al. 
(2004) 
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Vanapalli et al. (1996) explained the contribution of matric suction towards the shear 

strength of an unsaturated soil using the derivative of Eq. (2.6) as shown in Eq. (2.12).  Eq. 

(2.12) then can be rewritten as Eq. (2.13), which indicates the rate of shear strength increase 

with respect to matric suction.  

        tan tanus a w a wd d u u u u d                  (2.12) 

 
       

 
tan tanb us

a w
a w a w

dd
u u

d u u d u u


 

 
     

   
  (2.13) 

In the boundary effect zone, tanb = tan’ since a soil is in a state of saturated condition 

(i.e.  = 1 and d() = 0). Once suction exceeds the air-entry value, tanb becomes less 

than tan’. It is of interest to note that, at matric suction values close to the residual state 

conditions, the net contribution of matric suction causes a reduction in the shear strength 

since  is small and the sign of the term, d()/d(ua – uw) becomes negative. This 

behaviour typically occurs in sandy soils as the matric suction approaches the residual 

suction value. In other words, the shear strength of an unsaturated soil starts decreasing in 

residual zone of the SWCC (Figure 2.8(a)). Similar behaviours were observed for bearing 

capacity (Figure 2.8(b); Vanapalli and Mohamed 2007) and modulus of elasticity (Figure 

2.8(c); Oh et al. 2009) of unsaturated sandy soils.  
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Figure 2.8. SWCC and the variation of (a) shear strength, (b) bearing capacity, and (c) 
modulus of elasticity with respect to matric suction in sandy soils (Oh et al. 2009) (qult(sat) 
= ultimate bearing capacity for saturated condition, Esat = elastic modulus for saturated 
condition). 
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Oloo (1994) proposed a method that can be used to design unpaved roads considering the 

influence of matric suction on the bearing capacity of pavement structures extending the 

MESA.  

  ( ) 0tan 0.5b
ult unsat a w c c q qq c u u N q N B N              (2.14) 

where qult(unsat) = ultimate bearing capacity of an unsaturated soil, c’ = effective cohesion, 

’ = effective internal friction angle, b = internal friction angle due to the contribution of 

matric suction, (ua – uw) = matric suction,  = soil unit weight, q0 = overburden pressure, B 

= width of footing, Nc, Nq, N = bearing capacity factors, and  c, q, = shape factors 

Vanapalli and Mohamed (2007) further improved Eq. (2.14) to estimate the ultimate 

bearing capacity of surface footings in unsaturated soils by taking account of nonlinear 

variation of shear strength with respect to suction (Vanapalli et al. 1996) (Eq.(2.15)).  
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u u S



 


  



    
  
   

  (2.15) 

where (ua – uw)b = air-entry value, (ua – uw)AVR = average matric suction, S = degree of 

saturation, BC = fitting parameter for bearing capacity, Nc, Nq = bearing capacity factors 

from Terzaghi (1943), N = bearing capacity factor from Kumbhokjar (1993), and c, q, 

= shape factors (Vésic 1973)  

Based on the model footing test results in IHT, Oloo (1994) concluded that appropriate 

shape and mode correction factors (i.e. punching shear failure) should be chosen to reliably 

estimate the bearing capacity of fine-grained soils extending the MESA (i.e. Eq. (2.14)). 
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However, there was good comparison between the measured bearing capacity values and 

those estimated using the MESA (i.e. Eq. (2.15)) for a sand (Vanapalli et al. 2007, Schanz 

et al. 2011).  

Pufahl et al. (1983) proposed a method to calculate the active earth pressure in unsaturated 

soils by extending the conventional Rankine active earth pressure theory (i.e. extended 

Rankine active earth pressure theory). The study was carried out for both saturated and 

unsaturated conditions with and without the consideration of depth of tension crack. The 

contribution of matric suction towards the active earth pressure was calculated by adopting 

the equation proposed by Fredlund et al. (1978; Eq. (2.5)) (i.e. MESA). The net active earth 

pressure in an unsaturated soil at a certain depth, z can be calculated using Eq. (2.16).  

 2 ( ) tan b
a a a a wzK K c u u          (2.16) 

where a = net active earth pressure,  = unit weight of a soil, z = depth, and Ka = Rankine 

active earth pressure coefficient  

Figure 2.9 shows the active earth pressure distribution with depth for an unsaturated soil 

assuming both negative and positive pore-water pressure are proportional to the distance 

from the GWT (i.e. hydrostatic). The earth pressure distribution in Figure 2.9 is based on 

the assumption that the soil is intact throughout its entire depth. However, in reality, 

vertical tension cracks can be extended into a certain depth of the soil (Zt in Figure 2.9) due 

to total cohesion, C (i.e. sum of effective cohesion and the contribution of matric suction 

towards shear strength; Eq. (2.5)). The depth of tension cracks can be calculated using Eq. 

(2.17).   
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If the soil above the GWT has a negative pore-water pressure, but is still in a state of 

saturated condition, Eq. (2.17) can be rewritten as Eq. (2.18). 
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  (2.18) 

 

 

Figure 2.9. Active earth pressure (unsaturated) (modified after Pufahl 1983) 

 

Once the tension cracks are developed, the soil mass within the tension crack can be 

considered to be a surcharge load, qs. If the soil mass between the depth of tension crack 

and the GWT is assumed to be in an unsaturated condition, the net active earth pressure 

can be calculated using Eq. (2.19). 
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 2 ( ) 1 tan b
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  (2.19) 

In this case, the depth of tension crack is 
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Eq. (2.20) indicates that further tension cracks can be developed if the total cohesion 

exceeds qs as shown in Figure 2.10. The depth of this subsequent tension cracks can be 

calculated using Eq. (2.21). Note that earth pressure distributions in Figure 2.10 are based 

on the assumption that the soil above the GWT is fully saturated. Zts was not considered in 

this study.  
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Figure 2.10. Active earth pressure with tension cracks (modified after Pufahl 1983) 

 

In this present study, nonlinear variation of both unit weight of soil (function of volumetric 

water content; Eq. (2.22)) and b (Eq. (2.23); Vanapalli et al. 1996, Fredlund et al. 1996) 

were taken into account in calculating the net active earth pressure.    
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where,  = unit weight of a soil, Gs = specific gravity, e = void ratio, w = unit weight of 

water,  = volumetric water content,  = fitting parameter in a function of plasticity index, 

Ip 
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Substituting Eq. (2.22) and Eq. (2.23) into Eq. (2.16) yields 
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G e
zK K c u u S

e


  
            

  (2.24) 

The depth of tension cracks was then estimated as a depth where the net active earth 

pressure is zero based on earth pressure distributions (Richard 2018).    

2.3.1.2 Modified Total Stress Approach 

The Terzaghi (1943) bearing capacity equation is commonly recommended for soils that 

exhibit dilatancy, which leads to a well-defined failure surface (i.e. general shear failure 

conditions). However, most in situ plate load test results on/in unsaturated cohesive soils 

do not show general shear failure mode (Larsson 1997, Schnaid et al. 1995, Consoli et al. 

1998, Costa et al. 2003, Rojas et al. 2007). Consoli et al. (1998) showed that the bearing 

capacity of an unsaturated cohesive soil can be more reliably computed by using the 

reduced factors approach (i.e. decrease the saturated effective shear strength parameters) 

considering punching shear failure mode. The model footing test and in situ plate load test 

results by Oh and Vanapalli (2013) and Larsson (1997), respectively, also supports this 

statement. From these observations, it can be postulated that bearing capacity of shallow 

foundations in unsaturated cohesive soils is governed by the compressibility of the soil 

underneath.  

Unlike unsaturated cohesionless soils, there are uncertainties in terms of the drainage 

conditions of pore-air and pore-water in unsaturated cohesive soils. However, a reasonable 

assumption can be made that pore-air is under drained condition (i.e. atmospheric pressure) 
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while the pore-water is under undrained condition (i.e. constant water content) when 

unsaturated cohesive soils are experiencing deformation (Oh and Vanapalli 2013). This 

assumption is supported by Tang et al. (2016) who showed that the change in (ua – uw) 

(where  is effective stress parameter; Bishop 1959) during in situ plate load tests in 

unsaturated cohesive soils is negligible. Among the various methods available for 

estimating the shear strength of unsaturated soils, the constant water content (CW) test is 

regarded to be the most reasonable test for simulating this loading and drainage condition. 

The CW test is, however, time-consuming and requires elaborate testing equipment. For 

this reason, conventional unconfined compression (hereafter referred to as UC) tests for 

unsaturated cohesive soils are recommended instead of CW tests based on the following 

justifications: i) the drainage condition in UC test for unsaturated cohesive soils is the same 

as CW test and ii) the shear strength obtained from the UC test provides conservative 

estimates since the contribution of confining pressure towards shear strength is neglected.  

If soil suction does not change throughout the UC test, the undrained shear strength of an 

unsaturated soil can be approximated as half the unconfined compressive strength without 

introducing significant errors [Figure 2.11; Eq. (2.25)]. 

    ( )
( ) tan tan

2
u unsat b

u unsat f a a w f

q
c c u u u           (2.25) 

In other words, u = 0 approach originally developed for saturated soils can also be 

extended to estimate the shear strength of unsaturated soils under zero or low confining 

pressures (i.e. Modified Total Stress Approach, MTSA). However, it should be noted that, 

technically, u = 0 approach may not be applicable to unsaturated soils since unsaturated 
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soils experience volume change due to the compressibility of an air-water mixture during 

shearing even under undrained conditions.   

 

Figure 2.11. Justification of using half the unconfined compressive strength in estimating 
shear strength of unsaturated soils assuming no change in soil suction during shearing 
process under zero confining pressure (modified after Fredlund and Rahardjo 1993) 

 

Vanapalli et al. (2007) conducted model footing (B × L = 0.05m × 0.05m) tests on statically 

compacted fine-grained soil (i.e. IHT) for five different average matric suction values (0, 

55, 160, 100, and 205 kPa). The compacted soil was first fully saturated by upward flow 

of water and then desaturated to achieve targeted average matric suction values. The matric 
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suction values at different depths were monitored using conventional tensiometers (Figure 

2.12). After model footing tests for each average matric suction value, samples (D × L = 

0.05m × 0.1m) were collected for UC tests to determine the undrained shear strengths (i.e. 

half the unconfined compressive strength; Figure 2.13). There was good comparison 

between the measured bearing capacity values and those estimated based on the unconfined 

compressive strength extending the conventional Skempton (1948) bearing capacity 

equations.  

Using the unconfined compression test results from Vanapalli et al. (2007), Oh and 

Vanapalli (2018) proposed Eq. (2.26) that can be used to estimate the variation of 

undrained shear strength of unsaturated soils with respect to matric suction. Eq. (2.26) 

requires the SWCC and two fitting parameters,  and .  
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  (2.26) 

where cu(unsat) = undrained shear strength of an unsaturated cohesive soil, cu(sat) = undrained 

shear strength of saturated condition, Pa = atmospheric pressure, S = degree of saturation, 

,  = fitting parameters  
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Figure 2.12. Monitoring matric suction in the compacted soils using tensiometers 
(Vanapalli et al. 2007) 

 

 

Figure 2.13. Collecting soil specimens using thin-wall tubes for unconfined compression 
tests (Vanapalli et al. 2007) 
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A strong correlation was observed between the measured undrained shear strengths and 

those predicted using Eq. (2.26) (with  = 2) for the data by Vanapalli et al. (2007) (Figure 

2.14).  

 

 

Figure 2.14. Comparison between the measured and predicted unconfined compressive 
strength with respect to matric suction for IHT (modified after Oh and Vanapalli 2018) 

 

Oh and Vanapalli (2018a) analyzed 7 sets of unconfined compression test results for 

unsaturated cohesive soils and suggested that the fitting parameter,  = 2 can be used for 

cohesive soils and  is a function of the plasticity index, Ip [Eq. (2.27); Figure 2.15].  
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Figure 2.15. Relationship between plasticity index, Ip and the fitting parameter,  (Oh and 
Vanapalli 2018) 

 

2.3.2 Hydraulic Conductivity of Unsaturated Soils 

Water content gradient, matric suction gradient, and hydraulic head gradient have all been 

considered as the driving potentials for water flow in unsaturated soils (Fredlund and 

Rahardjo 1993). It is generally assumed that water flows from a region of high water 

content to a region of lower water content. However, this may not be always true since 

water can also flow from a point of low water content to a point of higher water content 
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due to the variation of soil types, hysteretic effects, or variations in the stress history. Also, 

water can flow in any direction regardless of matric suction difference between two points. 

Hence, the hydraulic head gradient is the most appropriate driving potential that can be 

used to explain water flows in unsaturated soils. The flow of water through a soil is 

generally described using Darcy (1856)’s law. The rate of water flow through a soil mass 

is proportional to its hydraulic head gradient. 

 w
w w w wy

h
v k k i

y


   


  (2.28) 

where vw = flow rate of water, kw = hydraulic conductivity with respect to the water phase, 

∂hw/∂y = hydraulic head gradient in the y-direction, which can be designated as iwy.  

According to Childs and Collis-George (1950), Darcy’s law also applies to flow of water 

through unsaturated soils. The hydraulic conductivity, kw is, however, not generally 

assumed to be constant in an unsaturated soil. Instead, it is considered to be a variable that 

is a function of the water content or matric suction. The ability of water to move through 

the pores between soil particles under both saturated and unsaturated conditions is defined 

by the hydraulic conductivity function. Hydraulic conductivity decreases as soils move 

from saturated condition to unsaturated condition. This is because, in saturated condition, 

all the pore spaces between the soil particles are filled with water and this makes it easier 

for water to flow from one end to the other. Beyond the air entry value, air starts to enter 

the pores, causing obstructions on the flow path thereby decreasing the ease with which 

water moves through the pores of the soil. The ability of water to move through the pores 

between soil particles decreases as pore-water pressure becomes increasingly negative and 
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more pores are filled with air. Direct measurement of hydraulic conductivity for 

unsaturated soil is time consuming, cumbersome and requires elaborate equipment. This 

can be overcome by using existing hydraulic conductivity functions to predict the variation 

of hydraulic conductivity with respect to matric suction. In GeoStudio (2016), hydraulic 

conductivity function can be estimated using either Fredlund et al. (1994) or van Genuchten 

(1980) model. In this research, the hydraulic conductivity model proposed by Fredlund et 

al. (1994; Eq. (2.29)) was used.  
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  (2.29) 

where 

kunsat = calculated hydraulic conductivity for a specified water content or negative pore-
water pressure (m/s) 

ksat = measured saturated hydraulic conductivity (m/s) 

 = volumetric water content 

s = volumetric water content for saturated condition 

e = natural number (2.71828) 

y = a dummy variable of integration representing the logarithm of pore-water pressure 

i = the interval between the range of j and N 

j = the least negative pore-water pressure to be described by the final function 

n = the maximum negative pore-water pressure to be described by the final function 

= the suction corresponding to the Jth interval 

’ = the first derivative of the equation 
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 Literature Review 

 

In this chapter, key studies undertaken by several researchers towards the understanding of 

the stability of unsaturated slopes in association with rainfall infiltration are presented.  

3.1 Eivemark and Hall (2000) 

Eivemark and Hall (2000) revisited the current trenching practices in Vancouver and 

discussed stability and stand-up time of unsupported trenches in cohesive soils extending 

the conventional total stress approach (i.e. short-term stability analysis based on undrained 

shear strength). Some vital factors such as matric suction, effective cohesion, and soil 

structure and strain rate were not considered in their study. 

Excavation in a soil causes a reduction in total confining stress, which in turn lead to a 

swelling in the soil mass. In this case, reduction in the pore-water pressure due to 

excavation can be estimated using Eq. (3.1) 

  3 1 3wu B A             (3.1) 

where A, B = Skempton (1954)’s pore-water pressure coefficients, 3 = change in total 

confining stress, and (1 – 3) = change in axial stress 

 

Following excavation, water flows towards the slope and the pore-water pressure gradually 

increases with the dissipation of negative excess pore-water pressure. Therefore, factor of 
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safety (hereafter referred to as FOS) becomes maximum at the end of excavation. After a 

certain period of time, the steady seepage is achieved and the FOS declines to its lowest 

value (Figure 3.1).  

According to Michell (1983), FOS of excavations based on short-term stability analysis in 

typical silty clay/intact clay should be at least 2 since it corresponds to long-term FOS close 

to unity. Eivemark and Hall (2000) investigated the relationship between the FOS and 

stand-up time using the six sets of data available in the literature and concluded that the 

FOS using the total stress approach should be in excess of 1.1 in order to achieve a 

minimum stand-up time of 3 hours in silty clay to clayey silt materials (Figure 3.2). They 

also suggested stand-up times for unsupported trenches excavated up to 4m depending on 

soil types, undrained shear strength, and slide slope as summarized in Table 3.1.        
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(a) 

 

(b) 

Figure 3.1. (a) Short-term and long-term pore-water pressure and (b) variation with time 
of the local pore-water pressure and FOS for a saturated clay excavation (after Bishop and 
Bjerrum 1960) 
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Figure 3.2. Relationship between FOS and stand-up time (Hall and Eivemark 2000)
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Table 3.1. Suggested stand-up times for trench depth up to 4m (Eivemark and Hall 2000) 

Soil Class Description Undrained shear 
strength 

Side Slope Recommended Stand-up Time 

A Hard and solid soils 

(Undisturbed glacial till, sandstone 
and siltstone) 

greater than 70 kPa Vertical Up to 4 weeks 

B Soils likely to crack and crumble 

(weathered glacial till/stiff 
glacialmarine sediments) 

Between 25 to 70 kPa Vertical Up to 1 day, but require protection 
against rainfall 

C Soft, sandy fill or loose soils 

(loose sand/granular fill, some 
organic and clayey silt) 

Less than 25 kPa 700 Up to 3 hours, but careful monitoring 
required 

D Soils subject to hydrostatic pressure 
(saturated silt, sand, gravel and peat)

All soils Variable Each situation needs to be reviewed 
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3.2 Ng and Shi (1998) 

Ng and Shi (1998) conducted a parametric study on an unsaturated cut slope in Hong Kong 

(Figure 3.3) using finite element method to investigate the influence of various rainfall 

events and initial ground conditions on slope stability. Isotropic and anisotropic soil 

permeability, initial water table, and rainfall intensity (i.e. three 1 in 10 years return daily 

rainfall intensities) and duration were considered in their study. Slope stability analyses 

were carried out based on the distribution of pore-water pressures (i.e. matric suctions) 

estimated through the transient seepage analyses using SEEP/W. The FOS was calculated 

using Bishop's simplified method, with a modified Mohr-Coulomb failure criterion. The 

main water table was rarely affected by the 1-day rainfall. The FOS of the slope decreased 

as rainfall intensity increases for a given set of soil permeability, slope geometry and initial 

GWT conditions. The decrease in the FOS was attributed to the reduction in matric suctions, 

which resulted in the decrease in shear strength as a result of rise in the pore-water pressure. 

The FOS was dependent on not only rainfall intensity but also the depth of the initial GWT. 

The duration of rainfall also played an important role on slope stability (Figure 3.4). The 

FOS was highly sensitive to the anisotropic permeability ratio (kx/ky); namely, the higher 

the ratio, the lower the FOS. 
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Figure 3.3. Finite element mesh used in the seepage analysis used by Ng and Shi (1997) 

 

 

Figure 3.4. Factor of safety vs rainfall duration (Ng and Shi 1998) 
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3.3 Cho and Lee (2001) 

Cho and Lee (2001) presented a procedure for determining the FOS for an unsaturated 

slope (Figure 3.5) using a two-dimensional finite element flow-deformation coupled 

analysis program considering rainfall infiltration. The analyses were conducted for i) 

homogeneous slopes, ii) horizontally layered slope, and iii) slope having slope-parallel 

layers.  The results showed that the FOS decreased with increasing rainfall duration. 

Rainfall decreased the shear strength of soil close to the slope surface, which initiated 

noncircular shallow slip surface. They also concluded that progressive failure should be 

considered for more reasonable slope stability analysis in unsaturated soils considering 

rainfall events.  

 

Figure 3.5. Domain of analysis used by Cho and Lee (2001) 
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3.4 Zhang et al. (2003, 2011) 

Zhang et al. (2003) studied the effect of rainfall intensity and duration on the soil suction 

and hence slope stability for decomposed granite and volcanic soils. Numerical analyses 

were conducted for a 20m high slope inclined at 30 degrees as shown in Figure 3.6. Rainfall 

was modelled as a flux boundary, q, applied along the surface of the slope and a constant 

pressure head equal to zero was applied at the GWT. Different q/ksat ratios were considered 

in the rainfall flux simulations varying from 0.1 and 0.6. The results showed that a constant 

negative pore-water pressure is maintained up to certain depth when q is less than ksat. This 

constant negative pore-water pressure decreased as the q/ksat ratio increased.  

 

Figure 3.6. A soil slope profile for numerical modelling used by Zhang et al. (2003) 

   

Zhang et al. (2011) also proposed typical pore-water pressure distributions in unsaturated 

soils depending on q/ksat ratio (Figure 3.7). It can be learned from Figure 3.7(c) that matric 

suction in a soil can be completely eliminated only when the q/ksat ratio is equal to or greater 

than unity.  
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Their studies indicate that various fluxes (i.e. rainfall intensities) should be taken into 

account in the analysis to reliably estimate the stability of unsaturated soil slopes.     
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Figure 3.7. Typical pore-water pressure files in an unsaturated soil with various ground 
surface fluxes: (a) steady-state condition; (b) transient condition, q/ksat < 1; (c) transient 
condition, q/ksat ≥ 1 (Zhang et al. 2011) 
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3.5 Gui and Han (2008) 

Gui and Han (2008) investigated two landslides that occurred in Malaysia in 1999 after a 

period of heavy rainfall. The pore-water pressure distribution profiles of the two slopes 

over a period of time was obtained by using the 42-day rainfall data as input. The negative 

pore-water pressure (i.e. soil suction) that was observed in day-1 near the surface of the 

slope diminished and instead positive pore-water pressure was developed on day-42 from 

SEEP/W analyses. The daily pore-water pressure profile and the soil parameters were then 

used as the input data in SLOPE/W which made it possible to obtain the FOS of the slopes 

for the 42 days. The results showed that the FOS for the two slopes decreased from about 

1.35 and 1.25 on day-1 to about 0.98 on day-42 when the failure occurred. This shows that 

the stability of the two slopes was significantly affected by the long period of rainfall due 

to the decrease in soil suction and consequently the shear strength of the soil. 

3.6 Oh and Vanapalli (2010) 

Oh and Vanapalli (2010) investigated the influence of rainfall infiltration on the stability 

of compacted soil slopes using SEEP/W and SLOPE/W. Four practical scenarios  (i) 

saturated condition, (ii) ponding along with saturated condition, (iii) short term analysis for 

unsaturated conditions, and (iv) long term analysis for unsaturated conditions  were 

considered in the analyses (Table 3.2). They concluded that rainfall is likely to cause 

shallow circular failure above water front due to infiltration prior to infinite slope type 

failure. It is interesting to note that the long-term stability analysis using the effective shear 

strength parameters (i.e. c’, ’, b) and the short-term stability analysis using total shear 



 

45 
 

strength parameters (i.e. c and ) produce the same FOS when no rainfall infiltration was 

considered. This study implies that different approaches (i.e. short and long-term stability 

approach) should be taken into account to estimate the FOS of unsaturated slopes.  

Table 3.2. FOS for different practical scenarios (Oh and Vanapalli 2010) 

Scenario 

 
Case or Stage FOS 

A (Saturated) 

Case 1  

  c’ = 36.8 kPa,  ’ = 23.1° 
5.35 

Case 2 

  c’ = 5 kPa, ’ = 23.1° 
1.35 

B (Saturated + Ponding) 
  Infiltration equal to ks (= 10-7 m/sec) 

  c’ = 5 kPa, ’ = 23.1°              
1.32 

C (Unsaturated) 

Stage 1 

  c’ = 5 kPa, ’ = 23.1°, b = 12.3° 

  Long term stability without  infiltration 

10.26 

Stage 2 

  c’ = 5 kPa, ’ = 23.1°, b = 12.3°  

  Long term stability with infiltration 

1.27 

D (Unsaturated) 
  c = 86.9 kPa, (= 11.2°) 

  Short term stability  
10.35 
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 Stand-Up Time of Unsupported Vertical Trench 
in an Unsaturated Sand 

 

In this chapter, the stand-up time (Tstup) of unsupported vertical trenches excavated in an 

unsaturated sand was investigated taking various practical scenarios into account. 

4.1 Soil Properties 

Vertical trenches were assumed to be excavated into Unimin 7030 sand (hereafter referred 

to as sand). Basic soil properties and the grain size distribution curve of the sand are shown 

in Table 4.1 and Figure 4.1, respectively. The shear strength parameters, c’ and ’ 

determined by Mohamed and Vanapalli (2006) through direct shear tests were used in the 

analyses.   

The SWCC (Figure 4.2) presented by Mohamed and Vanapalli (2006) was used in the 

analyses, which was measured using a Tempe Cell apparatus. The best-fit curve of the 

SWCC was obtained using Fredlund and Xing's (1994) model (Eq. (2.3)). The fitting 

parameters for the SWCC are summarized in Table 4.2. The hydraulic conductivity 

function was established using the model proposed by Fredlund et al. [1994; Eq. (2.29)] as 

shown in Figure 4.3.  
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Table 4.1. Basic soil properties of sand (Mohamed and Vanapalli 2006) 

Properties Value 

Saturated unit weight, sat (kN/m3) 20.4 

Saturated volumetric water content, θs (%) 0.387 

Void ratio, e 0.63 

Specific gravity, Gs 2.65 

Effective cohesion, c’ 0 

Effective internal friction angle, ’ (˚) 36.2 

Saturated hydraulic conductivity, ksat (m/s) 5 × 10-5 

Elastic modulus, E (kPa) 10,000 

Poisson’s ratio, ν 0.33 

 

 

 

 

 

Figure 4.1. Grain size distribution curve of sand (modified after Mohamed and Vanapalli 
2006) 
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Figure 4.2. SWCC of sand (modified after Mohamed and Vanapalli 2006) 

 

Table 4.2. The fitting parameters in Eq. (2.3) to establish the SWCC (Figure 4.2) of sand   

Parameter a m n 

Value 11.415 54.202 5.1322 
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Figure 4.3. Hydraulic conductivity function of sand 

 

4.2 Methodology 

Three different geotechnical modelling software, SIGMA/W, SEEP/W and SLOPE/W 

(GeoStudio 2016), were jointly used in numerical analysis considering various rainfall 

intensities and levels of GWT. The shallow GWTs (0.3, 0.5, and 0.8m from the soil surface) 

were assumed in the analyses since the SWCC of the sand used in the study (i.e. Unimin 

7030) distributes over narrow suction range, which leads to a low residual suction value.  

First, a staged excavations were simulated in SIGMA/W by removing materials from the 

regions (i.e. deactivating regions) in 0.01m increments using coupled stress/pore-water 
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bottom. Quadrilateral and Triangle meshes with secondary nodes were used to define 

regions with global size of 0.01m near the excavated areas and 0.1m along the extent of 

the domain based on the sensitivity analysis results. The initial GWT was specified by 

drawing an initial water table in SIGMA/W. The positive and negative pore-water pressure 

above and below the GWT were assumed to be proportional to the vertical distance from 

the GWT (i.e. hydrostatic pore-water pressure distribution). Figure 4.4 shows the finite 

element meshes and boundary conditions in SIGMA/W, which were used to simulate the 

excavation in sand for entire cases (2m in distance × 1.2m in depth).   

   

Figure 4.4. Finite element meshes, boundary conditions in SIGMA/W, which were used 
to simulate excavation in sand for entire cases 
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time steps were allowed to achieve equilibrium condition with respect to pore-water 

pressure before conducting slope stability analysis after each excavation. Equilibrium 

condition was achieved approximately 200 seconds after each excavation (Figure 4.5). 

Excavation was continued up to a depth at which FOS = 1.2. Figure 4.6, Figure 4.7, and 

Figure 4.8 show the excavation depths at which FOS = 1.2 with the level of GWT at 0.3m, 

0.5m and 0.8m, respectively. The excavation depths to achieve FOS = 1.2 were estimated 

to be 0.28m, 0.43m, and 0.58m for the GWT at 0.3m, 0.5m, and 0.8m, respectively. The 

‘Entry and Exit’ slip surface method was used in SLOPE/W for generating potential slip 

surfaces. The exit was specified as a point at the toe of the excavation, and the entry was 

defined as a range as wide as the excavation depth with a possible entry point every 10mm 

along the ground surface. 

Once a trench is excavated to the depth at which FOS = 1.2, unit flux boundary conditions 

were applied to the ground surface and the bottom of the excavation using SEEP/W to 

simulate rainfall infiltration (Figure 4.9). For each time step, after applying certain unit 

flux boundary condition, slope stability analyses were conducted until the first rotational 

general failure develops through the toe of vertical trench (i.e. FOS = 1; Figure 4.10). The 

period between the start of rainfall and the time of failure was then defined as stand-up 

time, Tstup. 

Figure 4.11 shows an example of numerical analysis tree used in this chapter, involving 

trenching (SIGMA/W), rainfall simulation (SEEP/W), and slope stability analysis 

(SLOPE/W).  
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In situ (0 sec) 36 secs 
  

90 secs 168 secs 
  

283 secs 453 secs 
 
Figure 4.5. Variation of pore-water pressure and GWT with time after an excavation 
(sand) 
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Figure 4.6. Excavation of a vertical trench up to a depth at which FOS = 1.2 (GWT at 0.3m) 
(sand) 

 

Figure 4.7. Excavation of a vertical trench up to a depth at which FOS = 1.2 (GWT at 0.5m) 
(sand) 
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Figure 4.8. Excavation of a vertical trench up to a depth at which FOS = 1.2 (GWT at 0.8m) 
(sand) 

 

 

Figure 4.9. Application of unit flux boundary condition to simulate rainfall infiltration 
(sand) 
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Figure 4.10. Trench failure due to rainfall infiltration in sand 

 

Figure 4.11. Example of analysis tree involving trenching (SIGMA/W), rainfall infiltration 
(SEEP/W) and slope stability analysis (SLOPE/W)  
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One of the most practical ways of minimizing rainfall infiltration into a trench is covering 

the bank of an unsupported trench with an impermeable membrane to divert surface runoff 

during heavy rainfall (Stanier and Tarantino 2013). Hence, in this chapter, the effectiveness 

of using impermeable membrane towards the stand-up time was also investigated. This 

scenario was simulated by applying zero unit flux on the assumed covered distance in 

SEEP/W (Figure 4.12). Five different ratios (i.e. ratio of length of impermeable membrane 

to excavation depth, L/Hexc ratio; Figure 4.13) were considered in the analyses.  

Table 4.3 summarizes the practical scenarios used in the numerical analyses.  

 

Figure 4.12. Numerical modeling to simulate rainfall infiltration with impermeable 
membrane on the ground surface (GWT at 0.8m) (sand) 
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Figure 4.13. Definition of impermeable membrane ratio (in %) 

 

Table 4.3. Scenarios used in the numerical analyses in sand 

Scenario GWTa) 

(m) 

Depthb) 

(m) 

Rainfall intensity 

(mm/hr) 

L/Hexc
c) 

(× 100%) 

1 0.3 0.28 0.1, 0.2, 0.3, 0.4, 0.5 

1, 3, 5 

10, 15, 20, 25 

0, 20, 25, 50, 75, 100 2 0.5 0.43 

3 0.8 0.58 

a) Level of GWT from the ground surface  
b) Depth of excavation to achieve FOS = 1.2 
c) Impermeable membrane ratio in % (ratio of length of impermeable membrane to excavation depth × 100) 

 

L

Hexc L: Length of impermeable membrane
Hexc: Depth of excavation (FOS = 1.2)

Impermeable membrane ratio = L/Hexc (x 100%)

Rainfall
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4.3 Analysis of Results 

4.3.1 Stand-up Time without Impermeable Membrane 

The variations of FOS with time for different rainfall intensities with GWT at 0.3m, 0.5m, 

and 0.8m are shown in Figure 4.14, Figure 4.17, Figure 4.20 respectively. The results were 

replotted in Figure 4.15, Figure 4.18, and Figure 4.21 by categorizing the rainfall intensities 

into three ranges; low, medium, and high rainfall intensities, respectively.  

As expected, FOS decreases with time. It was noticed that FOS drops below ‘1’ rapidly as 

FOS approaches ‘1.05’ for the levels of GWT used in this chapter. This indicates that 

sudden failure is expected if instability in an unsupported vertical trench is caused by 

rainfall infiltration.  

The results in Figure 4.14, Figure 4.17, and Figure 4.20 were also replotted in semi-

logarithmic scale as shown in Figure 4.16, Figure 4.19, and Figure 4.22, respectively. It is 

interesting to note that the FOS versus time behaviours for each GWT are parallel to each 

other regardless of rainfall intensity.  
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Figure 4.14. Variation of FOS with time for the GWT at 0.3m (arithmetic scale) (sand)
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Figure 4.15. Variation of FOS with time for the GWT at 0.3m (arithmetic scale) for three 
different ranges of rainfall intensities (sand) 
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Figure 4.16. Variation of FOS with time for the GWT at 0.3m (semi-logarithmic scale) (sand)
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Figure 4.17. Variation of FOS with time for the GWT at 0.5m (arithmetic scale) (sand)
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Figure 4.18. Variation of FOS with time for the GWT at 0.5m (arithmetic scale) for three 
different ranges of rainfall intensities (sand) 
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Figure 4.19. Variation of FOS with time for GWT at 0.5m (semi-logarithmic scale) (sand)
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Figure 4.20. Variation of FOS with time for the GWT at 0.8m (arithmetic scale) (sand)
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Figure 4.21. Variation of FOS with time for the GWT at 0.8m (arithmetic scale) for three 
different ranges of rainfall intensities (sand) 
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Figure 4.22. Variation of FOS with time for the GWT at 0.8m (semi-logarithmic scale (sand)
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The stand-up time for the practical scenarios presented in Table 4.3 are summarized in 

Table 4.4.  

Table 4.4. Stand-up time for different levels of GWT and rainfall intensities (sand) 

Rainfall intensity 

(mm/hr) 

GWT (m) 

0.3 0.5 0.8 

 Stand-up time (hrs)  

0.1 1.29 23.29 385.4 

0.2 0.65 12.0 211.16 

0.3 0.43 7.97 137.72 

0.4 0.31 6.03 88.89 

0.5 0.25 5.25 82.17 

1.0 0.13 2.38 33.56 

3.0 0.04 0.78 11.11 

5.0 0.023 0.47 8.33 

10 0.048 0.71 3.28 

15 0.029 0.46 1.85 

20 0.02 0.33 1.14 

25 0.015 0.25 0.71 

 

Figure 4.23, Figure 4.24, and Figure 4.25 show the variation of stand-up time with rainfall 

intensity for the GWT at 0.3m, 0.5m, and 0.8m, respectively. The maximum and minimum 

stand-up time (hrs) were estimated to be (1.29, 0.015), (23.29, 0.25) and (385.4, 0.71) for 

the GWT at 0.3m, 0.5m and 0.8m, respectively. Significant decrease in the stand-up time 

was observed for the rainfall intensities less than 1 mm/hr for all levels of GWT, which 

corresponds to 0.56% of ksat used in the analysis. The stand-up time then gradually 
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decreased with further increase in rainfall intensity. Especially, the change in stand-up time 

becomes negligible for the rainfall intensities greater than 5 mm/hr (2.78% of ksat). As 

shown in Figure 4.26, the stand-up time decreased by approximately 90% for the rainfall 

intensity of 1 mm/hr when compared to the stand-up time for 0.1 mm/hr rainfall intensity. 

The percentage decrease in stand-stand-up time becomes close to 100% for the rainfall 

intensities higher than 10 mm/hr. The stand-up times less than 1 hr were highlighted in 

Table 4.4. In the case where the GWT is at 0.3m, the failure of an unsupported vertical 

trench in an unsaturated sand can be caused even by a small rainfall intensity within short 

period of time.    

 

 

Figure 4.23. Variation of stand-up time with rainfall intensity with GWT at 0.3m (sand) 
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Figure 4.24. Variation of stand-up time with rainfall intensity with GWT at 0.5m (sand) 

 

 

Figure 4.25. Variation of stand-up time with rainfall intensity with GWT at 0.8m (sand) 
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Figure 4.26. Decrease in stand-up time (%) with increasing rainfall intensity (sand) 
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conductivity near the ground surface was significantly lower, which delayed the rainfall 

infiltration into the soil. Especially, for the rainfall intensities higher than 5 mm/hr, the 

influence of an impermeable membrane on the stand-up time was almost negligible 

regardless of the level of GWT. The same behaviours were observed for the cases without 

impermeable membrane.     

Table 4.5. Variation of stand-up time (hr) for different L/Hexe ratio (sand) 

GWT 

 

Rainfall intensity 
(mm/hr) 

 

L/Hexc ratio (%) Tstup_100% 
– Tstup_0% 

 
0 20 25 50 75 100 

Stand-up time (hr) 

0.3 

0.1 1.29 1.29 1.33 1.38 1.45 1.51 0.22 
0.2 0.65 0.65 0.68 0.69 0.73 0.76 0.11 
0.3 0.43 0.43 0.44 0.47 0.48 0.50 0.07 
0.4 0.31 0.32 0.33 0.35 0.37 0.38 0.07 
0.5 0.25 0.28 0.27 0.28 0.29 0.31 0.06 
1 0.13 0.13 0.13 0.14 0.15 0.15 0.02 
3 0.04 0.04 0.04 0.05 0.05 0.05 0.01 
5 0.02 0.02 0.03 0.03 0.03 0.03 0.01 

10 0.05 0.05 0.05 0.05 0.06 0.06 0.01 
15 0.03 0.03 0.03 0.03 0.04 0.04 0.01 
20 0.02 0.02 0.02 0.03 0.03 0.03 0.01 
25 0.02 0.02 0.02 0.02 0.02 0.02 0.01 

0.5 

0.1 23.29 25.61 26.44 27.63 29.17 31.50 8.21 
0.2 12.00 12.86 12.89 14.12 15.14 17.12 5.12 
0.3 7.97 8.40 9.50 9.24 9.80 11.37 3.40 
0.4 6.03 6.36 6.46 7.07 7.57 8.00 1.97 
0.5 5.25 5.13 5.21 5.61 5.87 6.38 1.13 
1 2.38 2.53 2.68 2.85 3.07 3.50 1.12 
3 0.78 0.85 0.90 0.96 1.14 1.26 0.48 
5 0.47 0.52 0.53 0.60 0.66 0.70 0.23 

10 0.71 0.76 0.80 0.86 0.91 0.68 -0.03 
15 0.46 0.47 0.50 0.54 0.58 0.61 0.15 
20 0.33 0.35 0.37 0.40 0.44 0.45 0.12 
25 0.25 0.27 0.28 0.32 0.34 0.36 0.11 

0.8 

0.1 385.40 427.78 431.94 475.00 518.40 583.33 197.93 
0.2 211.16 213.89 216.67 233.89 259.20 285.83 74.67 
0.3 137.72 143.06 147.22 157.64 174.00 192.22 54.50 
0.4 88.89 106.94 107.78 118.89 131.04 147.22 58.33 
0.5 82.17 84.72 86.11 93.44 102.78 113.89 31.72 
1 33.56 42.08 43.06 50.56 50.56 58.33 24.77 
3 11.11 14.31 14.72 16.67 16.67 19.44 8.33 
5 8.33 8.33 8.89 9.31 9.31 11.25 2.92 

10 4.19 4.56 4.64 5.11 5.53 5.60 1.41 
15 2.50 2.69 2.92 3.15 3.39 3.74 1.24 
20 1.62 1.88 1.90 2.08 2.29 2.56 0.94 
25 1.14 1.27 1.39 1.58 1.78 1.91 0.77 
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Figure 4.27. Variation of stand-up time with rainfall intensity for different D/Hexc ratio 
(GWT at 0.3m) (sand) 

 

Figure 4.28. Variation of stand-up time with rainfall intensity for different D/Hexc ratio 
(GWT at 0.5m) (sand) 
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Figure 4.29. Variation of stand-up time with rainfall intensity for different D/Hexc ratio 
(GWT at 0.8m) (sand) 
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4.31).  

 

Rainfall Intensity (mm/hr)

0.1 1 10 100

S
ta

n
d

-u
p

 T
im

e,
 T

s
tu

p
 (

h
r)

0

100

200

300

400

500

600

0 % cover
20% cover 
25% cover 
50% cover 
75% cover 
100% cover 



 

75 
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Figure 4.30. Variation of pore-water pressure with time under 0.3 mm/hr rainfall intensity 
(GWT at 0.8m, L/Hexc = 100%) (sand) 
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Figure 4.31. Example of the variation of pore-water pressure with time under 0.5 mm/hr 
rainfall intensity in IHT (GWT at 3m, L/Hexc = 100%) (IHT) 

 

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa

Pore-Water Pressure

-30 - -25 kPa
-25 - -20 kPa
-20 - -15 kPa
-15 - -10 kPa
-10 - -5 kPa
-5 - 0 kPa
0 - 5 kPa
5 - 10 kPa
10 - 15 kPa
15 - 20 kPa
20 - 25 kPa



 

77 
 

To further investigate this, additional analysis was carried out for two hypothetical 

scenarios with GWT at 0.8m under rainfall intensity of 10 mm/hr: i) 100% L/Hexc ratio 

with rainfall on the ground surface only (Figure 4.32(a)) and ii) 100% L/Hexc with rainfall 

at the base of trench only (Figure 4.32(b)). The pore-water pressure contours for both cases 

were also approximately horizontal, which supports the aforementioned statement.  

The stand-up time for four scenarios are summarized in Table 4.6. The results clearly show 

that the stand-up time in a sand is governed by rainfall infiltration from the ground surface 

rather than L/Hexc ratio or the rainfall on the base of trench.  

Table 4.6. Variation of stand-up time for different L/Hexc ratios and rainfall conditions 
(sand) 

Scenario Stand-up time (hrs) 

0% L/Hexc ratio with rainfall at the base of 
trench and on the ground surface 

4.19 

100% L/Hexc ratio with rainfall at the base 
of trench and on the ground surface 

5.60 

100% L/Hexc ratio with rainfall on the 
ground surface only 

7.60 

100% L/Hexc ratio with rainfall at the base 
of trench only 

46.08 
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(a) (b) 

Figure 4.32. Pore-water pressure contours; (a) 100% L/Hexc ratio with rainfall on the 
ground surface only and ii) 100% L/Hexc with rainfall at the base of trench only (sand) 
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4.4 Summary and Conclusions  

In this chapter, the influence of rainfall infiltration on the stand-up time of unsupported 

vertical trenches in a cohesionless soil (Unimin 7030 sand) was investigated using 

commercial geotechnical modelling software. The numerical analyses were carried out 

with and without impermeable membrane on the ground surface for three different GWTs 

(i.e. 0.3m, 0.5m and 0.8m) at the multiple rainfall intensities (i.e. 0.1, 0.2, 0.3, 0.4, 0.5, 1, 

3, 5, 10, 15, 20 and 25 mm/hr).  

The maximum and minimum stand-up time (hrs) were estimated to be (1.29, 0.015), (23.29, 

0.25) and (385.4, 0.71) for the GWT at 0.3m, 0.5m and 0.8m, respectively. The use of 

impermeable membrane delayed the failure in the unsupported vertical trenches (i.e. 

increase in stand-up time); however, it was not as efficient as expected especially when the 

GWT table is at shallow depth. The decrease in stand-up time was negligible when the 

rainfall intensity exceeds a certain value for both with and without impermeable membrane.   
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 Stand-Up Time of Unsupported Vertical Trench 
in an Unsaturated Fine-Grained Soil 

 

In this chapter, stand-up time of unsupported trenches in unsaturated fine-grained soil is 

investigated. It was assumed that the trenches are excavated into IHT, which is most widely 

spread across Canada. The analyses were carried out with and without tension cracks. 

GeoStudio (2016) allows users to estimate the variation of shear strength with respect to 

matric suction due to rainfall infiltration extending the MESA (Eq. (2.5)), but not for the 

MTSA (Eq. 2.24). Hence, the estimation of stand-up was carried out using only the MESA. 

For the purpose of comparison, the depths of excavation to achieve FOS = 1.2 were first 

estimated using the MESA and then the MTSA was used to estimate the FOS for the same 

excavation depths.   

Basic soil properties of IHT are shown in Table 5.1. The grain size distribution curve and 

the SWCC of IHT are shown in Figure 5.1 and Figure 5.2, respectively. The SWCC was 

best-fitted using Fredlund and Xing model (i.e. Eq. (2.3)) and the parameters, a, m, n are 

shown in Figure 5.2. The effective shear strength parameters, c’ and ’ determined by 

Vanapalli et al. (1997) and Oh and Vanapalli (2010) were used in the analyses. Figure 5.3 

shows the hydraulic conductivity function for IHT estimated using the model proposed by 

Fredlund et al. (1994; Eq. (2.29)). 
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 Table 5.1. Basic soil properties of IHT (Vanapalli et al. 1997, Oh and Vanapalli 2010, Oh 
and Vanapalli 2013) 

Properties Value 

Plasticity Index, Ip (%) 15.5 

Saturated unit weight, sat (kN/m3) 20.7 

Void ratio, e 0.55 

Specific gravity, Gs 2.72 

Effective cohesion, c’ (kPa) 5 

Effective internal friction angle, ’ (˚) 23.1 

Undrained shear strength, cu(sat) (kPa) 13.2 

Saturated hydraulic conductivity, ksat (m/sec) 10-7 

 

  

Figure 5.1. Grain size distribution curve of IHT (Oh and Vanapalli 2010) 
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Figure 5.2. SWCC of IHT (Oh and Vanapalli 2018) 

 

 

Figure 5.3. Hydraulic conductivity function of IHT 
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The scenarios used in this chapter to estimate the stand-up time of unsupported vertical 

trenches in IHT are summarized in Table 5.2. Five levels of GWT were considered in the 

numerical analyses (i.e. 1, 2, 3, 5, and 6m) with 12 rainfall intensities (same as Chapter 4). 

Table 5.2. Scenarios used in the numerical analyses to estimate stand-up time of 
unsupported vertical trenches in IHT extending the MESA  

Scenario GWT (m) a) Rainfall intensity (mm/hr) b) 

1 1 

0.1, 0.2, 0.3, 0.4, 0.5 

1, 3, 5 

10, 15, 20, 25 

2 2 

3 3 

4 5 

5 6 

a) Level of groundwater table measured from the ground surface  
b) Assumed rainfall intensity 

 

5.1 Estimation of Excavation Depths to Achieve FOS = 1.2 

Figure 5.4 shows finite element meshes and boundary conditions in SIGMA/W, which 

were used to simulate excavation in IHT for entire cases (6m in distance × 6.5m in depth). 

Table 5.3 and Figure 5.5 show the variation of excavation depth with respect to the level 

of GWT extending the MESA to achieve FOS = 1.2. For the level of GWT between 0m 

(saturation) and 1m, the excavation depth decreases with decreasing the level of GWT. The 

excavation depth then starts increasing with further decrease in the level of GWT. In other 

words, the excavation depth becomes minimum with the level of GWT at 1m. This is 

because when a trench is excavated below GWT hydrostatic pressures due to the reservoir 

level helps to stabilize the unsupported trenches. In practice, water in a trench is pumped 
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out before any works are done in the trench. This process can affect the stability of an 

unsupported trench since it cause seepage of water into the trench. However, the influence 

of seepage due to water removal is not considered in this chapter.    

 

Figure 5.4. Finite element meshes and boundary conditions in SIGMA/W, which were 
used to simulate excavation in IHT for entire cases 
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Table 5.3. Depth of excavation to achieve FOS = 1.2 for different levels of GWT (MESA) 
(IHT) 

GWT (m) 0 1 2 3 5 6 

Depth of 
excavation (m) 

(FOS = 1.2)  

2.08 1.39 1.79 2.17 2.7 2.9 

 

 

Figure 5.5. Excavation depth to achieve FOS = 1.2 (MESA) for different levels of GWT 
and FOS using the MTSA for the same excavation depth (IHT) 
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embedded features to estimate the variation of undrained shear strength with respect to 

matric suction. Hence, in this chapter, the undrained shear strength distributions between 

the ground surface and the GWT were calculated using Eq. 2.24 and then manually 

assigned to the material.  

 

 

Figure 5.6. Variation of undrained shear strength with depth for different levels of GWT 
(IHT) 
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For this, ‘Spatial Mohr-Coulomb model’ option in SLOPE/W was used to assign undrained 

shear strengths with zero internal friction angle to the soil depending on both x and y 

geometry coordinates. The undrained shear strength between the points are estimated by 

interpolation. FOS using the MTSA for each GWT is shown in brackets in Figure 5.5, 

which is higher than that estimated using the MESA by approximately two times. This 

indicates that it is more conservative to estimate the excavation depth using the MESA 

rather than the MTSA.    

The stability analyses results using SLOPE/W extending the MESA and the MTSA are 

summarized in Table 5.4.  
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Table 5.4. Summary of stability analyses using the MESA and MTSA for the same 
excavation depth (IHT) 

GWT 
(m) 

MESA MTSA 

0 

 
1 

 
2 

 
3 

 
5 

 
6 

 

 

1.20 2.28

1.20 2.34

1.20 2.41

1.20 2.34

1.20 2.49

1.20 2.34
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5.2 Estimation of Stand-Up time extending the MESA 

As explained earlier, GeoStudio (2016) does not allow the users to conduct stability 

analysis of unsaturated slopes extending the MTSA taking account of the variation of 

undrained shear strength associated with rainfall infiltration. Therefore, stand-up times 

were estimated using only the MESA. As an example, the variation of FOS with time for 

the GWT at 3m under 10 mm/hr rainfall intensity is shown in Figure 5.7.  

Figure 5.8 shows typical pore-water pressure distribution along the surface of excavation 

(A – A’) with GWT at 5m under the rainfall intensity of 0.3 mm/hr. The matric suction 

values near the ground surface and the bottom of trench drop to zero immediately after the 

start of rainfall. It can also be clearly seen that the failure takes place before the GWT 

reaches equilibrium condition.    
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Initial 2.68 days 

  

1 day 3.4 days  

  

1.48 days  4.84 days 

Figure 5.7. Variation of FOS with time with the GWT at 3m under the rainfall intensity of 
10 mm/hr (IHT) 
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Figure 5.8. Pore-water pressure distribution along the surface of excavation (A – A’) with 
GWT at 5m under the rainfall intensity of 0.3 mm/hr (IHT) 
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intensities and levels of GWT. The results in Table 5.5 are plotted in Figure 5.9. No attempt 
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This indicates that the influence of rainfall events on the stability of unsupported vertical 

trenches in fine-grained soils is not significant. Hence, no analyses were performed to study 

the influence of impermeable membrane on the stand-up time. Nonetheless, it is interesting 

to note that the stand-up time remains almost constant for rainfall intensities higher than 

0.5 mm/hr (1.39 times ksat).  

Table 5.5. Summary of stand-up Times estimated using the MESA for various rainfall 
intensities and levels of GWT (IHT) 

Rainfall 
intensity 

(mm/hr) 

 GWT (m) 

0 1 2 3 5 6 

 Excavation Depths (m) for FOS = 1.2 

2.08 1.39 1.79 2.17 2.7 2.9 

Stand-up time (days) 

0.1 - 26.1/1.04* 26.0 37.6 64.0 70.6 

0.2 - 7.3/1.04* 13.9 16.4 33.4 34.7 

0.3 - 4.67/1.03* 9.3 13.3 21.7 23.1 

0.4 - 3.51/0.96* 5.5 10.4 16.8 17.8 

0.5 - 2.94/1.03* 5.4 6.9 14.8 15.9 

1 - 5.83/1.08* 4.5 6.0 12.5 15.9 

3 - 2.94/1.03* 4.3 5.1 11.8 15.2 

5 - 2.94/1.03* 4.3 5.0 11.8 15.1 

10 - 2.61 5.3 4.8 10.1 14.1 

15 - 2.61 5.3 4.8 10.1 14.1 

20 - 2.61 5.3 4.8 10.1 12.7 

25 - 2.61 5.3 4.8 10.1 12.5 

*: Minimum FOS 
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Figure 5.9. Variation of stand-up time with respect to rainfall intensity for various levels 
of GWT (IHT) 
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to achieve FOS = 1.2. Positive, negative, and net active earth pressure distribution for each 

GWT are shown in Figure 5.11 through Figure 5.16.  

 

Table 5.6. Depths tension crack with respect to the GWT (IHT) 

GWT (m) 0 1 2 3 5 6 

Depth of tension crack, Zt 1.39 0.84 1.17 1.41 1.73 1.84 

 

 

 

Figure 5.10. Variation of depth of tension crack with respect to the level of GWT (IHT) 
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Figure 5.11. Positive, negative, and net active earth pressure distribution (GWT at 0m) 
(IHT) 
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Figure 5.12. Positive, negative, and net active earth pressure distribution (GWT at 1m) 
(IHT)  
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Figure 5.13. Positive, negative, and net active earth pressure distribution (GWT at 2m) 
(IHT) 
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Figure 5.14. Positive, negative, and net active earth pressure distribution (GWT at 3m) 
(IHT)  
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Figure 5.15. Positive, negative, and net active earth pressure distribution (GWT at 5m) 
(IHT)  
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Figure 5.16. Positive, negative, and net active earth pressure distribution (GWT at 6m) 
(IHT) 
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Based on Zt summarized in Table 5.6 stability analyses were redone after assigning Zt in 

SLOPE/W. In SLOPE/W, the depth of tension crack can be defined by specifying either a 

tension crack angle or constant tension crack depth. If a tension crack angle is defined, 

SLOPE/W simply removes the slice whose base exceeds the specified angle from the 

analysis. The slice is then ignored and replaced with a tension crack as shown in Figure 

5.17. Tension crack angles are specified in a counter-clockwise direction from the positive 

x-coordinate axis. Therefore, any slice base whose inclination is equal to or greater than 

‘180° - tension crack angle’ from the horizontal is ignored in the analysis.  

   

Figure 5.17. Tension crack based on specified inclination angle (SLOPE/W manual) 

 

In the case where a tension crack is specified with a tension crack line (i.e. constant tension 

crack depth), the slip surface extends up vertically as the slip surface meet tension crack 

line (Figure 5.18). Users can also choose ‘Search for tension crack option’, which do not 

require users to specify a tension crack angle or a tension crack line. With this option, the 

slip surface extends up vertically whenever a negative normal force is developed at the 
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base of a slice (This option is no longer available in 2016 and subsequent versions of 

GeoStudio). In this chapter, tension crack line was used to define the depth of tension crack.  

 

Figure 5.18. Tension crack line (SLOPE/W manual) 

 

Once tension cracks are developed, water can penetrate into the tension cracks. The level 

of water in the tension cracks can be expressed using a number between 0 and 1 in 

SLOPE/W. Zero means dry and 1.0 means the tension cracks are filled with water. 

However, it may not be realistic to assume that a significant pore-water pressure is 

developed in tension cracks due to two main reasons; i) it is hard to imagine that water can 

be held in a tension crack for a certain period of time and ii) any slight lateral movement 

in a soil can close tension cracks very easily such that water can be expelled from the 

tension cracks immediately (SLOPE/W manual).  

Figure 5.19(a) shows the stability analysis result example with the GWT at 3m when the 

tension cracks were taken into account. FOS decreases rapidly from 1.2 (initial 

unsupported vertical trench without tension cracks) to 0.8. However, as can be seen in 

Figure 5.19(a)-(c), the decrease in FOS can be compensated by sloping the soil in tension 

crack zone at a certain angle.  
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(a) Tension cracks only (b) Tension cracks with 30° sloping 

 

  

(c) Tension cracks with 45° sloping (d) Tension cracks with 60° sloping 

Figure 5.19. Influence of tension cracks and sloping in tension crack zone on FOS (GWT 
at 3m) (IHT) 

 

The entire analyses results considering the depth of tension cracks for the different levels 

of GWT are summarized in Table 5.7. If no water is assumed in the tension crack the 

0.80 1.21

1.51 1.80
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sloping angle of 30° (with respect to the vertical) seems to be sufficient enough to regain 

FOS close to 1.2 except the GWT at 1m and 2m. Hence, the sloping angle of 45° is 

recommended in practice to be on safe side. FOS was significantly low when it was 

assumed that the cracks are filled with water and full pore-water water pressure is 

developed. In this case, the soil in tension crack zone should be sloped at the angle of 60°, 

which lead to FOS greater than 1.2 regardless of depth of tension crack. To present the 

results better, sloping angle – GWT – FOS relationship are plotted in Figure 5.20 
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Table 5.7. Summary of FOS for different levels of GWT taking account of depth of tension crack with and without water in it (IHT)                           

Slope conditions 

GWT (m) 

1 2 3 5 6 

Depths of Tension cracks(m) 

0.84 1.17 1.41 1.73 1.84 

FOS 

No tension crack 1.20 1.20 1.20 1.20 1.20 

Sloping angle with respect to 
the vertical in tension crack 
zone (°) 

Water in tension crack 

0 1 0 1 0 1 0 1 0 1 

0 (vertical) 0.79 0.44 0.77 0.35 0.80 0.39 0.83 0.43 0.84 0.46 

30 1.13 0.64 1.18 0.64 1.21 0.67 1.25 0.71 1.23 0.70 

45 1.41 0.93 1.46 1.01 1.51 1.07 1.55 1.05 1.52 1.04 

60 1.73 1.45 1.74 1.54 1.80 1.59 1.86 1.63 1.82 1.60 
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Figure 5.20. Sloping angle – GWT – FOS relationships with and without water in tension cracks (IHT)
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Even if an unsupported trench is excavated considering the sloping angle in tension crack 

zone, instability in the trench can still be caused by rainfall infiltration. Due to this reason, 

additional analyses were carried out to investigate the influence of rainfall infiltration on 

the FOS and stand-up time of unsupported sloping trench in tension crack zone. 

Two unsupported sloped (45°) trenches were chosen for the analyses with GWTs at 2m 

and 3m under the rainfall intensities of 3 and 20 mm/hr. It was assumed that no water was 

present in the tension cracks. The results are summarized in Table 5.8. For the 45° sloped 

unsupported trench with the GWT at 2m, the FOS never dropped below 1.22 even after the 

depth of tension crack is taken into account. The minimum FOS with the level of GWT at 

3m were 1.06 for both 3 and 20 mm/hr rainfall intensities. The time to reach FOS = 1.2 

were estimated to be 5.15 and 5.22 days under the rainfall intensity of 3 and 20 mm/hr, 

respectively. Since the estimated stand-up times are significantly high, it can be postulated 

that the sloping of unsupported vertical trench at 45° with respect to the vertical can be the 

safest option when both depth of tension crack and rainfall infiltration are taken into 

account. The variation of FOS with time under the rainfall intensity of 3 mm/hr for the 

levels of GWT at 2m and 3m are shown in Figure 5.21. 

. 
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Table 5.8. Stand-up time to reach the minimum FOS for two sloped (45°) unsupported 
trenches in tension crack zone without water (IHT) 

GWT (m) Rainfall intensity 

(mm/hr) 

Initial FOS 
with 45° 
sloping 
angle 

Min. FOS Time to reach 
min. FOS (days) 

2 3 1.46 1.22 3.52 

20 1.22 3.48 

3 

 

3 1.51 

 

1.06 9.94 (5.13)  

20 1.06 10.37 (5.22) 

(   ): Time to reach FOS = 1.2 
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initial Initial 

  

1.27 days 5.13 days 

  

3.52 days 9.94 days 

(a) GWT at 2m, 3 mm/hr (b) GWT at 3m, 3 mm/hr 

 

Figure 5.21. Variation of FOS with time under the rainfall intensity of 3 mm/hr for the 
levels of GWT at (a) 2m and (b) 3m (IHT) 
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-17 - -14 kPa
-14 - -11 kPa
-11 - -8 kPa
-8 - -5 kPa
-5 - -2 kPa
-2 - 1 kPa
1 - 4 kPa
4 - 7 kPa
7 - 10 kPa
10 - 13 kPa
13 - 16 kPa
16 - 19 kPa
19 - 22 kPa

1.06
Pore-Water Pressure

-16 - -14 kPa
-14 - -12 kPa
-12 - -10 kPa
-10 - -8 kPa
-8 - -6 kPa
-6 - -4 kPa
-4 - -2 kPa
-2 - 0 kPa
0 - 2 kPa
2 - 4 kPa
4 - 6 kPa
6 - 8 kPa
8 - 10 kPa
10 - 12 kPa
12 - 14 kPa
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5.4   Summary and Conclusions 

The influence of rainfall infiltration on the stand-up time of unsupported trenches in fine-

grained soil (IHT) was investigated in this chapter. The numerical analyses were conducted 

for five levels of GWT (i.e. 1, 2, 3, 5 and 6m) under twelve different rainfall intensities (i.e. 

0.1, 0.2, 0.3, 0.4, 0.5, 1, 3, 5, 10, 15, 20 and 25 mm/hr). The results showed that the 

estimated stand-up times in IHT were significantly high, which is not realistic when 

considering weather statistics data (i.e. rainfall intensities) of Canada. FOS significantly 

decreases if the depth of tension crack is taken into account in slope stability analyses. 

Hence, it is necessary to slope the soil with the depth of tension cracks at a certain angle to 

increase FOS. Considering both depth of tension crack and rainfall events, unsupported 

vertical trenches can remain in a state of stable condition when the soil within the depth of 

tension crack is sloped at an angle of 60°.   
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 General Conclusions 

 

Rainfall infiltration is undoubtedly one of the major factors that influence the stability of 

an unsupported vertical trench in unsaturated soils. This study focuses on the influence of 

initial matric suction distribution and change in matric suction due to rainfall infiltration 

on stand-up time. It is expected that current study can help contractors and workers to 

approximate the period of time working in an unsupported vertical trench in an event of 

rainfall. The conclusions obtained from this study can be summarized as follow: 

 

Chapter 4: Stand-Up Time of Unsupported Vertical Trench in an Unsaturated Sand 

1. FOS decreases with time and can be as less as one hour in the case where the 

groundwater table is at shallow depth regardless of rainfall intensity. FOS drops below 

zero rapidly as FOS approaches 1.05, which indicates that the failures unsaturated 

unsupported vertical trenches associated with rainfall infiltration can be sudden.  

2. Major decrease in stand-up time occurs for the rainfall intensities less than 1 mm/hr 

(0.56 % of ksat used in the analysis); however, the decrease becomes negligible for the 

rainfall intensities greater than 5 mm/hr (2.78% of ksat). 

3. The use of impermeable membrane may not be effective if the soil near the ground 

surface is in either boundary effective or transition zone of the SWCC. Especially, for 

the rainfall intensities greater than 5 mm/hr, the influence of impermeable membrane 

on the stand-up time can be negligible regardless of the level of GWT.     
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4. This instability in unsupported vertical trenches is caused by the rainfall on the ground 

surface, rather than impermeable membrane or rainfall at the bottom of a trench.     

Chapter 5: Stand-Up Time of Unsupported Vertical Trench in an Unsaturated Fine-

Grained Soil 

1. It is more conservative to estimate the depth of excavation of which FOS = 1.2 

extending the MESA rather than MTSA. FOS estimate using the MTSA was 

estimated to be about 2 times higher than that estimated using the MESA.  

2. The failure in unsupported vertical trenches takes place before the GWT reaches 

equilibrium condition.  

3. The stand-up time of unsupported vertical trenches in unsaturated fine-grained soils 

can be extremely high for low range of rainfall intensities. Although stand-up time 

decreased with increasing rainfall intensity, the estimates seem to be unrealistic 

when compared with weather statistics data (i.e. rainfall intensity) of Canada. 

4. FOSs estimated considering the depth of tension cracks were less than 1, which 

further decreases if it is assumed that the tension cracks are filled with water and 

pore-water pressure is fully developed. In this case, FOSs can be improved by 

sloping the soil within the depth of tension crack at a certain angle. According to 

the numerical analysis, 60° sloping can be recommended when both depth of 

tension cracks and rainfall events need to be taken into account.  
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 Limitations and Future Research 

 

1. This study is mainly aimed at providing information that will guide contractors and 

field works on how long it will be safe to continue working in an unsaturated 

unsupported vertical trenches in an event of rainfall. The study and the findings are 

totally based on numerical analysis. It is, therefore, necessary to carry out a series of 

related field/laboratory tests that simulate the trench failure due to rainfall infiltration 

to properly validate the results.  

2. The SWCCs and hydraulic conductivity functions adopted in the numerical analyses 

were estimated using the models proposed by Fredlund and Xing (1994) and Fredlund 

et al. (1994), respectively. Hence, the results can be slightly different when the SWCCs 

and hydraulic conductivity functions are estimated using different models.   

3. Subsequent studies on this subject should be extended to consider how rainfall 

infiltration affect the stand-up time of non-vertical trenches (i.e. sloped trenches) as 

well.   
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