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1 INTRODUCTION 

Trenching is the most common practice in geotech-
nical engineering especially in mining, tunneling, 
building foundations, drainage construction and in-
stallation 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 Tanen-
baum 1977, Suruda et al. 1988, White 2008). Accord-
ing to the OSHA Data Base (1985 - 1989) most deaths 
related to trench failures occurred in sewer line con-
struction.  

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 profile which has a great 
influence on the shear strength of unsaturated soils. 
Types of soil, depth of the groundwater table, and lo-
cal climate conditions (including rainfall) are contrib-
uting factors to the matric suction distribution profile, 
and thus the stability of unsupported vertical trenches 
(Pufahl et al. 1983, Stanier & Tarantino 2013, Vana-
palli & Oh 2012, Whenham et al. 2007). 

Critical height (i.e. maximum depth of an unsup-
ported trench that can be excavated without failure) 
and stand-up time (time elapsed from the instant a 
trench is excavated till it fails; Tstup) are two important 
factors that should be considered in the design of un-
supported trenches. Richard et al. (2017) investigated 
the critical height of unsupported vertical trenches in 

an unsaturated sand (Unimin 7030) for various levels 
of groundwater table. This present study is a step fur-
ther in the work of Richard et al. (2017) whereby an 
attempt is made to investigate the influence of rainfall 
infiltration on the stand-up time of unsupported verti-
cal trench in an unsaturated sand (Unimin 7030 sand). 
The analyses were carried out for three different rain-
fall intensities (10 mm/hr, 15 mm/hr and 25 mm/hr) 
using commercial geotechnical software, SEEP/W, 
SIGMA/W and SLOPE/W (product of GeoStudio 
2016, Geo-Slope Int. Ltd.). The levels of ground wa-
ter table were assumed to be at the depths of 50cm 
and 80cm from the soil surface. The shallow ground 
water tables (50cm and 80cm) were assumed in this 
study since the Soil-Water Characteristic of Unimin 
7030 sand has a narrow suction range, which leads to 
a low residual suction value. One of the practicable 
ways of delaying the rainfall infiltration into vertical 
trenches is covering the surface of soil from the edge 
of vertical excavation to a certain distance with water-
proof materials. Hence, additional analyses were also 
carried out to investigate the influence of temporary 
surface covering (20%, 25%, 50%, 75% and 100% of 
excavation depth) on the stand-up time of unsup-
ported vertical trenches.  

2 SOIL PROPERTIES 

In this paper, it was assumed that trenches were exca-
vated into a sand (Unimin 7030). Table 1 summarizes 
the soil properties of the sand. Hydraulic conductivity 
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and elastic modulus for saturated conditions were as-
sumed to be 5×10-5 m/s and 10000 kPa, respectively. 
Grain size distribution curve of the soil is shown in 
Figure 1.  
 
Table 1. Soil properties of Unimin 7030 (Mohamed 2006) 

Properties Value 

Plasticity index, Ip NP 

Effective cohesion, c’ 0 

Effective internal friction angle, f’ 36.2° 

Saturated unit weight, gsat (kN/m3) 19.75 

Saturated volumetric water content, qs 0.38 

Void ratio, e 0.63 

Specific gravity, Gs 2.65 

Saturated hydraulic conductivity, ksat 
(m/s)  

5×10-5 

Elastic modulus for saturated condition, 
Esat (kPa) 

10,000 

 

 
Figure 1. Grain size distribution curve of Unimin 7030 sand (modified 

after Mohamed 2006). 

2.1 Soil-Water Characteristic Curve 

The Soil-Water Characteristic Curve (SWCC) of the 
sand is shown in Figure 2, which was measured using 
Tempe Cell. Best-fit analysis for the SWCC was ob-
tained using the model proposed by Fredlund and 
Xing (1994) (Eq.(1)). 

  (1) 

where Se(y) = effective degree of saturation corre-
sponding to suction, y, e = Euler’s number, and a (= 
9.1638), m (= 16.544), n (= 4.8624) = fitting parame-
ters 
 

 
Figure 2. Soil-Water Characteristic Curve of Unimin 7030 (modified 

after Mohammed 2006). 

2.2 Shear strength of unsaturated soils 

Partial saturation plays an important role in the stabil-
ity of trenches (Vanapalli & Oh 2012). Since trenches 
are mostly excavated into unsaturated soils, its stabil-
ity depends largely on the matric suction distribution 
profile between the soil surface and the ground water 
table and also the types of soil (Pufahl et al. 1983, 
Whenham et al. 2007, De Vita et al. 2008, Vanapalli 
& Oh 2012).  

The shear strength equation for unsaturated soils 
proposed by Fredlund et al. (1978) is written as Eq. 
(2). 

  (2) 

where c’ = effective cohesion, c = total cohesion, f’ 
= effective friction angle, (s – ua) = net normal stress, 
fb = friction angle associated with a change in matric 
suction, (ua – uw) 
 
Since determination of fb experimentally requires 
elaborate equipment and time-consuming the model 
proposed by Vanapalli et al. (1996) was adopted in 
the present study to estimate the nonlinear variation 
of shear strength of soil with respect to matric suction 
(Eq. (3)).  

  (3) 

where q = volumetric water content, qs = volumetric 
water content at saturation, qr = volumetric water con-
tent for residual condition. 
 
In the case where the volume change in a soil is neg-
ligible Eq. (3) can be rewritten as (4).  
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  (4) 

where S = degree of saturation, Ss = degree of satura-
tion at saturation, and Sr = degree of saturation for re-
sidual condition 
 
SIGMA/W and SLOPE/W adopt Eq. (3) to calculate 
the shear strength of unsaturated soil assuming that 
volumetric water content equal to 5% of θs is θr. Fig-
ure 3 shows the variation of total cohesion, c (Eq. (3) 
with respect to depth depending on the level of 
ground water table used in the present study (i.e. 
50cm and 80cm from the soil surface). Hydrostatic 
variation of pore-water pressure with distance above 
and below the water table was assumed in the anal-
yses.  
 

 
Figure 3. Variation of total cohesion, c with respect to depth depending 

on the level of ground water table. 

2.3 Hydraulic conductivity function 

This paper focuses on the influence of rainfall infil-
tration on the stand-up time of unsupported vertical 
trench. Hence, the hydraulic conductivity function 
plays important role in the numerical analysis.  

The flow of water through a saturated soil is gener-
ally described using Darcy’s law. According to 
Childs & Collis-George (1950), Darcy’s law can also 
be applied to the flow of water through unsaturated 
soils. The coefficient of permeability, k, however, is 
not constant, but, varies depending on degree of satu-
ration or matric suction. The ability of water to move 

through the pores of the soil particles under both sat-
urated and unsaturated conditions is defined by the 
hydraulic conductivity function. Hydraulic conduc-
tivity decreases as soils move from saturated condi-
tion to unsaturated condition. This is because in satu-
rated 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 
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 
of the soil keeps decreasing as pore water pressure be-
come increasingly negative and more pores are filled 
with air. Direct measurement of hydraulic conductiv-
ity for unsaturated soil is time consuming, cumber-
some and require elaborate equipment. This can be 
overcome by using existing hydraulic conductivity 
function to predict the variation of hydraulic conduc-
tivity with respect to matric suction.   

Fredlund et al. (1994) developed a method of esti-
mating the unsaturated hydraulic conductivity func-
tion by integrating along the entire curve of the volu-
metric water content function as shown in Eq. (5) 
Figure 4 shows the hydraulic conductivity function 
used in the present study.   

  (5) 

Where 
 
k(y)  = the calculated conductivity for a specified  

water content or matric suction (m/s), 
ks   = the measured conductivity for saturated con- 

dition (m/s), 
q   = the volumetric water content, 
qs   = the volumetric water content for saturated  

condition 
e   = Napier’s constant, 
y   = a dummy variable of integration represent- 

ing the logarithm of negative pore-water  
pressure, 

i    = the interval between the range of j to 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, 
y   = the suction corresponding to the jth interval,  
q’   = the first derivative of the equation 
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Figure 4. Hydraulic conductivity function used in the analysis. 

3 METHODOLOGY 

First, staged excavation was simulated in SIGMA/W 
by removing material from the regions (i.e. deactivat-
ing regions) in 0.01 m increments. After each excava-
tion, slope stability analysis was carried out using 
SLOPE/W until the depth at which the Factor of 
Safety becomes close to 1.2 (Figure 5). The excava-
tion process causes change in pore-water pressure (or 
groundwater table). Hence, this slope stability anal-
yses were performed when the matric suction (or 
pore-water pressure) in the soil reached the equilib-
rium condition based on the results from SEEP/W. 
Unit flux boundary conditions were applied to the sur-
face of soil and bottom of the excavation to simulate 
rainfall (Figure 6). For each time step, after applying 
certain unit flux boundary condition, slope stability 
analyses were repeated until the first rotational gen-
eral failure takes place through the toe of vertical 
trench (i.e. FS = 1) (Figure 7). From the time of initial 
excavation to the time of this rotational failure is ob-
served and defined as stand-up time. Table 2 summa-
rizes the scenarios used in the present study.  
 
Table 2. Scenarios used in the analyses 

Scenario  a b c 

1  50 47 10, 15, 20, 
25 

2  80 60 10, 15, 20, 
25 

a: level of water table (cm) 

b: depth of excavation to achieve FS close to 1.2 (cm) 
c. rainfall infiltration (mm/hr) 

 

One of the most practical ways of minimizing the 

influence of rainfall infiltration on the stand-up time 

of unsupported vertical trenches is covering the top of 

a trench with a light-weight water-proof material. 

This practice is also simulated in this study assuming 

that the trenches were covered up to 20%, 25%, 50%, 

75% and 100% of the excavation depths. This was 

simulated in the SEEP/W by apply a zero unit flux on 

the assumed covered areas as shown in Figure 8.  

 

Figure 5. Excavation of a vertical trench up to a depth of FS = 1.2. 

 

 

Figure 6. Application of unit flux boundary condition to simulate rain-

fall infiltration. 

 

Figure 7. Determination of stand-up time based on slope stability anal-

ysis.   
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Figure 8. Numerical modeling to simulate rainfall infiltration with a 

cover on top of soil. 

4 ANALYSIS OF RESULTS 

Figure 9 and Figure 10 show the variation of FS with 
time for different rainfall intensities for GWT = 50cm 
and GWT = 80cm, respectively. As expected, FS de-
creases with time and maximum stand-up time was 
estimated to be 0.8 hrs and 4.4 hrs for ‘GWT = 50cm, 
10 mm/hr’ and ‘GWT = 80cm, 10 mm/hr’, respec-
tively. These figures can be effectively used in prac-
tice to determine necessary work hours under certain 
rainfall incident. For example, work hours in an un-
supported vertical trench should not exceed 2 hrs 
maximum when GWT = 80cm and rainfall intensity 
is 20 mm/hr.  

 
Figure 9. Variation of FS with time for different rainfall intensity (GWT 

= 50cm). 

 

 
Figure 10. Variation of FS with time for different rainfall intensity 

(GWT = 80cm). 

 
Figure 11 and Figure 12 show the variation of stand-
up time (Tstup) with respect to rainfall intensity and 
range of coverage for GWT = 50cm and GWT = 
80cm, respectively. For GWT = 50cm, the stand-up 
time increased less than 0.24 hrs even with 100% cov-
erage. The increase in stand-up time for GWT = 80cm 
was in the range of 0.77 and 1.42 hrs. This indicates 
that using a temporary cover on top of soil does not 
make significant difference if water table is at shallow 
depth in a sand. The behaviours of stand-up time ver-
sus rainfall intensity between different coverage 
ranges approximately parallel to each other. The in-
vestigation on critical height in the same soil (Unimin 
7030) by Richard et al. (2017) showed that the critical 
height is governed by the level of ground water table. 
Hence, it can be postulated that stand-up time of an 
unsupported vertical trench in a sand is affected by 
the rainfall at the bottom of trench rather than the top 
of the soil.       

 

Figure 11. Variation of stand-up time with respect to rainfall intensity 

and range of coverage (GWT = 50cm). 
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Figure 12. Variation of stand-up time with respect to rainfall intensity 

and range of coverage (GWT = 80cm). 

5 SUMMARY AND CONCLUSIONS 

An attempt was made to investigate the influence of 
rainfall infiltration on the stand-up time of unsup-
ported vertical trenches using commercial geotech-
nical software (SIGMA/, SEEP/W, and SLOPE/W). 
It was assumed that trenches were excavated into un-
saturated sand with two different groundwater tables 
(i.e. 50cm and 80cm) and four rainfall intensities (i.e. 
10, 15, 20 and 25 mm/hr). The stand-up time varies 
from 0.8 hrs to 4.4 hrs for the level of ground water 
table and rainfall intensities used in the present study. 
The effectiveness of the practice of partially covering 
the top of the excavation to minimize the influence 
rainfall infiltration was also studied. As expected, 
covering the tops of trenches can delay the failure in 
the unsupported vertical trench (i.e. increase in stand-
up time) under certain rainfall intensities. However, 
the results showed that the effective of range of cov-
ering is not significant since the stand-up time was af-
fected more by the rainfall at the bottom of trenches 
rather than top of the soil.  

Although the present study was carried for shallow 
excavations in a sand it is expected that the method-
ologies used in the study can be extended to the esti-
mation of stand-up time of unsupported trenches in 
unsaturated fine-grained soils.  

6 REFERENCES 

Childs, E.C., & Collis-George, N. 1950. The permea-
bility of porous materials. Proceedings of the 
Royal Society of London. Series A, Mathematical 
and Physical Sciences 201(1066): 392-405. 

De Vita, P., Angrisani, A. C., & Di Clemente, E. 
2008. Engineering geological properties of the 
Phlegraean pozzolan soil (Campania region, Italy) 
and effect of the suction on the stability of cut 
slopes. Italian Journal of Engineering Geology 
and Environment 2: 5-22.  

Fredlund, D.G., Morgenstern, N.R., & Widger, R.A. 
1978. The shear strength of unsaturated soils. Ca-
nadian Geotechnical Journal 15(3): 313–321. 

Fredlund, D.G., & Xing, A. 1994. Equations for the 
soil-water characteristic curve. Canadian Ge-
otechnical Journal 31(4): 521–532. 

Fredlund, D.G., Xing, A. & Huang, S. 1994. Predict-
ing the permeability function for unsaturated soils 
using the soil-water characteristic curve. Canadian 
Geotechnical Journal 31(3): 521-532.  

Mohamed, F. 2006. A semi-empirical approach for 
the interpretation of the bearing capacity of unsatu-
rated soils. Master's thesis, University of Ottawa, 
Ottawa, Canada 

Occupational Safety & Health Administration 
(OSHA). 1990. Analysis of  Construction Fatali-
ties - The OSHA Data Base 1985 - 1989. 

Pufahl, D.E., Fredlund, D.G., & Rahardjo, H. 1983. 
Lateral earth pressures in expansive clay soils. Ca-
nadian. Geotechnical Journal 20(2): 228–241. 

Richard A, Brennan G, Oh W.T & Ileme V.T. 2017. 

Critical height of unsupported vertical trench in 

an unsaturated sand. Proceedings of the 70th Ca-

nadian Geotechnical Conference: ??. 
Stanier, S. A., & Tarantino, A. 2013. An approach for 

predicting the stability of vertical cuts in cohesion-
less soils above the water table. Engineering Geol-
ogy 158: 98-108.  

Suruda, A., Smith, G., & Baker, S. 1988. Deaths from 
Trench Cave-in in the Construction Industry. Jour-
nal of Occupational and Environmental Medicine 
30(7): 552–555. 

Thompson, L.J., & Tanenbaum, R.J. 1977. Survey of 
Construction Related Trench Cave-Ins. Journal of 
the Construction Division, 103(3): 501–512. 

Vanapalli, S.K., Fredlund, D.G., Pufahl, D.E., & Clif-
ton, A.W. 1996. Model for the prediction of shear 
strength with respect to soil suction. Canadian Ge-
otechnical Journal 33(3): 379–392. 

Vanapalli, S.K., & Oh, W.T. 2012. Stability Analysis 
of Unsupported Vertical Trenches in Unsaturated 
Soils. Proceedings of GeoCongress 2012: 2502-
2511.  

Whenham, V., Vos, M.D., Legrand, C., Charlier, R., 
Maertens, J., & Verbrugge, J.-C. 2007. Influence 
of Soil Suction on Trench Stability. Proceedings 
of the 2nd International Conference on Mechanics 
of Unsaturated Soils - Experimental Unsaturated 
Soil Mechanics: 495-501. 

White, F. 2008. National Institute for Occupational 
Safety & Health (NIOSH) Prevention through De-
sign (PtD) Workshop Closing Remarks. Journal of 
Safety Research 39(2): 203–204. 

 

Rainfall Intensity (mm/hr)

10 15 20 25

T
s

tu
p
 (

h
rs

)

1

2

3

4

5

6

No cover

20% cover

25% cover

50% cover

75% cover

100% cover


