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1 INTRODUCTION 

Most municipal infrastructure projects (e.g. pipelines, 
storm drains, landfills, foundations, etc.) are initiated 
with an excavation of trenches. Soil trenching is in-
herently dangerous since severe injuries, death, 
and/or consequential damage to adjacent properties 
may occur because of a collapse. Therefore, excava-
tions must be performed with extreme precaution and 
use a well-defined procedure.  

In Canada, each province enforces strict regula-
tions with respect to safe excavations practices to pre-
vent fatalities and serious injuries resulting from 
trench collapses. The regulations specify the maxi-
mum allowable height of an unsupported vertical 
trench (i.e. safe height), maximum sloping angles and 
benching ratios, and the minimum distance for stock-
piling excavated or backfill materials from the trench. 
Once the safe height is reached, the walls must be 
sloped or benched at a 1V:1H ratio if the excavation 
needs to be extended any deeper. Stockpiles and spoil 
piles must be placed at least 1.2 m away from the edge 
of any excavations (WorkSafeNB, 2016). 

Table 1 summarizes the safe height of an unsup-
ported vertical trench as regulated by each Canadian 
province. The safe height is the maximum height that 
can be excavated before implementing safety 
measures such as benching, sloping, bracing, or 
trench boxes. Regardless of soil type, Canadian prov-
inces recommend safe heights in the range of 1.2 m 
(WorkSafeNB 2016) to 1.5 m (Alberta 2009).  

 
Table 1. Safe height of vertical trenches suggested by Canadian 

provinces. 

Provinces in Canada Safe height (m) 

BC, NB, NL, NS, ON, PE, QC, SK 1.2 

AB, MB 1.5 

 
The critical height (maximum depth that can be exca-
vated without failure) is one of the most important 
factors that governs the design of unsupported 
trenches. The critical height is typically calculated us-
ing shear strength parameters for a saturated condi-
tion. However, in many cases (especially in arid or 
semi-arid regions), the water table is relatively deep 
and most excavation work is done in the vadose zone. 
In these cases, the critical height of unsupported 
trenches can be more reliably estimated by consider-
ing the matric suction distribution profile between the 
soil surface and the groundwater table. Richard et al. 
(2017) investigated the variation of the critical height 
of an unsupported vertical trench in an unsaturated 
sand by considering multiple matric suction distribu-
tion profiles, by extending the work of Pufahl et al. 
(1983) and Vanapalli & Oh (2012). The results 
showed that, in non-cohesive sand, the critical height 
increases with increasing depth of the groundwater ta-
ble up to a certain point, and then decreases signifi-
cantly for relatively deep depths of the groundwater 
table.  
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 In the present study, an attempt was made to esti-
mate the variation of the critical height of an unsatu-
rated sand for multiple wall slopes with respect to the 
location of the groundwater table (i.e. different matric 
suction distribution profiles). It was assumed that 
trenches were excavated in Unimin 7030 sand. The 
critical height was determined using commercial 
modelling software, SLOPE/W in association with 
SIGMA/W (GeoStudio 2016, GEO-SLOPE Interna-
tional Ltd.). Four different wall slopes were consid-
ered in the analyses; 1.5V:1H, 2V:1H, 3V:1H and 90 
degree (i.e. vertical trench). Another case was exam-
ined by sloping the top 0.3m of the excavation at a 
1V:1H ratio, and excavating vertically past that point. 

2 SOIL PROPERTIES 

Physical and mechanical properties of Unimin 7030 
sand are summarized in Table 2.   
 
Table 2. Soil properties of Unimin 7030. 

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 0.39 

Void ratio, e 0.63 

Specific gravity, Gs 2.65 

Saturated hydraulic conductivity, ks 

(m/s) 
5×10-5 

Elastic modulus for saturated condition, 
Es (kPa) 

10,000 

 
The grain size distribution curve of Unimin 7030 sand 
is shown in Figure 1.  
 

 
Figure 1. Grain size distribution of Unimin 7030 sand. 

 Soil-Water Characteristic Curve 

 Figure 2 shows the Soil-Water Characteristic Curve 
(SWCC) of the sand, measured using a Tempe Cell 

apparatus (Mohamed & Vanapalli 2006) extending 
the axis-translation technique. A best-fit analysis was 
conducted using the equation proposed by Fredlund 
& Xing (1994) (Eq. (1)). 

  (1) 

where q = volumetric water content, qs = volumetric 
water content for saturated condition, e = Napier’s 
constant (i.e. 2.72), a (= 9.16), m (= 16.5), and n 
(=4.86) = fitting parameters. 

 SLOPE/W considers the variation of the unit 
weight of soil with respect to volumetric water con-
tent in the analysis. This can be calculated using Eq. 
(2) with the SWCC.  

  (2) 

where g = total unit weight, and gw = unit weight of 
water 

 
Figure 2. Soil-Water Characteristic Curve of Unimin 7030 sand. 

 Hydraulic conductivity function 

The hydraulic conductivity function (i.e. variation of 
hydraulic conductivity with respect to suction) of the 
sand was estimated using the model proposed by 
Fredlund et al. (1994) (Eq. (3); Figure 3). This func-
tion is necessary to monitor the change in the water 
table in response to excavations in the vadose zone.  

  (3) 

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

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

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 

 

 

Figure 3. Hydraulic conductivity function of Unimin 7030 sand. 

 Shear strength of unsaturated soil  

The shear strength equation for unsaturated soils pro-
posed by Fredlund et al. (1978) is written as Eq. (4). 

  (4) 

where c’ = effective cohesion, f’ = effective friction 
angle, (s – ua) = net normal stress, fb = friction angle 
associated with a change in matric suction, (ua – uw). 
 
Vanapalli et al. (1996) proposed a model to predict 
the nonlinear function of tanfb as shown in Eq. (5).  

  (5) 

where Q = normalized volumetric water content, qr = 
volumetric water content for residual condition. 
 
According to Garven and Vanapalli (2006), k = 1 can 
be used for non-plastic soils (i.e. Ip = 0), as shown in 
Eq. (6).  

 

  (6) 

By combining Eq. (4) and Eq. (5), SIGMA/W cal-
culates the variation of total cohesion with respect to 
matric suction using Eq. (7) and an SWCC. A water 
content equal to 5% of θs is taken to be θr.     

  (7) 

3 METHODOLOGY 

In the present study, an attempt is made to estimate 
the critical height of unsupported trenches in an un-
saturated sand based on numerical modeling with Ge-
oStudio (ver. 2016, GeoSlope Ltd. Inc.) software. 
SIGMA/W was used to model the deformations, 
stress changes, and the variation of the pore-water 
pressures caused by excavating. Slope stability anal-
yses were then performed with SLOPE/W after each 
stage of excavation. The variation of the critical 
height was found for multiple slopes by conducting 
analyses for various levels of the groundwater table. 

 Analyses in SIGMA/W 

The initial stresses (i.e. gravity body loads) and loca-
tion of the groundwater table were first established 
prior to excavation by setting up an in-situ condition.  
In SIGMA/W, the initial pore-water pressures were 
specified by drawing an initial groundwater table. 
Mohamed & Vanapalli (2006) conducted a series of 
model footing load tests on Unimin 7030 sand in a 
specially design tank for different levels of the water 
table (i.e. different average matric suction values). 
The measured matric suction distribution profile with 
the water table at a depth of 600 mm from the soil 
surface showed that a hydrostatic negative pore-water 
pressure (i.e. matric suction) distribution profile can 
be assumed without significant error. Thus, in the pre-
sent study, various matric suction distribution profiles 
were achieved by having different levels of the 
ground water table.  
 The excavations were staged using a coupled stress 
analysis with pore-water pressure changes. Defor-
mations and stress distributions resulting from each 
excavation stage were calculated using effective 
stress parameters using the elastic - perfectly plastic 
material model. Effective stress was calculated using 
the principle of effective stress (Terzaghi 1943) since 
non-linear contribution of matric suction to effective 
stress is not yet accommodated by SIGMA/W. Soil 
parameters used in the analyses are listed in Table 2. 
Figure 4 shows the simulation of excavations and 
boundary conditions in SIGMA/W. Excavations were 
simulated by removing the material from the region 
(i.e. deactivating regions) in 0.1 m increments. The 
previous stage in the excavation was used as the par-
ent analysis to the following, such that the stresses 
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and deformations caused by the previous excavations 
compounded as the stages progressed.  Both the left 
and right ends are fixed in the lateral direction as dis-
placement boundary conditions, and the bottom end 
is fixed in the vertical direction. These boundary con-
ditions were used to simulate large scale laboratory 
excavation tests which are in the process of being 
conducted by the authors. Hydraulic boundary condi-
tions were also required for using a coupled stress 
analysis. Total head boundaries equal to the initial 
water table elevation were placed along the lateral ex-
tents of the soil region (i.e. solid blue dots). This 
forces the water table to stay fixed along the extents 
of the soil region, while allowing fluctuations to occur 
underneath the excavation. Flux boundaries with total 
flux set equal to zero were placed along the exposed 
trench walls and floor for each excavation stage (i.e. 
hollow purple triangles). This tells the program to re-
view for potential seepage faces as the excavations 
progress, and to notify the user when seepage condi-
tions arise.  
 

  

Figure 4. Simulation of excavations and boundary conditions in 

SIGMA/W (1.5V:1H).  

 
Element size is also a critical consideration when us-
ing a finite element model. The area of interest is 
where deformations are highest, therefore a finer dis-
cretization was used for the immediate surroundings 
of the excavation faces; where an element size of 0.1 
m was used. The elements along the extents of the soil 
region were set at 1m lengths. A triangular/rectangu-
lar element configuration was used to provide a 
smooth transition between areas of interest. The main 
reason for using different element sizes was to save 
on computation time. 

 Analyses in SLOPE/W 

Slope stability analyses were conducted with 
SLOPE/W after each excavation (Figure 5) based on 
the stress - deformation parent analysis results from 
SIGMA/W. In other words, SLOPE/W uses stresses 
computed from SIGMA/W to determine the interslice 
forces and the mobilized stresses acting along the slip 
surfaces for the stability analyses. The “Entry and 
Exit” slip surface method was used for generating po-
tential 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 pos-
sible entry point every 10 mm. The toe of the slope 
was forced as the exit point because only general fail-
ure was considered in this study. The critical slip sur-
face for each case was then optimized to find a more 
realistic failure wedge. Multiple analyses were per-
formed with the groundwater table at various eleva-
tions (from 0.3 to 2.0 m from the soil surface) to es-
tablish a relationship between the depth of the 
groundwater table and the critical height.  

 

 

Figure 5. Slope stability analysis using SLOPE/W (1.5V:1H).  

4 ANALYSES RESULTS 

Figure 6 shows the deformations and ground water ta-
ble 1 second (1 time step) after the 0.9 m excavation 
stage in the vertical trench. Vertical displacement is 
observed in the soils adjacent to the trench with heav-
ing along the trench floor, and the walls show minor 
lateral deflection. Although the groundwater table 
was originally static, the stress relief due to the re-
moval of material causes heaving at the bottom of the 
trench, which results in an immediate and temporary 
drop in the water table. The ground water table then 
rebounds towards its original level due to upward 
flow of water, to fill the newly formed voids (Figure 
7). The black arrows in the figures represent hydraulic 
velocity vectors.  
 The amount of ‘rebound’ in the water table is de-
pendant on the hydraulic conductivity function and 
the time step chosen between each excavation stage. 
In this paper, a 10 second time step was chosen be-
tween excavation stages, meaning each subsequent 
0.1m layer was removed immediately after 10 sec-
onds. The average rate of excavation is 3 orders of 
magnitude higher than the saturated permeability of 
the sand, which explains the lag in the water table re-
bound. The chosen time step was sufficient in allow-
ing the water table to reach its equilibrium position 



for the vertical trench. However, the same was not 
true for the sloped excavations.  
 

 

Figure 6. Deformations and change in ground water table (0.8m from 

the surface) 1 second after vertical excavation in SIGMA/W. 

 

 

Figure 7. Deformations and change in ground water table (0.8m from 

the surface) 8 seconds after vertical excavation (0.9m) in SIGMA/W. 

 
Choosing a time step that does not allow equilibrium 
to be reached can be more realistic, since excavations 
are made in practice without considering if the water 
table reaches equilibrium condition from the previous 
excavation.   
 Figure 8 and Figure 9 show the deformations and 
change in the ground water table for a sloped excava-
tion (1.5V:1H). The contours indicate pore-water 
pressures. In this case, it takes nearly 15 minutes for 
the water table to reach the base of the excavation. 
The reason the water table did not rebound as quickly 
for the sloped excavations is simply because more 
material was excavated in the same time frame. The 
model was created by setting a base width of 1m at a 
depth of 5m below the surface for each excavation. 
The base width remains constant with depth for a ver-
tical trench; however, the base width increases in pro-
portion to the slope with distance above the base of 
the excavation for the sloped scenarios. The base 
width was 6.5 m for the 1.5V:1H slope at a depth of 
0.9 m, compared to only a 1 m width for the vertical 
trench. Since the drop in the water table spans a larger 
area for the sloped excavations, more water is needed 

to fill the newly formed voids. It takes longer to dig 
sloped excavations in practice since more soil must 
be removed, which allows more time for rebound, 
however the same time step was applied for each 
analysis to stay consistent.  
 

 

Figure 8. Deformations and change in ground water table (0.8m from 

the surface) 1 second after 1.5V:1H excavation in SIGMA/W 

 

 

Figure 9. Deformations and change in ground water table (0.8m from 

the surface) 8 seconds after 1.5V:1H excavation in SIGMA/W. 

  

 

Figure 10. SLOPE/W analysis results for the vertical trench with GWT 

= 0.8m. 

 

Slope stability analyses were performed at the end of 
each excavation stage, immediately before the fol-
lowing excavation. The depth of excavation that 
showed the first rotational failure about the toe of the 
slope (i.e. Factor of Safety ≤ 1) was considered the 
critical height (Figure 10). The variation of the critical 
height with respect to the depth of the groundwater 
table is shown in Figure 11 for 5 different excavation 
scenarios. For the vertical excavation, the critical 
height increases as the level of ground water de-
creases up to 0.8m and then declined sharply thereaf-
ter (denoted as 90 in Figure 11). This behavior can be 
explained using the variation of total cohesion C (i.e. 
Eq. (7) with respect to matric suction). From the 
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SWCC in Figure 2, the residual matric suction value 
is estimated to be approximately 8 kPa. This indicates 
that the contribution of matric suction towards total 
cohesion starts decreasing as matric suction ap-
proaches residual suction, which leads to a signifi-
cantly low critical height. 

 
Figure 11. Variation of critical height with respect to level of ground 

water table for different trench sloping angles. 

 

 

Figure 12. SLOPE/W analysis result for the vertical trench with the 

top 0.3m sloped at a 1V:1H ratio with GWT = 0.8m.  

 

 To further investigate this behavior, additional 
analyses were carried out for a vertical trench with the 
top 0.3m sloped at a 1V:1H ratio as shown in Figure 
12 (denoted as 90*** in Figure 11). The critical 
heights increased by only 0.1m to 0.2m compared to 
the vertical trench for the groundwater table less than 
1m; however, the critical height notably increased for 
the suction values greater than the residual suction 
value. In other words, benching or sloping the soils in 
the residual zone can effectively increase the critical 
height. This lends credibility to Canadian provincial 
standards, as they state a 1V:1H slope is sufficient for 
most excavations where a vertical trench cannot be 
excavated into a significant depth. Figure 11 clearly 
shows that the critical heights can be increased more 
than 2 times by flattening the slopes compared to a 
vertical excavation. The main advantage of flattening 
the slope is that a higher critical height can be 
achieved even when the residual suction was reached 
near the ground surface.  

5 SUMMARY AND CONCLUSION 

In the present study, numerical analyses were carried 
out to investigate the influence of various slopes and 
matric suction distribution profiles on the critical 
height of unsupported trenches in an unsaturated 
sand. As already reported by Richard et al. (2017), the 
critical height increases with increasing the depth of 
ground water table up to certain point and then rapidly 
decreases with further increase in the ground water 
table. The results clearly showed that as the slope an-
gle was reduced, the critical height was increased. 
However, in geotechnical engineering practice, it 
may not be always possible to provide a gentle slope 
to the excavation due to limited space. In this case, a 
combination of sloping and benching can be used ef-
fectively to achieve targeted critical heights, espe-
cially when matric suction values nearby the soil sur-
face are in the range of residual suction.   
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