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ABSTRACT

Trenching (or excavating) is integral to construction activities in the practice of
geotechnical, mining, tunnelling, and geo-environmental engineering. Many projects are
initiated by excavating trenches for infrastructure to be installed. Workers are often
required to enter trenches during the construction process, which may present serious risks.
Trench failures can result in death and/or damage to adjacent properties, therefore trenches
should be excavated with extreme precaution. The critical height (i.e. maximum depth that
can be excavated without failure) is the most important design consideration for ensuring
the stability of unsupported trenches. Excavation work is often done in unsaturated soils,
in which case the critical height of unsupported trenches can be more reliably estimated by

considering the influence of matric suction.

The purpose of this study is to investigate the influence of soil type, the matric suction
distribution, and surcharge pressure in assessing the critical height of unsupported trenches.
Extended Rankine earth pressure theory, the limit equilibrium method, and finite element
analyses were used to estimate the critical height of unsupported trenches in two

unsaturated soils.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Most engineering projects involving foundations, landfills, pipelines, storm drains, etc., are
initiated with an excavation for infrastructure to be installed. Workers are often required to
enter the excavation or trench during the construction process, which may present serious
risks. Trenching is inherently dangerous due to the risk of cave-in, which may result in
severe injury, death, and/or consequential damage to adjacent property. Thousands of
work-related deaths and injuries in the construction industry have been attributed to trench
collapses. An average of 50 fatalities were reported each year from 1992 to 2007 in the
U.S. alone (NIOSH 2013). In Canada, each province enforces strict regulations with
respect to safe excavation practices in an attempt to prevent fatalities and serious injuries
resulting from trench collapses. The regulations specify the maximum allowable height of
an unsupported vertical trench (i.e. safe height), maximum sloping and benching angles,
and the minimum distance from the trench for stockpiling excavated or backfill materials.
Regardless of in-situ field conditions, Canadian provinces enforce safe heights in the range

of 1.2-m (New Brunswick 1991) to 1.5-m (Alberta 2009).

Trench boxes are often a practical solution in protecting workers since they allow them to
safely access the work space. However, typical trench boxes are eight metres in length and
weigh multiple tons (Trench Shoring Company 2016). Hence, the process of lifting a box,

setting it in place, and repositioning it when necessary can be very time consuming. They

1



also create an obstacle for the workers and the equipment that are used for setting
infrastructure. Lost production time results in lost profit, making it desirable to excavate
and work in unsupported vertical trenches whenever possible. However, unsupported
trenches risk collapsing and therefore must be designed and excavated with extreme

precaution, especially when workers are required to enter the excavation.

The critical height (i.e. maximum depth of a trench that can be excavated without failure,
H.r) is the most important design consideration for ensuring the stability of unsupported
trenches. Many construction projects involve trenching and setting infrastructure in the
vadose zone; thus, the critical height of unsupported trenches should be determined by
extending the mechanics of unsaturated soils. Trench stability is mainly governed by the
matric suction distribution between the soil surface and the groundwater table (Pufahl et al.
1983, Whenham et al. 2007, De Vita et al. 2008, Vanapalli & Oh 2012). In other words,
adhering to a universal safe height suggested by provincial regulations may not be a
reasonable approach in geotechnical engineering practice, because in-situ field conditions

are not considered.

1.2 Objectives of the Thesis

The main objective of this study is to investigate the variation of the critical height of
unsupported trenches in unsaturated soil considering various field conditions and matric

suction distributions. More details are as follows:

- Review current trenching regulations and procedures in Canada.
- Review methodologies for estimating the critical height of unsupported vertical

trenches in unsaturated soil.



- Estimate the critical height of unsupported trenches in unsaturated cohesionless
(Unimin 7030 sand) and cohesive (Indian Head till) soils using analytical and

numerical approaches.

1.3 Scope of the Thesis

Multiple excavation scenarios were simulated considering five major factors; i) level of the
groundwater table (hereafter referred to as GWT) ii) slope of the trench wall, iii) excavation
rate, iv) magnitude of surcharge pressure, and v) distance between a trench and a surcharge
pressure. The critical heights were estimated using three distinct approaches; 1) analytical
approach with extended Rankine earth pressure theory, ii) limit equilibrium methods
(Bishop’s simplified method and Morgenstern-Price method), and iii) slope stability
analyses based on finite element analyses. Geotechnical modelling software, SLOPE/W
and SIGMA/W (GEO-SLOPE International Ltd.), were used for the limit equilibrium
methods and finite element analyses. The critical heights obtained from the three different
approaches are discussed. The results were also compared to the guidelines set by Canadian
provinces. Lastly, recommendations were provided for the direction of future studies in

estimating the critical height of unsupported trenches.

1.4 Organization of the Thesis

This thesis consists of seven chapters including ‘Introduction’ (Chapter 1) and ‘General

Conclusions’ (Chapter 7).



Chapter 2 discusses trenching regulations and general trenching guidelines in Canada. The
modes and mechanisms of trench failure are described, and field procedures for mitigating

worker risks are discussed. Trenching economics are briefly noted.

Chapter 3 is an extensive literature review pertaining to the mechanical properties of
unsaturated soil and analytical approaches for estimating the critical height of unsupported

vertical trenches in unsaturated soil.

Chapter 4 details the procedures to estimate the critical height of unsupported vertical
trenches in an unsaturated sand using two independent methods; 1) extended Rankine earth
pressure theory and ii) Bishop’s simplified method, which is a form of the Limit
Equilibrium Method (hereafter referred to as LEM). The critical heights obtained from both
approaches are compared. In addition, details of the geotechnical modelling software,

SLOPE/W and SIGMA/W, are provided.

Chapter 5 investigates the influence of excavation rate on the critical height of various
sloped trenches in an unsaturated sand through coupled stress-PWP analyses, which is a
finite element approach. The estimated critical heights for different time steps (i.e. fast and
slow excavation rates) are compared with those from the Morgenstern-Price method, which

is also a form of the LEM. Additional details of SIGMA/W are provided.

Chapter 6 examines the critical height of unsupported vertical trenches in an unsaturated
cohesive soil using the LEM (Morgenstern-Price method). The trenches being modelled

are subjected to surcharges pressures at various distances from the edge of excavation.



CHAPTER 2

TRENCHING HAZARDS AND REGULATIONS IN CANADA

‘Trench’ is defined as an excavation in which the measurement of depth exceeds the width.
Working in trenches is inherently dangerous because workers are subjected to the risk of
cave-ins. According to NIOSH (2013), trenches as shallow as 1.2-m deep have reportedly
collapsed and resulted in deaths. To avoid these types of tragedies, each Canadian province
enforces strict regulations with respect to safe excavation practices. Table 2.1 summarizes
the maximum allowable height of an unsupported vertical trench as regulated by each
Canadian province before safety measures such as benching, sloping, bracing, or trench
boxes must be implemented to access the workspace (i.e. safe height). The problem with
enforcing a universal safe height throughout each province is that the standards are solely
based on empirical data without any theoretical background, rather than considering the
soil type and field conditions. More importantly, the factor of safety used in determining
the safe height in each province is unknown. This may lead to over, or under conservative
protective measures being used during construction. De Vita et al. (2008) reported that
stable vertical cuts can be approximately 15-m deep in a Pozzolan deposit, while Richard
et al. (2017) concluded that the critical height in an unsaturated sand can be even less than
I-m. These studies indicate that the safe height of an unsupported trench should be

estimated based on the job site conditions.



Table 2.1. Summary of the maximum allowable height of an unsupported vertical trench

Provinces in Canada Safe height
BC, NB, NS, ON, QC, SK (NL, PE) 1.2-m (4-ft)
AB, MB 1.5-m

2.1 Trench Collapse Statistics

According to NIOSH (2013), an average of 50 fatalities were reported annually in the U.S.
from 1992-2007 due to trench collapses. Eivemark & Hall (2000) stated that approximately
1% of work-related deaths in the U.S. were caused by trenching accidents. Other studies
showed that approximately 1,000 injuries, and between 60 and 100 deaths per year were
associated with trench failures in the U.S. (Thompson & Tanenbaum 1977, Suruda et al.
1988, White 2008). Most deaths occurred in sewer line construction when the trenches
were not shored. 80% of reported fatalities occurred in trenches less than 4.5-m deep, and
40% occurred in trenches less than 3-m deep (Eivemark & Hall 2000). Shoring or trench
boxes normally provide sufficient worker protection. However, workers should exit the

trench before shoring or a trench box is moved (Hinze 2005).

The number of deaths and injuries related to trenching have significantly declined as
regulations have been improved. In New Brunswick, the last death that was caused by
trenching was reported on May 28, 2001 (WorkSafeNB 2017). The employer was charged
with non-compliance of regulations 181(1) and 182(1)(a) of the Occupational Health &

Safety Act (1991), which are listed below:



181(1): An employer shall ensure that the walls of an excavation or trench are

supported by shoring, bracing, or caging, except when the excavation or trench

(@)  isless than 1.2-m deep,

(b)  subject to subsection (2), is cut in solid rock,

(c) is sloped or benched to within 1.2-m of the bottom of the excavation or trench
with the slope or bench not exceeding 1-m of vertical rise to each 1-m of
horizontal run, or

(d) is one that an employee is not required to enter.

181(2): Where the walls or crests of an excavation or trench are cut in solid rock
and are not stable, an employer shall ensure that the walls and crests are adequately

supported by rock bolts, wire mesh, shoring, or a method that provides equivalent support.

182(1): An employer shall ensure that an employee does not, and no employee shall,
enter an excavation or trench 1.2-m or more in depth unless
(a) the walls of the excavation or trench are supported by shoring, bracing, or
caging, the excavation or trench is cut in solid rock, or the excavation or trench
is sloped or benched to within 1.2-m of the bottom of the excavation or trench

with the slope not exceeding 1-m of vertical rise to each 1-m of horizontal run.

Only infraction codes were provided in the investigation report without site-specific details.

The employer was fined $4,800 for their negligence.



2.2 Trench Failure Mechanisms

Changes in pore-water pressure (hereafter referred to as PWP), surface loading, and
vibration are the most predominant causes of trench instability (Ontario 2017). Figure 2.1

llustrates the causes of trench failure.

The base and walls of a trench experience elastic rebound immediately after excavating
due to the relief of confining pressures. This causes an increase in the soil’s void space and
a decrease in PWP, thus increasing the soil’s shear strength. Hence, a trench may appear
stable immediately after excavating. However, the trench destabilizes over time as PWP
rises back to equilibrium within the soil nearby the trench base and walls. Rainfall
infiltration, development of cracks, and a rising GWT can further increase PWP and
accelerate a trench failure. Thus, the risk of trench collapse increases as exposure time to

the atmosphere increases. Trenches should be backfilled as soon as the job is complete.

Many forms of static and dynamic loading can cause a trench to collapse. Surcharge loads
from excavated material and construction equipment, and vibration induced by vehicular
traffic, compaction, pile driving, blasting, other adjacent excavations, etc. may trigger a
collapse. Trenches excavated near existing foundations may collapse if the bearing

pressure enters the active zone of the trench (Figure 2.2).
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Figure 2.1. Factors affecting trench stability (Ontario 2017)

Active zone

Figure 2.2. Excavation adjacent to existing foundations (Ontario 2017)

The presence of buried utilities adjacent to an open excavation can result in an unexpected
failure because the backfill materials encasing the utility are typically weaker than
undisturbed native soil (Figure 2.3). This type of failure mechanism not only endangers

workers, but may also result in excessive strain causing structural damage to the utilities



(Symons et al. 1982). Shoring is typically required when excavating near buried utilities or

foundation structures to ensure ground movement is minimized.

Figure 2.3. Trench parallel with backfill material (Ontario 2017)

Heterogeneity should also be monitored when excavating, especially over long distances.
Some soils such as gravel deposits may have a high variance with respect to local
mechanical properties (Krahn & Fredlund 1983, Dai et al. 2016). Thus, the critical height
may vary significantly between locations in the same soil deposit. In such cases, it may be
necessary to perform a probabilistic analysis to determine minimum values for the soil

properties of interest to quantify a critical height.

2.3 Trench Failure Modes

The Occupational Health & Safety Division of Alberta (2009) described how rescue
attempts may be more difficult and dangerous when the wall failure occurs sequentially as
shown in Figure 2.4. In this case, failure is initiated at the base of the trench wall. Cracking
near the ground surface and local failures in Zone 1 should raise alarms. This localized
failure or movement leads to failure in Zone 2. Finally, the failure in Zone 3 occurs due to

the self-weight of the soil. This failure sequence is a plausible explanation for why rescuers
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are sometimes trapped along with the first victim(s). Someone attempting to intervene and
help uncover a victim when failure in Zone 3 has not yet occurred can put themselves at

risk.

Figure 2.4. Sequential trench failure (Alberta 2009)

The Workplace Safety & Health Division of Manitoba (2011) categorizes the modes of

trench collapse into four types (Figure 2.5).

(@) Spoil pile slide - occurs when the excavated material is not placed far enough
away from the edge of the excavation. A minimum distance of 0.6-m is
recommended for every one-metre of excavation depth.

(b) Side wall shear - common to fissured or desiccated clay-type or alluvial soils that
are exposed to drying.

(¢) Slough-in (cave-in) - common to previously excavated material, fill, and granular
soils where the water table is above the base of the excavation, or where soils are
organic or peat.

(d) Rotation - common in clay-type soils when excavation walls are too steep, or

when moisture content increases rapidly.
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Figure 2.5. Trench failure modes (Manitoba 2011)

2.4 Work Protection Methods

At least one of benching, sloping, shoring, or worker-protective trench boxes must be
implemented in the trenching process when it is necessary to excavate deeper than the
regulated safe height. The preferred safety measure depends on the application and the soil
properties. Protection methods have been devised based on four soil types (Figure 2.6;

Ontario 2017):

(@) Type I - includes hardpan, consolidated clay, and some glacial tills. It is hard to
drive a pick into Type 1 soil. The sides remain vertical with no water released
from the trench wall during excavation. Rain may cause soil to break down along

the edges of the excavation.
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(b) Type 2 - Includes silty clay and less dense tills. It is relatively easy to drive a pick
into Type 2 soil and can be easily excavated with a backhoe. The sides will
remain vertical for short periods of time before tension cracks appear as the soil
starts to dry.

(¢) Type 3 - Includes sand, granular materials, silty or wet clays, and all backfill or
previously disturbed material. Type 3 soil can be excavated without difficulty
using a backhoe and will not stand vertically when dry. Soil will stand vertically
for short periods of time when wet, however it dries quickly and is prone to
deterioration by vibration from heavy equipment.

(d) Type 4 - Includes quicksand, Leta clays, silty clays, muskeg, or other organic
deposits with high moisture content. Type 4 soil is flowable material that can be
excavated with no difficulty and must be supported or contained to excavate to

any significant depth.

Regardless of the material, the spoil pile should be placed further away from the edge of
excavation as depth increases (Figure 2.7; Ontario 2017). It is necessary to slope the trench
walls 1:1 once the excavation extends deeper than the safe height in Type 1 and 2 soils.
Type 3 and 4 soils warrant 1:1 and 1V:3H slopes from the base of the excavation,
respectively (Figure 2.6). The main restriction with sloping is the space allotted to achieve
an adequate slope, and therefore other reinforcement may be required in certain practical

scenarios. Figure 2.8 illustrates the case of using shoring in conjunction with sloping.
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Figure 2.7. Placement of spoil pile (Ontario 2017)
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Figure 2.8. Shored trench with partially sloped walls (Ontario 2017)

Shoring involves supporting trench walls with a braced structure as shown in Figure 2.9.
Shoring systems are used to transfer and resist the loads acting on opposing sides of the
trench. Hydraulic shoring is more frequently used in practice than timber shoring (Hinze
2005). Hydraulic shores are prefabricated sections in which the width can be adjusted with
a pneumatic device, making them much more practical than timber shores that must be cut
to the exact width of the excavation. Trench boxes are different from shores as they do not
provide structural support to trenches unless the void space between the box and the walls
are backfilled; their sole purpose is to prevent soil from collapsing onto the workers. For
this reason, trench boxes should always be accessed by a ladder which rests inside the box.
The space between the box and the wall should be minimized to provide easier access to
the ladder from the edge of the excavation, and to limit soil movement in the event of a
collapse. It is often necessary to use shoring rather than trench boxes while working in the

proximity of infrastructure such as buried utilities, roads with nearby traffic, or buildings.
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Figure 2.9. Typical shored trench (Ontario 2017)

2.5 Trench Economics

Unsupported trenches require the least amount of excavation work and are therefore the
most desirable form of trenches from an economical perspective. Benching and sloping
require more time for excavating since more soil is removed per linear distance, yet the
installation process may be unimpeded if the infrastructure cannot be installed as fast as
the trench is being excavated. However, production is inevitably slowed when using
shoring or trench boxes. An anonymous construction company was capable of setting 6 to
8 (0.6-m diameter, 6-m long) pipes per day when working in and around a trench box,
compared to 12 to 15 per day when working without one. Inconsistencies in day-to-day

operations were mostly attributed to human resources, and trench dewatering associated
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with groundwater seepage or rainfall. The opportunity cost of employing an entire pipe-
laying crew with heavy equipment for a 12-hour day is approximately $10,000. A total cost
breakdown is shown below in Table 2.2. Other costs that are not listed in Table 2.2 include
the cost of quality control inspectors, surveyors, and rental equipment. Over an entire
construction season on a large-scale project, hundreds of thousands of dollars could be

saved if working without a trench box or shoring could be justified.

Table 2.2. Total cost breakdown for pipe-laying crew (Gulf Operators 2018)

Equipment Cost per hour Quantity Cost per 12-hour day
($CAD/hr) ($CAD/day)

Cat 345 Excavator 215.00 1 2,580.00
Cat 336 Excavator 190.00 1 2,280.00
Cat D-4 Dozer 95.00 1 1,140.00
Compactor 85.00 1 1,020.00
Labour 37.00 4 1,776.00
Lead Hand 41.00 1 492.00
Supervisor 68.00 1 816.00
Total cost per day 10,104.00
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Properties of Unsaturated Soil

Unsaturated soil consists of soil particles, water, and air (i.e. solid, liquid, and gas phases).
The three phases interact to create the contractile skin (or air-water interface), which is
referred to as the fourth phase. As shown in Figure 3.1(a), a molecule of water within a
body experiences equal forces in all directions, while a molecule along the air-water
interface experiences an unbalanced force towards the interior of the water body. Thus, a
tensile force is generated tangentially to the air-water interface to satisfy static equilibrium.
Surface tension causes the contractile skin to behave like an elastic membrane; somewhat
like an inflated balloon that has a greater air pressure inside than in the atmosphere. The
membrane forms a concave curvature towards the larger pressure (Figure 3.1(b)). The
radius of curvature is directly related to the pressure difference as shown in Eq. (3.1). The
tensile force is temperature dependant. In an unsaturated soil, the air pressure (1. = 0-gauge
pressure) becomes greater than the water pressure (4w = negative gauge pressure) which
creates a contractile skin. The pressure difference between 1, and uw is referred to as matric

suction (Eq. (3.2)).

Ay =—= 3.1
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(u —uw):?‘*’ 3.2)

where Au = pressure difference, 7s = tensile force per unit length, Rs = radius of curvature,

and (¢4 — uw) = matric suction

P [T

Molecule at the air-water

(a) Q ¥ interface
/\ (i.e., contractile skin)

Molecule in the interior
water

IR TN

(b)

Figure 3.1. Surface tension phenomenon at air-water interface; (a) intermolecular forces
acting on contractile skin and (b) surface tension forces associated with curved 2D surface
(Fredlund et al. 2012)

Eq. (3.1) shows that matric suction approaches infinity as the radius of curvature
approaches zero, indicating that smaller radii can exert greater matric suction than larger

radii. In terms of the radii within the void space of an unsaturated soil, fine-grained soils

with small pore-sizes have a higher affinity for matric suction than coarse-grained soils
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with relatively large pores. In other words, the ability for a soil to retain water is strongly

related to the pore-size (or particle-size) distribution.

The soil-water characteristic curve (hereafter referred to as SWCC) is a soil specific
relationship between matric suction and the degree of saturation (or volumetric water
content). A typical SWCC can be divided into three main zones; boundary effect zone,

transition zone, and residual zone (Figure 3.2).
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Figure 3.2. Typical SWCC showing different zones of desaturation (Nishimura et al.
2008)

The boundary effect zone ranges from zero matric suction (i.e. saturation) up to the air-
entry value (hereafter referred to as AEV). The AEV is the suction required to force air

into the largest voids in a soil and is the first point of importance on a SWCC for a drying
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cycle. Soil begins desaturating once matric suction is increased past the AEV. Most
desaturation occurs in the transition zone. The degree of saturation (or water content) is
reduced significantly with relatively small increases in matric suction. In the residual zone,

large increases in suction result in small changes in the degree of saturation.

Figure 3.3 demonstrates possible PWP profiles with respect to depth above and below the
GWT. In the saturated zone, the pore-water is in compression (i.e. zero matric suction) and
the magnitude of pressure increases linearly with depth. In the unsaturated zone (or vadose
zone), the pore-water is in tension and the soil is subjected to a matric suction distribution

that can vary linearly or nonlinearly above the GWT (Fredlund & Rahardjo 1993a). Ideal
hydrostatic conditions (i.e. linear matric suction distribution; @ in Figure 3.3) often do not
represent true field conditions due to environmental factors such as evaporation () in

Figure 3.3) and rainfall infiltration (3 in Figure 3.3).
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Figure 3.3. Pore-water profiles in the vadose zone (Fredlund & Rahardjo 1993a)
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Soils in nature experience cycles of wetting and drying (i.e. rainfall infiltration and
evaporation), which alter the SWCC of the soil accordingly. Increasing or decreasing a
soil’s moisture content by the same volume of water does not cause the same change in
suction. This phenomenon is known as hysteresis. The first drying (desorption curve) and
wetting (adsorption curve) cycle form the two boundaries for the possible SWCCs that a
soil can experience (Figure 3.4). Larger pores drain first due to better interconnectivity,
while smaller pores are more reluctant to release water when drying since there is more
surface contact between the available water and the soil grains. Conversely, larger pores
are filled last during wetting because smaller pores absorb water more easily due to a higher
affinity for matric suction. Thus, the drying SWCC always corresponds to higher suction
than the wetting SWCC for a given moisture content (Yang et al. 2004, Goh et al. 2014).
It is therefore more conservative to analyze the mechanical behaviours of unsaturated soils

using a wetting-cycle SWCC.
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Figure 3.4. Typical SWCC for silt soil (Fredlund et al. 2012)
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3.2 Shear Strength of Unsaturated Soil

The effective stress equation proposed by Terzaghi (1936) laid a foundation towards
establishing geotechnical engineering as one of the independent fields of civil engineering
(Vanapalli 2009). Effective stress is the difference between total stress and PWP (Eq. (3.3)).
In conjunction with Mohr-Coulomb theory, effective stress can be used to interpret the

shear strength of saturated soils (Eq. (3.4)).
o'=o0-u (3.3)
7, =Cc+0o'tang’ (3.4)

where o’ = effective stress, o = total stress, uw = pore-water pressure, zsar = shear strength

of saturated soil, ¢’ = effective cohesion, and ¢’ = effective internal friction angle

Most soils, especially in arid or semi-arid regions, exist in unsaturated conditions. In this
case, the influence of matric suction should be considered to reliably estimate the shear
strength of unsaturated soil. Bishop (1959) was one of the first researchers to recognize
that suction contributes to the strength of unsaturated soil and proposed Eq. (3.5) by

extending Terzaghi’s equation for effective stress (i.e. Eq. (3.3)).
o'=oc-u,+y(u,—u,) (3.5)

where 1, = pore-air pressure, (o — uq) = net normal stress, and y = a soil parameter related

to degree of saturation (or matric suction) ranging from O to 1
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The effective stress parameter, y, is equal to zero for dry soil. When the soil is saturated, y
is equal to one and Eq. (3.5) becomes equal to Eq. (3.3). Jennings & Burland (1962) and
Bishop & Blight (1963) pointed out that there are limitations to Eq. (3.5) since different y
values are required to explain shear strength and volume change behaviour of unsaturated
soils. In other words, Eq. (3.5) cannot universally describe the mechanical behaviours of
unsaturated soil. The parameter, y, can be evaluated using Eq. (3.6) to determine the shear
strength of unsaturated soils depending on the range of matric suction values (Khalili &

Khabbaz 1998).

(3.6)

where (ua — uw)s = air-entry value of a soil

Fredlund & Morgenstern (1977) concluded that net normal stress and matric suction are
the two independent stress-state variables that are to be used for evaluating the mechanical
behaviour of unsaturated soil. Fredlund et al. (1978) proposed Eq. (3.7) to estimate the
shear strength of unsaturated soil based on the extended Mohr-Coulomb failure envelope

(Figure 3.5).

T

unsat

=c'+(o—u,)tang' +(u, —u, )tan g’ (3.7)

where 7unsa = shear strength of unsaturated soil ¢ = angle indicating the rate of increase in

shear strength with respect to a change in matric suction
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Figure 3.5. Extended Mohr-Coulomb failure envelope for unsaturated soil (Fredlund &
Rahardjo 1993b)

However, determining ¢’ is time-consuming and requires elaborate testing equipment.
Previous research also showed that ¢ is not a constant, but varies nonlinearly with respect
to matric suction (Escario & Saez 1987, Gan et al. 1988). For matric suction values less
than the AEV, ¢’ = ¢’, and ¢ becomes less than ¢’ once matric suction exceeds the AEV
(i.e. @ < ¢). It is interesting to note that shear strength approaches that of saturated
condition for suction values greater than residual suction in coarse-grained soils (Figure
3.6). This is attributed to a decrease in the net contribution of matric suction towards shear
strength as the residual condition is approached. The contractile skin becomes

discontinuous in the residual stage and becomes incapable of maintaining peak strength.
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Figure 3.6. Variation of shear strength with respect to suction for four sands (modified
after Donald 1957)
Vanapalli et al. (1996) proposed equations to estimate the variation of ¢ with respect to

suction in terms of volumetric water content/degree of saturation as shown in Eq. (3.8) and

(3.9), respectively.

tan ¢” = {Z‘_‘Z ]tan ¢ (3.8)
b S_Sr '
tan ¢ —(—100_Srjtan¢ (3.9

where § = degree of saturation, & = volumetric water content, subscript s = saturated

condition, and subscript » = residual condition
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The SWCC for the entire range of suction is required to accurately identify the volumetric
water content or degree of saturation for a soil’s residual condition. Vanapalli et al. (1996)
proposed another equation that requires the degree of saturation (or volumetric water

content) along with a fitting parameter.
tan ¢’ =(©" )tan ¢’ = (S* ) tan ¢/ (3.10)

where @ = normalized volumetric water content (= & &) and x = fitting parameter for the

shear strength of an unsaturated soil

Vanapalli & Fredlund (2000) provided a relationship between the fitting parameter, x, and
the plasticity index, Ip, as shown in Eq. (3.11) using five data sets of shear strength of
unsaturated soils. Garven & Vanapalli (2006) further improved Eq. (3.11) by using ten data
sets of shear strength for compacted soils (Eq. (3.12) and Figure 3.7). Eq. (3.11) and (3.12)
show that ¥ = 1 for estimating the variation of shear strength of unsaturated non-plastic

soils with respect to matric suction.

Kk =—-0.0008(7)+0.0801(/,) +1 (3.11)
Kk =-0.0016(1)+0.0975(1,)+1 (3.12)

where [, = plasticity index
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Figure 3.7. Relationship between x and I, (Garven & Vanapalli 2006)
Total cohesion is the sum of effective and apparent cohesion as shown in Eq. (3.13).
C=c'+(u,—u,)tang’ (3.13)
where C = total cohesion ¢ = effective cohesion, and (1« — uw) tang” = apparent cohesion

Substituting Eq. (3.10) into Eq. (3.13), and then into Eq. (3.7) yields Eq. (3.14).

Tpsr =€ + (0 —u, ) tan @' +(u, —u,, ) tan ¢’
=c'+(o—u,)tang' +(u, —u,)(S*)tan ¢
=[c +(u, —u,) S’“)tan¢}+(a u,)tan ¢’ (3.14)

¢ +(u, —u, @’“)tan¢}+(a u,)tan ¢’

a

C+(o—u,)tang’
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3.3 Ciritical Height of Unsupported Vertical Trenches

3.3.1 Rankine’s Earth Pressure Theory (1857)

Rankine (1857) investigated the stress conditions of a soil in a state of plastic equilibrium.

Bowles (2001) summarized the major assumptions made in Rankine’s theory as listed

below:

(a)
(b)

()

(d)

(e)
)

Soil is isotropic and homogeneous and has internal friction but no cohesion.
The rupture surface (AC in Figure 3.8) is a plane surface and the backfill surface
(BC in Figure 3.8) is planar (it may slope but is not irregularly shaped).

The frictional resistance is distributed uniformly along the rupture surface and
the soil-to-soil friction coefficient, f'= tang.

The failure wedge (ABC in Figure 3.8) is a rigid body undergoing translation.
There is no wall friction.

Failure is a plane strain problem - that is, consider a unit interior slice from an

infinitely long wall.
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Figure 3.8. Soil structure system for the Rankine solution for & = 90° (modified after
Bowles 2001)

Plastic equilibrium is achieved if a wall moves sufficiently far away from a soil mass, in
which the effective lateral earth pressure acting on the vertical plane is denoted as
Rankine’s active earth pressure (hereafter referred to as AEP). For the case shown in Figure

3.9, AEP can be calculated using Eq. (3.15) assuming the soil’s unit weight is constant.

p,=yzcos PK! =yzK

% :Cosﬁcosﬁ—\/cos2ﬂ—cosz¢ (3.15)
’ cos B++/cos” f—cos” ¢

where p. = active earth pressure, y = unit weight of soil, z = depth, § = angle of backfill,

and K, = active earth pressure coefficient
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(a) General case: only for +f as shown (b) Mohr’s circle

Figure 3.9. General conditions of Mohr’s circle to derive the Rankine earth pressure
equations (modified after Bowles 2001)

When the backfill surface is horizontal, the AEP coefficient can be calculated with Eq.

(3.16).

K, = 1—s%n¢
1+sin ¢

(3.16)

Rankine did not incorporate soil cohesion in estimating AEP. This issue is resolved by

combining Eq. (3.17) with Rankine’s theory as shown in Eq. (3.18).

o, =o/tan’ (45°—%j—2c'tan(45°—%j (3.17)
p, =yzK, -2 K, (3.18)

where o; = minor principal stress, o, = major principal stress
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The lateral earth pressure (positive, negative, and net) distribution in a saturated cohesive
soil is shown in Figure 3.10. From the ground surface to a depth of zero net AEP is referred
to as the tension zone. The depth of the tension zone can be calculated using Eq. (3.19).
Theoretically, by setting the sum of horizontal forces equal to zero, a vertical trench can be
excavated up to twice the depth of the tension zone without failure if effective cohesion
and the unit weight are constant. In which case, the critical height of an unsupported

vertical trench is calculated using Eq. (3.20).

o.Ka '2C'JK_a GOh

JK

Figure 3.10. AEP and critical height in saturated soil (modified after Pufahl et al. 1983)

2c'
VK,

Z = (3.19)

4c'
s

a

H, =27 =

cr

(3.20)

Where H.r = critical height, Z: = depth of tension zone
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By assuming a planar rupture surface and a horizontal backfill surface, the AEP in an
unsupported trench in unsaturated soil can be interpreted by extending Rankine’s earth

pressure theory.

3.3.2 Pufahl et al. (1983)

Pufahl et al. (1983) investigated lateral earth pressure (i.e. active and passive pressures) for
a vertical trench extending the mechanics of unsaturated soil. Conventional Rankine earth
pressure theory for saturated soil was modified to incorporate the influence of matric
suction using the Mohr-Coulomb failure criteria (i.e. extended Rankine earth pressure
theory). The lateral earth pressures (i.e. active and passive) for both saturated and

unsaturated conditions are illustrated in Figure 3.11.
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/ \* [0
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'S
o / - O, ,—U,
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Q\‘?\‘ Actwe Passwe
x

Figure 3.11. Lateral earth pressure states for saturated and unsaturated conditions (Pufahl
et al. 1983)
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The AEP decreases as a soil desaturates due to increasing contribution from matric suction.
From the geometrics of the Mohr circle in Figure 3.11, the net AEP can be written as Eq.
(3.21) by replacing effective cohesion in Eq. (3.18) with total cohesion (Eq. (3.13)) to

incorporate the influence of matric suction.
(o,-u,)=(o,-u,)K,-2['+(u,~u,)tang’ | K, (3.21)
where (on — ua) = net lateral pressure, and (ov — us) = net overburden pressure

If the pore-air pressure (hereafter referred to as PAP) is assumed to be atmospheric pressure

(i.e. ua = 0), the AEP in an unsaturated soil can be calculated using Eq. (3.22).
p,=0,K,—-2[c'+(u,~u,)tang" | JK, (3.22)
Substituting Eq. (3.10) into Eq. (3.22) yields Eq. (3.23).

p, =0, K, —2[c'+(ua —uw)tan(é”]\/]{—a
=K, 2 ¢'+(u, ~u,)(S")ang' | K, (3.23)
=0k, -2C K,

Typically, matric suction varies nonlinearly with depth. In other words, the critical height
in unsaturated soils may not be simply two times the depth of the tension zone. In this case,
the critical height can be estimated by locating the depth that equates ‘Area I’ and ‘Area II’

as shown in Figure 3.12.
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Figure 3.12. Components of AEP distribution and critical height in unsaturated soil

By assuming a planar failure surface, the critical height in unsaturated soil can also be
determined by considering a balance of forces on the sliding wedge shown in Figure 3.13.

Trial and error must be used to solve for Hcr since it appears on both sides of Eq. (3.24).

4

JK [c'+mz”(ua —uw)tan¢"j

Ho = (3.24)

JE

where mer = D/Her, D = depth of the GWT from the soil surface, v = unit weight of water,

and yar, yunsar = unit weight of soil for saturated and unsaturated condition, respectively
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Figure 3.13. Unsupported vertical trench (unsaturated, intact, modified after Pufahl et al.
1983)

3.3.3 Vanapalli & Oh (2012)

Vanapalli & Oh (2012) extended the work by Pufahl et al. (1983) to analyze the stability
of an unsupported vertical trench in an unsaturated soil. The excavation dimensions were
3-m deep, 6-m wide, and 20-m long. The variation of matric suction with depth was
measured using tensiometers installed at depths of 1, 1.5, 2.5, and 3.5-m from the ground
surface (Whenham et al. 2007). The trench was first excavated in June 2004. The first
localized and generalized failures were observed in January 2005 and February 2005,

respectively, due to a decrease in matric suction associated with precipitation activity

(Figure 3.14).
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Figure 3.14. Field tests on the stability of an unsupported excavation in an unsaturated
soil (modified after Whenham et al. 2007)

Two different approaches were used to calculate AEP; the Modified Effective Stress
Approach (hereafter referred to as MESA; Eq. (3.22)) and the Modified Total Stress
Approach (hereafter referred to as MTSA; Eq. (3.25)). The MTSA implies that excess PAP
1s assumed to drain and the excess PWP is an undrained condition. Therefore, AEP is
estimated by replacing total cohesion, C, in Eq. (3.22) with total cohesion from the

constant-water content triaxial test (Cew; Rahardjo et al. 2004, Thu et al. 2006).
p,=0,K,-2C, K, (3.25)

The factor of safety (hereafter referred to as FOS) estimated using the MESA and the

MTSA were 0.31 and 1.14, respectively, at the time when first localized failures occurred.
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This implies that the stability analysis using the MESA is more conservative, but the
analysis done with constant-water content test results provides more realistic estimates
compared to the field observations. At the time general failures occurred, matric suction
remained relatively constant at depth and the wetting front remained stable even after a
small rainfall event. This indicates that general failure of the excavation can be attributed

to an increase in the AEP associated with an increase in the soil’s unit weight.

In this study, Eq. (3.23) was used to calculate the net AEP distribution for an unsupported

vertical trench in unsaturated soil.
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CHAPTER 4

ESTIMATING THE CRITICAL HEIGHT OF
UNSUPPORTED VERTICAL TRENCHES IN SAND

In this chapter, an attempt is made to estimate the critical height of an unsupported vertical
trench in an unsaturated sand. Two independent approaches were used; i) extended
Rankine’s earth pressure theory (hereafter referred to as EREPT) and ii) Bishop’s
simplified method (hereafter referred to as BSM) with geotechnical modelling software,
SLOPE/W. It was assumed that the trenches were excavated into Unimin 7030 sand with

various levels of the GWT (i.e. different matric suction distributions).

Mohamed & Vanapalli (2006) conducted model-footing tests in a sand (Unimin 7030) for
both saturated and unsaturated conditions in a specially designed soil tank. Unsaturated
conditions were achieved by setting a water level at some depth, and the matric suction
distribution was established by measuring matric suction at various depths using
conventional tensiometers. Figure 4.1 shows the measured and the assumed matric suction
distributions with the water table at a depth of 600-mm in the soil tank, in which there is a
negligible difference. Hence, a hydrostatic matric suction distribution was assumed for

both approaches used in this chapter.
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Figure 4.1. Measured matric suction profile and assumed hydrostatic matric suction profile
with the water table at a depth of 600-mm from the soil surface (modified after Mohamed
& Vanapalli 2006)

4.1 Soil Properties

Basic soil properties of Unimin 7030 sand are summarized in Table 4.1. The grain size
distribution curve of the sand is shown in Figure 4.2. The SWCC was measured using a
Tempe Cell apparatus extending the axis-translation technique (Figure 4.3; Hilf 1956). The
AEV [(#a — uw)»] and residual suction value [(u#s — uw)r] were estimated to be 4 kPa and 7.8
kPa, respectively. This was done using the procedure detailed in Vanapalli et al. (1999),
(i.e. the matric suction values corresponding to the intersection of the two linear slope
segments of the SWCC; Figure 4.3). A best-fit analysis for the SWCC was conducted using
Fredlund & Xing's (1994) model (Eq. (4.1)), and the fitting parameters are summarized in

Table 4.2.
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Table 4.1. Basic soil properties of Unimin 7030 sand (Mohamed & Vanapalli 2006)

Value

Properties

NP

Plasticity Index, I,

20.4

Saturated unit weight, y%a (KN/m?)

38.7

Saturated water content, s (%)

0.63
2.65

Void ratio, e

Specific gravity, Gs

Effective cohesion, ¢’ (kPa)

36.2

Effective internal friction angle, ¢’ (°)

5% 1073
10,000
0.33

Saturated hydraulic conductivity, ksa: (m/s)

E (kPa)**

Elastic modulus,

Poisson’s ratio, v **

** = assumed value

b4y
F—t =ttt

r— T TT]TT

60
40

Jould %

20
0

0.01

Particle Size (mm)

Figure 4.2. Grain size distribution curve of Unimin 7030 sand
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Figure 4.3. SWCC of Unimin 7030 sand (modified after Mohamed & Vanapalli 2006)

m

Z 5= “4.1)

where e = Napier’s constant (2.71828...), = soil suction, and a, n, m = fitting parameters

Table 4.2. Summary of fitting parameters used to plot the SWCC of Unimin 7030 sand

Parameter a m n

Value 11.415 54.202 5.1322
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Volume changes can be neglected in cohesionless soils during drying/wetting cycles (i.e.
void ratio, e = constant); therefore, the unit weight of the sand is a function of volumetric
water content as shown in Eq. (4.2). The variation of the unit weight with respect to
volumetric water content (or matric suction) was accounted for in both approaches

discussed in this chapter.

B G, +0(1+e)

= 4.2
4 (I+e) v 42)

where G; = specific gravity, and e = void ratio

Effective cohesion and the internal friction angle of the sand were determined from the

direct shear test (Figure 4.4).
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Figure 4.4. Direct shear test results on Unimin 7030 sand (modified after Mohamed &
Vanapalli 2006)
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4.2 Estimating the Critical Height with EREPT

The procedure for estimating the critical height of an unsupported vertical trench using

extended Rankine earth pressure theory is as follows:

(a)
(b)

(0

(d)

(e)

®

(2)

(h)

(@
1)

Set a desired elevation of the GWT.

Set the increment size (i.e. 4H) for calculating pressures. AH = 1-mm was used
in this study for calculating the AEP distribution.

Establish the matric suction distribution with depth by multiplying the unit
weight of water by the distance from the GWT [(u4- uw) = 0 in the saturated zone].
Calculate the distribution of volumetric water content with the computed values
of matric suction by using Eq. (4.1) and the values in Table 4.2.

Calculate the distribution of the unit weight with depth using Eq. (4.2) and the
values in Table 4.1. Use effective unit weight in the saturated zone.

Establish the overburden pressure distribution with depth by multiplying the unit
weight at a specific depth by the depth increment and adding the stress from the
previous increment. This causes the overburden pressure to compound with depth
while accounting for the variation of the unit weight.

Plot the variation of positive earth pressure (i.e. 6vKs) with depth. Use effective
stress in the saturated zone.

Convert volumetric water content to the degree of saturation and plot the
variation of negative earth pressure (i.e. 2C,/K, ) with depth.

Plot the net AEP distribution as the difference between (g) and (h).

Attain the regression curve for the AEP distribution.
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(k) Using a tool such as Wolfram Alpha, integrate the regression curve (Figure 4.5)
from the ground surface to the depth where net AEP equals zero to determine Al
(i.e. resultant force in tension zone). Integrate from the depth where AEP =0 to
the depth which provides A1 = A2 to find the critical height. This may involve
integrating beyond the depth of the GWT. In this case, the first part of A2 is
determined by integrating up to the depth of the GWT. The remaining area is
found by integrating the function for the saturated zone. The critical height is

taken as the depth from the ground surface to where A1 = A2.

6
) y = 42.553x" - 81.394x° + 57.779x” - 5.5957x - 2.2089
& [ R2=1
~ < > —
()] 4 Her : - -
S l, e
> « P oy
& D / | | y=2.656x+15743
e 2 / : R2=1
- 7 sl
L i |
T / / I
& 0 #
@ /7 [
|
- R VR 4 !
F 7
8 2k __~ =
@ | ch
< |
_4 1 | 1 | 1 | 1 | 1
0.0 0.2 04 0.6 0.8 1.0
Depth (m)

Figure 4.5. Example of regression curve for the net AEP distribution with D = 0.6-m
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Figure 4.6 to Figure 4.9 show the distributions of the positive, negative, and net AEP with
depth for D = 0.3, 0.6, 1.0, and 1.5-m, respectively. The absolute value of negative earth
pressure is plotted such that the magnitude of the positive and negative earth pressures can
be compared more easily. The negative sign in the net AEP distribution indicates the
tension zone, and the positive sign indicates the compression zone. When the lateral earth
pressure is zero, the stress-state is transitioning from tension to compression or vice versa.
When D = 1.0-m, the magnitude of negative earth pressure is not sufficient to match the
positive pressure. Also, in the case with D = 1.5-m, the net AEP is positive throughout the
entire soil profile. This indicates that an unsupported vertical trench fails immediately upon

initiating the excavation (i.e. Her = 0-m).
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Positive earth pressure (o K,)

------- Negative earth pressure ( 2C,/K, )
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Figure 4.6. Positive, negative, and net AEP distribution (D = 0.3-m)

47



Positive earth pressure (c,K,)

------- Negative earth pressure ( 2C,/K, )
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Pressure (kPa)

Figure 4.7. Positive, negative, and net AEP distribution (D = 0.6-m)
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Figure 4.8. Positive, negative, and net AEP distribution (D = 1.0-m)
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Figure 4.9. Positive, negative, and net AEP distribution (D = 1.5-m)
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4.3 Estimating the Critical Height with BSM

In this section, the critical height of an unsupported vertical trench in sand was estimated
using Bishop’s simplified method with geotechnical modelling software, SLOPE/W.
Bishop (1955) assumed that the tangential interslice forces are equal and opposite (i.e. X:

= X> in Figure 4.10) but horizontal forces are not. The FOS is calculated using Eq. (4.3).

Figure 4.10. Forces acting on the i’ slice in Bishop’s simplified method of slices (Craig
2004)

1 , ~ . seca,
FOS_WIZ [ciﬁi +(w, ulﬂ)tanﬁj[l+w} 4.3)
i FOS

where FOS = factor of safety, Wi = weight of i” slice, a; = inclination of i’ slice base, and

B = width of i slice
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This method only satisfies moment equilibrium because interslice shear forces are ignored,
which implies rotational failure is assumed to happen about a circular slip surface (i.e.
negligible internal shearing occurs). This sort of mechanism was deemed plausible for a
vertical trench being excavated into sand with apparent cohesion. An iterative procedure is
required to solve for equilibrium. The initial guess for the FOS in SLOPE/W is one, in
which case the shear strength, and a new FOS are computed. The program continues
iterating until convergence occurs at a specified tolerance (i.e. 0.001 between values for
the FOS). The critical height was taken as the depth immediately preceding the depth that

showed FOS < 1 in the stability analysis.

In-situ analyses in SIGMA/W (Figure 4.11) are used for setting the initial PWP profile and
the ground stresses. In-situ analyses require Fixed-X displacement boundaries (i.e. hollow
red triangles) on the lateral extents, and Fixed-XY boundaries along the base of the domain.
The stresses calculated in SIGMA/W are not used in calculating the FOS for a Bishop
analysis in SLOPE/W; therefore, meshing and the material model are not important for this
application. However, an in-situ analysis was used as the parent to each SLOPE/W analysis
(Figure 4.12) to establish the PWP profile. This was done for convenience, such that the
GWT only needed to be changed in one analysis file rather than in each individual

excavation stage within SLOPE/W.
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Figure 4.11. Establishing PWP profile with In-situ analysis in SIGMA/W
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In SIGMA/W, the initial PWP profile can be simulated by defining a GWT and a maximum
negative pressure head based on the assumption that PWP varies hydrostatically with
distance above and below the GWT (Figure 4.13). For instance, if the maximum negative
pressure head is lower than the height of the unsaturated soil layer (i.e. Hmax < Hunsar), the
negative PWP is constant up to ground surface beyond the maximum negative pressure
head. Conversely, if the maximum negative pressure head is greater than the height of the
unsaturated soil layer (i.e. Hmax > Hunsar) the negative PWP increases linearly up to ground
surface. Alternatively, a spatial function can be used to specify the pressure head at discrete
points. The pressure head is determined at intermediate points using linear interpolation.
In this study, an initial GWT was assigned to the problem domain to simulate hydrostatic
PWP distributions above and below the GWT. The maximum negative pressure head was

left as the default setting, 5-m.

Hmax = Hunsat

P Hmax < Hunsat

A U, = Max. negative pressure

ub = (yw - yb)yw

Hunsat

Hunsat = Height of unsaturated soil layer
Hsat = Height of saturated soil layer
Hmax = Max. negative pressure head

Figure 4.13. Calculation of PWP based on the location of GWT in SIGMA/W
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For soil with negative PWP (i.e. matric suction), total cohesion is computed with Eq. (4.4)
using effective cohesion and the SWCC. The residual volumetric water content was taken
as 5% of the volumetric water content at saturation for calculating total cohesion in

SLOPE/W. The Mohr-Coulomb failure criterion was used as the material model.

C:c’+(ua—uw)(0 é ]tan¢' (4.4)

In SLOPE/W, the shape and positions of trial slip surfaces can be defined by four options:
1) Entry and Exit, i1) Grid and Radius, ii1) Block Specified, and 1v) Fully Specified. Each
method processes every defined slip surface to find the minimum FOS. The ‘Entry and
Exit’ method was chosen to specify the trial slip surfaces in this chapter (Figure 4.14). The
entry was defined as a range as wide as the excavation depth with an entry point every 10-
mm, and the exit was specified as a point at the toe of the slope. Figure 4.15 to Figure 4.18
show the results for the stability analyses with D = 0.3, 0.6, 1.0, and 1.5-m, respectively.

The contours indicate PWP.

Entry range

Radius points Exit point

Figure 4.14. Schematic of the ‘Entry and Exit’ slip surface method in SLOPE/W
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Figure 4.15. Slope stability analysis in SLOPE/W using Bishop’s simplified method
(D=0.3-m)
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Figure 4.16. Slope stability analysis in SLOPE/W using Bishop’s simplified method
(D=0.6-m)
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Figure 4.17. Slope stability analysis in SLOPE/W using Bishop’s simplified method
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Figure 4.18. Slope stability analysis in SLOPE/W using Bishop’s simplified method

(D = 1.5-m)
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4.4 Comparison of Critical Heights from EREPT and BSM

Multiple analyses were conducted with the GWT at various elevations to establish a
relationship between the depth of the GWT and the critical height. Table 4.3 summarizes
the critical heights estimated using extended Rankine earth pressure theory and Bishop’s
simplified method. Based on the results in Table 4.3, the variation of the critical height

with respect to the depth of the GWT in Unimin 7030 sand is plotted in Figure 4.19.

Table 4.3. Variation of the critical height in Unimin 7030 sand

GWT Critical Height (m)

(m) Extended Rankine Earth Pressure Theory Bishop's Simplified Method

0 0.00 0.00
0.1 0.11 0.12
0.2 0.20 0.23
0.3 0.30 0.35
0.4 0.39 0.46
0.5 0.48 0.57
0.6 0.57 0.65
0.7 0.64 0.70
0.8 0.68 0.71
0.9 0.00 0.04

1 0.00 0.00
1.1 0.00 0.00
1.2 0.00 0.00
1.3 0.00 0.00
1.4 0.00 0.00
L.5 0.00 0.00
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The results from both methods show good agreement. The error ranged from 4%
(0.03/0.68-m) with D = 0.8-m, to 19% (0.09/0.48-m) with D = 0.5-m. Both methodologies
show that the critical height increases gradually as the depth of the GWT increases up to
0.8-m, and then drops to zero as the depth of the GWT is further increased. The minimum
slip surface depth was set at 0.01-m in SLOPE/W, therefore the FOS could not be generated
for the 0.01-m excavation stage. In which case, the critical height was taken as 0-m when
the 0.02-m excavation stage showed FOS < 1 (e.g. Figure 4.17 and Figure 4.18). This
behaviour can be explained by the variation of total cohesion in the sand with respect to
matric suction. The contribution of matric suction towards total cohesion increases with
increasing matric suction, and then starts decreasing as residual suction is approached (7.8-
kPa for Unimin 7030 sand; Vanapalli et al. 1996). In other words, total cohesion becomes
zero in the sand near the top of the trench when the depth of the GWT is relatively deep (>
0.8-m), and shear strength becomes fully dependant on frictional resistance. This indicates
that trench failure occurs at a shallow depth when the GWT is deep enough to create a

residual zone near the ground surface.

For depths of the GWT up to 0.7-m, the critical heights estimated using extended Rankine
earth pressure theory are slightly greater than the depths of the GWT. This may not be
realistic since the sand used in the present study does not have effective cohesion and an
excavation below the GWT can initiate a localized failure near the toe of the slope (i.e.
slough-in/cave-in, Figure 2.5(c)), which leads to a general failure. In other words, these

methods do not account for localized failures that may trigger general failures.

It 1s interesting to note that the results show close agreement even though the respective

methods are inherently different. Bishop’s simplified method only satisfies moment
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equilibrium and assumes a circular slip surface, and the shear strength is computed at the
base of each slice along the slip surface. Extended Rankine earth pressure theory is purely
based on force equilibrium. The lateral pressure along the excavation face is computed and
the sum of the forces in the horizontal direction is set to zero to solve for the critical height.
The results are likely close because failure naturally occurs at a relatively shallow depth

and the soil mass is approximately the same regardless of the assumed failure surface.

—@— Extended Rankine Theory
—{1— Bishop's Simplified Method

1.0

|
[ Critical Height = Depth of GWT

H,, (m)

0.0 0.5 1.0 1.5

Depth of GWT (m)

Figure 4.19. Variation of the critical height with respect to the depth of the GWT using
extended Rankine earth pressure theory and Bishop’s simplified method (Unimin 7030
sand)
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4.5 Summary and Conclusions

In this chapter, an attempt is made to estimate the critical height of an unsupported vertical
trench in an unsaturated sand using two methodologies; extended Rankine earth pressure
theory, and Bishop’s simplified method. The results showed that the critical height
increases with increasing depth of the GWT up to a point (0.8-m), and then decreases
significantly as the depth of the GWT is further increased. This is attributed to the fact that
total cohesion of an unsaturated sand becomes close to zero as matric suction exceeds the
residual suction value. The agreement between the results suggests that the critical height
of an unsupported vertical trench in unsaturated sand is strongly influenced by the variation

of shear strength with respect to matric suction.
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CHAPTER 5

ESTIMATING THE CRITICAL HEIGHT OF UNSUPPORTED
TRENCHES WITH DIFFERENT WALL SLOPES IN SAND

In Chapter 4, trench stability was estimated without considering the change in PWP due to
excavating. In practice, excavating a trench relieves stress in the soil within the proximity
of the excavation, which results in elastic rebound. This phenomenon leads to an increase
in void ratio and a temporary decrease in PWP. The shear strength of an unsaturated soil
can either increase or decrease depending on the initial matric suction distribution before
excavating. For example, if a trench is excavated into a soil where matric suction is close
to or within the residual zone, a further increase in matric suction can lead to a decrease in
shear strength and therefore the critical height. Conversely, if most soil above the GWT is
within the boundary effect or transition zone, a temporary decrease in PWP may
temporarily increase the shear strength of the soil. However, the probability of the trench

failing increases with time as negative PWP (i.e. matric suction) dissipates.

Coupled stress-PWP analyses (hereafter referred to as coupled analyses) are conducted in
this chapter to investigate the critical height of trenches considering the influence of PWP
redistribution caused by excavating. Four different wall slopes (1.5V:1H, 2V:1H, 3V:1H,
and 90°) and a vertical trench with the top 0.3-m sloped 1:1 (denoted as 90***, Figure 5.1)
were considered with multiple depths of the GWT (0, 0.3, 0.5, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5,
and 2.0-m) in Unimin 7030 sand (Table 4.1). For comparison, the critical heights were also
estimated using the LEM (Morgenstern-Price method) for the same excavation scenarios

used in the coupled analyses.
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Figure 5.1. Different types of trenches considered in this chapter
5.1 Estimating the Critical Height with the Finite Element Approach

5.1.1 Hydraulic Conductivity Function

The hydraulic conductivity of a soil is maximized when the soil is saturated. As a soil
desaturates, air gradually replaces the voids initially occupied by water and the tortuosity
of the flow path increases. This phenomenon increases the resistance to flow through the
voids. In other words, the hydraulic conductivity of a soil is a function of the degree of
saturation (or matric suction) and decreases with increasing matric suction. However,

measuring the hydraulic conductivity for various matric suction values is time-consuming
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and requires elaborate testing equipment. For this reason, the hydraulic conductivity
function proposed by Fredlund et al. (1994), Eq. (5.1), was used in this chapter to estimate
the variation of hydraulic conductivity with respect to soil suction. Figure 5.2 shows the

hydraulic conductivity function of Unimin 7030 sand.

b = b= (;) o 5.1)
I
where
kunsat = the calculated conductivity for a specified water content or matric suction,
ksat = the measured conductivity for saturated condition,
y = a variable of integration representing the logarithm of negative PWP,
i = the interval between the range of j to N,
J = the least negative PWP to be described by the final function,
N = the maximum negative PWP to be described by the final function,
74 = the suction corresponding to the j* interval,
o’ = the first derivative of Eq. (4.1)
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Figure 5.2. Hydraulic conductivity function of Unimin 7030 sand

5.1.2 Analysis in SIGMA/W

The PWP distribution and the initial stresses (i.e. gravity body loads) first must be
established with an In-situ analysis prior to excavating (Figure 4.11). A hydrostatic PWP
distribution was created by setting a static GWT. The excavations were staged using a
coupled analysis. Deformations and stress distributions resulting from each excavation
stage were calculated using effective stress parameters and the elastic-plastic constitutive

model.

Figure 5.3 shows the boundary conditions required to perform a coupled analysis in

SIGMA/W. The left and right ends are restrained in the X-direction (i.e. hollow red
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triangles), and the base of the domain is restrained in both the X and Y directions. Total
head boundaries equal to the initial water table elevation were placed along the lateral
extents of the soil region (i.e. solid blue dots). This allows the GWT to fluctuate in response

to excavating while maintaining constant hydraulic head along the extents of the domain.

The mesh is created of 0.1 x 0.25-m elements in the immediate surroundings of the
excavation, and transitions to 1 x 1-m elements along the extents of the domain. A finite
element mesh pattern of ‘quads & triangles’ 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. Mesh sizes were determined based on a mesh-convergence study
conducted with different element lengths (1-m, 0.25-m, 0.1-m, and 0.05-m) and a 0.1-m
thickness along the excavated surface. The results showed that the critical height is not
affected by the mesh size when finer than 0.25-m. 4-point integration was used for the
quadrilateral elements, and 3-point integration was used for the triangular elements. A
linear interpolation model was used for calculating stresses and deformations at the nodes.

The use of secondary nodes was not necessary for this application.

The previous stage in the excavation was used as the parent analysis to the following, such
that the stress changes and deformations caused by the previous excavations were
compounded as the stages progressed. Excavations were simulated by deactivating regions
in 0.1-m increments. Analyses for each slope and GWT were conducted with 10-s and
1,000-s time steps between excavation stages to investigate the variation of PWP caused

by different excavation rates. Soil parameters used in the analyses are listed in Table 4.1.
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Figure 5.3. Boundary conditions required for coupled analyses in SIGMA/W
5.1.3 Analysis in SLOPE/W

The FOS was calculated at targeted time steps based on the stress-deformation results from
SIGMA/W (i.e. SIGMA-Stress type analyses were conducted in SLOPE/W). An example
of the analysis tree for 10-s time steps is shown in Figure 5.4. Shear strength is computed
with either Eq. (3.4) or Eq. (3.14) depending on the location of the potential slip surface
and GWT. The mobilized and resisting shear forces are computed for each slice in finite
element analyses, therefore the FOS is computed for each slice. The global FOS is found

by summing all forces along the slip surface (Eq. (5.2)).
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where S, = total available shear resistance, and S» = total mobilized shear force along the

base of the slice
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Figure 5.4. Example of slope stability analysis tree used in the coupled analyses (10-s time
steps between excavations)
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The ‘Entry and Exit’ slip surface method was used for generating potential slip surfaces.
The exit was specified as a point at the toe of the excavation, and the entry was defined as
arange as wide as the excavation depth with a possible entry point every 10-mm along the
ground surface (Figure 4.14). The critical height was defined as the excavation depth that
showed FOS = 1.0 (e.g. Figure 5.5), or the depth prior to the excavation stage that showed

FOS < 1.0 in the stability analysis. Contours in Figure 5.5 indicates PWP with depth.

Figure 5.5. Example of slope stability analysis using SIGMA-Stress method in
SLOPE/W (1.5V:1H)
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5.2 Estimating the Critical Height with the Limit Equilibrium Method

Stability analyses were also conducted with the LEM for the same scenarios used in the
coupled analyses to investigate the differences. Among various solutions to the LEM, the
method proposed by Morgenstern & Price (1965; hereafter referred to as M-P method) was
used in this chapter. Setting up the analysis domain in SLOPE/W for the M-P method is
the same as a Bishop analysis as described in Chapter 4 (Figure 4.11, Figure 4.12, and
Figure 4.14). The interslice forces are statically indeterminate with the LEM, therefore
various solutions exist based on the assumptions made to solve for equilibrium. In Bishop’s
simplified method, the interslice shear forces are assumed to be equal and opposite to solve
for equilibrium. However, the M-P method accounts for both interslice normal and shear
forces, assuming that the interslice shear force is a function of a scaling factor, an interslice

force function, and the interslice normal force, as shown in Eq. (5.3).
X=2f(x)E (5.3)

where X = interslice shear force per unit length, £ = interslice normal force per unit length,

A = scaling factor, and f{x) = specified interslice force function

The interslice force function describes how the magnitude of X/E varies across the failure
surface. The assumption regarding the interslice force function may lead to convergence
issues depending on the stress distribution and slope geometry (Ching & Fredlund 1983).
The half-sine interslice force function was used in this chapter, because it was chosen as
the default setting in SLOPE/W due to user experience and intuition (GEO-SLOPE 2015).

The half-sine function causes the slices on the ends of the slip surface to have the lowest
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shear-to-normal stress ratio, and the slices in the middle have the highest (Figure 5.6). Once
f (x) is specified, 4 is varied systematically to determine the value at which moment and
force equilibrium have the same FOS. The corresponding A value is multiplied by the
specified f{x) to get the applied f(x), which provides the assumed shear-to-normal stress

ratio for each slice (Figure 5.6).

1.0
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@@= Specified . L\ |
== Applied

06 :

oat [/
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Interslice Force Function

0 5 10 15 20 25 30
Slice Number

Figure 5.6. Example of half-sine function used in M-P analyses (1 = 0.25)

If 4 equals zero, the M-P method becomes the same as Bishop’s simplified method (i.e.
internal shear forces are equal and opposite). Bishop’s simplified method is appropriate
when rotational failure is likely because no slippage between slices is required for a soil
mass to rotate along a circular slip surface. However, significant slippage and internal
shearing must occur for a soil mass to translate along a circular slip surface. Translational
failure becomes more likely in a cohesionless soil as the slope angle approaches the internal

friction angle. Therefore, the FOS can be unrealistic using Bishop’s simplified method for
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sloped excavations in sand. This indicates that the M-P method is more appropriate to
analyze trench stability for the cases examined in this chapter. However, it should be noted
that the interslice and slip surface forces assumed in the LEM may not represent in-situ
stress conditions. Nevertheless, the global FOS from the M-P method is normally

acceptable and adequately addresses general failure (Krahn 2003).

Figure 5.7 shows the forces acting on a slice within an arbitrary slip surface and defines all
geometric parameters. Lateral pressure due to water in tension cracks (4r), external point
load (D), and seismic loads (kW), were not considered in the analyses and are therefore
omitted from the equations for calculating the FOS. In saturated soil, the FOS with respect
to moment and force equilibrium is calculated using Eq. (5.4) and Eq. (5.5), respectively.

The normal force is computed using Eq. (5.6).
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Figure 5.7. Forces acting on a slice within an arbitrary slip surface (GEO-SLOPE 2015)
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Where FOSn = factor of safety for moment equilibrium, FOSy = factor of safety for force

equilibrium, N = slice base normal force per unit length (FOS = FOSn or FOS))

Extending Eq. (5.4) and (5.5), SLOPE/W computes the FOS in unsaturated soil for
moment and force equilibrium as shown in Eq. (5.7) and (5.8), respectively (Fredlund &

Krahn 1977, Fredlund et al. 1981). The normal force, N, is computed as shown in Eq. (5.9).
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5.3 Comparison of Limit Equilibrium and Finite Element Approaches

The FOS of a trench may be relatively high immediately after excavating but may decrease
over time as the GWT and PWP return to equilibrium. This sort of scenario may occur in
practice if an excavation is made rapidly to a desired depth and left open for some period.
Figure 5.8 shows the variation of deformation, PWP, and FOS with time for the case of a
1.5V:1H sloped excavation staged in 0.1-m increments up to 1.3-m at 10-s time steps, with
the GWT initially set at 0.7-m. The time step for the 1.3-m stage was increased to 1,000-s
(Figure 5.4) to allow the GWT to rebound. The black arrows represent hydraulic velocity
vectors, and the magnitude decreases with time as PWP approaches equilibrium. The
sequence in Figure 5.8 shows how an excavation may appear stable but fail shortly
thereafter (i.e. 750-s in this example). As discussed previously, removing soil from the
ground relieves confining pressures which results in expansion of the soil adjacent to the
excavated surface. Figure 5.8 clearly shows that the deformations along the excavation face
gradually increase over time. This phenomenon contributes to the decrease in FOS with

time as shown in Figure 5.9.
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Figure 5.8. Variation of deformation, PWP, and FOS with time for (a) 10-s, (b) 250-s, (c)
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Negligible changes in matric suction are observed near the ground surface throughout the
time steps used in the analysis. This implies that the slope failure is governed by the change
in matric suction distribution between the initial GWT and the toe of the slope. The FOS
remains relatively constant during the first 250-s because the length of slip surface below
the GWT is relatively unchanged, even though the GWT increases with time. However,
the FOS drops rapidly with time once the length of slip surface below the GWT exceeds

what can be considered the critical length of the slip surface under saturated condition.

In geotechnical engineering practice, trenches may be excavated at a relatively fast rate
between stages without allowing the GWT to rebound to its original level. However, once
a trench is excavated up to the targeted depth, PWP will gradually approach equilibrium.
This may occur while field workers are completing their jobs in the trench. As shown in
Figure 5.9, a trench may appear stable initially but can fail over time as the GWT rebounds.
It is interesting to note that failure can occur even before PWP reaches equilibrium. Figure
5.8(d) shows FOS =1 after 750-s without equilibrium being reached, as evidenced by the

hydraulic velocity vectors.

To further investigate how the redistribution of PWP caused by excavating affects the
critical height of unsupported trenches, slope stability analyses were carried out for two
different time steps; namely, 10-s and 1000-s. These time steps were chosen to simulate
fast and slow excavation rates, respectively. Figure 5.10 and Figure 5.11 show the variation
of the critical height with respect to the depth of the GWT for five different excavation
scenarios with 10-s and 1,000-s time steps, respectively. Figure 5.12 shows the variation
of the critical heights estimated using the M-P method for the same scenarios used in the

coupled analyses. The critical height increases as trench slope is reduced regardless of the
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level of the GWT. This indicates that sloping trenches is an effective way to increase the
critical height. For 10-s time steps, the critical height of the 1.5V:1H slope was estimated
to be 2.6 times higher compared to the vertical trench for some cases. The critical height
of the vertical trench increases as the depth of the GWT increases and then declines sharply

once the GWT is deeper than 1-m.

The critical heights estimated from the three methods are plotted for the 90°, 3V:1H, 2V:1H,
and 1.5V:1H excavation scenarios in Figure 5.13 to Figure 5.16, respectively (90*** is

explained later).

2.5 | ‘ L
[ | —— 90
- QQ***

|

|

|

}
ffffffffff ‘p 00— 3V:1H

[ |

H,, (m)

Figure 5.10. Variation of the critical height for different sloping angles in Unimin 7030
sand (10-s time steps, coupled analysis)
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Figure 5.11. Variation of the critical height for different sloping angles in Unimin 7030
sand (1,000-s time steps, coupled analysis)

l : : :
[ | | 1
2_0-_ ,,,,,,,,, L ,,,,,,,,, L ,,,,, -@-9 | |
R | | == Q)
i } } O- 3V:1H
[ | \ O 2ViH
— 15F———— (R I == 15V:IH |
é [ | | \
: x x x
I B T 7777777777
|
!
!
e —————
!
|
o
0.0 0.5 1.0 1.5 2.0

GWT (m)

Figure 5.12. Variation of the critical height for different sloping angles in Unimin 7030
sand (M-P method)
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As expected, the critical heights estimated using the M-P method showed the lowest values.
The critical height decreases as the period between excavation stages increases (i.e. 10-s to
1,000-s time steps). This is because 10-s time step excavations force the GWT to continue

dropping without giving enough time to rebound a significant amount.

When a soil mass is removed from the ground, the soil within the proximity of the
excavation experiences stress relief ranging from Kooz to oz in the horizontal and vertical
directions, respectively (where oz is the vertical stress at a depth z, and Ko is the coefficient
of earth pressure at-rest). This indicates that the stress relief in the soil near the ground
surface is minimal (or close to zero), and PWP changes are negligible. Therefore, as the
slope of a trench decreases, more stress relief occurs along the face of the slopes and the
change in PWP increases accordingly. For this reason, the largest difference in the critical
heights between the coupled analysis (10-s) and the M-P method is observed for the
1.5V:1H slope. For coupled analyses with 1,000-s time steps, most negative excess PWP
dissipates and the critical heights show small discrepancies with the M-P method when the
GWT is less than 1-m. When the GWT is deeper than 1-m, the critical heights estimated

with the M-P method are zero, but the coupled analyses show minimum values of 0.3-m.

Stability analyses based on limit equilibrium conditions are normally more conservative
compared with that of finite element stress-based analyses. However, there are advantages
to using finite element stress-based stability analyses such as 1) displacement compatibility
is satisfied and ii) the ground stresses are much closer to reality (Krahn 2003). The main
reason for this difference is related to the concentration of normal and shear stress in the

toe area of a slope as shown in Figure 5.17 and Figure 5.18, respectively. This phenomenon
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may increase frictional resistance and in turn increase the local FOS in the slices near the
toe of the slope. For this reason, a sloped trench can be can be excavated past the residual

zone near the ground surface even when the GWT is relatively deep (i.e. deeper than 1-m).

The critical height increases for the vertical excavation as the depth of the GWT increases
up to 0.8-m, and then declines sharply thereafter. As explained previously, a deep GWT
creates a residual suction zone near the ground surface which results in a complete loss of
total cohesion (Figure 5.19). To further investigate this behavior, additional analyses were
conducted for a vertical trench with the first 0.3-m of excavation sloped 1:1 (denoted as
90***) as shown in Figure 5.20. The results from the three methods for the 90*** case are
plotted in Figure 5.21. For the M-P method, the maximum attainable critical height in a
vertical trench was increased by 0.1-m and was sustained for an additional 0.1-m increase
in the depth of the GWT by sloping the soil in the residual zone. For the coupled analyses,
the 90*** case provides higher critical heights with the GWT between 0.5 and 1.5-m. This
indicates that benching or sloping the soil in the residual zone can effectively increase the
critical height. Furthermore, sloping the residual zone may be more effective in some cases

than sloping the entire trench wall (Figure 5.10, Figure 5.11, and Figure 5.12).
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Figure 5.17. Distribution of total normal stress during 0.3-m excavation stage for 1.5V:1H
slope with initial D = 1.2-m (10-s time steps)
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Figure 5.18. Distribution of shear stress during 0.3-m excavation stage for 1.5V:1H slope
with initial D = 1.2-m (10-s time steps)

84



0.0 — —
01— Factor of Safety |
-0.2) M 055-065
— W 065-075 |
£ 93 7075-085 |
= 04 71 0.85-0.95
B 05 4 M095-1.05 [
O -06}— M1.05-115 —
O o7 2 [1.15-125
0.8 M1.25-135 |
' M 1.35-1.45
-0.9 W > 145 NJ
-1.0

Factor of Safety

- | W 0.90-1.00
- | @1.00-1.10

[11.10-1.20

Figure 5.20. Partially sloped (1:1) vertical trench with D = 0.9-m (M-P method)
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Figure 5.21. Variation of the critical height for 90*** slope in Unimin 7030 sand

5.4 Summary and Conclusions

M-P and coupled analysis methods were used to investigate the influence of various slopes
and matric suction distributions on the critical height of unsupported trenches in an
unsaturated sand. The coupled analyses show that a trench may appear stable initially and
result in failure as PWP returns to equilibrium conditions. Thus, it is more conservative to
assume a hydrostatic PWP distribution when estimating the critical height. Overall, sloping
the trench greatly increases the critical height. This lends credibility to Canadian provincial
standards (Ontario 2017), as they state a 1:1 slope is sufficient for most excavations where
a vertical trench cannot be excavated to a significant depth. The results also show that the
critical height can be almost doubled by flattening the slopes compared to a vertical

excavation. The main advantage of flattening the slope is that a greater critical height can
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be achieved even when residual suction is reached near the ground surface. The critical
height was increased as the slope angle was reduced; however, it may not always be
possible to provide a gentle slope to the excavation in geotechnical engineering practice
due to limited space. In this case, a combination of sloping and benching can be used
effectively to achieve targeted critical heights, especially when the soil surface is within

the range of residual suction.
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CHAPTER 6

ESTIMATING THE CRITICAL HEIGHT OF UNSUPPORTED
VERTICAL TRENCHES SUBJECTED TO SURCHARGE
PRESSURE

In this chapter, the critical height of unsupported vertical trenches in an unsaturated fine-
grained soil is investigated considering practical scenarios. The trenches were assumed to

be excavated into Indian Head till (hereafter referred to as IHT).

In well-developed cities, there are circumstances where trenches must be excavated
adjacent to an existing superstructure to install or remediate municipal infrastructure such
as storm drains or utility lines. In these cases, the critical height of unsupported vertical
trenches is affected by the stress beneath an existing shallow foundation (hereafter referred
to as foundation stress). Hence, analyses were conducted for multiple foundation stresses
(10, 20, 30, and 50-kPa) located at various distances from the edge of an excavation (1, 2,
3, and 5-m) to simulate this practical scenario. Each scenario was modelled with the GWT

at a depth of 0, 1, 2, 3, and 5-m below the shallow foundation (referred to as depth, D).

6.1 Soil Properties

Basic soil properties of IHT are shown in Table 6.1. The grain size distribution curve and
the SWCC of IHT are shown in Figure 6.1 and Figure 6.2, respectively. The SWCC was
best-fitted using Eq. (4.1) and the parameters, a, m, n are shown in the figure. The shear
strength parameters, ¢’ and ¢’ determined by Vanapalli et al. (1997) and Oh & Vanapalli
(2010) were used in the analyses.
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Table 6.1. Basic soil properties of IHT (Vanapalli et al. 1997, Oh & Vanapalli 2010)

Properties Value

Plasticity Index, 1, (%) 15.5

Saturated unit weight, e (KN/m?) 20.7

Void ratio, e 0.55

Specific gravity, Gs 2.72

Effective cohesion, ¢’ (kPa) 5

Effective internal friction angle, ¢’ (*) 23.1

100

90 |

80 |

70 E

60 F

50 F

40 |

Percent finer (%)

30 |

wf . e

IS R R
01 0.1 1
Particle size (mm)

0.001 0.

Figure 6.1. Grain size distribution curve of IHT (Oh &Vanapalli 2010)
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Figure 6.2. SWCC of IHT (Oh & Vanapalli 2018)

6.2 Estimating the Critical Height without Foundation Stress

In this section, critical heights are estimated using extended Rankine earth pressure theory

and Bishop’s simplified method (see sections 4.2 and Error! Reference source not found.

for more details) without considering foundation stress. This scenario represents the case

where an arbitrary foundation stress is sufficiently far away from the trench such that the

critical height of an unsupported vertical trench is not affected by the foundation.

6.2.1 Estimating the Critical Height with EREPT

0,1, 3, and 5-m are

The positive, negative, and net AEP distributions for cases with D

respectively.

9

shown in Figure 6.3 to Figure 6.6
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Figure 6.3. Positive, negative, and net AEP distribution (D = 0-m)
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Figure 6.6. Positive, negative, and net AEP distribution (D = 5-m)
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6.2.2 [Estimating the Critical Height with BSM

Figure 6.7 to Figure 6.10 show the slope stability analyses using Bishop’s simplified

method with D =0, 1, 3, and 5-m, respectively.

N
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//////////7/ M 1.10-120
g [0120-130 |
- 7 [ 1.30-1.40
< M 1.40-1.50
m150-160 |
M 1.60-1.70
B 1.70-1.80
m180-190 |
m>19

Figure 6.7. Slope stability analysis in SLOPE/W using Bishop’s simplified method
(D =0-m)
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Figure 6.8. Slope stability analysis in SLOPE/W using Bishop’s simplified method
(D=1-m)
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Figure 6.10. Slope stability analysis in SLOPE/W using Bishop’s simplified method

(D=5-m)

)
4///
7,

i

/i

AW, /
e aE At
1111/
/) 7

Factor of Safety

MW <100-1.10
1.10 -
1.20 -
1.30 -
1.40 -
1.50 -
1.60 -
1.70 -
1.80 -

1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90

__30_

—— 20 —

96



6.2.3 Comparison of Critical Heights from EREPT and BSM

The critical heights obtained from extended Rankine earth pressure theory and Bishop’s

simplified method are summarized in Table 6.2 for various levels of the GWT. The results

are plotted in Figure 6.11 for better comparison.

Table 6.2. Variation of the critical height in IHT

Depth of Critical Height (m)
GWT (m) | Extended Rankine Earth Pressure Theory | Bishop's Simplified Method
0 2.6 2.8
0.3 2.2 2.3
0.5 2.0 2.1
0.7 1.9 2.0
1 1.8 1.9
1.2 1.8 2.0
1.5 1.9 2.0
2 2.0 2.2
2.5 2.3 2.4
3 2.5 2.6
4 3.0 2.9
5 33 3.1
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Figure 6.11. Variation of the critical height with respect to the depth of the GWT using
extended Rankine earth pressure theory and Bishop’s simplified method (IHT)

The results show that there is good agreement between the critical heights obtained from
extended Rankine earth pressure theory and Bishop’s simplified method. This suggests that
extended Rankine earth pressure theory is a simple and efficient way to estimate the critical
height of unsupported vertical trenches in both coarse and fine-grained unsaturated soils.
It is interesting to note that the critical height does not continuously increase with
increasing depth of the GWT, but instead decreases gradually to a minimum value when D

= 1-m, and then starts increasing.
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In a cohesive soil, net AEP is the sum of positive and negative earth pressure that are caused
by effective weight and total cohesion of the soil, respectively. The SWCC of a cohesive
soil is distributed over a large range of suction and the rate of change in the total cohesion
to that of soil suction is less compared to sandy soils. Hence, when the GWT is at a shallow
depth (i.e. less than 1-m), the contribution of total cohesion towards negative earth pressure
is less than that of effective weight of soil towards positive earth pressure. This becomes
opposite as the GWT is further decreased, which leads to an increase in the critical height.
In the case where the GWT is at the surface, total cohesion is minimized (= effective
cohesion); however, the unit weight of soil is minimized at the same time (i.e. effective
unit weight). For this reason, the critical height with D = 0-m is greater than that with the

GWT at a depth less than 3.5-m in this soil.

6.3 Estimating the Critical Height with Foundation Stress

The variation of the critical height of an unsupported vertical trench subjected to foundation
stress was estimated with the M-P method (details in section 5.2) to simulate excavations
nearby existing foundations. It was assumed that all soil was removed up to the wall of the
structure before proceeding to excavate below the foundation depth regardless of the

foundation stress. The scenario was modelled as shown in Figure 6.12.
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Figure 6.12. SLOPE/W model used to consider foundation stress

The critical heights were estimated considering three variables; 1) level of the GWT (0, 1,
2, 3 and 5-m), ii) foundation stress (10, 20, 30 and 50 kPa), and iii) distance between the
excavation and the foundation stress (0, 1, 2, and 3-m). The entry range of potential slip
surfaces was defined as double the depth of excavation, spanning from the edge of
excavation towards the foundation with an entry point every 10-cm. The exit was specified
as a point at the toe of the slope. An example of a stability analysis is shown in Figure 6.13.
Figure 6.14 to Figure 6.18 show the variation of the critical height with respect to the

distance from the edge of excavation to the foundation for different GWTs.
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Figure 6.13. Stability analysis considering 50-kPa surcharge at a distance of 3-m (D = 5-
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Figure 6.14. Critical height vs. distance of foundation stress from excavation (D = 0-m)
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Figure 6.18. Critical height vs. distance of foundation stress from excavation (D
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The estimated critical heights decrease with increasing foundation stress. The distance at
which the curves converge in Figure 6.14 to Figure 6.18 shall be referred to as the
‘significant distance’. This is the distance at which the critical height is not affected by the
foundation stress. In other words, failure occurs due to the self-weight of the soil
overcoming the resistance from total cohesion, rather than being influenced by the
foundation stress when the significant distance is reached. For this reason, the critical
heights obtained at the significant distance show good agreement (maximum 8%
discrepancy) compared to those found without any applied foundation stress (Figure 6.11).
This discrepancy exists because different LEMs were used to estimate the critical heights
in section 6.2 and 6.3 (i.e. Bishop’s simplified method and M-P method). The significant
distance is approximately 3-m, 2-m, and 3-m, when D = 0-m, 1-m, and 5-m, respectively.
The shallowest critical height occurs when D = 1-m without any applied foundation stress,
therefore the significant distance is also lowest when D = 1-m. This is because the
significant distance is a function of the desired excavation depth in addition to applied

surcharge pressure (i.e. foundation stress).

The critical height vs. depth of the GWT is plotted in Figure 6.19 to Figure 6.22 for
different foundation stresses that are 0, 1, 2, and 3-m away from the excavation,
respectively. Except for when the distance is 0-m, the critical height is at a minimum for D
= 1-m, which is consistent with the case of no foundation stress. Figure 6.22 clearly shows
that the significant distance is no greater than 3-m in IHT for the foundation stresses and

levels of the GWT used in this chapter, as indicated by the overlapping surcharge curves.
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Figure 6.19. Critical height vs. depth of the GWT with distance of foundation stress from
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Figure 6.20. Critical height vs. depth of the GWT with distance of foundation stress from
excavation = I-m
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Figure 6.21. Critical height vs. depth of the GWT with distance of foundation stress from
excavation = 2-m

Figure 6.22. Critical height vs. depth of the GWT with distance of foundation stress from
excavation = 3-m
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6.4 Summary and Conclusions

The variation of the critical height of an unsupported vertical trench was investigated with
respect to the proximity and magnitude of adjacent foundation stresses. The critical height
is less dependant on the magnitude of the foundation stress as the distance from the edge
of the excavation to the foundation stress is increased. The significant distance was
estimated to be approximately 3-m regardless of the level of the GWT used in this chapter.
The results show that in cases where a trench is excavated near existing superstructures, a
combination of the foundation stress, distance from the excavation to the foundation, and
level of the GWT (i.e. matric suction distribution) should be considered to reliably estimate

the critical height.
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CHAPTER 7

GENERAL CONCLUSIONS

Being able to assess the critical height helps facilitate more efficient production in trench-
related work. Canadian provinces enforce strict regulations for excavations that workers
are required to enter (e.g. Regulation 181(1) of the Occupational Health & Safety Act
(1991)). In the case where workers are not required to enter the excavation, the regulations
state that contractors can use shoring at their own discretion. For example, machinery alone
may be capable of performing the task in the trench and no workers are subjected to a
collapse; however, a collapse can still damage the equipment and/or disrupt the work. Thus,
knowing the critical height for a jobsite allows the contractor to make informed decisions
with respect to supporting the excavation walls. Although this study provides framework
for estimating the critical height of unsupported trenches, it is recommended to use shoring
if soil deformations in the proximity of a trench (which can damage existing foundations

or utilities) is a concern.

An attempt was made to investigate the influence of the matric suction distribution on the
critical height of unsupported trenches in unsaturated soil. Extended Rankine earth pressure
theory and Bishop’s simplified method were used to independently estimate the variation
of the critical height of an unsupported vertical trench with respect to the depth of the GWT
in Unimin 7030 sand (Chapter 4), and Indian Head till (Chapter 6). The soils have
inherently different shear strength properties (cohesionless and cohesive soils), yet the

critical heights estimated using both methods showed good agreement for both soils. This
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suggests that extended Rankine earth pressure theory and Bishop’s simplified method are
reliable methods for estimating the critical height of unsupported vertical trenches in

unsaturated soils where it is necessary to extend the effective stress approach.

Coupled stress analyses that account for changes in PWP over time were used to investigate
the critical height of unsupported excavations with various wall slopes and matric suction
distributions in Unimin 7030 sand. The results showed that the FOS is relatively high
immediately after the excavation, and then decreases over time as the PWP approaches
equilibrium conditions. The critical height increases with increasing depth of the GWT up
to a point and then decreases rapidly as the depth of the GWT is further increased,
regardless of the wall slope. This is due to the decrease in the contribution of matric suction
towards shear strength as matric suction of a soil near the ground surface reaches the
residual condition. The critical height was increased as the slope angle was reduced;
however, it may not be always possible to provide a gentle slope to the excavation in
geotechnical engineering practice due to limited work space in the field. In this case, a
combination of sloping and benching can be used effectively to achieve targeted critical
heights, especially when matric suction nearby the soil surface is in the range of residual

suction.

The Morgenstern-Price method was used in SLOPE/W to examine the influence of
foundation stress, the level of the GWT, and the distance between a trench and a foundation.
All soil should be removed up to the wall of the structure before proceeding with an
excavation below the foundation depth. The significant distance (i.e. the distance that the

critical height is not affected by the foundation stress) was estimated to be approximately
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3-m for the foundation stresses and levels of the GWT used in this study. The significant

distance is a function of excavation depth and the applied surcharge pressure.

Most Canadian provinces impose a maximum allowable depth of 1.2-m for unsupported
vertical trenches, regardless of soil type and field conditions. The results from this study
suggest that imposing a universal safe height is flawed, and the safe height should be
estimated considering soil type, field conditions, and practical scenarios. In Unimin 7030
sand, only a 0.9-m critical height is the best-case scenario for an unsupported vertical
trench, which is less than the safe height recommended by any Canadian province.
Conversely, the worst-case scenario for the critical height in Indian Head till (i.e. 1.8-m) is

greater than the recommended safe height in all Canadian provinces.

In the case where the critical height is much less than what Canadian provinces suggest,
the critical height can be further increased by benching or sloping the trench walls,
especially in the residual zone. Ontario standards (2017) suggest that sloping the walls 1:1
from the base of excavation where it is not possible to excavate vertically to any significant

depth, and the findings from the current study reinforce this suggestion.

In the long-term, the effective cohesion of soil can be lost due to excessive strain, and
apparent cohesion may be lost due to excessive rainfall or evaporation. However, it is
unrealistic to omit these components of strength in the short-term design of unsupported

trenches.
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7.1 Recommendations for Future Research

The long-term objective of this study is to provide field engineers and contractors with
guidelines for estimating the critical height of unsupported trenches with given field
conditions (i.e. soil type, matric suction distributions) and circumstances (e.g. surcharge
pressure). This research may facilitate more efficient trench related work by assisting
contractors in determining the depth at which shoring or a trench box is required to perform

any necessary tasks.

The findings from this study are based on analytical and numerical analyses, hence it is
necessary to conduct a series of laboratory and/or field tests to validate the findings. There
are also various practical scenarios that should be considered before estimating the critical
height of unsupported trenches for a jobsite by extending the findings from this study. For
example, if a trench must extend deeper than the GWT, de-watering the trench by pumping
induces seepage through the sidewalls of the trench. Seepage forces can decrease the
effective stress at the toe of the slope, and in turn lower shear strength. Another common
scenario that needs to be considered is heavy equipment operating near the top of a slope.
This induces vibration and affects the PWP and matric suction distribution within the soil.
Thus, the influence of seepage forces and dynamic loading should be studied to improve
the reliability of the methodologies for estimating the critical height of an unsupported

vertical trench.
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