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aggregate trench length is found to have a greater contribution to soil improvement compared to 
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NUMERICAL INVESTIGATION OF AGGREGATE TRENCH-REINFORCED CLAY 
GROUND IMPROVEMENT TO INCREASE BEARING CAPACITY OF CONTINUOUS 

STRIP FOUNDATIONS 

 

1.0  INTRODUCTION 

With the continuous expansion of civil infrastructure in the present day, the need for site 

development in locations typically considered impractical is growing.  As a result, projects will 

face new challenges as construction must be completed on soil profiles that may have previously 

been considered unsuitable.  Methods such as aggregate pier construction currently exist to 

improve such soil profiles, but require specialized construction equipment that may be costly.  

Because of this reality the need for more simplified, but equally effective soil improvement 

techniques has arisen.   

Aggregate pier construction involves the removal of undesirable soil using relatively 

uncommon auger-drilling techniques.  The drilled cavity is then filled using lifts of a stronger 

soil material such as gravel.  This procedure will be carried out in several locations to develop a 

grid of piers within the footprint of a proposed shallow foundation.  The purpose of this is to 

increase the overall bearing capacity of the foundation, and thus allow for greater loads upon the 

foundation from the superstructure.  The scope of this project is to investigate the possibility of 

replacing the aggregate piers in the previous example with trenches that are dug using 

conventional excavators and then replaced with compacted aggregate.  Digging a trench with an 

excavator along the base of a proposed continuous shallow foundation and compacting it with 

gravel would be faster and more cost effective than the traditional aggregate pier soil 

improvement method. 



 

 
Page 2 of 77 

 

A systematic study was conducted to investigate the feasibility of this ground improvement 

alternative.  Chapter 2 begins with a review of literature on the aggregate pier ground 

improvement alternative.  Chapter 3 presents the objectives and methodology of the research 

conducted on clayey soil improvement with compacted aggregate trenches.  Chapter 4 will 

explain the control scenarios calculated for a basis of comparison for the research, and Chapter 5 

details the use of the software used for numerical modeling that forms the basis of this research.  

Chapter 6 will present the results of the study, followed by a summary of the work completed 

with suggestions for future research in Chapter 7.  A bibliography and appendices follow the 

summary.       

        

  



 

 
Page 3 of 77 

 

2.0 LITERATURE REVIEW 

2.1 Bearing Capacity 

The concept of bearing capacity refers to a soils ability to support an amount of bearing 

pressure associated with bearing failure.  Terzaghi (1943) proposed the framework for the 

current theory for the bearing capacity of a soil.  The equation developed by Terzaghi (1943) 

related the strength parameters of the soil, such as the cohesion and friction angle, and the unit 

weight of the soil, along with geometric characteristics of a footing such as the depth of 

embedment and width to the bearing capacity (Cerato & Lutenegger, 2007).  The original 

formula developed by Terzaghi (1943) is given by: 

𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑐𝑐′𝑁𝑁𝑐𝑐 + 𝜎𝜎′𝑧𝑧𝑧𝑧𝑁𝑁𝑞𝑞 + 1
2
𝛾𝛾′𝐵𝐵𝑁𝑁𝛾𝛾      (2-1) 

 

In Equation 1-1 above, 𝑁𝑁𝑐𝑐, 𝑁𝑁𝑞𝑞, and 𝑁𝑁𝛾𝛾 correspond to bearing capacity factors determined 

by Terzaghi (1943) and developed as a function of ϕ’, the soil friction angle.  While this method 

of establishing the ultimate bearing capacity for a soil deposit provides a good approximation, 

many researchers such as Meyerhof (1953, 1963), Brinch Hansen (1970), and Vesić (1973, 

1975) have contributed extensive work to improve upon this method (Coduto, 2001).  Additional 

factors to account for impacts due to footing shape, depth of embedment, load inclination, base 

inclination, and ground inclination have been developed to form an expanded expression for 

bearing capacity, expressed as: 

𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑐𝑐′𝑁𝑁𝑐𝑐𝑠𝑠𝑐𝑐𝑑𝑑𝑐𝑐𝑖𝑖𝑐𝑐𝑏𝑏𝑐𝑐𝑔𝑔𝑐𝑐 + 𝜎𝜎′𝑧𝑧𝑧𝑧𝑁𝑁𝑞𝑞𝑠𝑠𝑞𝑞𝑑𝑑𝑞𝑞𝑖𝑖𝑞𝑞𝑏𝑏𝑞𝑞𝑔𝑔𝑞𝑞 + 1
2
𝛾𝛾′𝐵𝐵𝑁𝑁𝛾𝛾𝑠𝑠𝛾𝛾𝑑𝑑𝛾𝛾𝑖𝑖𝛾𝛾𝑏𝑏𝛾𝛾𝑔𝑔𝛾𝛾 (2-2) 

where 

𝑐𝑐′ = soil cohesion 

𝜎𝜎′𝑧𝑧𝑧𝑧 = vertical effective stress at depth of footing 
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𝛾𝛾′ = unit weight of soil 

𝐵𝐵 = width of footing 

𝑠𝑠𝑐𝑐, 𝑠𝑠𝑞𝑞 , & 𝑠𝑠𝛾𝛾 = footing shape factors 

𝑑𝑑𝑐𝑐,𝑑𝑑𝑞𝑞 , & 𝑑𝑑𝛾𝛾 = footing depth factors 

𝑖𝑖𝑐𝑐, 𝑖𝑖𝑞𝑞 , & 𝑖𝑖𝛾𝛾 = load inclination factors 

𝑏𝑏𝑐𝑐, 𝑏𝑏𝑞𝑞 , & 𝑏𝑏𝛾𝛾 = base inclination factors 

𝑔𝑔𝑐𝑐,𝑔𝑔𝑞𝑞 , & 𝑔𝑔𝛾𝛾 = ground inclination factors 

This expanded expression for bearing capacity provides a more general framework for 

evaluating the factors affecting the capacity provided by the soil to the footing under 

consideration.  However, one limitation of this expression is that it is limited to the application of 

a footing resting on a single, uniform or homogeneous soil deposit and is thus inappropriate for 

use in determining the bearing capacity of a soil composite such as native soil improved with 

compacted gravel aggregate.   

 

2.2 Aggregate Pier Ground Improvement 

A common method of increasing the bearing capacity of a relatively weak soil stratum is 

the installation of a single or grouping of aggregate piers under a structure footprint (Stuedlein 

and Holtz, 2013).  The following sections discuss this method along with the benefits and draw 

backs to this type of engineered fill as means for soil improvement.  
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2.2.1 General Overview 

An aggregate pier is a column of compacted coarse aggregate that is placed within a 

native or pre-existing soil deposit, and is also referred to as a stone column.  Stone columns are 

used to not only reinforce the surrounding soil in stiffness and strength, but also increase 

drainage and rate of consolidation of compressible soils (Stuedlein and Holtz, 2013).  A variety 

of installation techniques have been developed for aggregate piers.  However, is has been proven 

that the construction method has little impact on the soil improvement characteristics of the 

piers, given that the aggregate is compacted with modern methods (Stuedlein and Holtz, 2012).  

Figure 2-1 below illustrates the installation of a series of aggregate piers.  The first stage 

involves drilling or excavating a cavity, and the second stage fills the cavity in multiple lifts with 

gravel aggregate and compacting the material with compaction equipment.  The resulting 

product is then a profile of reinforced, composite soil for which a shallow foundation can be 

constructed upon.     

 

Figure 2-1: Installation of aggregate piers (Hayward Baker, 2016) 
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For many decades, researches have been working to establish suitable methods for 

identifying an accurate bearing capacity of aggregate reinforced soil.  Early investigations by 

Hughes and Withers (1974) developed predictions of the capacity of a single stone column from 

the use of the unit cell and pressuremeter test analog.  In present day, researchers such as Etezad 

et al. (2015), utilize numerical methods to analyze column groupings through a multitude of 

analytical models in an effort to produce design charts with modified bearing capacity factors. 

While the analytical methods have varied over the years and between those conducting 

research projects, three methods of failure associated with stone column reinforced soil have 

become widely agreed upon.  These modes of failure can be observed in Figure 2-2 through 

Figure 2-4 on the following page.  

The failure mechanisms shown on the next page were developed using numerical 

methods reported by Hanna et al. (2013).  Figure 2-2 depicts a scenario in which the full side 

friction of the aggregate pier has been mobilized.  In this case, the failure plane develops into a 

continuous surface through the sides of the pier up to the ground surface.  Figure 2-3 presents the 

case in which the lateral earth pressure in the aggregate pier exceeds the capacity of the 

confining clay soil.  In this scenario the sides of the pier will bulge out into the clay stratum.  

Figure 2-4 illustrates the failure of the clay soil surrounding the aggregate pier as if it were a stiff 

columnar element, similar to a pile foundation.  This case is extremely rare and inappropriate for 

use since aggregate piers are never as stiff as a steel or concrete pile (Madhav and Vitkar, 1978). 
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Figure 2-2: General shear failure of aggregate pier 

 

Figure 2-3: Localized bulging failure of aggregate pier 

Figure 2-4: Punching shear failure of aggregate pier 
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Previous research has been conducted by Stuedlein and Holtz (2012) to better understand 

the occurrence of different failure mechanisms of rammed aggregate piers.  It has been generally 

identified that in the case of a single, isolated pier, short profiles with a slenderness ratio less 

than 3 will experience a toe plunging failure.  Conversely, in the case of a long aggregate pier, 

failure is governed by the bulging case (Stuedlein and Holtz, 2013).  

 

2.2.2 Impact of Aggregate Pier Ground Improvement on Bearing 

Capacity 

The dimensions of an aggregate pier or trench within a soil profile controls the 

performance of the supported footing as proven through experimental research conducted by 

White et al. (2007), Stuedlein and Holtz (2012), and others.  An example experiment for a small 

footing above an improved profile with a single aggregate pier can be seen in Figure 2-5.  This 

schematic and photograph is exemplary of the testing conducted by Stuedlein and Holtz (2012).  

In the schematic it can be observed how a footing would be constructed over a single aggregate 

pier to increase soil bearing capacity.    
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Figure 2-5: Example test setup for aggregate pier: (a) schematic; (b) photograph (Stuedlein and 
Holtz, 2012) 

 

In the case of general shear, the width of the aggregate ground improvement relative to 

the loaded region or footing is the primary factor impacting bearing capacity over and above 

other factors, such as the native soil properties.  The impact of an aggregate pier trench on 
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bearing capacity of a soft soil was investigated by Madhav et al., (1979), who proposed that the 

ultimate bearing of the reinforced soil, qult, can be given by: 

𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = 1+𝑠𝑠𝑠𝑠𝑠𝑠ф1
1−𝑠𝑠𝑠𝑠𝑠𝑠ф1

(4𝑐𝑐2 + 𝜎𝜎′𝑟𝑟𝑟𝑟 + 𝑘𝑘0𝑞𝑞𝑠𝑠) − 𝑑𝑑2𝑝𝑝
𝐵𝐵2

+ (1 − 𝑑𝑑2𝑝𝑝
𝐵𝐵2

)𝑞𝑞𝑠𝑠    (2-3) 
 

where 

 𝑞𝑞𝑠𝑠 = is 2/3 the bearing capacity of unreinforced soil; 

 φ1  = is the friction angle of aggregate; 

 𝑐𝑐2 = is the cohesion of soft soil; 

 𝑘𝑘0 = is the at rest lateral earth pressure of soft soil; 

 𝑑𝑑𝑝𝑝 = is the width of aggregate pier or trench; 

 𝐵𝐵 = is the width of footing or loaded area. 

It is important to note that the replacement ratio,  𝑑𝑑𝑝𝑝
𝐵𝐵

,  is restricted to the range of 0 to 1.  

In addition to this equation, Madhav et al., (1979) also developed design charts for Terzaghi’s 

bearing capacity factors using plasticity theory and confirmation from experimental results.  This 

work resulted in correlations between strength properties of the two soil stratums and 

replacement ratio to modified bearing capacity factors.  Applications of these charts however, are 

limited to specific strength property ratios between the two types of soil.  

Since this early development of bearing capacity calculations to estimate the 

improvement of soil performance with the introduction of a granular fill by Madhav et al. (1979) 

additional, recent research has been conducted.  The topic has been investigated though 

experimental testing by White et al. (2007), with laboratory model tests by Nazir and Azzam 

(2010), and by assessment of analytical models such as those of Etezad et al. (2015).  Stuedlein 
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and Holtz (2013) conducted some of the most recent work to improve existing models with 

empirical modifications.  This included applying all relevant past models to a test sample 

consisting of 30 different footing loading tests on stone columns to determine the accuracy and 

uncertainty for each method.  Ultimately the Modified Hughes et al. (1975) method was deemed 

preferable for estimating the bearing capacity of an aggregate pier supported shallow foundation.  

The resulting equation of this model is given by: 

𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = �𝜎𝜎𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑝𝑝 ∗ 𝑠𝑠𝑢𝑢� ∗
1+𝑠𝑠𝑠𝑠𝑠𝑠 (ф𝑃𝑃)
1−𝑠𝑠𝑠𝑠𝑠𝑠 (ф𝑃𝑃)

      (2-4) 
where 

𝜎𝜎𝑟𝑟𝑟𝑟 = is the ultimate total in situ lateral stress; 

𝑠𝑠𝑢𝑢 = is the surrounding soil cohesion; 

ф𝑃𝑃 = is the friction angle of the aggregate; 

𝑘𝑘𝑝𝑝 = is the modified cavity expansion factor and defined by: 

𝑘𝑘𝑝𝑝 = −1.45 ∗ 𝑙𝑙𝑙𝑙(𝑠𝑠𝑢𝑢) + 8.52        (2-5) 
 

Equation (2-4) was also modified to account for a group of aggregate piers installed 

beneath a footing.  Typical unimproved soil bearing capacity factors may be applied to account 

for depth of embedment of the footing and square or circular profiles.  Figure 2-6 demonstrates 

some of the possible aggregate pier configurations below a footing for which the modified 

equation could be applicable.  
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Figure 2-6: Possible aggregate pier configurations below footing: (a) single isolated pier; (b) 
intermediate single pier; (c) intermediate group of piers; (d) ground of piers (Stuedlein and 

Holtz, 2013) 
 

The form of this modified equation is given by: 

𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = �𝜎𝜎𝑟𝑟𝑟𝑟 + 𝑘𝑘𝑝𝑝 ∗ 𝑠𝑠𝑢𝑢� ∗
1+𝑠𝑠𝑠𝑠𝑠𝑠(ф𝑃𝑃)
1−𝑠𝑠𝑠𝑠𝑠𝑠(ф𝑃𝑃) + 𝜆𝜆𝑐𝑐𝑑𝑑𝑐𝑐𝑁𝑁𝑐𝑐𝑠𝑠𝑢𝑢 ∗ (1 − 𝑎𝑎𝑟𝑟)   (2-6) 

where 

𝜆𝜆𝑐𝑐 = is a footing shape factor; 

𝑑𝑑𝑐𝑐 = is a footing depth correction factor; 

𝑎𝑎𝑟𝑟 = is the area replacement ratio defined as the ratio of aggregate pier area versus total

 area under the footing. 

 

Figure 2-7 below demonstrates the typical test set up for a footing supported by multiple 

aggregate piers as conducted by Stuedlein and Holtz (2012).  This figure shows that the 

aggregate piers only account for a portion of the area under the square footing.   
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Figure 2-7: Typical experimental test setup for large footing: (a) schematic; (b) photo (Stuedlein 
and Holtz, 2012) 

 

The research completed by Stuedlein and Holtz (2013) provides the basis for the 

development of the Modified Hughes et al. (1975) method for calculating aggregate pier 

improved soil capacity.  An improved understanding of aggregate pier bearing capacity has been 
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established as a result.  However, this work is not appropriate for aggregate trench-improved 

ground.      

 

2.3 Summary 

For many decades the impact of rammed aggregate piers installed in soft soils on the 

bearing capacity of the overall soil system has been researched.  With established models such as 

the Modified Hughes et al. (1975) method, a reliable calculation can be made to estimate the 

bearing capacity of an aggregate pier reinforced soil.  These methods consider more soil and pier 

parameters and result in less error than methods ever used before. 

With the lack of validated methods for aggregate trenches, the study of the deformation and 

bearing capacity of compacted aggregate trenches seems warranted.  Methods for estimating the 

bearing capacities of soil profiles such as these are relatively under-developed and date back to 

methods developed by Madhav and Vitkar (1978).  As a result, further research is warranted to 

improve our understanding of the bearing capacity improvements through the use of compacted 

aggregate trenches.  The other aspect of compacted aggregate trenches that has not been 

investigated is the magnitude of footing settlements as a function of other possible design 

variables; this area of research would also be warranted in future research.    
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3.0 Research Objectives and Methodology 

The primary goal of this research project is to investigate the application of compacted 

aggregate trenches as an alternative for aggregate piers to improve the bearing capacity of a clay 

soil stratum.  In order to determine the suitability of this alternative, a study of different trench 

design parameters will be conducted and evaluated on the basis of footing performance.   

 

3.1 Research Objectives 

The effect of a compacted granular aggregate trench installed in a plastic, fine-grained 

soil on bearing capacity is relatively unknown when compared to that of aggregate piers.  For 

this reason, the first objective of the project was to establish what trench dimensions should be 

evaluated.  With an understanding of what trench dimensions may vary due to construction 

constraints, the parameters of the study can be established.  Compacted granular aggregate trench 

improved soil profiles within a plastic, fine-grained soil will then be evaluated using numerical 

methods to determine bearing capacity and compared with unimproved soil bearing capacity.  

Iterations to this process will then be made to determine what compacted aggregate trench 

parameters are most significant for improving the bearing capacity of a plastic, fine-grained soil.  

 

3.1.1 Construction Constraints 

It was important to consider the types of equipment that would be used in this type of 

construction and the constraints associated with the use of such equipment.  Figure 3-1 on the 

following page depicts two possible pieces of equipment for trench excavation representing 

minimum and maximum reach and bucket width. 
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Excavators in size ranging between those shown in Figure 3-1 can be paired with a wide 

range in bucket sizes to achieve a number of possible trench widths and depths.  The 

corresponding bounds in trench dimensions are listed in Table 3-1.    

Table 3-1: Confining aggregate trench parameters 

 

The parameters shown in Table 3-1 were established by considering the Komatsu Mini 

Excavator with a minimum bucket width of 0.3 meters, and the CAT with a maximum bucket 

width of 2.35 meters.  The maximum depth for digging a vertical wall was also found to be 8.3 

meters and 2.4 meters for the CAT and Komatsu excavators respectively.  Deeper depths can be 

reached with specialized extended reach arms such as the CAT in Figure 3-2 below. 

Figure 3-1: CAT 390 excavator (left) & Komatsu PC30MR-3 mini excavator (right) 
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Figure 3-2: CAT 390 with extended reach boom 
 

Attachements such as these however would not be considered common on a construction site and 

are thus not considered in this study.  Minimum trench depth and maximum trench width would 

not be of concern since any equipment could dig a shallow excavation or make multiple digging 

passes to expand width.  

 

3.1.2 Parametric Study 

A parametric study may now be developed to encompass the ranges in realistic 

dimensions of trench construction possible with common excavators and compaction equipment.  

This study investigated the effect of geometrical parameters including the trench width and 

depth, and depth of footing embedment.  Additionally the undrained shear strength of the native 

or existing clayey soil was also varied.    
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3.2 Research Methodology 

This study included the assessment of the bearing capacity of the unreinforced clayey 

subgrade in order to develop a suitable control scenario for each corresponding aggregate trench 

scenario.  The control scenarios evaluated are presented in Table 4-1 in the following chapter.  

The purpose of these unreinforced scenarios is to provide a standard basis of comparison for all 

further models with a trench improvement.  The bearing capacity of these conditions was first 

evaluated with an equation similar to that represented in Equation (2-2), as described in greater 

detail in Chapter 4.  The control scenarios were then also evaluated using the finite difference 

numerical modelling software selected for evaluation of the reinforced soil, described in detail in 

Chapter 5.  The use of bearing capacity calculations and numerical modelling software make it 

possible to determine the relative degree of accuracy of the simplified calculations.   

 The next step was to generate numerical models of the trench reinforced soil composite.  

The results of the numerical simulations included the mobilization of bearing capacity as a 

function of the imposed displacement of the footing, and the development and distribution of 

contact pressure below of the footing.  The simulations also provide a means to identify the 

progression of failure within the soil composite and improve our understanding of reinforced soil 

behavior.  The results of the simulations were synthesized by comparing the effect of trench 

width, length, depth of footing embedment, and area replacement ratio on the bearing capacity.  

These results are presented in Chapter 6. 

The computational server used for the numerical modeling portion of the project is 

named “Terzaghi,” and runs a Microsoft Windows Server 2008 R2 Enterprise operating system.  
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This computer runs on a 64 bit operating system and is installed with two Intel Xeon X5690 

processors that operate at 3.46 GHz.  The installed memory (RAM) of the computer is 32GB.   

 The finite difference software implemented for the analysis of the parametric study is 

FLAC 7.0 by Itasca.  This program allows simulation of two dimensional geotechnical analyses 

and in this case is used to simulate the behavior of soil before, during and after yielding 

conditions.  The program allows for the generation of a finite difference grid that represents the 

soil profiles as a continuum.  Further explanation of the program and its application in this study 

can be found in Chapter 5.   
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4.0 Bearing Capacity Calculations for the Control Scenario 

Before any soil models would be evaluated in FLAC 7.0 a series of soil control scenarios 

was established.  The calculated bearing capacity of these scenarios would be the basis of 

comparison for all improved soil cases to determine degree of improvement.  This comparison 

allows for the possibility of formulating a bearing capacity factor to account for the soil 

improvement effects generated by an aggregate trench later in the study.      

The soil conditions established for the control scenario can be observed in Table 4-1 

below.  In all of these cases, the footing being modeled is 3 meters in width and near-infinite to 

represent the long dimension of a continuous strip footing.      

Table 4-1: Control soil scenarios with no improvement 

 

 The bearing capacity of the above soil conditions was evaluated with the general bearing 

capacity equation improved with Meyerhof (1963) correction factors.  The form of this equation 

is as follows 
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𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑐𝑐′𝑁𝑁𝑐𝑐𝑓𝑓𝑐𝑐𝑑𝑑 + 𝜎𝜎′𝑁𝑁𝑞𝑞𝑓𝑓𝑞𝑞𝑑𝑑 + 0.5𝐵𝐵𝛾𝛾𝑁𝑁𝛾𝛾𝑓𝑓𝛾𝛾𝑑𝑑      (4-1) 
  

where 

 𝑐𝑐′ = cohesion of soil; 

 𝜎𝜎′ = vertical effective stress at base of footing; 

 𝐵𝐵 = width of footing; 

 𝛾𝛾 = unit weight of soil; 

 𝑁𝑁𝑐𝑐,𝑁𝑁𝑞𝑞 ,𝑁𝑁𝛾𝛾 = bearing capacity factors; 

 𝑓𝑓𝑐𝑐𝑑𝑑 ,𝑓𝑓𝑞𝑞𝑑𝑑, 𝑓𝑓𝛾𝛾𝑑𝑑 = Meyerhof depth correction factors. 

 

Bearing capacity factors used with this equation are defined as follows: 

𝑁𝑁𝑐𝑐 = 𝜋𝜋 + 2         (4-2) 
𝑁𝑁𝑞𝑞 = 𝑒𝑒𝜋𝜋𝑢𝑢𝜋𝜋𝑠𝑠 (ф′)𝐾𝐾𝑝𝑝        (4-3) 
𝑁𝑁𝛾𝛾 = 2�𝑁𝑁𝑞𝑞 + 1�𝑡𝑡𝑎𝑎𝑙𝑙 (ф′)       (4-4) 

  

Meyerhof depth correction factors applied to Equation (4-1) are defined as the following:  

𝑓𝑓𝑐𝑐𝑑𝑑 = 1 + 0.2�𝐾𝐾𝑝𝑝
𝑑𝑑𝐹𝐹
𝐵𝐵

         (4-5)  
𝑓𝑓𝑞𝑞𝑑𝑑 = 1          (4-6) 
𝑓𝑓𝛾𝛾𝑑𝑑 = 1          (4-7) 

  

where 

 𝐾𝐾𝑝𝑝 = passive lateral earth pressure coefficient;  

 𝑑𝑑𝐹𝐹 = depth of embedment of footing. 
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The full evaluation of bearing capacity for each of the 15 control scenarios are 

represented in Appendix A.  The results of the bearing capacity calculations for each selected 

undrained shear strength and possible depth of embedment for the study is summarized in Table 

4-2 below. 

Table 4-2: Calculated bearing capacity of control scenarios 
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5.0 FLAC 7.0 Analysis Program 

The program Fast Lagrangian Analysis of Continua (FLAC) was used to conduct the 

numerical analysis of the various soil and footing conditions of the parametric study.  This 

chapter describes the program and how it operates in detail, the models specific to the parametric 

study, and the output developed using FLAC 7.0. 

   

5.1 Software Description 

 FLAC is a finite difference program that conducts a two-dimensional engineering 

analysis of soil, rock, or other specific material within a Lagrangian formulation.  To define a 

model for analysis, a grid or mesh of nodes at which deformation and forces are computed is 

created and the areas bounded by nodes define soil elements.  These elements deform and 

respond to the user prescribed constitutive relationships and applied boundary conditions 

following adjustment of the grid to fit desired model geometry.  Nodal forces, deformations, 

pressures, and/or velocities can then be applied to the grid or mesh and result in deformations 

and stresses as in accordance with the specified constitutive relationship.   

The Lagrangian analysis conducted by FLAC does not require the formulation of a global 

stiffness matrix like finite element analysis programs.  Alternatively, incremental displacements 

are added to defined coordinates within the grid.  This method thus allows for the finite 

difference mesh to move in conjunction with the deformation of the soil profile unlike an 

Eulerian formulation where the grid is held fixed in relation to the material deformations.  In 

order to make this type of analysis possible, the FLAC user defines a velocity upon the soil mesh 

at specific step intervals to reach an ultimate displacement.  At each step of the velocity 
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application the software uses the new displacements to calculate the stress and strain relationship 

using a chosen constitutive model.  This calculation will result in new stresses within the 

elements of the material and require a recalculation of equilibrium for the entire mesh.  A visual 

representation of this calculation series can be seen below in Figure 5-1.  

 

Figure 5-1: FLAC basic explicit calculation cycle (Itasca “Theory and Background,” 2011) 
 

5.2 Development of Finite Difference Mesh 

To analyze the desired soil profile, the FLAC user will create a mesh as discussed in 

Section 5.1.  The Lagrangian formulation is then conducted using the finite difference method.  

A finite difference solution substitutes the series of differential equations needed to model the 

soil behavior, such as stress and strain, with an algebraic expression.  The finite difference 

method used by FLAC is considered to be explicit because of the formulation of new algebraic 

expressions for each time step of loading.  This method can be contrasted with the implicit 

matrix-based solutions of finite element programs.  The explicit finite difference method is 
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advantageous for geotechnical applications as it requires no iterations to follow nonlinear 

constitutive models, and a comparatively small amount of computational effort is required for 

each time step.  The disadvantage to this form however is the need for very small time steps in 

order to produce accurate results and prevent “noise” in the analysis output data.   

To begin modeling of the soil profile for analysis, the finite difference mesh was first 

generated with the properties of clay as the native soil.  The principle of symmetry was used to 

generate a mesh that represented one half of the actual ground profile to be considered (Figure 

5-2).  This means that half the width of the footing is modeled (placed in the top left corner of 

the mesh as described subsequently), and only half the width of the improved soil (i.e., the 

aggregate trench) would be installed prior to conducting the parametric study.   

The mesh shown in Figure 5-2 consists of a square, 60 element by 60 element grid (3,600 

elements in total).  The mesh was generated to be finest in the top left corner and least fine in the 

bottom right corner with a constant rate of incremental gradation moving from the left to the 

right and top to the bottom.  This means that soil elements nearest the zone of loading are 

smallest, while those furthest from loading are the largest.  The advantage to this arrangement is 

that the regions with the highest gradients in stress and displacements will have the highest 

density of unbalanced force convergence requirements, thus reducing the error in the final 

output.  Figure 5-2 also shows that boundary conditions were established on the soil mesh.  The 

vertical sides of the soil profile are restrained from movement in the horizontal (x) directions as 

denoted by an “X” at each mesh node of both sides.  The bottom of the mesh is also restrained in 

the vertical (y) direction as if there were a layer of rigid bedrock as denoted by a “B” at each 

mesh node along the bottom of the soil profile.      
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Figure 5-2: FLAC clay soil finite difference mesh 
 

While the mesh in Figure 5-2 above depicts quadrilateral soil elements, FLAC actually 

conducts a finite difference analysis upon four separate triangular elements within each visible 

quadrilateral.  These four sub-elements are formed by separately dividing a quadrilateral in half 

diagonally in opposing cuts as shown in Figure 5-3 below. 
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Figure 5-3: Discretization of FLAC elements into sub-elements: a) overlaid quadrilateral elements 
used in FLAC, b) typical triangular element with velocity vectors, c) nodal force vector (Itasca 

“Theory and Background,” 2011) 
 

Each coupled triangle (a & b, c & d) set is analyzed separately for the stress 

components 𝜎𝜎𝑥𝑥𝑥𝑥,𝜎𝜎𝑦𝑦𝑦𝑦,𝜎𝜎𝑧𝑧𝑧𝑧,  and 𝜎𝜎𝑥𝑥𝑦𝑦.  The stress components for the quadrilateral element is then 

the average of the differing stress components from each coupled triangle pair.  The result of the 

stresses within a single element is thus formulated from 16 different values for increased 

accuracy.  If the triangles of one set become badly distorted the force vectors of the set are not 

considered in the representative forces for the overall element.  If both sets of triangular sub-

elements become distorted, an error message results and the analysis is terminated.  This error 

can occur when a mesh is not refined adequately for the level of deformation in the soil at a 

specific location, poorly set boundary conditions, or other reasons.  The governing finite 

difference equation used to analyze each sub-element triangle is given by: 

< 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

> = 1
𝐴𝐴
∑ < 𝑓𝑓 > 𝑙𝑙𝑠𝑠𝛥𝛥𝑠𝑠𝑠𝑠         (5-1) 

where 

A = is the surface area of the triangular sub-element; 



 

 
Page 28 of 77 

 

< 𝑓𝑓 > = is the vector or tensor averaged over the triangle side length; 

𝑙𝑙𝑠𝑠 = is the unit normal to the surface, s; 

𝛥𝛥𝑠𝑠 = is the length of a side of the triangle. 

This summation is evaluated for each side length of the four triangles within the 60 by 60 

quadrilateral element mesh, resulting in 43,200 calculations for each time step in the model. 

 

5.3 Calibration of Constitutive Models 

In order to effectively model accurate soil behavior within FLAC, appropriate constitutive 

models must be chosen and calibrated to meet the intended soil response.  The following sections 

discuss the constitutive models selected to represent the clay and compacted aggregate.   

 

5.3.1 Native Ground: Elastic Perfectly-Plastic 

The constitutive model selected for the native clay soil was an elastic, perfectly-plastic 

stress-strain model with a Mohr-Coulomb failure criterion, the latter of which is shown in Figure 

5-4.  In this first order model, both the elastic and plastic behavior of the soil is defined linearly; 

slope of elastic behavior is defined by the soil modulus of elasticity and Poisson’s ratio, which 

are calculated from the bulk and shear moduli.  The assumed values for the native soil bulk and 

shear moduli are 5 MPa and 3 MPa respectively.  The failure criteria for the soil is defined using 

a specified friction angle and/or cohesion intercept.  In all cases of this study, the clay soil is 

modeled assuming undrained conditions (given the rapidity with which the loading is applied).  

Therefore, the strength of the clayey native subgrade is modeled with cohesions, but no a friction 
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angle with corresponding dilation angle.  As described earlier, the undrained shear strength (i.e. 

cohesions) was selected equal to 20, 40, and 80 kPa. 

   

Figure 5-4: FLAC Mohr-Coulomb failure criteria (Itasca “Constitutive Models” 2011) 
   

In the case of undrained conditions, the value of 𝑓𝑓𝑠𝑠, which represents the failure criterion 

is given by: 

𝑓𝑓𝑠𝑠 = 𝜎𝜎1 − 𝜎𝜎3 + 2𝑐𝑐         (5-2) 
where 

𝜎𝜎1 = major principle stress; 

𝜎𝜎3 = minor principle stress; 

𝑐𝑐 = cohesion or undrained shear strength of the clay. 

 This equation is simplified from its original form because the value of 𝑁𝑁ф is equal to 1 for 

undrained conditions.  The sign convention accompanying Figure 5-4 and Eq. (5-2) considers 

compressive stresses to be negative.  Although the elastic-perfectly plastic constitutive model 
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with Mohr-Coulomb failure criterion is not the most robust formulation of soil behavior, it is a 

conventional and accepted model for representing failure mechanisms in soil. 

 

5.3.2 Compacted Aggregate: CYSOIL Hardening Model 

The constitutive model selected for the compacted aggregate material placed within the 

aggregate trenches within the parametric study is a cap-yield (c-y) relationship.  The selection of 

this model was driven by the need for an accurate deviatoric and volumetric response of the 

aggregate.  The model uses shear and volumetric hardening/softening laws to model the behavior 

of a soil under loaded conditions.  The more accurate response is a product of the cap-yield 

model accounting for possible grain crushing that would be expected in an aggregate soil at high 

effective confining stresses.  The accuracy of the cap-yield relationship is dependent on the user-

defined parameters that control the soil hardening conditions.  The model parameters chosen for 

the compacted aggregate in FLAC simulations were obtained through comparison to triaxial test 

data of a dense aggregate sample.  The variation in reference bulk modulus (Kref) and reference 

shear modulus (Gref) that was required to reproduce the pressure dependence of the aggregate 

modeled is shown in Figure 5-5(a) for five different effective confining pressures, whereas the 

variation of friction and dilation angle with confining pressure is shown in Figure 5-5(b). 
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                                   (a)                                                                         (b) 

Figure 5-5: Formulation of model parameters for c-y soil hardening model (a) reference bulk 
(kref) and shear moduli (gref) (b) friction and dilation angles 

 

Constitutive model parameters selected to fit the measured response of the compacted 

aggregate in this study invoke those fitted parameters that correspond to an effective confining 

pressure of 100 kPa.  The corresponding reference bulk modulus (Kref) of 230 MPa and 

reference shear modulus (Gref) of 230 MPa that was required to reproduce the desired response 

at 100 kPa. The corresponding friction and dilation angle for 100 kPa confining pressure was set 

at 48 and 10 degrees, respectively.  Figure 5-6 below compares the measured consolidated 

drained triaxial test data with the simulated aggregate response using the CYSOIL constitutive 

model.  It can be observed that the simulation closely follows the measured lab data, and 

therefore this model was considered suitably calibrated.  It is noted that the initial volumetric 

contraction under small shear strains is captured, as is the subsequent development of dilation as 

axial strains accumulate. 
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Figure 5-6: Triaxial aggregate soil data compared with FLAC CY soil hardening model 
 

5.4 Modeling Methodology 

In order to model the aggregate trench surrounded by the native soil, a portion of the 

native soil in the top left corner of the mesh was removed and replaced with the aggregate 

characteristics described in Section 5.3.2.  The trench parameters established by the parametric 

study are described in section 5.4.1.  It is important to note that by using symmetry, the 

compacted aggregate trenches modelled in FLAC are only half of the total trench width.  By 

modelling only half the trench and footing width, accurate values of pressure can be obtained 
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while reducing the necessary number of calculations (and thus time required for each model) by 

50%.  An example of trench placed within a native soil profile is presented in Figure 5-7 below.  

  

 

Figure 5-7: 6 meter long, 1.5 meter wide aggregate trench modeled in FLAC 
 

Figure 5-7 illustrates the example of a 6 meter long trench measuring 1.5 meters in width 

shown in green with no footing embedment.  This soil profile is specified as Trial Number 16 in 
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Appendix Table B-2.  All other model trials were modeled in a similar fashion, and cases which 

required footing embedment were modeled as shown in Figure 5-8.  Figure 5-8 shows the same 

case as in Figure 5-7, but with an embedment depth of 3 meters.  This model corresponds to Trial 

Number 18 in Appendix Table B-2.  To accommodate the change in shear mechanism within the 

soil in this scenario, additional boundary restraints were applied to the vertical plane that is 

coincident of the edge of the footing area.  The restriction of horizontal movements is depicted 

by an “X” at each element node, and assumes that the soil would be constrained by the concrete 

footing. 
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Figure 5-8: 6 meter long, 1.5 meter wide aggregate trench with embedment modeled in FLAC 
  

 The loading associated with the continuous strip footing was modeled by applying 

a constant velocity that would act in specified increments (time steps) until reaching a chosen 

displacement.  In this study the applied velocity was one-one thousandth of a millimeter per 

second and was applied for 2,000,000 seconds to achieve an ultimate displacement of two 

meters.  The rate of displacement (applied velocity) was chosen to be a value slow enough so as 
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to allow for the calculations described in Sections 5.1 and 5.2 to be conducted without significant 

“noise”.  The reduction in “noise” is represented by less transient unbalanced force convergence 

and thus a smoother acquisition of footing displacements is obtained.  The corresponding value 

of displacement was chosen as a threshold at which it was expected for all improved soil 

scenarios to be failed in a “collapse” failure (as opposed to some arbitrary displacement 

criterion).  In several trials for those cases where the undrained strength of the native soil equal 

to 80 kPa, 3 meters (3,000,000 seconds) was required to reach the bearing capacity of the soil 

profile.  The FLAC representation of an applied velocity is shown in Figure 5-9 below.  Note that 

for this figure, the screen has been zoomed in on the trench to make the applied velocity more 

visible to the reader.  Figure 5-9 shows that the applied nodal velocity of one-one thousandth of a 

millimeter is indicated with the “Y” symbols in the upper left section of the mesh.  The numbers 

under each “Y” ranging from 1 to 22 correspond to the nodes at which displacement and pressure 

are being recorded.  The output files from the data collected at the nodes numbered 1 through 22 

in the previous figures were then later used to create plots of bearing pressure versus 

displacement and contact pressure distribution underneath the footings.  After the analysis of 

trenches such as those depicted in Figure 5-7, Figure 5-8, and Figure 5-9, an additional improved 

ground scenario was determined to be of interest.  Because of the high concentrations of stress at 

the edges of a footing, analyses where an aggregate trench was placed at each of the footing edge 

locations could indicate a more effective improvement strategy.  Figure 5-10 below illustrates in 

FLAC the arrangement of trenches, again using symmetry to simplify the model, at opposing 

edges of the strip footing. 
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Figure 5-9: 3 meter long, 1.5 meter wide centered aggregate trench modeled in FLAC 
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Figure 5-10: 3 meter long, 1.5 meter wide split edge aggregate trench modelled in FLAC 
 

 

5.4.1 Parametric Study 

In order to create a sufficient basis for comparison, many trials are necessary in a 

parametric study.  A critical task comprises the determination of what dimensions (parameters) 
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of the trench are most important for improving the soil.  Normalized geometrical relationships of 

footing width (BF), footing depth (dF), trench width (WT), and trench length (LT) were selected 

to create an adequate basis for drawing conclusions of parametric sensitivity.  Table 5-1 below 

shows the geometrical relationships that were selected to guide the parametric study.       

Table 5-1: Factors proposed for variation in the parametric study 

 

 When considering the parametric study tabulated above, it can be observed that there are 

480 different combinations of trench scenarios in addition to the previous 15 control cases.  

Considering the extent of such a study, refinement in the number of trials was pursued to limit 

the number of trials to those that would be most beneficial for drawing relevant conclusions.  

The process for which was iterative and involved the running of multiple trials before finalizing 

the final quantity necessary for drawing relevant conclusions.  Ultimately the trials that were 

selected totaled 107, and the combinations of parameters for each are presented within the tables 

of Appendix B.  It was also established that the native clay soil of 40 kPa undrained strength 

would be considered the “base case”.  More parametric studies were conducted with models with 

40 kPa undrained shear strength than with others in order to investigate the full range in possible 

parametric trends.   
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5.4.2 Output and Data Analysis 

The output files provided by FLAC for each trench analysis include two separate *.fis 

files. The first is titled “bp_disp.fis” and contains the displacement from each velocity increment 

and the average soil pressure beneath the footing at each increment.  The second file is titled 

“contact.fis” and includes the pressure at each of the nodes numbered 1 through 22 in Figure 5-9 

at each velocity increment.   

The “bp_disp.fis” files were analyzed entirely in Microsoft Excel to create plots of 

bearing pressure versus displacement of each trench improved soil profile.  An example plot is 

presented in Figure 5-11.  This scenario depicts the bearing pressure displacement curve for the 

model shown in Figure 5-9.  The black line of this figure illustrates the raw output data, while the 

red line depicts a smoothed version of the data.  The smoothed values at each increment were 

calculated using a running geometric mean.  Smoothing the data in this way was necessary to 

eliminate “noise” in many of the plots representing soil pressure development.    
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Figure 5-11: Bearing pressure vs displacement curve of centered 3m long, 1.5m wide trench 
improved 40kPa clay soil profile 

 

Figures such as Figure 5-11 were generated for each of the modeled soil profiles in 

FLAC; all model bearing pressure displacement curves are presented in Appendix C.  The 

mobilization of bearing pressure with footing displacement provides an understanding of the 

evolution of stresses in a soil profile with a specific trench improvement. 

The second type of plot that was created for all scenarios within the “base case” of 40 

kPa undrained shear strength for the native clay was footing contact pressure distribution at 

specified displacements.  Since the “contact.fis” output files contained over 40,000 data points, a 

MATLAB script was used to quickly extract the necessary data points.  The script employed for 
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this purpose is presented in Appendix D.  The data points extracted were the pressure values 

beneath the footing at 100, 500, and 1,500 millimeters of displacement.  Figures with this 

extracted data were then created in Excel, and an example of which being Figure 5-12 below.  

The figure below depicts an example contact pressure distribution figure from the same FLAC 

trial illustrated in Figure 5-11.  The pressure distribution of this figure is common of all the cases 

analyzed in which the trench was centered under the continuous strip footing. 

 

Figure 5-12: Contact pressure distribution of centered 3m Long, 1.5m wide trench beneath 
footing in 40kPa clay soil profile 

 

The other relevant case analyzed in FLAC entails a soil profile improved with trenches 

placed at the opposing edges of the continuous strip footing.  The contact pressure distribution 

for this type of soil improvement takes a much different form, an example of which can be seen 

in Figure 5-13 below.  In this figure, the area replacement ratio of the compacted aggregate 

trench relative to the footing area is the same as that of Figure 5-12.  The pressure distribution 
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however is much different because there are two separate trenches of 0.75 meters wide along 

each side of the strip footing as opposed to one 1.5 meter wide trench down the center of the strip 

footing.  Contact pressure distribution figures for all cases of 40 kPa undrained shear strength 

native clay can be viewed in Appendix E. 

 

Figure 5-13: Contact pressure distribution of two trenches 3m long, 0.75m wide beneath each 
edge of footing in 40kPa clay soil profile 

 

The significance of output data from all FLAC trials is discussed in greater detail in 

Chapter 6.  Specifically, the values of bearing capacity for each trial are compared to determine 

the trench parameters that have the greatest impact on the improved bearing pressure 

performance.   
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5.5 Summary 

Numerical models were employed to develop simulated data to determine the efficacy of 

aggregate trench improved clay ground to increase the bearing capacity of a continuous strip 

footing.  The software utilized to conduct these models was FLAC 7.0, from which output data 

was received and analyzed with MATLAB and Microsoft Excel.  The clay soil was modeled 

using an elastic-perfectly plastic behavior, while the compacted aggregate trenches were 

modelled with cap-yield soil hardening behavior.   

Output data received from FLAC was used to create plots of bearing pressure versus 

displacement of the continuous strip footing, and the contact pressure distribution beneath the 

footing at specified settlements.  With these plots, bearing pressures at failure from each soil 

profile can be compared to the control scenarios discussed in Chapter 4.  The distribution of 

contact pressures can also be considered in determining the most preferable trench ground 

improvement configurations.  The profiles analyzed in FLAC provide a sufficient amount of data 

to determine the most significant trench parameters for improving the bearing capacity of a clay 

soil. 
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6.0 Results of the Parametric Study 

The parametric study conducted with numerical models provides a large set of simulated 

data.  Analysis of the derived data is required to better quantify the impact of each parameter 

investigated on the improvement of a clayey soil.  The following sections of this chapter presents 

the results of the study in concise figures that depict the impact of various aggregate trench 

design parameters that were adjusted throughout the study.  Both bearing capacity improvements 

and changes in contact pressure distribution beneath the footing as a result of a compacted 

aggregate trench are considered. 

      

6.1 Bearing Capacity versus Footing Displacement 

6.1.1 Comparison to Control Scenarios 

Bearing pressure versus displacement of the analyzed soil was the first relationship 

observed for each FLAC model.  Figure 6-1 depicts this relationship for the unimproved cases of 

20 kPa, 40 kPa, and 80 kPa.  In the figure below, a higher bearing capacity is observed with 

increased undrained shear strength of the native clay.  Clearly defined points of soil yielding are 

shown to be more apparent with an increase in shear strength as well.  The bearing capacity 

demonstrated by these models match that of the calculated bearing capacities in Chapter 4 for 

every case.  Figure 6-2 depicts the case of a 3 meter wide strip footing above native clay with 

varying undrained shear strength.  The bearing capacity of the soil in the cases of 20 kPa, 40 kPa, 

and 80 kPa undrained shear strength were found to be 107 kPa, 214 kPa, and 428 kPa 

respectively.  It is observed that increasing the undrained shear strength of the clay by 100% 

results in a 100% increase in bearing capacity of the soil.         
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Figure 6-1: Bearing pressure versus displacement with no embedment (unimproved native clay) 
 

Figure 6-2 below depicts the bearing pressure versus displacement curve for a 3 meter 

long, 1.5 meter wide compacted aggregate trench beneath the center of a 3 meter wide footing in 

20 kPa, 40 kPa, and 80 kPa clay.  In these cases, the soil reaches an ultimate pressure of 138 kPa, 

273 kPa, and 547 kPa respectively.  All simulations represent a greater capacity when compared 

to the unimproved cases in Figure 6-1.  The bearing capacity of each profile was also realized at 

a greater displacement in each simulation.  Each improved soil profile represented in Figure 6-2 

demonstrate a 28% increase in bearing capacity when compared to the unimproved cases 

depicted in Figure 6-1.  It is thus observed that the percentage increase in bearing capacity with a 
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given compacted aggregate trench is constant regardless of the undrained shear strength of the 

native clay.            

 

Figure 6-2: Bearing pressure versus displacement (3 meter long, 1.5 meter wide trench centered 
beneath footing in 20 kPa, 40 kPa, and 80 kPa clay with no embedment) 

 

Figure 6-3 below illustrates the impact of increasing different parameters of the 

compacted aggregate trench.  In the models represented by this bearing pressure versus 

displacement cure, the “base case” of 40 kPa native clay is further investigated.  The 3 meter 

long, 1.5 meter wide trench has been adjusted in three different ways to compare the percentage 

of improvement to bearing capacity relative to the unimproved clay simulation.  In these models, 

the trench investigated in Figure 6-2 has been adjusted by decreasing the width from 1.5 meters 
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to 0.6 meters (a 60% reduction in aggregate), increasing the length from 3 meters to 4.5 meters (a 

50% increase in aggregate), and by splitting lengthwise to place to trenches of half width beneath 

each edge of the footing as opposed to one beneath the center of the footing.  In the simulation 

where trench width has been reduced, the bearing capacity of the soil is 248 kPa, which 

corresponds to a 12% loss of bearing capacity improvement relative to the unimproved 40 kPa 

clay when compared to the 1.5 meter long trench shown in Figure 6-2.  The increase in trench 

length improved the bearing capacity of the soil to 321 kPa, which corresponds to a 22% gain in 

bearing capacity improvement relative to the unimproved 40 kPa clay when compared to the 3 

meter long trench.  This trend suggests that compacted aggregate trench length has a greater 

impact on bearing capacity improvement compared to trench width.  The final bearing pressure 

versus displacement curve represents a simulation with the same quantity of aggregate as the 3 

meter long, 1.5 meter wide trench shown in Figure 6-2.  In this case however, there are two 

trenches beneath the edges of the footing measuring 3 meters long and 0.75 meters wide.  The 

resulting bearing capacity of this improved soil is 330 kPa, which corresponds to a 26% gain in 

bearing capacity improvement relative to the unimproved 40 kPa clay when compared to the 3 

meter long, 1.5 meter wide trench centered beneath the center of the footing.  The total bearing 

capacity improvement relative to the unimproved case is 54% in this simulation, which 

represents the greatest soil improvement of the four aggregate improved soil profiles shown in 

Figure 6-3.  This finding indicates that placing two trenches of half the width beneath the edges 

of a footing is more efficient than a single trench beneath the center of a footing.      
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Figure 6-3: Bearing pressure versus displacement (40 kPa clay improved with four different 
trench compacted aggregate trench configurations) 

 

One of the first trends observed across all unimproved soil trials was the relationship of 

maximum bearing pressure and depth of embedment for the footing.  Figure 6-4 below 

demonstrates that this relationship is nearly linear.  In this figure, the variation of bearing 

capacity with depth of footing embedment is plotted for the three varied undrained shear 

strengths that composed the unimproved control cases of the study.  The observation of the linear 

approximation for bearing capacity of a trench improved soil relative to footing embedment 

depth was one factor that led to a reduction in trials during the study.  With a proven near-linear 

relationship, the necessary trials for a given trench arrangement could be reduced to the 
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minimum and maximum embedment depths of concern.  Intermediate depths could then be 

simulated solely for verification of the linear trend.  Figure 6-4 demonstrates a high coefficient of 

determination (R2) for the linear approximation of maximum bearing pressure versus depth of 

footing embedment.  With this information, it was determined that the maximum and minimum 

footing embedment depths were of highest importance to the study.   

 

Figure 6-4: Ultimate bearing pressure versus depth of footing embedment (no soil improvement) 
 

With an established near linear relationship of footing embedment for the unimproved 

soil cases, a similar relationship was expected for the aggregate trench improved simulations.  

Figure 6-5 depicts four different aggregate trench improved cases in which trenches have been 

centered beneath the strip footing within a 40 kPa undrained shear strength native clay.  It is 

observed that the relationship of bearing capacity to depth of footing embedment remains linear 
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for a specific aggregate trench case, but the trend of this relationship is very different for each 

type of compacted aggregate trench improved case shown.     

 

 

Figure 6-5: Ultimate bearing pressure versus depth of footing embedment (40 kPa native clay 
and single trench centered beneath footing) 

 

The linear relationship of bearing capacity versus footing embedment was also 

investigated for the case of two compacted aggregate trenches beneath the two side lengths of a 

continuous strip footing.  Figure 6-6 below illustrates aggregate trench improved soil cases with 

two trenches beneath each side of a continuous strip footing in a native soil of 40 kPa undrained 

shear strength clay.  Figure 6-6 further supports the claim that the trend of the linear relationship 

of bearing capacity and footing embedment depth is variable depending on the parameters of the 

compacted aggregate trench improving the clay soil.   
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Figure 6-6: Ultimate bearing pressure versus depth of footing embedment (40 kPa native clay 
and two trenches along sides beneath footing) 

 

Another compacted aggregate trench parameter expected to have a great impact on 

bearing capacity was the area replacement ratio.  This ratio is defined as the percent plan surface 

area of trench of the total footprint area of the footing.  Figure 6-7 below demonstrates how 

increasing the area replacement ratio of a trench with constant length increases the maximum 

bearing capacity of the footing.  It can also be observed that the rate of improvement by 

increasing this ratio (demonstrated by the fitted slope coefficient in each equation) is greater for 

high values of initial area replacement ratio.  This finding suggests that increasing the area 

replacement ratio of a compacted aggregate trench from 80% to 90% is more significant than 

increasing the area replacement ratio from 10% to 20%.  Therefore, the effect on bearing 

capacity by increasing the area replacement ratio is non-linear and shows increasing returns.  
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Since the width of a trench is directly related to the area replacement ratio, this finding suggests 

that the compacted aggregate trench width has a great impact on bearing capacity.  Figure 6-7 

however, also takes in to account the length of trench, which is different for each set of 

increasing footing area replacement ratio.  Parameters of trench length and width thus need to be 

independently isolated to determine which has the greatest impact on bearing capacity of a 

compacted aggregate trench improved clay soil.       

 

Figure 6-7: Effect of area replacement ratio on ultimate bearing pressure with no embedment 
depth (40 kPa native clay and single trench centered beneath footing) 

 

The comparison of maximum bearing pressure versus footing area replacement ratio is 

compared in Figure 6-8 for the case of two trenches along both sides beneath a continuous strip 

footing.  In this case 3 m and 6 m long trenches have been considered.  The increasing in the rate 

of ultimate bearing pressure increases by a greater magnitude as compared to the simulations 

presented in Figure 6-7.  It can also be observed from this figure that the configuration of two 

compacted aggregate trenches beneath the two sides of a strip footing will provide a greater 
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increase to bearing capacity of a clay soil when compared to a single trench beneath the middle 

of the footing with the same area replacement ratio.   

 

Figure 6-8: Effect of area replacement ratio on ultimate bearing pressure with no embedment 
depth (40 kPa native clay and two trenches along sides beneath footing) 

 

Table 6-1 below demonstrates that the use of two separate trenches beneath the footing 

edges resulting in a greater impact to bearing capacity of the native soil when compared to a 

centered single trench with the same area replacement ratio.  The example cases used to make 

this comparison consist of cases with 3 meter long trenches beneath a strip footing with an area 

replacement ratio of 50%.  The use of two trenches of half the width, but placed at the edges of 

the footing, provides nearly double the increase in soil resistance than the single trench 

alternative.    
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Table 6-1: Comparison of ultimate bearing pressure of trench improved soil to native 
unimproved soil (3m long trenches in 40kPa clay) 

 

  These results have demonstrated that the placement of a compacted aggregate trench 

within a clay soil will improve ultimate bearing pressure.  More interpretation of the trials 

however, is necessary to understand the parameters most impactful to the improvement of a 

native clay soil.  Section 6.1.2 includes figures depicting the impact of these parameters on 

bearing capacity to better determine the efficacy of aggregate trench-reinforced clay ground 

improvement.  

 

6.1.2 Factors Affecting the Bearing Capacity of Improved Soil 

Compacted aggregate trench width is the first parameter isolated to compare the bearing 

capacity improvement to a native clay soil.  This has been done for all native clay soil cases of 

20 kPa, 40 kPa, and 80 kPa undrained shear strength.  Figure 6-9 below depicts the case of a 20 

kPa undrained shear strength clay in which both 3 meter and 6 meter long compacted aggregate 

trenches centered beneath the continuous strip footing are considered.  The figure below 

demonstrates that a longer footing results in a more significant increase in bearing capacity with 

increasing compacted aggregate trench width.  Furthermore, it can be observed that the 



 

 
Page 56 of 77 

 

percentage increase in bearing capacity with a 6 meter long trench is over double that of a 3 

meter long trench at all equal trench widths.   

 

Figure 6-9: Ultimate bearing pressure versus trench width with no embedment depth (20 kPa 
native clay and single trench centered beneath footing) 

 

The difference in bearing capacity increase compared to the unimproved 20 kPa clay soil 

case reveals that doubling the length, and therefore overall trench volume, more than doubles the 

resistance increase with all considered widths.  Figure 6-10 below illustrates the same 

relationship of maximum bearing pressure versus trench width in the case of 40 kPa undrained 

shear strength native clay.  The increase in native clay undrained shear strength results in overall 

higher ultimate bearing pressures as was expected.  Additionally, the rate of bearing capacity 

increase with increasing trench width is higher when compared to that of a weaker clay soil.  The 

same general trend of increased bearing capacity compared to the unimproved soil case with 
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increasing aggregate length is also observed.  In this figure the increase in bearing capacity of a 3 

meter long aggregate trench improved 40 kPa clay soil to a 4.5 meter long aggregate trench (50% 

increase in length) results in a bearing capacity improvement of 28% to 50% respectively 

compared to the unimproved case (a 79% increase in improvement).          

 

Figure 6-10: Ultimate bearing pressure versus trench width with no embedment depth (40 kPa 
native clay and single trench centered beneath footing) 

 

The cases of maximum bearing capacity versus trench width in an 80 kPa undrained 

shear strength native clay are show in Figure 6-11 below.  Again, a more rapid increase in 

maximum bearing pressure compared to the unimproved 80 kPa clay is the result of a higher 

undrained shear strength of the native clay as supported by Figure 6-11.  The improvement 

percentages still follow the same trends as before, however it is observed that increasing the 
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strength of the native clay alone did not result in a greater percentage capacity improvement.  

These percentage values shown on the minor ordinate (right side of the figure) are nearly the 

same as those for the 3 and 6 meter long trenches in a 20 kPa undrained shear strength clay.        

 

Figure 6-11: Ultimate bearing pressure versus trench width with no embedment depth (80 kPa 
native clay and single trench centered beneath footing) 

 

Figure 6-12 below depicts data from the investigation of effect of increased bearing capacity of a 

clayey soil improved with two compacted aggregate trenches as a function of trench width.  In 

this case the two trenches would be installed below the sides of the strip footing.  Placing two 

trenches of half the original single trench width along both side lengths beneath the footing 

results in a higher bearing capacity as compared to the single aggregate trench cases in Figure 

6-10.  This configuration also results in a greater increase in capacity with increasing trench 
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width.  Thus, it can be concluded that the effect of trench width on bearing capacity is stronger 

for the case of two trenches.   

 

Figure 6-12: Ultimate bearing pressure versus trench width with no embedment depth (40 kPa 
native clay and two trenches along sides beneath footing) 

 

To continue the investigation of which compacted aggregate trench parameter has a 

greater impact on improvement to soil bearing capacity, the trench length was isolated.  This was 

done for the following four figures that compare maximum bearing pressure versus trench 

length.  Figure 6-13 below depicts data from the trials modeled in a 20 kPa native clay soil.  In 

the figure below it can be observed that increasing the length of the aggregate trench will have a 

strong impact on the bearing capacity of an improved soil profiled.  In the case of a 1.5 meter 

wide trench, doubling the length from 3 to 6 meters increases the percentage resistance increase 

from 29% to 67% relative to the unimproved 20 kPa clayey soil.  Therefore, doubling the size of 
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the trench in length results in over twice the resistance increase percentage with respect to an 

unimproved clay soil profile.  This is likely because the increase in length for these cases has 

transitioned the failure mechanism of the soil to one that more fully mobilizes the strength of the 

compacted aggregate.  The finding related to compacted aggregate trench length reveals a more 

significant impact to bearing capacity of the soil when compared to increasing the trench width 

in the 20 kPa native clay cases.      

 

Figure 6-13: Ultimate bearing pressure versus trench length with no embedment depth (20 kPa 
native clay and single trench centered beneath footing) 

 

Figure 6-14 below depicts the impact of increasing compacted aggregate trench length 

within a 40 kPa undrained shear strength native clay.  In this 40 kPa clayey soil condition more 

compacted aggregate trench widths were modeled.  In Figure 6-14 it can be observed that the 

rate of bearing capacity increase with respect to increasing trench length remains relatively 

constant across all trench widths.  Consistent coefficients of the first term in each line equation 

verify this observation.  It should also be noted that again, the percentage of resistance increase 
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compared to control scenarios increases at a faster rate with trench length as compared to trench 

width.    

 

Figure 6-14: Ultimate bearing pressure versus trench length with no embedment depth (40 kPa 
native clay and single trench centered beneath footing) 

 

Figure 6-15 below compares the results of increasing compacted aggregate trench length 

within a native clay of 80 kPa undrained shear strength.  Figure 6-15 shows that the general 

trends of increasing bearing capacity with increasing length and undrained shear strength are 

maintained.  The percentage resistance increase in bearing pressure from the control case of an 

unimproved 80 kPa clayey soil however, is almost the same compared to the 20 kPa undrained 
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shear strength native clay in which compacted aggregate trenches of the exact same dimensions 

were modeled.         

 

 

Figure 6-15: Ultimate bearing pressure versus trench length with no embedment depth (80 kPa 
native clay and single trench centered beneath footing) 

 

Overall, in the case of a single compacted aggregate trench beneath the center of a strip 

footing, increasing trench length with have the greatest impact on soil improvement relative to a 

native clay soil bearing capacity.  This relationship is particularly true in the case of wide 

trenches as increasing length will thus add more compacted aggregate to the soil profile per unit 

length.  The relationship does not appear to be impacted significantly by the undrained shear 

strength of the native clay.  Figure 6-16 was created to draw conclusions on this hypothesis in the 

case of two compacted aggregate trenches along both sides beneath a strip footing.  Figure 6-16 

should be been compared to Figure 6-12 to determine if trench length or width has a greater 

impact on soil improvement.  Figure 6-16 demonstrates that increasing the length of two 
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compacted aggregate trenches beneath a strip footing has an approximately same effect when 

compared to a single aggregate trench beneath the center of the footing with double the width.  

Doubling the length of these trenches does not result in as great of a percentage resistance 

increase as the single trench cases, but it is greater than the increase as a result of doubling the 

width as observed previously in Figure 6-12.  While this double trench configuration is a more 

efficient use of aggregate, it may be more costly to construct, which could detract from the soil 

improvement in overall design economics.      

 

Figure 6-16: Ultimate bearing pressure versus trench length with no embedment depth (40 kPa 
native clay and two trenches along sides beneath footing) 

 

The trends in increasing bearing capacity shown in the previous four figures indicates 

that increasing compacted aggregate trench length has a large impact on soil improvement.  The 

impact from increasing trench length is in fact greater then increasing trench width in all 

configurations and native clay soil conditions within the study.  Table 6-2 further illustrates the 

impact of ultimate bearing pressure improvement through adjustment of trench parameters.  In 
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this table, the efficiency of a compacted aggregate trench is explored by calculating the soil 

resistance increase, compared to unimproved soil cases, and relative to the total amount of 

aggregate used to reinforce the soil per unit length.  Table 6-2 demonstrates that the most 

efficient compacted aggregate trench configuration the use of two short and narrow trenches.  

These improvement in bearing capacity is superior to increases in bearing capacity when 

compared to a single compacted aggregate trench.  Furthermore, it can be observed that in all 

cases, increasing the width of the trench reduces the efficiency of the trench, while increasing the 

length increases efficiency in the single trench case.  It should also be noted that there are 

diminishing returns on soil improvement as the footing is set deeper into the native soil.  In these 

cases, the improvement in capacity from embedment of the footing has a greater effect than 

improvement from the use of a compacted aggregate trench. 

Table 6-2: Resistance increase compared to unimproved 40 kPa clay per unit volume of trench 
improved soil profiles in 40 kPa clay 
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6.2 Contact Pressure Distribution beneath Footing 

6.2.1 Comparison to Control Scenarios 

The use of a numerical code such as FLAC 7.0 allows the observation of the simulated 

contact pressure distribution of the footing on the soil during all steps of displacement in the soil 

profile.  Figure 6-17 presents an example of such a contact pressure distribution, in which the 

pressure directly beneath the continuous strip footing has been plotted at 100, 500, and 1,500 

millimeters of footing displacement into a soil profile.  In this case the 3 m wide strip footing has 

been compressed into an un-reinforced clay soil profile with an undrained shear strength of 40 

kPa and no footing embedment depth.  Figure 6-17 typifies the unimproved footing case.  

Contact pressure beneath the footing in this case is initially greatest along the edges of the 

footing.  Upon displacement to soil failure however (500 mm and 1,500 mm displacements on 

the figure below), the distribution of pressure becomes more consistent beneath the footing.  

Contact pressure quickly increases to maximum within 25 centimeters from the center line of the 

footing and remains relatively constant from this location to the edge of the footing.  Judging 

from the shape of the contact pressure distribution in Figure 6-17, the soil would have failed first 

along the edge of the footing where contact pressures are greatest at low displacements.       
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Figure 6-17: Contact pressure distribution of 3 m wide strip footing with no embedment over 40 
kPa native clay (bearing capacity equals 214 kPa) 

  

Figure 6-18 below represents the same 3 meter wide strip footing resting on the same 40 

kPa native clay.  In this scenario however, the footing has been placed into the soil with a 3 

meter depth of embedment, which in all cases increased the bearing capacity of the soil profile.  

In the figure below, a similar distribution of pressure at 100 millimeters of displacement is 

observed as was in Figure 6-17.  The 3 meter embedment depth providing a higher maximum 

bearing pressure results in a less uniform distribution of pressure beneath the footing at greater 

displacements.  It can be observed that the soil again failed at the edges of the footing, however 

pressure beneath the footing from the center to outside edges appeared more linear compared to a 

relatively constant distribution in the case of no footing embedment.     
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Figure 6-18: Contact pressure distribution of 3m wide strip footing with 3m embedment depth 
over 40 kPa native clay (bearing capacity equals 300 kPa) 

 

The following section explores how different compacted aggregate trench configurations 

alter the contact pressure distribution beneath the footing.  

   

6.2.2 Impact of Trench Dimensions on Contact Pressure Distribution 

The pressure distribution beneath a footing has been plotted in the following figures to 

better understand how a compacted aggregate trench increases the overall bearing capacity of a 

clay soil profile.  The distribution of pressure beneath a continuous strip footing show little 

difference when considering the variation in the undrained shear strength of the native clay.  

Thus, only 40 kPa undrained shear strength native soil cases have been considered for the 

purpose of investigating a compacted aggregate trench impact on contact pressure distribution.   
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Figure 6-19 below demonstrates a case in which the native clay has been improved with a 

single compacted aggregate trench beneath the center of a continuous strip footing.  Most all of 

the cases with a single trench have taken this form relative to the width of the compacted 

aggregate trench.  The figure below shows that the maximum contact pressure manifests at the 

far edges of the trench, 0.75 meters from the center of the footing in this case.  Figure 6-19 

demonstrates how a compacted aggregate trench beneath the center of the footing redistributes 

the contact pressure when compared to the non-improved soil case in Figure 6-17.  The soil 

experiences failure at a higher pressure and that pressure occurs at the interface between the 

compacted aggregate trench and the native clay soil.  There is then a sharp reduction of pressure 

in the native clay beyond the aggregate trench because of the lower capacity in this type of soil 

compared to the stone within the trench.      

 

Figure 6-19: Contact pressure distribution of 3m long, 1.5m wide compacted aggregate trench 
(40 kPa native clay and single trench centered beneath footing) 
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The contact pressure beneath the continuous strip footing is distributed completely 

differently in the case of two compacted aggregate trenches under each end of the footing.  

Figure 6-20 below illustrates how the contact pressures reach a maximum at the far ends of the 

footing when the aggregate trenches are in this location.  The area replacement ratio of 

compacted aggregate in Figure 6-20 is the same as the configuration in Figure 6-19.  This is 

achieved by having two trenches of half the width and equal length as the one modeled for 

Figure 6-19.  In Figure 6-20 the contact pressures on the footing-native clay interface are 

relatively constant and low in magnitude.   The maximum contact pressures are reached at the 

extreme edges of the footing as was observed in the non-improved clay soil trials, but this time 

with a much higher pressure gradient.     

 

Figure 6-20: Contact pressure distribution of 3m long, 1.5m wide compacted aggregate trench 
(40 kPa native clay and two trenches along sides beneath footing) 
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It was previously shown that placing compacted aggregate trenches at the edges of the 

footing was more effective at increasing bearing capacity of the soil profile.  This is because the 

weaker clay material is being replaced in the regions beneath the footing most prone to high 

pressure with a more competent soil, compacted stone.  The pressure distributions of Figure 6-19 

and Figure 6-20 substantiates the previous observations that less wide aggregate trenches placed 

at the ends of a continuous strip footing provide a more significant increase in bearing capacity 

as compared to a single trench of double the width in the center of the footing.    

 

6.3 Summary of Results 

It can be concluded that a clay soil of any undrained shear strength can be improved with a 

compacted aggregate trench by the comparison of the results of the numerical simulations.  The 

percentage increase in bearing capacity relative to the native clay soil with a compacted 

aggregate trench reduces with increasing depth of footing embedment.  Furthermore it was 

shown that increasing the length of a compacted aggregate trench compared to width is a more 

efficient way of enhancing the improvement of the soil relative to the unimproved native clay.  

Increasing the width of the trench requires a greater volume of additional aggregate in order to 

produce the same percentage increase in bearing capacity.  Another finding of the study 

demonstrated that two separate trenches, each along the edges of a continuous strip footing, more 

significantly increases the bearing capacity of the soil compared to the single trench case of 

equal area replacement ratio.  Higher bearing pressures for an improved soil profile can be 

achieved with the same trench length and area replacement ratio of compacted aggregate to 

native soil by separating the improvement into two trenches at each end of the footing.  This 
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method of soil improvement may however be more costly to construct since it consists of two 

separate excavations.  More information would be required to determine if the enhanced soil 

improvement realized by two separate compacted aggregate trenches would be more economical 

when compared to a single aggregate trench.                
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7.0 Summary, Conclusions, and Suggestions for Further Study 

The following sections of this chapter highlight the steps taken for research into the 

efficacy of aggregate trench-reinforced clay ground improvement to increase bearing capacity of 

continuous strip foundations.  Additionally, the key findings of the research are discussed and 

suggestions for further study are provided. 

   

7.1 Summary of Research Performed 

The study to investigate compacted aggregate trenches began with a review of the 

literature available regarding related topics.  Chapter 2 presented a brief survey of some current 

computational models used to evaluate the bearing capacity of a soil profile as well as aggregate 

pier improvements for a weak native soil.  After consulting the literature, the research objectives 

were established to investigate the potential of improving a clay soil with compacted aggregate 

trenches, rather than the typical aggregate piers.  This goal was driven by the types of 

construction equipment that are most commonly available.  The excavators that would construct 

the proposed compacted aggregate trenches are considered preferable to the drilling machines 

necessary for rammed aggregate piers because they are more common and widely available.  

While considering the constraints for construction, a parametric study was devised to encompass 

a wide range of compacted aggregate trenches that could be used to improve a clay soil.     

The first analysis performed were calculations of bearing capacity for unimproved native 

clay of 20, 40, and 80 kPa undrained shear strength at various footing depths of embedment.  The 

calculated values were then verified with numerical models generated in FLAC 7.0.  Next, the 

parametric study of various aggregate trench-improved soil cases was conducted with numerical 
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models in FLAC 7.0.  The compacted aggregate trench models addressed a variety of trench 

dimensions, area replacement ratios beneath the footing, and two different trench configurations.  

Output data from all of these models was used to generate bearing pressure versus displacement 

figures (Appendix C) as well as contact pressure distribution figures for all cases in 40 kPa 

undrained shear strength clay (Appendix E).  Results were presented regarding the soil 

improvement generated by introducing compacted aggregate trenches to the native clay.                

 

7.2 Conclusions 

Numerical models of unimproved clay soil profiles demonstrated that a near-linear 

relationship exists between soil bearing capacity and depth of embedment of the footing.  This 

relationship however, was altered by the introduction of a compacted aggregate trench.  In an 

aggregate trench improved soil profile, the percentage increase in bearing capacity is reduced as 

the footing is embedded deeper into the soil.  The relationship of area replacement ratio of the 

compacted aggregate trench relative to the native soil beneath a footing was also found to be 

non-linear.  As the area replacement ratio is increased, diminishing returns are observed for the 

increase in bearing capacity relative to an unimproved clay soil profile.   

The simulations performed in FLAC reveal that the most significant compacted aggregate 

trench design parameter for single trenches is length.  Increasing the length of a compacted 

aggregate trench will result in a greater improvement to the soil bearing capacity then increasing 

width.  The most significant overall design factor, however, was found to be the configuration of 

trenches beneath the footing.  By using the same volume of aggregate, two trenches of half the 

width can be installed along the edges of a strip footing.  This will provide a significantly larger 
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improvement to bearing capacity compared to a single trench.  Thus, the most effective way 

within the bounds of this study to improve a clay soil is with two long and relatively narrow 

compacted aggregate trenches beneath the two edges of a continuous strip footing.  While this 

method provides the greatest improvement to a clay soil, it may not however be the most 

economical to construct.         

 

7.3 Suggestions for Further Study 

Since the cases with two compacted aggregate trenches provided the greatest 

improvement to a clay soil profile, it is suggested to further investigate this configuration.  A 

recommended first step would be to evaluate soil improved with two trenches of equal 

parameters at different locations beneath the footing.  Placing the trenches closer and further 

apart from the edges of the footing would be necessary to pin down the exact configuration that 

provides the highest increase to the native clay bearing capacity.  Once the optimal trench 

placement was determined, a new parametric study with a larger range of trench lengths and 

widths should be conducted.  This would ideally reveal a strong relationship between compacted 

aggregate trench sizes and bearing capacity of the improved soil profile.  With this additional 

data, it would be recommended to formulate bearing capacity factors that could be applied to 

Equation (4-1) used in Chapter 4 to compute the bearing capacity of the native soil.  

Additionally, it is assumed that at some point there will be convergence in soil improvement with 

increasing trench length.  Finding this length with the use of more numerical models would be 

advantageous to determining when it would be necessary to increase trench width in order to 

further increase bearing capacity.   
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Although further simulations could be performed to provide the basis for proposing new 

bearing capacity factors, it is also suggested that field tests be performed to confirm the 

suitability of such factors.  A variety of the analyzed soil improvement cases could be 

constructed and tested to large displacements to approach the bearing capacity of trench-

improved soil.  This field testing would provide a set of data that could allow definite statements 

regarding the actual improvement gained by the use of compacted aggregate trenches to be 

made.  Experience in constructing these trenches would also provide insight to the costs 

associated with excavating and filling two trenches beneath a footing as opposed to a single 

aggregate trench of double the width.  This experience along with construction estimating 

research could reveal the most economically feasible way to improve the bearing capacity of a 

clay soil.    
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B. Appendix: Table of Parametric Study for Trench Improved Clay Soil 

Table B-1: Control models of parametric study 

 

 

Trial
Trench 
Length

Trench
Width

Footing 
Width

Footing 
Depth

Area 
Replacement

Clay 
Cohesion

LT WT BF dF Ar Su

(m) (m) (m) (m) (%) (kPa)
1 0.0 0.0 3.0 0.0 0% 20.0
2 0.0 0.0 3.0 1.0 0% 20.0
3 0.0 0.0 3.0 1.5 0% 20.0
4 0.0 0.0 3.0 2.0 0% 20.0
5 0.0 0.0 3.0 3.0 0% 20.0
6 0.0 0.0 3.0 0.0 0% 40.0
7 0.0 0.0 3.0 1.0 0% 40.0
8 0.0 0.0 3.0 1.5 0% 40.0
9 0.0 0.0 3.0 2.0 0% 40.0
10 0.0 0.0 3.0 3.0 0% 40.0
11 0.0 0.0 3.0 0.0 0% 80.0
12 0.0 0.0 3.0 1.0 0% 80.0
13 0.0 0.0 3.0 1.5 0% 80.0
14 0.0 0.0 3.0 2.0 0% 80.0
15 0.0 0.0 3.0 3.0 0% 80.0

No Trench Under Footing

#
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Table B-2: Single trench models of parametric study 

 

Trial
Trench 
Length

Trench
Width

Footing 
Width

Footing 
Depth

Area 
Replacement

Clay 
Cohesion

LT WT BF dF Ar Su

(m) (m) (m) (m) (%) (kPa)
16 6.0 1.5 3.0 0.0 50% 20.0
17 6.0 1.5 3.0 1.5 50% 20.0
18 6.0 1.5 3.0 3.0 50% 20.0
19 6.0 0.9 3.0 0.0 30% 20.0
20 6.0 0.9 3.0 1.5 30% 20.0
21 6.0 0.9 3.0 3.0 30% 20.0
22 6.0 0.6 3.0 0.0 20% 20.0
23 6.0 0.6 3.0 1.5 20% 20.0
24 6.0 0.6 3.0 3.0 20% 20.0
25 3.0 1.5 3.0 0.0 50% 20.0
26 3.0 1.5 3.0 1.5 50% 20.0
27 3.0 1.5 3.0 3.0 50% 20.0
28 3.0 0.9 3.0 0.0 30% 20.0
29 3.0 0.9 3.0 1.5 30% 20.0
30 3.0 0.9 3.0 3.0 30% 20.0
31 3.0 0.6 3.0 0.0 20% 20.0
32 3.0 0.6 3.0 1.5 20% 20.0
33 3.0 0.6 3.0 3.0 20% 20.0
34 7.2 0.9 3.0 0.0 30% 40.0
35 7.2 0.9 3.0 3.0 30% 40.0
36 6.8 2.3 3.0 0.0 75% 40.0
37 6.8 2.3 3.0 3.0 75% 40.0
38 6.0 3.0 3.0 0.0 100% 40.0
39 6.0 3.0 3.0 1.0 100% 40.0
40 6.0 3.0 3.0 2.0 100% 40.0
41 6.0 3.0 3.0 3.0 100% 40.0
42 6.0 2.0 3.0 0.0 67% 40.0
43 6.0 2.0 3.0 1.0 67% 40.0
44 6.0 2.0 3.0 2.0 67% 40.0
45 6.0 2.0 3.0 3.0 67% 40.0
46 5.2 2.6 3.0 0.0 87% 40.0
47 5.2 2.6 3.0 1.0 87% 40.0
48 5.2 2.6 3.0 2.0 87% 40.0
49 5.2 2.6 3.0 3.0 87% 40.0
50 4.8 0.6 3.0 0.0 20% 40.0
51 4.8 0.6 3.0 1.0 20% 40.0
52 4.8 0.6 3.0 2.0 20% 40.0
53 4.8 0.6 3.0 3.0 20% 40.0

Single Trench Centered Under Footing

#
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Trial
Trench 
Length

Trench
Width

Footing 
Width

Footing 
Depth

Area 
Replacement

Clay 
Cohesion

LT WT BF dF Ar Su

(m) (m) (m) (m) (%) (kPa)
54 4.51 2.26 3.0 0.0 75% 40.0
55 4.51 2.26 3.0 1.0 75% 40.0
56 4.5 2.3 3.0 2.0 75% 40.0
57 4.5 2.3 3.0 3.0 75% 40.0
58 4.5 1.5 3.0 0.0 50% 40.0
59 4.5 1.5 3.0 3.0 50% 40.0
60 4.5 0.9 3.0 0.0 30% 40.0
61 4.5 0.9 3.0 3.0 30% 40.0
62 4.0 2.0 3.0 0.0 67% 40.0
63 4.0 2.0 3.0 1.0 67% 40.0
64 4.0 2.0 3.0 2.0 67% 40.0
65 4.0 2.0 3.0 3.0 67% 40.0
66 3.0 1.5 3.0 0.0 50% 40.0
67 3.0 1.5 3.0 1.0 50% 40.0
68 3.0 1.5 3.0 2.0 50% 40.0
69 3.0 1.5 3.0 3.0 50% 40.0
70 3.0 0.6 3.0 0.0 20% 40.0
71 3.0 0.6 3.0 3.0 20% 40.0
72 6.0 1.5 3.0 0.0 50% 80.0
73 6.0 1.5 3.0 1.5 50% 80.0
74 6.0 1.5 3.0 3.0 50% 80.0
75 6.0 0.9 3.0 0.0 30% 80.0
76 6.0 0.9 3.0 1.5 30% 80.0
77 6.0 0.9 3.0 3.0 30% 80.0
78 6.0 0.6 3.0 0.0 20% 80.0
79 6.0 0.6 3.0 1.5 20% 80.0
80 6.0 0.6 3.0 3.0 20% 80.0
81 3.0 1.5 3.0 0.0 50% 80.0
82 3.0 1.5 3.0 1.5 50% 80.0
83 3.0 1.5 3.0 3.0 50% 80.0
84 3.0 0.9 3.0 0.0 30% 80.0
85 3.0 0.9 3.0 1.5 30% 80.0
86 3.0 0.9 3.0 3.0 30% 80.0
87 3.0 0.6 3.0 0.0 20% 80.0
88 3.0 0.6 3.0 1.5 20% 80.0
89 3.0 0.6 3.0 3.0 20% 80.0

Single Trench Centered Under Footing

#
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Table B-3: Double trench models of parametric study 

Trial
Trench 
Length

Trench 
Width

Footing 
Width

Footing 
Depth

Area 
Replacement

Clay 
Cohesion

LT WT BF dF Ar Su

(m) (m) (m) (m) (%) (kPa)
90 6.0 0.75 3.0 0.0 50% 40.0
91 6.0 0.75 3.0 1.5 50% 40.0
92 6.0 0.75 3.0 3.0 50% 40.0
93 6.0 0.45 3.0 0.0 30% 40.0
94 6.0 0.45 3.0 1.5 30% 40.0
95 6.0 0.45 3.0 3.0 30% 40.0
96 6.0 0.30 3.0 0.0 20% 40.0
97 6.0 0.30 3.0 1.5 20% 40.0
98 6.0 0.30 3.0 3.0 20% 40.0
99 3.0 0.75 3.0 0.0 50% 40.0

100 3.0 0.75 3.0 1.5 50% 40.0
101 3.0 0.75 3.0 3.0 50% 40.0
102 3.0 0.45 3.0 0.0 30% 40.0
103 3.0 0.45 3.0 1.5 30% 40.0
104 3.0 0.45 3.0 3.0 30% 40.0
105 3.0 0.30 3.0 0.0 20% 40.0
106 3.0 0.30 3.0 1.5 20% 40.0
107 3.0 0.30 3.0 3.0 20% 40.0

Double Trench Each Under Edges of Footing

#
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C. Appendix: Bearing Capacity vs Displacement Figures – All Trench Improved Cases 

 

Figure C-1: Bearing pressure versus displacement (unimproved 20 kPa native clay; no embedment depth) 
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Figure C-2: Bearing pressure versus displacement (unimproved 20 kPa native clay; 1 m embedment depth) 
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Figure C-3: Bearing pressure versus displacement (unimproved 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-4: Bearing pressure versus displacement (unimproved 20 kPa native clay; 2 m embedment depth) 
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Figure C-5: Bearing pressure versus displacement (unimproved 20 kPa native clay; 3 m embedment depth) 
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Figure C-6: Bearing pressure versus displacement (unimproved 40 kPa native clay; no embedment depth) 
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Figure C-7: Bearing pressure versus displacement (unimproved 40 kPa native clay; 1 m embedment depth) 
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Figure C-8: Bearing pressure versus displacement (unimproved 40 kPa native clay; 1.5 m embedment depth) 
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Figure C-9: Bearing pressure versus displacement (unimproved 40 kPa native clay; 2 m embedment depth) 
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Figure C-10: Bearing pressure versus displacement (unimproved 40 kPa native clay; 3 m embedment depth) 
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Figure C-11: Bearing pressure versus displacement (unimproved 80 kPa native clay; no embedment depth) 
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Figure C-12: Bearing pressure versus displacement (unimproved 80 kPa native clay; 1 m embedment depth) 
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Figure C-13: Bearing pressure versus displacement (unimproved 80 kPa native clay; 1.5 m embedment depth) 
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Figure C-14: Bearing pressure versus displacement (unimproved 80 kPa native clay; 2 m embedment depth) 
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Figure C-15: Bearing pressure versus displacement (unimproved 80 kPa native clay; 3 m embedment depth) 
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Figure C-16: Bearing pressure versus displacement (single 6 m long, 1.5 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-17: Bearing pressure versus displacement (single 6 m long, 1.5 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-18: Bearing pressure versus displacement (single 6 m long, 1.5 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-19: Bearing pressure versus displacement (single 6 m long, 0.9 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-20: Bearing pressure versus displacement (single 6 m long, 0.9 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-21: Bearing pressure versus displacement (single 6 m long, 0.9 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-22: Bearing pressure versus displacement (single 6 m long, 0.6 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-23: Bearing pressure versus displacement (single 6 m long, 0.6 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-24: Bearing pressure versus displacement (single 6 m long, 0.6 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-25: Bearing pressure versus displacement (single 3 m long, 1.5 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-26: Bearing pressure versus displacement (single 3 m long, 1.5 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-27: Bearing pressure versus displacement (single 3 m long, 1.5 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-28: Bearing pressure versus displacement (single 3 m long, 0.9 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-29: Bearing pressure versus displacement (single 3 m long, 0.9 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-30: Bearing pressure versus displacement (single 3 m long, 0.9 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-31: Bearing pressure versus displacement (single 3 m long, 0.6 m wide trench in 20 kPa native clay; no embedment depth) 
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Figure C-32: Bearing pressure versus displacement (single 3 m long, 0.6 m wide trench in 20 kPa native clay; 1.5 m embedment depth) 
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Figure C-33: Bearing pressure versus displacement (single 3 m long, 0.6 m wide trench in 20 kPa native clay; 3 m embedment depth) 
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Figure C-34: Bearing pressure versus displacement (single 7.2 m Long, 0.9 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure C-35: Bearing pressure versus displacement (single 7.2 m Long, 0.9 m wide trench in 40 kPa native clay; 3m embedment depth) 
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Figure C-36: Bearing pressure versus displacement (single 6.8 m Long, 2.3 m wide trench in 40 kPa native clay; no embedment depth) 



 

 

Page 127 

 

 

Figure C-37: Bearing pressure versus displacement (single 6.8 m Long, 2.3 m wide trench in 40 kPa native clay; 3m embedment depth) 



 

 

Page 128 

 

 

Figure C-38: Bearing pressure versus displacement (single 6 m Long, 3 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure C-39: Bearing pressure versus displacement (single 6 m Long, 3 m wide trench in 40 kPa clay; 1 m embedment depth) 



 

 

Page 130 

 

 

Figure C-40: Bearing pressure versus displacement (single 6 m Long, 3 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-41: Bearing pressure versus displacement (single 6 m Long, 3 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-42: Bearing pressure versus displacement (single 6 m Long, 2 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-43: Bearing pressure versus displacement (single 6 m Long, 2 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-44: Bearing pressure versus displacement (single 6 m Long, 2 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-45: Bearing pressure versus displacement (single 6 m Long, 2 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-46: Bearing pressure versus displacement (single 5.22 m Long, 2.61 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-47: Bearing pressure versus displacement (single 5.22 m Long, 2.61 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-48: Bearing pressure versus displacement (single 5.22 m Long, 2.61 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-49: Bearing pressure versus displacement (single 5.22 m Long, 2.61 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-50: Bearing pressure versus displacement (single 4.8 m Long, 0.6 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-51: Bearing pressure versus displacement (single 4.8 m Long, 0.6 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-52: Bearing pressure versus displacement (single 4.8 m Long, 0.6 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-53: Bearing pressure versus displacement (single 4.8 m Long, 0.6 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-54: Bearing pressure versus displacement (single 4.51 m Long, 2.26 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-55: Bearing pressure versus displacement (single 4.51 m Long, 2.26 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-56: Bearing pressure versus displacement (single 4.51 m Long, 2.26 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-57: Bearing pressure versus displacement (single 4.51 m Long, 2.26 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-58: Bearing pressure versus displacement (single 4.5 m Long, 1.5 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-59: Bearing pressure versus displacement (single 4.5 m Long, 1.5 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-60: Bearing pressure versus displacement (single 4.5 m Long, .9 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-61: Bearing pressure versus displacement (single 4.5 m Long, .9 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-62: Bearing pressure versus displacement (single 4.5 m Long, 2 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-63: Bearing pressure versus displacement (single 4.5 m Long, 2 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-64: Bearing pressure versus displacement (single 4.5 m Long, 2 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-65: Bearing pressure versus displacement (single 4.5 m Long, 2 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-66: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 40 kPa clay; no embedment depth) 



 

 

Page 157 

 

 

Figure C-67: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 40 kPa clay; 1 m embedment depth) 
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Figure C-68: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 40 kPa clay; 2 m embedment depth) 
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Figure C-69: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-70: Bearing pressure versus displacement (single 3 m Long, 0.6 m wide trench in 40 kPa clay; no embedment depth) 
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Figure C-71: Bearing pressure versus displacement (single 3 m Long, 0.6 m wide trench in 40 kPa clay; 3 m embedment depth) 
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Figure C-72: Bearing pressure versus displacement (single 6 m Long, 1.5 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-73: Bearing pressure versus displacement (single 6 m Long, 1.5 m wide trench in 80 kPa clay; 1.5 m embedment depth) 
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Figure C-74: Bearing pressure versus displacement (single 6 m Long, 1.5 m wide trench in 80 kPa clay; 3 m embedment depth) 



 

 

Page 165 

 

 

Figure C-75: Bearing pressure versus displacement (single 6 m Long, 0.9 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-76: Bearing pressure versus displacement (single 6 m Long, 0.9 m wide trench in 80 kPa clay; 1.5 m embedment depth) 
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Figure C-77: Bearing pressure versus displacement (single 6 m Long, 0.9 m wide trench in 80 kPa clay; 3 m embedment depth) 
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Figure C-78: Bearing pressure versus displacement (single 6 m Long, 0.6 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-79: Bearing pressure versus displacement (single 6 m Long, 0.6 m wide trench in 80 kPa clay; 1.5 m embedment depth) 
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Figure C-80: Bearing pressure versus displacement (single 6 m Long, 0.6 m wide trench in 80 kPa clay; 3 m embedment depth) 
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Figure C-81: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-82: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 80 kPa clay; 1.5 m embedment depth) 
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Figure C-83: Bearing pressure versus displacement (single 3 m Long, 1.5 m wide trench in 80 kPa clay; 3 m embedment depth) 
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Figure C-84: Bearing pressure versus displacement (single 3 m Long, 0.9 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-85: Bearing pressure versus displacement (single 3 m Long, 0.9 m wide trench in 80 kPa clay; 1.5 m embedment depth) 
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Figure C-86: Bearing pressure versus displacement (single 3 m Long, 0.9 m wide trench in 80 kPa clay; 3 m embedment depth) 
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Figure C-87: Bearing pressure versus displacement (single 3 m Long, 0.6 m wide trench in 80 kPa clay; no embedment depth) 
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Figure C-88: Bearing pressure versus displacement (single 3 m Long, 0.6 m wide trench in 80 kPa clay; 3 m embedment depth) 
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Figure C-89: Bearing pressure versus displacement (two 6 m Long, 0.75 m wide trenches in 40 kPa clay; no embedment depth) 
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Figure C-90: Bearing pressure versus displacement (two 6 m Long, 0.75 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-91: Bearing pressure versus displacement (two 6 m Long, 0.75 m wide trenches in 40 kPa clay; 3 m embedment depth) 
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Figure C-92: Bearing pressure versus displacement (two 6 m Long, 0.45 m wide trenches in 40 kPa clay; no embedment depth) 
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Figure C-93: Bearing pressure versus displacement (two 6 m Long, 0.45 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-94: Bearing pressure versus displacement (two 6 m Long, 0.45 m wide trenches in 40 kPa clay; 3 m embedment depth) 



 

 

Page 185 

 

 

Figure C-95: Bearing pressure versus displacement (two 6 m Long, 0.3 m wide trenches in 40 kPa clay; no embedment depth) 
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Figure C-96: Bearing pressure versus displacement (two 6 m Long, 0.3 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-97: Bearing pressure versus displacement (two 6 m Long, 0.3 m wide trenches in 40 kPa clay; 3 m embedment depth) 
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Figure C-98: Bearing pressure versus displacement (two 3 m Long, 0.75 m wide trenches in 40 kPa clay; no embedment depth) 



 

 

Page 189 

 

 

Figure C-99: Bearing pressure versus displacement (two 3 m Long, 0.75 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-100: Bearing pressure versus displacement (two 3 m Long, 0.75 m wide trenches in 40 kPa clay; 3 m embedment depth) 
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Figure C-101: Bearing pressure versus displacement (two 3 m Long, 0.45 m wide trenches in 40 kPa clay; no embedment depth) 
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Figure C-102: Bearing pressure versus displacement (two 3 m Long, 0.45 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-103: Bearing pressure versus displacement (two 3 m Long, 0.45 m wide trenches in 40 kPa clay; 3 m embedment depth) 
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Figure C-104: Bearing pressure versus displacement (two 3 m Long, 0.3 m wide trenches in 40 kPa clay; no embedment depth) 
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Figure C-105: Bearing pressure versus displacement (two 3 m Long, 0.3 m wide trenches in 40 kPa clay; 1.5 m embedment depth) 
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Figure C-106: Bearing pressure versus displacement (two 3 m Long, 0.3 m wide trenches in 40 kPa clay; 3 m embedment depth) 
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D. Appendix: MATLAB Script for the Extrapolation of Relevant Contact 

Pressure Data  
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E. Appendix:  Contact Pressure Distribution – All Trench Improved Cases 

 

 
Figure E-1: Contact pressure distribution (40 kPa native clay; no embedment depth) 
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Figure E-2: Contact pressure distribution (40 kPa native clay; 1 m embedment depth) 
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Figure E-3: Contact pressure distribution (40 kPa native clay; 1.5 m embedment depth) 
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Figure E-4: Contact pressure distribution (40 kPa native clay; 2 m embedment depth) 
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Figure E-5: Contact pressure distribution (40 kPa native clay; 3 m embedment depth) 
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Figure E-6: Contact pressure distribution (single 7.21 m long, 0.9 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-7: Contact pressure distribution (single 7.21 m long, 0.9 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-8: Contact pressure distribution (single 6.77 m long, 2.26 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-9: Contact pressure distribution (single 6.77 m long, 2.26 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-10: Contact pressure distribution (single 6 m long, 3 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-11: Contact pressure distribution (single 6 m long, 3 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-12: Contact pressure distribution (single 6 m long, 3 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-13: Contact pressure distribution (single 6 m long, 3 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-14: Contact pressure distribution (single 6 m long, 2 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-15: Contact pressure distribution (single 6 m long, 2 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-16: Contact pressure distribution (single 6 m long, 2 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-17: Contact pressure distribution (single 6 m long, 2 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-18: Contact pressure distribution (single 5.22 m long, 2.61 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-19: Contact pressure distribution (single 5.22 m long, 2.61 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-20: Contact pressure distribution (single 5.22 m long, 2.61 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-21: Contact pressure distribution (single 5.22 m long, 2.61 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-22: Contact pressure distribution (single 4.8 m long, 0.6 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-23: Contact pressure distribution (single 4.8 m long, 0.6 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-24: Contact pressure distribution (single 4.8 m long, 0.6 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-25: Contact pressure distribution (single 4.8 m long, 0.6 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-26: Contact pressure distribution (single 4.51 m long, 2.26 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-27: Contact pressure distribution (single 4.51 m long, 2.26 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-28: Contact pressure distribution (single 4.51 m long, 2.26 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-29: Contact pressure distribution (single 4.51 m long, 2.26 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-30: Contact pressure distribution (single 4.5 m long, 1.5 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-31: Contact pressure distribution (single 4.5 m long, 1.5 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-32: Contact pressure distribution (single 4.5 m long, 0.9 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-33: Contact pressure distribution (single 4.5 m long, 0.9 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-34: Contact pressure distribution (single 4 m long, 2 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-35: Contact pressure distribution (single 4 m long, 2 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-36: Contact pressure distribution (single 4 m long, 2 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-37: Contact pressure distribution (single 4 m long, 2 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-38: Contact pressure distribution (single 3 m long, 1.5 m wide trench in 40 kPa native clay; no embedment depth) 
 



 

 

Page 236 

 

 

 

Figure E-39: Contact pressure distribution (single 3 m long, 1.5 m wide trench in 40 kPa native clay; 1 m embedment depth) 
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Figure E-40: Contact pressure distribution (single 3 m long, 1.5 m wide trench in 40 kPa native clay; 2 m embedment depth) 
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Figure E-41: Contact pressure distribution (single 3 m long, 1.5 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-42: Contact pressure distribution (single 3 m long, 0.6 m wide trench in 40 kPa native clay; no embedment depth) 
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Figure E-43: Contact pressure distribution (single 3 m long, 0.6 m wide trench in 40 kPa native clay; 3 m embedment depth) 
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Figure E-44: Contact pressure distribution (two 6 m long, 0.75 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-45: Contact pressure distribution (two 6 m long, 0.75 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-46: Contact pressure distribution (two 6 m long, 0.75 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
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Figure E-47: Contact pressure distribution (two 6 m long, 0.45 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-48: Contact pressure distribution (two 6 m long, 0.45 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-49: Contact pressure distribution (two 6 m long, 0.45 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
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Figure E-50: Contact pressure distribution (two 6 m long, 0.3 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-51: Contact pressure distribution (two 6 m long, 0.3 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-52: Contact pressure distribution (two 6 m long, 0.3 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
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Figure E-53: Contact pressure distribution (two 3 m long, 0.75 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-54: Contact pressure distribution (two 3 m long, 0.75 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-55: Contact pressure distribution (two 3 m long, 0.75 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
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Figure E-56: Contact pressure distribution (two 3 m long, 0.45 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-57: Contact pressure distribution (two 3 m long, 0.45 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-58: Contact pressure distribution (two 3 m long, 0.45 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
 



 

 

Page 256 

 

 

 

Figure E-59: Contact pressure distribution (two 3 m long, 0.3 m wide trenches in 40 kPa native clay; no embedment depth) 
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Figure E-60: Contact pressure distribution (two 3 m long, 0.3 m wide trenches in 40 kPa native clay; 1.5 m embedment depth) 
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Figure E-61: Contact pressure distribution (two 3 m long, 0.3 m wide trenches in 40 kPa native clay; 3 m embedment depth) 
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