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A BEARING CAPACITY APPROACH TO THE DESIGN OF LOW-VOLUME ROADS 

The primary objective of this research program was to develop a method of designing 

low-volume roads based on bearing capacity theory. The determination of the ultimate wheel load 

that a pavement structure can sustain is the most important component of a design process based 

on bearing capacity theory. Existing solutions are resmcted to a narrow range of marerial 

propemes and are also deficient in the manner in which they determine ultimate wheel loads. 

A limit equilibrium solution. which can handle any combination of pavement material 

propemes, is proposed for the determination of bearing capacity in a 2-layer pavement system To 

enable the incorporation of ciimatic factors in the determination of ultimate wheel loads, limit 

equilibrium solutions are proposed for the determination of the effects of positive pore-water 

pressures and manic suction on bearing capacity. 

The solution developed for the influence of maaic suction on bearing capacity is verified 

in the laboratoty using model footing tests in homogeneous soils equilibrated under constant 

levels of rnauic suction. 

A simple method of testing compacted soils in the direct shear apparatus as well as a 

method of analydng the test results in terms of the mess state variables is proposed. The method 

of testing and analysis is shown to give results which are comparable to the results of the modified 

direct shear test. 

Fmally, a method based on bearing capacity theory is proposed for designing unpaved 

roads whose structure consists of a base layer overlying a subgrade. The method can handle any 

combination of shear strength parameters as well as constant levels of manic suction in the 

pavement layers. 
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Abstract 

Pavement design methods based on the elastic layer theory idealize the pavement 

structure as consisting of linear elastic layers and utilize the theory of elasticity to predict 

limiting stresses and strains. The assumption of elastic behavior may be valid for relatively 

stiff pavement materials. In unpaved roads, C O ~ ~ S M ~  of unbound granular bases overlying 

cohesive subgrades, the assumption of elastic beha~or is unlikely to be valid. The 

behavior of such pavements under traffic stresses is markedly nonlinear. 

Pavement design methods based on the ultimate strength approach assume shear 

failure of the pavement structure at sufficiently high naffic stresses. Pavement material 

behavior is assumed to be plastic rather than elastic. The assumption of plastic response is 

more realistic for unpaved roads in which aaffic stresses exceed the elastic range of the 

pavement materials. 

The determination of the ultimate wheel load that a pavement structure can sustain 

is the most important component of a design process based on bearing capacity theory. 

Existing solutions are restricted to a narrow range of material properties and are also 

deficient in the manner in which they determine ultimate wheel loads. General and 

accurate solutions for the determination of the bearing capacity of pavement structures are 

required. 

The incorporation of climstic factors in the pavement design process is another 

important component of design based on bearing capacity theory. Existing methods 

assume full saturation of the subgrade. Experience has shown that in many regions of the 

world full saturation rarely occurs and the assumption of full saturation leads to over- 

design. There is a need to incorporate the influence of manic suction in the determination 

of ultimate wheel loads. 

A limit equilibrium solution, which can handle any combination of pavement 

material properties, is proposed for the determination of bearing capacity in a 2-layer 

pavement system. To enable the incorporation of climatic factors in the determination of 



ultimate wheel loads, limit equilibrium solutions are proposed for the determination of the 

effects of positive pore-water pressures and matric suction on bearing capacity. 

The solution developed for the influence of rnatric suction on bearing capacity is 

verified in the laboratory using model footing tests in homogeneous soils equiIibrated 

under constant levels of matric suction. 

A simple method of testing compacted soils in the direct shear apparatus as well as 

a method of analyzing the test results in terms of the stress state variables is proposed. The 

method of testing and analysis is shown to give results which are comparable to the results 

of the modified direct shear test The method is considered to be a simple and viable 

alternative for the characterization of shear strength of compacted unsaturated soils. 

Finally, a method based on bearing capacity theory is proposed for designing 

unpaved roads whose srmcture consists of a base layer overlying a subgrade. The method 

can handle any combination of shear strength parameters as well as constant levels of 

rnatric suction in the pavement layers . 
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CHAPTER I 

INTRODUCTION 

1.1 General 

Many theoretical and empirical methods of pavement design have been developed 

in various parts of the world. Empirical design methods are most often developed on a 

regional basis from the observation of pavement performance under different mil, climatic 

and traffic conditions. Although empirical methods take into consideration most of the 

factors governing pavement response, they are difficult to extrapolate to new or to 

significantly different pavement materials, climate and traffic conditions. 

Theoretical approaches to pavement design, on the other hand, adopt some form 

of mechanistic model for the pavement structure. The response of the pavement system to 

traffic loads under various environmental conditions is predicted and compared to pre- 

defined distress criteria. Due to the complexity of the fundamental variables involved in 

pavement response, the simplifying assumptions made in theoretical models do not 

necessarily apply in actual field conditions. However, the future of successful pavement 

design still Lies with the understanding, within a theoretical hmework, of the fundamental 

behavior of pavements. 

Theoretical methods of pavement design can be broadly categorized into those that 

limit ultimate loads and those that limit stresses and deformations in the elastic range. The 

latter approaches idealize the pavement as consisting of linear elastic layers and utilize the 

theory of elasticity to predict stresses and strains in the pavement layers. In contrast, 

methods based on ultimate load are only concerned with the behavior of the pavement at 



failure. Design is then based on a factor of safety against shear failure of the pavement 

components- 

Elastic layer theories hypothesize that stresses and strains are only dependent on 

the elastic modulus and Poisson's ratio. The assumption of isotropic elastic behavior, on 

which elastic layer theories are based, may be valid for relatively stiff pavement materials 

and pavements subjected to very low traffic stresses. In thin pavements and unpaved roads 

consisting of untreated granular bases over cohesive subgrades, the assumption of linear 

elastic behavior is unlikely to be valid. The behavior of such pavements, even at low traffic 

stresses, is markedly non-linear. The suitability of elastic layer theories for the analysis and 

design of such pavements is, therefore, questionable. 

Ultimate strength methods assume shear failure of the pavement structure if naffic 

stresses are sufficiently high. Pavement material behavior is assumed to be plastic rather 

than elastic. The assumption of plastic response is more realistic for thin pavements and 

unpaved roads in which traffic saesses invariably exceed the elastic range of the pavement 

materials. The same may apply to thick pavements subjected to very high aaffic stresses. 

The implementation of elastic layer theories in the pavement design process 

requires the quantification of the elastic modulus and the Poisson's ratio. Difficulties 

associated with the determination of these parameters for pavement materials are well 

known. Unlike elastic layer methods, ultimate strength methods of pavement design are 

based on the shear strength parameters c' and g' that are clearly defined and easily 

measurable. 

Ultimate strength methods also allow for the design of pavements with known 

factors of safety. The quantification of a factor of safety, which is lacking in elastic layer 

methods, allows for the assessment of pavement damage due to any loading condition. 

This flexibility is particularly useful in load zoning of light pavements and for the issuing of 

over-weight vehicle permits. 



ULtimate strength approaches suffer from the disadvantage of not providing any 

information on deformations prior to pavement collapse. Deformations during the lifc of 

the pavement determine its se~ceability and must be controlled. Difficulties associated 

with the prediction of displacements during the service life of the pavement can be 

surmounted through the judicious selection of the factor of safety to limit deformations. 

Consequent to the recognition of the relative merits of ultimate strength methods, 

there have been attempts by McLeod (1953, 1954), and Bmms (1963, 1964) to extend 

traditional bearing capacity theory to the design of pavements. More recently Milfigan et 

al. (1989a), Bender and Barenberg (1978). and Giroud and Noiray (198 1) have used 

bearing capacity theory to analyze the contribution of geotextiles to the load carrying 

capacity of unpaved roads. Although these methods represent a more rational idealization 

of pavement behavior, they fall short of providing an adequate solution to the pavement 

design problem. This can be attributed to; 1 .) uncertainty in the prediction of the ultimate 

loads in layered pavements, 2.) difficulties associated with the incorporation of 

environmental changes in the bearing capacity formulation, and 3.) lack of a suitable 

method to deal with traffic loading. 

The determination of the ultimate wheel load that a pavement structure can sustain 

is the most important component of a design process based on bearing capacity theory. 

Since pavements are layered systems, methods that provide accurate predictions of 

ultimate loads in layered soils are required. Existing methods based on bearing capacity 

theory adopt a variety of failure mechanisms whose appropriateness has neither been 

demonstrated nor verified There is a need to critically examine the suitability of these 

methods for predicting ultimate loads and to develop alternative solutions, if necessary. 

The importance of incorporating the effect of environmental factors on pavement 

performance and design cannot be over-emphasized. In the AASHO Road Test, for 

example, 80 percent of the total failures occurred in the spring when the strength of the 

subgrade was lowest (Vesic and Domaschuk 1966). Any meaningful design process must 



account for the changes in the strength of pavement materials due to environmental 

factors. Existing design methods achieve this by assuming the worst case (i-e. a saturated 

subgrade). Experience has shown that in many regions of the world water contents in 

subgrades rarely reach saturation, even during the spring break-up period. As the pressure 

mounts on engineers to produce more and more economic designs, it is becoming 

increasingly apparent that the assumption of N1 saturation or the neglect of manic suction 

can be unnecessarily expensive. This is particularly true in cases where full saturation 

never occurs or may occur only a few times during the useful He of the suucture. In the 

design of pavements where large volumes of materials are involved, signdicant savings can 

be realized by reductions in pavement thickness that may accrue from the incorporation of 

the influence of matric suction on bearing capacity. 

The contribution of maaic suction to the shear strength of unsaturated soils has 

been recognized by many researchers. However, the interpretation of the observations has 

been hampered by the lack of a suitable theoretical h e w o r k  for dealing with 

unsaturated soils. In recent years, such a framework has been developed in terms of the 

mess state variables, (o - u, ) and (u, - u, ) (Fredlund and Morgenstern 1977; 

Fredlund 1979; and Fredlund and Rahardjo 1987). With the quantification of shear 

strength in terms of the stress state variables (Fredlund et al. 1978, 19871, it has become 

possible to assess the contribution of rnatric suction to the bearing capacity of shallow 

foundations and pavements. 

There is a general lack of agreement on a suitable method to deal with naffc 

loading. Most of the methods of analysis are based on a quasi-static formulation applicable 

to a few passes of design axle loads. A functional method of design should incorporate a 

procedure for dealing with different aaffc volumes. Due to the complexity of the facrors 

involved, the incorporation of aaffic loading in pavement design does not lend itself easily 

to theoretical treatment Both ultimate strength and elastic layer theories rely on empirical 

observations of actual pavement performance to account for traffic loading. 



An attempt is made in this thesis to develop an improved ultimate strength method 

of designing low-volume roads by developing appropriate theoretical procedures for 

determining ultimate loads in layered systems and by developing soludons for 

incorporating the effect of matric suction on bearing capacity. The theoretical matment of 

traffic loading is beyond the scope of the present work. Existing empirical relationships are 

utilized to account for naffic loading in the proposed design procedures. 

12 Objectives 

The main objective of the thesis is to develop a rational method of designing low- 

volume roads based on traditional bearing capacity theory. The specific objectives are : 

To review existing bearing capacity based methods of pavement design and 

methods of incorporating the effect of positive and negative pore-water 

pressures on bearing capacity, 

To develop solutions for the determination of ultimate loads in layered soils 

using the Limit equilibrium method, 

To develop solutions for the incorporation of the effects of positive pore- 

water pRssures and matric suction on bearing capacity using the limit 

equilibrium method, 

To verify in the laboratory the limit equilibrium solution developed for the 

influence of mamc suction on bearing capacity, and 

To extend the developed solutions to the design of low volume roads. 

13 Scope of the Thesis 

A limit equilibrium solution for the determination of bearing capacity of a nvo- 

layer soil system is developed. Limit equilibrium solutions are also developed to quantify 

the effects of positive pore-water pressures and mamc suction on bearing capacity. A 

laboratory verification of the solution for bearing capacity in soils with matric suction is 

effected through model footing tests. Finally, a method of designing unpaved roads based 



on the solutions for bearing capacity in layered soils and the influence of matric suction on 

bearing capacity is proposed. 



LITERATURE REVLEW 

2.1 Introduction 

A number of methods have been proposed for the ultimate strength design of both 

paved and unpaved roads. These methods have limitations that curtail their general use for 

design purposes. Pavement design methods, in general, and design methods based on 

bearing capacity theory, in particular, are reviewed in this chapter. Particular attention is 

paid to the limitations of the existing methods. 

The determination of collapse load in pavements is similar to the determination of 

bearing capacity of layered soils. A review is made of the available techniques for the 

deterrnination of bearing capacity in layered soils. The review is intended to form a basis 

for formulating more general solutions for the determination of collapse loads in unpaved 

roads. 

The incorporation of maaic suction in a design procedure for unpaved roads 

constitutes one of the major components of the thesis. Available methods for 

incorporating positive and negative pore-water pressures on bearing capacity are 

reviewed, and their shortcomings highlighted, to set the stage for an improved method of 

analysis. 

2 3  Pavement Design Methods 

Pavement design involves the selection of a combination of pavement components 

that will be most economical to construct and maintain and which will provide a s s c i e n t  

level of service throughout its design We. Traffic loading, pavement material properties 



and climatic effects on pavement components are factors that need to be considered in the 

pavement design process. The complexity of the factors involved, and the need to 

incorporate as many of the factors as possible, has led to the development of a variety of 

approaches to pavement design. 

Empirical design methods are based on experienoe gained from the observation of 

existing roads and experimental sections included in normal highways. The performance of 

roads with different pavement materials, thicknesses of pavement components, subgrade 

and environmental conditions, and naffic loading is monitored. Design methods are then 

formulated based on the configura don of sections that perform satisfactorily. 

The California Bearing Ratio (CBR) design method is one of the most widely used 

empirical methods. It was developed by the Division of Highways of the State of 

California (Porter 1950) to differentiate between high and low quality road base materials 

and subsequently extended to the evaluation of subgrade strength for use in flexible 

pavement design. The method is based on empirically derived relationships between the 

CBR of the subgrade and the required thickness of the pavement for given traffic 

conditions. 

Other empirical methods of pavement design include the Group Index method 

(S tee1 1945; Davis and Jones 1954) and the Hveern method (Hveem and Cannany 1948). 

These methods were developed on the same principles as the CBR method and only differ 

in the manner in which the strength of the pavement components is measured. 

Although empirical methods take into considemion most of the factors governing 

pavement response, they are difficult to extrapolate to new pavement materials, climate or 

traffic conditions. As a result, there has been a tendency to move away from empiricism to 

the more rational theoretical approaches. 

Theoretical pavement design methods can be broadly classified into two 

categories: 



1. Methods based on elastic theory 

3 -. Methods based on ultimate strength 

22.1 Method Based on Elastic Theory 

Early pavement design methods based on elastic theory include methods proposed 

by Palmer and Barber (1940), Burmister (1943) and Odemark (1949). The pavement 

components were assumed to behave elastically under the dynamic loads applied by aaffic 

and a variety of techniques were used to calculate elastic stresses and strains. The Palmer 

and Barber (1940) and Burmister (1943) were based on a limiting surface deflection 

criterion while the Odemark method was based on a maximum curvature of the deflected 

pavement surface. The methods also differed in the manner in which the elastic moduli of 

the pavement layers were measured. 

Current elastic approaches evolved from the early methods and utilize the elastic 

theory of layered systems to calculate the distribution of stresses and strains. Linear elastic 

mechanistic models implemented in computer programs such as ELSYMS (Ahlbom 

1972), BISAR @e Jong et aL 1973) and BISTRO (Peutz et al. 1968) are available for the 

calculation of stresses and saains. Design is based on two criteria; the tensile strain on the 

underside of the asphalt bound layer and the vertical compressive strain on the subgrade 

surface. L i m i ~ g  the tensile strains under the asphalt layer controls load associated 

cracking of the layer while limiting the subgrade compressive strains controls the surface 

rutring that may arise from plastic deformations in the unbound portion of the pavement 

structure. Correlations with field performance data are used to propose limiting values of 

the tensile and compressive strains for different aaffic loading conditions. 

The Shell Design Method (Claessen et al. 1977) and the Asphalt Institute Method 

(Asphalt Institute 1982) are based on the above criteria. Differences in the various 

methods arise b m  the number of pavement layers considered, M c  loading conditions 

and the criteria used to define limiting strains. 



In recent years, finite element methods that take into consideration nonlinear stress 

dependent material behavior as well as failure criteria in the soil layers are gaining 

popularity as being more representative of actual pavement response. Models like ILLI- 

PAVE mompson 1986) and MICH-PAVE (Harichandran et al. 1989) can also predict 

rutting and fatigue failure based on performance models derived h r n  field observations. 

They reppresent a major improvement over the linear elastic models. 

2.2 3 Methods Based on Ultimate Strength 

Pavement design methods based on ultimate strength are concerned with the 

behavior of the pavement at the point of failure. Pavement materials are characterized in 

terms of their shear strength parameten and design is based on a factor of safety against 

shear failure of the pavement. Methods that utilize traditional bearing capacity theory fall 

in this category. A detailed review of methods based on bearing capacity theory is given in 

the following section. 

2 3  Pavement Design Methods Based on Bearing Capacity Theory 

Observations of pavement failure modes have confinned the occurrence of ruts 

under the wheel paths and upheaval of the displaced material on either side of the traffic 

lane. This kind of failure bears resemblance to the mode of failure in shallow footings 

R S M ~  on homogeneous soil (McLeod 1953). Failure occurs because the shear srresses 

induced by traffic loading have exceeded the shear strength of the pavement. At stress 

levels approaching failure, the pavement system cannot be assumed to be elastic. Plasticity 

theory becomes more relevant to the assessment of stresses and strains than elastic theory. 

These observations have led to the development of a number of pavement design methods 

based on bearing capacity theory. Some of these methods are reviewed briefly. 



23.1 McLeod's Approach 

McLeod (1953) formulated a bearing capacity approach for flexible pavement 

design based on the premise that pavement failures wmmonly follow patterns s i d a r  to 

the general shear failure of shallow footings on homogeneous soils. Since pavements are 

layered systems, the problem of pavement design reduced to that of determining ultimate 

loads in layered soils. 

Failure was assumed to occur along a curved failure surface and the uidmste load 

was obtained by taking moments about the center of the curved surface (Fig. 2.1). A trial 

and error technique was used to obtain the critical failure surface that gave the minimum 

failure load for given shear strength parameters, c and @. To avoid the complications 

associated with the determination of the magnitude of the normal mess along the failure 

surface, a log spiral failure surface was adopted. The resultant of the fiction component 

of shear smngth passes through the center of the log spiral and, therefore, the necessity of 

determining the value of the normal force is precluded 

Fig. 2.1 Failure mechanism assumed by McLeod (1953). 



To determine ultimate loads in pavements, the layered pavement system is 

convened into an equivalent homogeneous soil using the successive approximation 

procedure outlined below: 

1. Assume a reasonable value for c' and @' for a homogeneous system. 

2. Obtain the critical log spiral and the ultimate load corresponding to the 

failure surface defined by the log spiral. 

3. Calculate the ultimate load along the spiral surface using the actual shear 

strength parameters in each layer. 

4. Compare the ultimate loads in steps 2 and 3. 

5. Make adjustments to c' and 6' for the homogeneous system if the ultimate 

loads are different. Repeat steps 1 through 4 until a log spiral giving similar 

ultimate loads is obtaind 

The calculations were performed for a strip loading. McLeod recommended an 

arbitrary increase of the collapse load by 20 to 30 percent for circular wheel loads. The 

ultimate load calculated on the basis of the theory developed could not be applied directly 

to the design of pavements because the R s ~ M ~  deflections of the pavement would be 

excessive. To guard against excessive deformations, he suggested the application of a 

factor of safety whose value depended upon traffic intensity and tire pressure. 

This method suffers from the following Limitations: 

The assumption of a general shear failure mechanism involving al l  the 

pavement layers may not be valid for thick asphalt concrete pavements. 

The analysis involving the conversion of a layered pavement to an equivalent 

homogeneous system is tedious and time consuming. 

There are no provisions for considering the influence of pore-water pressures 

on the bearing capacity of the pavement 

The method does not provide guidelines on the choice of the factor of safety. 



2 3 3  Broms' Approach 

Brorns proposed two methods for the determination of the bearing capacity of a 

flexible pavement. The first method (Broms 1963) was based on the assumption of a fully 

saturated subgrade. The effects of water contents below saturation were considered in the 

second method (Broms 1964). 

For the case of a fully saturated subgrade undergoing undrained loading, the 

deviator stress at failure in the subgrade can be expressed in texms of the initial effective 

ov-urden pressure, p ,  the effective angle of friction, @', the coefficient of earth 

pressure-at-rest, &,, and the pore-water pressure parameter, Af. Assuming zero effective 

cohesion, the deviator stress is given by: 

where: 

o, = major principal saess 

o, = minor principal stress 

The deviator stress at failure is equal to twice the undrained strength, k, for 

saturated soils undergoing undrained loading. 

Failure of the pavement is assumed to occur along a curved surface located 

exclusively in the subgrade (Fig. 2.2). The ultimate bearing capacity of the cohesive 

subgrade is given by: 

where N, is the bearing capacity factor with respect to cohesion for a frictionless so l  

The undrained strength, G, is calculated from [2.1] and [2.2] for known values of 

@', K, and the pore-water pressure parameter at failure, Af. The bearing capacity factor, 



Nc, was taken to be equal to 7.5 for the circular loaded areas representative of wheel 

loading . 

The ultimate wheel loads corresponding to different tire pressures and pavement 

thicknesses were determined by assuming a pressure dismbution of 2: 1 for the wheel load. 

Since a wheel load equal to the ulrimate wheel load would cause failure, Broms suggested 

the application of a factor of safety of 2 for pavements subjected to a few load applications 

and 3 for a large number of applications. There was no rational justification for the choice 

of these values of factor of safety. 

The method suffers h m  the following limitations: 

It does not consider the contribution of the layers above the subgrade to the 

shear resistance of the pavement 

The assumption of a failure mechanism seated exclusively in the subgrade may 

not hold, especially for granular bases. 

There is no rational basis for the factors of safety proposed to account for 

d c  loading. 

Fig. 2.2 Mode of failure adopted by Broms (1963). 



In an attempt to take into consideration moisture conditions below saturation in 

the subgrade, Broms (Broms 1964) extended his work by developing a solution in terms 

of the apparent shear strength parameters, c, and eU. 
The ultimate bearing capacity was given by the general bearing capacity equation: 

where: 

c, = apparent cohesion 

@,, = apparent friction angle 

s,, s,, s, = shape factors 

Po = overburden pressure at subgrade level 

N,, N,, Ny = bearing capacity factors dependent on @,, 

y = unit weight of the soil 

B = widthof loaded area 

The apparent shear strength parameters, c, and @,, were related to the degree of 

saturation of the subgrade through the pore pressure parameters, A and B, and Bishop's 

effective stress parameter, x (Bishop et al. 1960; Bishop 1961) as follows: 

1 + sin+, - 1 + 2 ~ A s i n ~ '  - 2 ~ B s i n $ ' +  sin @' - 
1-sin$, 1 + 2xA sin 9'- sin 9' 

8 

2cu cos& - 2c'cose' - 2xuO sin 0' + 2xBK,P,, @' - 
1-sine, 1 + 2xA sin 9' - sin @' 

I 

~ B X ~ U ,  sin +' - 2xPO (KO - 1) sin @' + 
1 + 2xA sin @' - sin 0' 

where: 

c' = effective cohesion 

' = effective friction angle 



u, = initial pore-water pressure in the subgrade 

F& = coefficient of lateral earth pressure at-rest 

Po' = initid effective overburden pressure 

Equations 2.5 and 2.6 were derived h r n  consideration of pore-water pressure 

changes between initial and failure conditions, and the geometry of the total and effective 

Mohr circles at failure. The results were presented in the form of design charts giving the 

variation of tire pressure with wheel load for different subgrade strengths and degrees of 

sanuation. The degree of saturation was found to have a significant effect on the bearing 

capacity of the pavement system 

This method suffers h m  the same Limitations as the previous method with regard 

to the failure mechanism. Nevertheless, it represents a major improvement by taking into 

consideration the important conmbution of mamc suction to the shear resistance of the 

subgrade. The manna in which it accounts for negative pore-water pressures is 

inappropriate. Over the last ten years, the development of a theoretical framework for 

dealing with unsaturated soils in tems of stress state variables has superseded the use of 

Bishop's x parameter. 

23.3 Bender and Barenberg's Method 

The Bender and Barenberg (1978) method is the first of a number of procedures 

for the analysis of bearing capacity of unpaved roads that have been developed by 

researchers working with geotextiles. The analyrical procedures have been developed to 

determine the bearing capacity of unpaved roads with and without geotextile 

reinforcement to facilitate the quantification of the beneficial effects of the geotextiles. 

Some of the procedures for determining the bearing capacity of the unpaved roads without 

reinforcement are reviewed herein. 

Bender and Barenberg (1978) considered an unpaved road consisting of a granular 

base overlying a fully saturated cohesive subgrade. Assuming that failure occurs only in 



the subgrade, and that the subgrade undergoes undrained loading due to M c ,  the 

bearing capacity is given by: 

qr = (2 + mu 12-71 

where s, is the undrained strength of the subgrade. 

A correction factor of 1.2 is applied to give the following equation for the bearing 

capaciry of a circular wheel load: 

qr  = 6 . 2 ~ ~  12-81 

From the results of cyclic loading tests of model f o o ~ g s  on a stone aggregate-soft 

clay system, Bender and Barenberg found that the bearing capacity factor, N,, had to be 

less than 3.3 to limit rut depths to 50 mm. This value corresponds, approximatdy, to 

Terzaghi's bearing capacity factor for local shear failure. This value of the bearing capacity 

factor was adopted for the purposes of analysis. The bearing capacity of the subgrade can 

then be given by: 

q, = 3 . 3 ~ ~  12-91 

The aggregate base was assumed to behave elastically by transferring the wheel 

load to the subgrade. The stresses transferred through the aggregate base to the level of 

the subgrade were computed using Boussinesq elasticity equations as follows: 

where: 

& = stress at subgra.de level &,Pa) 

p = contact pressure at the pavement surface (kPa) 

z = thickness of the aggregate layer (m) 

a = radius of loaded area (m) 



The required aggregate thickness was calculated by eq~adng the stress as at 

subgrade level with the bearing capacity of the subgrade as given by [2.9]. Design charts 

were produced which related the required aggregate thickness to the subgrade shear 

strength for a range of tire pressures and wheel loads. 

This method of analysis suffers from the following limitations: 

The shearing resistance of the base is assumed to have no influence on the 

strength of the pavement, 

The stresses due to wheel loading at the subgrade level are calculated at the 

center of the loaded area, which is the maximum value at that depth. The use 

of the maximum stress instead of a mean value at subgrade level will under- 

estimate collapse wheel loads. 

The method assumes a M y  saturated subgrade and makes no provision for the 

consideration of the influence of pore-water pressures and matric suction. 

The method does not provide a way of dealing with traffic volume. 

23.4 Giroud and Noiray's Method 

Giroud and Noiray (I98 1) give a concise and complete solution to the problem of 

bearing capacity of unpaved roads. The subgrade is assumed to be cohesive and fully 

saturated so that the $ equal to zero concept is applicable. k o m  bearing capacity theory, 

the ultimate bearing capacity of the subgrade is given by: 

q, = (2 + ms, + yh [2.11] 

where: 

s, = undrained strength of the subgrade 

y = unit weight of the aggregates 

h = depth of the aggregate layer 



Stresses on the subgrade of the magnitude given by 12.1 11 would cause failure of 

the road. It was recommended that, for design purposes, the bearing capacity of the 

subgrade be reduced to the elastic value given by: 

qr = m u + *  [2.12] 

The aggregate base is assumed to spread the naffic wheel load to the subgrade 

level as shown in Fig. 2.3. The pressure, p, due to an axle load, P, is given by: 

where: 

p = pressure at subgrade level &Pa) 

P = axle load (IN) 

B, L = tire contact dimensions (m) 

a = load spread angle (deg) 

h = depth of aggregate layer (m) 

Y = unit weight of aggregates (Id\J/rn3) 

The load spread angle was taken to be 31". This angle was arrived at from 

consideration of; 1 .) actual observations of deformed aggregate layers made by Kinney 

(1979)- and 2.) inclination of the passive failure surfaces in the aggregate layer that is 

theoretically given by (45" - 6 / 2). Calculations showed that the required aggregate 

thickness was not sipficantly affected by spread angles varying fkom 2 6 O  to 35'. The 

value of 3 1 was adopted as being reasonable for design. 

The stress at the level of the subgrade calculated using [2.13] is equated to the 

subgri.de bearing capacity given by [2.12] to obtain the required aggregate thickness for 

known values of s,,, axle load and tire inflation pressure. A quasi-static analysis of this 

nature is only valid for aaffic passes less than 20. 



Fig. 2.3 Load dismbution by aggregate l a w  used by Giroud and Noiray 
(1981). 

Charts established by Webster and Arford (1978), from tests conducted by the 

Corps of Engineers on unpaved roads, were used to account for higher traffic volumes. 

The expression for aggregate thickness according to Webster and Arford (1978) is given 

by: 

0.19 log N, 
h = 

CBR 

where: 

h = thickness of aggregate layer (m) 

Ns = number of passes of a standard 80 kN axle load 

CBR = California Bearing Ratio of the subgrade 

Equation 2.14 can be extended for rut depths other than 0.75m by utilizing an 

equation derived by Webster and Watson (1977) as follows: 



where r is the rut depth in meters. 

The following expression can be used to extend the equations to other axle loads: 

where : 

N, = number of passes of standard axle load (P, = 80 kN) 

Ni = number of passes of different axle load, Pi 

Although [2.16] was originally derived for paved roads, it was used for unpaved 

roads due to lack of a better alternative. 

The expressions given by [2.14] and [2.15] were derived by the curve fitting of 

experimental data for haffic passes less than 10.~00. Design charts incorp0ra~g limiting 

rut depths and the number of axle load passes. prepared using the equations, cannot be 

applied to more than 10,000 passes of the axle load. 

2.3.5 Milligan, Jewell, Houlsby and Burd's Method 

Milligan et al. (1986) developed a method for the design of unpaved roads based 

on observations gained from model tests and finite element analysis. A key feature of their 

analysis is the consideration of shear stresses between the granular base and the subgrade. 

On the basis of the theory of plasticity, the bearing capacity factor of a saturated soil with 

shear stresses acting along its surface is given by: 

where: 

N, = m v a -  qJh" 

04, = q s ,  

ova = stress due to load and fill at subgrade level 



= stress due to fill at subgrade level 

ra = shear stress on subgrade surface 

s. = undrained strength of the subgrade 

The variation of N, with aa is shown in Fig. 2.4. When a, is equal to zero, the 

value of N, wiU be equal to (2+x), and when a, is equal to one, N, will be equal to 

(I+-). The two extremes correspond to zero shear stress and to shear stress equal to the 

normal stress. 

The vertical stress within the fill is estimated using a load spread angle, B. If the 

average vertical suess on the footing in Fig. 2.5 is p, the vertical stress at any depth, z, is 

given by: 

within the region ABED and 

[2.18] 

o,, is equal to yz outside this region. 

Fig. 2.4 Interaction diagram of normal and shear stresses for failure 
(Milligan et al. 1986). 



I granular layer 

E 

Fig. 2.5 Nature of load spread in the aggregate layer (hm Milligan et al. 
1986). 

Assuming that the fill tends to move outwards from underneath the footing, the 

minimum stress a c ~ g  on AD is equal to the active pressure. Since the fill pushes 

outwards, passive pressures will be developed outside the footing along CE. The shear 

stress acting along the surface of the subgrade can be determined by considering the 

horizontal equilibrium of the soil block, ABCED in Fig. 2.6. 

where: 

2, = shear stress along the subgra.de surface 

B = width of footing 

B = load spread angle 



= B + Dtanp 

= depth of fill 

=tan( 4 5 O  - @/2) 

= tan2(450 + @/2) 

= unit weight of the aggregates 

= Mction angle between footing and fill 

Equation 2.20 can be arranged in a non-dimensional form as follows: 

where: 

Fig. 2.6 Equilibrium of the soil block (hm Millig an et al. 1986). 



Equation 2.21 plots as a straight h e  GCH in the interaction diagram in Wg. 2.4. 

The point C represents the correct value of N, to be used in design. The correct value of 

the bearing capacity factor, N,, is determined graphically or by numerical methods. 

Once the mobilized bearing capacity factor is determined, the value of the Limiting 

normal stress, p, can be determined from the equation below: 

In cases where a weak £ill materid is used on top of a relatively strong subgrade, 

failure of the fill may occur before the subgrade ids. The following equation is used to 

check the bearing capacity of the fill: 

P = BYN, 

where N, is the bearing capacity factor with respect to self weight for the fill. 

The introduction of shear stresses on the surface of the subgrade in the 

computation of bearing capacity is unique to this method. While this may offer special 

advantages in dealing with the influence of geotextile reinforcement, it does not improve 

the prediction of collapse load in unreinforced roads. Although the method addresses the 

possibility of failure of the base, it ignores the contribution of the base to the shear 

resistance unless failure is eminent 

The Limitations cited in the previous methods with respect to matric suction and 

aaffic loading apply to this method as welL 

23.6 Other Methods 

Livneh and Shkiarsky (1962) used the approach proposed by McLeod (1953) but 

considered the effect of anisotropy of cohesion and the influence of shear saesses induced 

by braking. Anisoaopy of cohesion was found to reduce the bearing capacity of 

pavements. Braking stresses were found to be more critical than at-rest saesses. The 



approach does not appear to present any major improvements over the original method 

proposed by M c L d  (1953). 

Procedures proposed by Sellmeijer et al. (1982) for the design of unpaved roads 

are essentially similar to those of Giroud and Noiray (198 1). However, they recommend 

the use of two thirds the undrained cohesive strength for bearing capacity of the subgra.de 

and a load spread angle in the base of 26.6 for loose aggregates and 45" for compacted 

aggregates. 

Sattler et  aL (1989) used Broms' (1964) approach to calculate the bearing capacity 

of railway subgrades while S&n (199 1) used the same method for the determination of 

bearing capacity of highway pavements. In both cases, moisture conditions in the subgrade 

was handled more rigorousiy by adopdng the stress state variables, (a - u, ) and 

(u, - U, ) , to quantify shear strength as proposed by Fredlund et at (1978). The shear 

strength of an unsaturated soil is given by: 

r = c t + ( a -  ua)tanql+(u. -  tan$^ 

where: 

c' = effective cohesion of the subgrade 

0' = effective angle of friction 

= total normal stress 

U, = pore air pressure 

(u, - u,) =matric suction 

V = the rate of increase of shear strength with matric suction 

Elastic stress analysis computer programs were used to calculate saesses at 

subgra.de level due to surface loading instead of the 2:l load spread used by Broms 

(1964). The implementation of a more rigorous treatment of the effect of mamc suction 

was a major improvement but the nonlinearity of $b with increasing matric suction was not 

accounted for. The limitations cited in Broms' method with respect to the location of the 

failure mechanism and the contribution of the base layer to shear resistance still apply. 



2.4 Bearing Capacity in Layered Soils 

A typical asphalt concrete pavement consists of a bituminous sdacing, a base 

course and a subgrade. A subbase may or may not be present between the base and 

subgrade. The pavement design process involves the determination of the optimum 

thicknesses and materials for the various layers for given traffic loading conditions. 

The pavement was first neared as a layered system by Burmister (1943) who 

proposed a design method based on stresses and saains induced in the pavement 

components assuming elastic behavior. The required thicknesses for a given slnface 

deflection were determined based on values of E and p. Most present day elastic methods 

are based on the same principle. Methods that utilize traditional bearing capacity theory 

also rreat the pavement as a layered system. The calculation of the ultimate wheel load on 

the pavement reduces to that of determining bearing capacity in a layered system Existing 

bearing capacity based pavement design methods fall short of providing adequate solutions 

due to the Limitations cited. The evolution of a satisfactory solution to the problem of 

bearing capacity of pavements lies in the development of accurate solutions for the 

determination of collapse loads in layered systems. 

General bearing capacity theory was formulated for homogeneous soils and cannot 

be directly applied to layered systems. Theoretical solutions exist for a few probiems 

involving non-homogeneity. However, in the majority of cases, semi-empirical solutions 

based partly on theory and panly on experimental evidence are used to determine bearing 

capacity in non-homogeneous soils. Some of the available methods are reviewed. 

2.4.1 Methods Based on Plasticity 

Purushothamaraj et al. (1974) formulated a method for determining the bearing 

capacity of foodngs on two-layer soils with varying cohesion, f?iction angle and unit 

weight using the upper bound method of limit analysis. The analysis was based on the 

following assumptions: 



1. The Prandtl-Terraghi mechanism for rough shallow smp footings is valid for 

layered soils. 

2. The soil above the foundarion level was replaced by a uniform surcharge 

3. The soil in each layer is homogeneous and isotropic 

4. Drucker-Prager second theorem is valid for layered soils. 

The assumed failure mechanism consisted of a cenaal wedge with a wedge angle. 

a, a radial shear zone with a log spiral surface and a boundary wedge with angle, P (Fig. 
2.7). The solutions for the bearing capacity factors, Nc, N, and NT were determined by 

equating the rate of work done by the external forces to the rate of inremal energy 

dissipation along the assumed failure surface. 

Minimum values of the bearing capacity factors were obtained by satisfying the 

following conditions: 

Fig. 2.7 Failure mechanism assumed by Purushothamaraj et al. (1974). 



where Nc, N, and N, are bearing capacity factors dependent on c,, Q, @,, Q2, y,, y,, d and 

B and; 

cl = cohesion of Layer 1 

cz = cohesion of layer 2 

01 = kiction angle of layer 1 

& = friction angle of layer 2 

yl = unit weight of layer 1 

Y2 = unit weight of layer 2 

d = depth of layer 1 

D = depth of overburden 

B = width of footing 

Bearing capacity charts were produced giving the variation of N, with c2/c,, d/B 

and friction angles. The friction angle was assumed to be equal for both soil layers. A 

typical bearing capacity chart for N, is shown in Fig. 2.8. 

For the case of a fkictionless soil, the values of the bearing capacity factor, N,, 

compared well with the experimental results of Brown and Meyerhof (1969)- but were 

slightly lower than analytical results obtained by Button (1953) using the slip circle 

method. Due to lack of experimental results, a direct comparison of the andpcal 

solutions for soils with both cohesion and fiction could not be made. 



Fig. 2.8 Bearing capacity factor, N,, versus ratio of cohesion for 9=2@ 
(Punrshothamaraj et al. 1974 ). 

Davis and Booker (1973) derived a solution based on plasticity theory for the 

determination of bearing capacity of a purely cohesive soil whose strength increases 

linearly with depth. The rate of increase of cohesion with depth was found to play the 

same role as density in the bearing capacity of homogeneous soils. The bearing capacity of 

a rigid footing was given by: 

where: 

Q = bearing capacity 

B = width of footing 

c, = cohesion at the surface of the clay 

p = rate of increase of cohesion with depth 



F, = dimensionless factor accounting for increasing cohesion with depth 

The solution was given in terms of the variation of Fs with pB/c, for plane smin 

problems. 

The bearing capacity due to cohesion increasing with depth was also solved by 

Mlnff and Miller (1977) using the upper bound method of the theory of plasticity. Their 

solution was higher than, but always within 20 percent of, the solution by Davis and 

Booker (1973). 

2.4.2 Method Based on Slip Circle 

The bearing capacity factor, N,, for a s m p  footing resting on a purely cohesive soil 

was determined by Button (1953) using the Fellenius slip circle method. The two cases 

shown in Fig. 2.9 were considered. The least value of the bearing capacity factor, N,, was 

determined by considering a number of slip surfaces. The results were found to be higher 

than, but consistent with, limiting values for homogeneous soils. 

/ soil 1 

Case I Case 2 

Variation of undrained shear 
strength, su , with depth 

Fig. 2.9 Types of strength variation considered by Button (1953). 



Reddy and Srinivasan (1967) extended the work of Button (1953) to indude the 

effect of anisorropy of cohesion on bearing capacity. A mfficieilt of anisoaopy, K, given 

by the ratio of the vertical to horizontal cohesion. was defined. Anisotropy was found to 

increase bearing capacity when the coefficient of anisotmpy, K, was less than one, and to 

decrease it when K was greater than one. 

The Fellenius method was also used by Raymond (1967) to determine the bearing 

capacity for purely cohesive soils with strength increasing with depth. The proposed 

solution over-eshted the bearing capacity when compared to the solution by Davis and 

Booker (1973). 

2.43 Methods Applying Averaging Techniques 

Most solutions for bearing capacity in layered soils consider purely cohesive soils. 

Satyanarayana and Garg (1979) developed an empirical procedure to enable the 

determination of bearing capacity in layered c - 9 soils. The analysis was based on the 

following assumptions: 

1. The ultimate bearing capacity of the layered system lies between the maximum 

and minimum ultimate loads of the individual layers. 

2. The depth at which stresses are reduced to 10 percent of the applied surface 

stresses is at a depth equal to Nlice the width of the loaded area in 

homogeneous soils. This depth is defined as the signifcant depth. 

The layered system was converted into an equivalent homogeneous system by 

averaging the cohesion, and friction angle as follows: 



The equivalent sigmilcant depth was given by: 

where: 

c, = average cohesion 

= average friction angle 

D, = equivalent significant depth 

cl, c2 = cohesion in layers 1 and 2 

91, = friction angle layers 1 and 2 

21, 22 = thickness of layers 1 and 2 

Once the average parameters are determined, the bearing capacity can be 

calculated from the normal bearing capacity equation. The results from this method were 

reported to be in agreement with experimental observations. 

2.44 Methods Based on Punching Shear Mechanisms 

Meyerhof (1974) and Meyerhof and Hanna (1978) developed a solution for the 

bearing capacity of a shallow strip foundation supported on a strong soil layer underlain by 

a weak soil layer. The footing was assumed to punch through the strong layer into the 

weak layer. The ultimate bearing capacity was determined by treadng the punching failure 

mechanism as an inverted uplift problem. From consideration of the equilibrium of forces 

in the vertical direction (Fig. 2.1 O), the bearing capacity is given by: 

2(c,H + P, sin 6) 
9f = q b  + B - Y ~ H  

where: 

B =width offooting 

D = depth of the footing 

H = depth of the strong layer below footing level 



~1 = unit weight of top layer 

c. = adhesion along failure sllrface 

P, = passive pressure on the failure surface 

6 = inclination of passive pressure force to horizonral 

qb = bearing capacity of bottom layer 

The passive earth pressure along the failure surface in the upper layer is given by: 

1 KP 2D P, = ?y1HL - (1 + -) 
cos 8 H 

The bearing capacity of the bottom layer is given by: 

where: 

K, = passive earth pressure coefficient 

cz = cohesion of bottom layer 

Nd, Ns2. Ny2 = bearing capacity factors dependent on @ 

Yz = unit weight of bonom layer 

& = friction angle of bottom layer 

The equation for the overall bearing capacity becomes: 

Since the value of 6 is a hction of the angle of friction, q,, a punching shear 

coefficient can be defined as follows: 

K, tan@, = K, tan6 [2.36] 

Equation 2.35 then becomes: 



strong layer 

Fig. 2.10 Punching Shear Mechanism of Meyerhof (1 973). 

The punching shear coefficient can be obtained b m  charts proposed by Caquot 

and Kerisel(1949) in terms of 0, and q2/q,. The values of q, and Q are then given by: 

The maximum value of the bearing capacity is equivalent to the bearing capacity of 

the strong upper layer and occurs when the upper layer is of such a depth that failure 

occurs solely within i t  The maximum bearing capacity is given by: 

91 = W , l  + 

The complete 

therefore, given by: 

expression for the bearing capacity of the twwlayer system is, 



The same analysis can be applied to circular fwdngs 

shear of a cylindrical surface. The ultimate bearing capacity 

given by: 

by considering the punching 

for a circular loaded area is 

The term s is the shape factor for passive pressure on a cylindrical wall. 

Appropriate shape factors are applied to the bearing capacities, q, and q, 

The bearing capacity of a footing placed on a weak soil underlain by a strong soil 

can be estimated by assuming that the strong layer is so rigid that failure occurs by lateral 

squeezing of the weak layer. The ultimate bearing capacity is then given by: 

q, = O.SY,BN;, + Y ~ D N ~ ~  J q b  [2.43] 

where N; ,and N;, are modified bearing capacity factors dependent on @,, H/B and the 

degree of roughness of the base. 

Model tests were carried out on strip and circular footings to confirm the theory. 

Reasonable agreement was reported between experimental observations and theoretical 

solutions. 

The same theory was extended to the case of a three-layer soil (Hanna and 

Meyerhof 1979) and to the case of a sand overlying a soft clay (Hanna and Meyerhof 

1980). In each case, the results were reported to agree reasonably well with model tests. 

2.5 Effect of Pore Pressures on Bearing Capacity 

Although positive pore-water pressures can have a profound effect on the bearing 

capacity of shallow foundations, rigorous general solutions to account for their effect are 

not available. Even more significant is the lack of solutions to account for the effect of 

negative pore-water pressures on bearing capacity. Most foundations are placed above the 

water table in zones of significant manic suction. Maaic suction plays an irnpomt role in 



the development of shear saength in soils. The neglect of the increase in shear suength 

due to matric suction can lead to a substantial under-estimation of bearing capacity. 

Semi-empirical solutions have been proposed to account for the effect of positive 

pore-water pressures on bearing capacity. These solutions, as well as  solutions that have 

been proposed to account for the influence of negative pore-water pressures, are 

reviewed 

2.5.1 Effect of Positive Pore Pressures on Bearing Capacity 

For a cohesiodess soil, the analysis for the effect of submergence was carried out 

by Terzaghi (1925). The bearing capacity for a surface footing placed on a cohesionless 

soil with a stationary water table at the surface is given by: 

where: 

y = unit weight of the soil 

Yw = unit weight of water 

B = width of footing 

Ny = bearing capacity factor 

Meyerhof (1955) extended [2.44] to include static water tables at depths above 

and below footing level. For a foundation on the surface of a cohesionless soil with a 

stationary water table ar depth, d, the bearing capacity was given by: 

where is the submerged unit weight. The term F is a weighting factor that varies 

between zero for a fully submerged case and one for a water table at the theoretical depth 

of the failure surface. The variation of F with depth and angle of fiction is shown in Fig. 

2.1 1. 



Equation 2.45 was modified for a footing below ground level to yield the following 

equation for bearing capacity: 

2.53 Effixt of Negative Pore-Water Pressures on Bearing Capacity 

The contribution of negative pore pressures to the bearing capacity of shallow 

foundations has largely been ignored for two reasons; 1.) negative pore-water pressures 

increase bearing capacity and therefore designs that ignore them are on the safe side, and 

2.) lack of a suitable theoretical framework for dealing with unsaturated soils. As a result, 

there is hardly any aeatment of this subject in literature. 

0 10 20 30 40 50 
Angle of internal friction, 9 (deg) 

Fig. 2.1 1 Relationship between weighdng factor and angle of intend friction 
(Meyerhof, 1955). 



Sanler et al. (1989) analyzed the bearing capacity of unsaturated d w a y  subgrades 

by combining the contribution of matric suction to shear strength with cohesion. The 

ultimate bearing capacity of the subgrade was given by: 

1 
q, = cN, + P,N, + - ByN, 

2 
[2.47] 

where: 

N,, N,, N, = bearing capacity factors dependent on the angle of shearing resistance. @' 

c = o v d  cohesion 

B = width of footing 

y = unit weight of the subgrade soil 

Po = overburden pressure 

The overall cohesion term includes the contribution of matric suction as follows: 

c = c ' + ( u ,   tan@^ [2.48] 

where: 

c' = effective cohesion of the subgrade 

(u, - u ~ )  =matricsuctioninthesubgrade 

Ob = rate of increase of strength with rnaaic suction 

The use of [2.47] can give reasonable estimates of bearing capacity since it is 

based on the observation that manic suction increases apparent cohesion. This form of the 

equation is only valid for uniform matric suction profiles that rarely occur in nature. A 

geneml rigorous solution capable of modelling variable maaic suction profiles is required 

Rahardjo and Fredlund (1992) presented an analysis of the effect of manic suction 

on bearing capacity of shallow foundations based on undrained shear strength, G. The 

ultimate bearing capacity is given by: 

qr = s A  12-49] 

where: 

Q = bearing capacity 



& = undrained shear strength 

N, = bearing capacity factor 

The undrained shear suength is assumed to include the contribution of matxic 

suction to shear strength as follows: 

s, = c 8 + ( a - u , ) t a n @ ' + ( u ,  - u , ) t a n ~ ~  [2.50] 

The bearing capacity factor in [2.49] applies to the Tresca yield criterion with @ 

equal to zero. The Q equal to zero concept does not hold for unsaturated soils since the 

undrained strength, %, is a function of the confining stress. In addition, @b is not constant 

for large ranges of matric suction. 

2.6 Conclusions on Literature Review 

The following conclusions can be made h m  the preceding review of subjects 

relevant to the bearing capacity approach to pavement design: 

Pavement Design Methods 

The ultimate swngth approaches to pavement design are more representative of 

pavement response in unpaved roads, thin pavements and pavements under unusually high 

wheel loads in which the propomon of plastic deformation is predominant 

Exisdng ultimate strength approaches to pavement design fall short of providing 

adequate solutions due to; 1.) uncertainties in the failure mechanism and prediction of the 

collapse load in pavements, 2.) difficulties associated with incorporating rnatric suction in 

the bearing capacity determination, and 3.) lack of suitable methods to account for traffic 

volume. There is a need to develop a more rational design procedure that addresses these 

shortcomings. 

Bearing Capacity in Layered Soils 

Existing solutions of bearing capacity in layered soils tend to address specific layer 

configurations and combinations of marerial properties. Apart b m  the upper bound 

solution of Purushothamaraj et al. (1974) and the empirical solutions proposed by 



Satyanarayana and Garg (1979), other methods cannot handle layering of c - + soils. A 

solution based on failure mechanisms typical of pavements and which can routinely handle 

c - @ sods is required 

Effect of Pore-Water Pressures on Bearing Capacity 

There are no existing general solutions that incorporate the effect of positive and 

negative pore- water pressures on bearing capacity of homogeneous or layered soils. Such 

solutions are required to enable the influence of environmental factors to be incorporated 

in bearing capacity formulations for pavement design. 



CHAPTER III 

BEARING CAPACITY IN LAYERED SOILS 

3.1 Introduction 

The bearing capacity based pavement design methods reviewed in Chapter 2 can 

be classified into two categories depending on the assumptions made with regard to the 

failure mechanism. The hrst group of methods consider the base layer as an elastic 

material whose sole purpose in the failure process is to distribute the load to the subgrade 

(Broms 1963, 1964; Bender and Barenberg 1978; Giroud and Noiray 198 1; Milligan et al. 

1986; Sattler et al. 1989 and Szafkon 1991). The second group assumes a general shear 

failure type of mechanism involving all pavement layers (McLeod 1953). 

The mobilization of the ultimate strength of the subgrade requires large 

deformations. Since the pavement must continue to behave as a continuous system, large 

deformations of the subgrade invariably translate into equally large deformations of the 

overlying layers. It is unlikely that the base layer would C O ~ M U ~  to behave elastically over 

the large deformations required to mobilize the ultimate strength of the subgrade. 

Furthermore, observations of pavement failure modes (McLeod 195 3; Hveem 19%) have 

confirmed the occurrence of failure mechanisms involving all the pavement layers. 

Pavement design methods that assume an elastic base layer and a failure mechanism 

located exclusively within the subgrade layer are, therefore, inconsistent with the physical 

phenomenon. 



The assumption of a general shear failure type of mechanism involving all 

pavement layers as adopted by McLeod (1953) is more realistic for pavements. However, 

the method of solution proposed by McLeod is tedious and impossible to extend to more 

complicated situations. The possibility of using the upper bound solution proposed by 

P u r u s h o t t z ~ j  et al. (1974) based on a general shear failure mechanism was considered. 

Unfortunately, the complexity of the upper bound solution renders the incorporation of 

pore-water pressures and matric suction almost impossible. A solution that can accurately 

predict bearing capacity in 2-layer soils and still retain sufficient simplicity to allow for the 

incorporation of matric suction and positive pore-water pressures is required. 

The limit equilibrium method has been used extensively in geotechnical engineering 

to provide solutions to bearing capacity, lateral eanh pressure and slope stability 

problems. By virtue of the simplicity of its formulation, the limit equilibrium method can 

easily handle such complex factors as soil layering and pore-water pressures. Furthermore, 

the suitability of limit equilibrium methods in providing reasonable solutions for bearing 

capacity in homogeneous soils flertaghi 1943; Meyerhof 1% 1) and layered soils (Button 

1953; Raymond 1967; Meyerhof 1974; Meyerhof and Hanna 1978) has been 

demonstrated. Consequently, the limit equilibrium method was selected as the tool for the 

development of solutions for bearing capacity in layered soils and for the incorporation of 

the effect of matric suction on bearing capacity. 

The analysis was restricted to 2-layer systems that are typical of unpaved and low 

volume roads consisting of granular bases overlying cohesive subgrades. The presence of a 

surface dressing layer over the base course still qualifies as a 24ayer system because such 

layers act more to waterproof the pavement than to contribute to its bearing capacity. The 

development of the bearing capacity formulation is presented in this chapter while the 

incorporation of positive pore-water pressures and rnatric suction is presented in the 

following chapters. 



3.2 General Considerations 

A 2-layer soil with varying cohesion, angle of internal fiction and unit weight as 

shown in Fig. 3.1 was considered. The effect of surcharge was neglected in the analysis 

since wheel loads are usually applied to the surface of the pavement. The bearing capacity 

of the layered system was assumed to be given by the following equation: 

where: 

qf = bearing capacity 

cl = cohesion of the top soil layer 

B = width of the foundation 

yl = unit weight of the top soil layer 

N, = bearing capacity factor with respect to cohesion 

N, = bearing capacity factor with respect to self weight 

The following assumptions were made in the development of the solution for 

bearing capacity in a Zlayer soil: 

The Terzaghi general shear failure mechanism is valid for layered soils. 

The length of the footing is large in comparison to its width so that plane 

strain conditions apply. 

The footings are smooth and, therefore, no shear stresses are developed 

between the soils and the footing. 

The soil in each layer is homogeneous and isotropic. 

Shear stresses at rhe interface between the soil layers are neglected. 

The shape of the log spiral is controlled by the shear strength parameters of 

both soils and the relative depth of the top soil layer. 



cl = cohesion in soil 1 B = width of the footing 

c, = cohesion in soil 2 HI = depth of soil 1 

= angle of internal friction in soil 1 qf = bearing capacity 

h = angle of internal friction in soil 2 I = active zone 

y, = unit weight of soil 1 
II = radial shear zone 

y, = unit weight of soil 2 
III = passive zone 

Fig. 3.1 General shear failure mechanism in a 2-layer soil. 

7. The p ~ c i p l e  of superposition is applicable to the individual components of 

bearing capacity 

The bearing capacity of the soil was determined by considaing the equilibrium of 

the passive and active soil wedges (Fig. 3.2) as proposed by Terzaghi (1943). Only the 

resultant forces for the two soils are shown in the figure for simplicity of presentation. 

The passive pressure on the side of the passive wedge can be determined from 

lateral earth pressure theory as follows: 

PP = yt~, + ~ c J K ~  r3.21 



where: 

p, = passive pressure at depth, z 

y = unit weight of the soil 

K, = Rankine's passive pressure coefficient given by tan2(450+@/2) 

c = cohesion of the soil 

@ = friction angle of the soil 

The weights of the passive and radial shear zone are determined from the 

geometry of the wedges and the unit weight of the SOL The moment, Mc, due to cohesion 

along the log spiral is calculated h m  the length of the log spiral and the cohesion of the 

s d  The resultant force, P, can be calculated by taking moments about the center of the 

log spiral. The resultant normal force at the base of the log spiral is inclined at an angle 

equal to the angle of internal friction of the soil and therefore acts through the center. 

Since the resultant force has no moment, its value need not be determined. To solve for 

the resultant force, P, assumptions have to be made with regard to the points of action of 

the weight and passive forces. These assumptions are discussed in detail in the derivations. 

Once the resultant force, P, has been determined, the capacity of the 

footing can be calculated by considering the equilibrium of the active wedge in Fig. 3.2(b). 

The cohesive force, C, and the weight of the acdve wedge, W2, are calculated from the 

geometry of the wedge, unit weight and cohesion of the soil. 

The following derivation for a 2-layer soil is based on the above generalized 

procedure. Due to the complexity of the problem involving two layers, additional 

assumptions had to be made to render it solvable. These are discussed as and when they 

occur. Separate determinations are made for the components of bearing capacity due to 

cohesion and self weight Superposition is assumed to be applicable to layered soils so that 

the total bearing capacity can be detexmined by the summation of the cohesion and self  

weight components of bearing capacity. 



Fig. 3.2 

a) Equilibrium of the radial shear zone and passive wedge 

P P 

b) Equilibrium of the active wedge 

Equilibrium of the soil wedges for the general case. 



Sokolovsky ( 1 9 5 6 )  and Davis and Booker (1971) found that superposition results 

in conservative estimates of bearing capacity in homogeneous soils. The same observation 

was made by Griffith (1982) based on finite element studies. 

3 3  Determination of the Bearing Capacity Factor, N, 

The bearing capacity factor, N,, was determined by considering the equilibrium of 

a weightless soil with cohesion and friction. The absence of weight eliminated the 

component containing the factor N, from l3.11 leaving only the component containing the 

factor N,. 

33.1 Passive Forces 

The forces acting on the passive wedge and radial shear zone relevant ro the 

calculation of the factor N, are shown in Fig. 3.3. The passive force due to the first soil 

layer is given by: 

where is the Rankine's passive pressure coefficient given by: 

01 K,, = tan2(450 +-) 
2 

The passive pressure force is assumed to act through the center of the depth of the 

soil layer. The moment arm about the center of the log spiral due to the passive force is, 

therefore, given by: 

The passive force and the moment arm for the second soil layer can be determined 

in a similar manner to yield the following equations: 

PC 2 = 2% (H, - H, ),/q 



PC, = passive force due to soil 1 
PC, = passive force due to soil 2 
I,, = moment arm of PC, about centre of log spiral 

lpc2 = moment arm of P, about cenne of log spiral 
ff, = depth of passive wedge 
H = depth of acave wedge 
PC = resultant force 
I,, = moment arm of resultant force 
@ = angle of resultant force 
C = cohesion along the side of the active wedge 
M, = moment due to cohesion along the log spiral 

Fig. 3.3 Equilibrium of the radial shear zone and passive wedge for the 
determination of the bearing capacity factor, N, . 



When the depth of the top roil layer is greater than &, the passive force, P,, 

vanishes. 

33.2 Moment Due to Cohesion Along the Log Spiral 

The shape of the log spiral is assumed to be controlled by the angles of shearing 

resistance of the two soils and the relative depth of the top soil layer. The log spiral varies 

between two extreme shapes depending on the depth of the top soil layer. 

The log spiral will be located exclusively within the top soil layer if the depth of the 

layer exceeds the theoretical maximum depth of the failure mechanism. The shape of the 

log spiral will then be controlled by the fiction angle of the top soil layer only. 

Conversely, if the top layer has zero depth, the log spiral will be located exclusively in the 

second layer and its shape will be controlled by the fkiction angle of that soil. At depths 

intermediate between zero and the maximum depth of the failure surface, the shape of the 

log spiral will lie between the extremes as shown in Fig. 3.4. 

The maximum depth of the failure surface in the top soil layer is given by: 

h, = r, cos$, exp[(90° - a - 9,) tan@,] [3-91 

A complete derivation of [3.9] is contained in Appendix A. The shape of the log 

spiral is expressed in terms of the passive wedge angle, p, and the average friction angle, 

&, for the layered system. These angles are defined as follows: 

PI = 45" - $, / 2 [3.10] 

B2 = 45" - $, I 2 [3.11] 



spiral due to soil 1 

log spiral due to soil 2 / 

Fig. 3.4 Possible variations of  the log spiral in the 2-layer soil. 

The shape of the log spiral within the 2-layer soil is then defined by the following 

equations: 

r = r, exp(0 tan $,) [3.14] 

B 
ro = s e c a  

2 

The extents of the log spiral are controlled by the angle, 8, as given by the 

following expression: 

a S 6 (180° - a - P) 13.161 

The final radius of the log spiral and the depth of the passive wedge can be 

calculated from: 

rl = ro exp@ tan@,) [3.17] 



8 = 180" - a - p  [3.18] 

Hd =rlsinD 13-19] 

The moment due to cohesion along the length of the log spiral also takes on two 

exrremes. The extreme values of the cohesion along the log spiral are calculated as 

follows: 

If HI is greater than or equal to h,,, 

rl, = r, exp(9, tan@, 

8, = 180" -a - p, 

If HI is equal to zero then, 

rl, = r, exp(9, tan@,) 13-24] 

9, = 180" - a - P, [3.25] 

At intermediate depths of the top soil layer, the moment due to cohesion along the 

length of the log spiral is proportioned by depth as follows: 

HI M, = M, + (M,  - M2)-  
h, 

33.3 The Resultant Force 

The resultant force, PC, is determined by taking moments about the center of the 

log spiral. The point of action and the angle of inchation of the resultant force are 

required before its value can be calculated. The following assumptions were made with 

regard to the point of application and direction of the resultant force: 

If HI is greater than or equal to H, 

Q = $1 



If H! is less than H, 

The following expression for the resultant force is obtained by raking moments 

about the center of the log spiral: 

334 Equilibrium of the Active Wedge 

The forces a c ~ g  on rhe active wedge are shown in Fig. 3.5. The forces due to 

cohesion dong the sides of the active wedge are given by: 

The value of becomes equal to zero when H, is greater than H. 

The following expression for the bearing capacity due to cohesion is obtained by 

summing forces on the active wedge in the vertical direction: 

The value of the bearing capacity factor with respect to cohesion is then given by: 



Fig. 3.5 Equilibrium of the active wedge of the determination of the bearing 
capacity factor, Nc. 

The bearing capacity factor, N,, is a function of the shear strength pararneters of 

the two soils, the depth of the top soil layer and the assumed value of the angle, a. The 

correct value of the bearing capacity factor corresponding to a given layer configuration 

and shear snength parameters is determined by minimizing N, with respect to the angle a. 

A computer program was written to compute the factor, N,, based on the 

equations derived. The angle, a, was increased progressively until a minimum value of N, 

was obtained The results of the analysis are presented in the following section. 



3.4 Results of the Bearing Capacity Factor, Nc 

The proposed solution for the bearing capacity factor, Nc, for a Zlayered soil 

system can be verified through comparisons with existing solutions. Since existing 

solutions do not account for all possible variations in layer configuration and shear 

strength parameters, typical results of the proposed method are also presented in such a 

way as to illustrate their consistency with the physical phenomenon. 

3.4.1 Comparison with Homogeneous Solutions 

Comparison of the proposed solution with existing solutions for homogeneous 

soils is a logical starting point of the process of verification. Homogeneous soils can be 

analyzed in the proposed solution in any one of three ways; 1 .) by considering a very deep 

top soil layer so that failure occurs exclusively within it, 2.) by specifying zero depth for 

the top soil layer so that aLl the moments and forces with respect to it vanish, and 3.) by 

assigning the same material propemes to both soil layers. 

Values of the bearing capacity factor, N,, for homogeneous soils calculated as 

outlined above are compared to closed f o m  solutions based on the theory of plasticity in 

Table 3.1. The proposed solution yields results that are similar to those of the plasticity 

solution. The assumption of a equal to ( 4 5 O + @ / 2 )  made by Terzaghi (1943) for a smooth 

footing and Prandtl(1921) is also valid for the proposed method. 

The same solutions were obtained by assigning the same shear strength parameters 

to the soil layers while varying the depth of the first layer. The similarity of results is an 

indication of the continuity in the solution in moving from layered to homogeneous soils. 

While such a continuity is not a verification of the accuracy of the proposed solution for 

layered soils, it is considered to be an indication of the rationality of the assumpuons. 



Table 3.1 Comparison between the proposed solution for Nc and the Prandtl 
(1921) solution for homogeneous soils. 

Friction angle N, Nc 

@ (deg) a (deg) a=(45O*/2) Prandtl(192 1 ) Proposed 

0 45.3 45.0 5.14 5.15 

10 50.4 50.0 8.35 8.34 

20 55.6 55.0 14.83 14.83 

30 59.0 60.0 30. 14 30.13 

40 64.2 65.0 75.3 1 75.25 

3.4.2 Comparison with Sdutions For Layered Soils 

Analytical solutions for the bearing capacity factor, N,, for a 2-layer cohesive soil 

with zero Mction angle were derived by Button (1953), using the Fellenius slip circle 

method. Purushothamaraj et al. (1974) developed solutions for 2-layer soils with varying 

cohesion and fiction using Limit analysis. Their solution can be extrapolated to the 

frictionless case. The two solutions are compared to the proposed solution for frictionless 

soils in Fig. 3.6. Also included in the comparisons are experimental results performed by 

Brown and Meyerhof (1 969). 

The proposed solution gives values of the bearing capacity factor that are higher 

than Button's limit equilibrium solution and the experimental results of Brown and 

Meyerhof (1969) for a weaker bottom soil layer. For a stronger bottom soil layer, there 

are small differences between the solutions. In both cases, the proposed solution gives 

results that are close to the upper bound solution by Purushothamaraj et al. (1974). 

There are no other solutions in the literature for soils with &don, apart from the 

upper bound solution by Purushothamaraj et aL (1974). A comparison has been made 

between this solution and the proposed solution for a constant fiction angle of 200 and a 

range of cohesion ratios in Fig. 3.7. The trends depicted in Fig. 3.7 for a friction angle of 



200 and a depth ratio of 0.5 are typical of other friction angles and depth ratios. The 

proposed solution yields higher bearing capacity factors for weaker lower soil layers and 

vice vema for stiffer lower layers. The values of the bearing capacity factor for the 

homogeneous soil can be defined at a cohesion ratio of unity. These values are also 

indicated in the figures. Unlike the upper bound solution, the proposed method of analysis 

gives values of N, for the homogeneous case that are equal to the Randtl (1921) 

solutions. This is, perhaps, an indication of the suitabiky of the proposed solution over the 

upper bound one. 

Fig. 3.6 Comparison beween proposed solution for frictionless soils and 
other solutions. 
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Comparison between proposed solution for bearing capacity factor, 
N, with the upper bound solution for a constant friction angle of 
20". 



Fig. 3.8 

/ 1 N- = 14.8 (Homogeneous) I 

Bearing capacity factor, N,, versus the ratio of angles of i n t d  
friction (@, = 200). 



Typical variations of the bearing capacity factor, N,, with friction angle ratios for 

constant cohesion and depth ratios are shown in Fig. 3.8. The general inmase in the 

bearing capacity factor with increasing srrength of the lower soil layer is apparent 

The effect of changing the depth of the first soil layer is illustrated in Fig. 3.9, for a 

strong layer overlying a weak layer and vice versa in Fig. 3.10. As the depth of the top soil 

layer increases. the bearing capacity factor approaches the homogeneous value of the top 

layer. The bearing capacity factor approaches the homogeneous value of the bottom layer 

as the depth of the top layer is decreased. The transition between the two extreme values 

of N, is smooth. 

Fig. 3.9 Bearing capacity factor, N,, versus depth ratio for a weaker top 
layer. 
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Fig. 3.10 Bearing capacity factor, Nc, versus depth ratio for a stronger top 
soil layer. 

3.4.3 Conclusions on Results of the Bearing Capacity Factor, Nc 

The comparisons carried out in the preceding sections have shown that the 

proposed solution gives results that are consistent with other solutions. The smooth 

transidon from the layered to the homogeneous case, as defined by friction angle and 

cohesion ratios of unity and by depth ratios approaching zero or becoming very large, has 

also been demonsnated. There is sufficient justification, therefore, in concluding that the 

proposed method of analysis gives reasonable estimates of the bearing capacity factor, N,. 



3 5  Determination of the Bearing Capacity Factor, N, 

The bearing capacity factor, N, was determined by considering the equilibrium of 

two cohesionless soil layers with self weight. The absence of cohesion eliminated the 

bearing capacity factor, N,, with respect to cohesion. Since consideration was resmcted to 

surface loads, the bearing capacity became dependent on the self weight component only. 

The determination of the seif weight bearing capacity factor was based on the s a m e  

procedure as outlined for the bearing capacity factor with respect to cohesion. 

35.1 Passive Forces 

The passive forces on the passive wedge due to self weight of the soil layers 

are shown in Fig. 3.12. The following equations are applicable to the passive forces: 

Since the forces due to self weight are hydrostatic, they are assumed to act at two 

third points, except for Ppw2 which acts through the center point The moment anns about 

the center of the log spiral for the passive forces are, therefore, given by: 

7 

All the passive forces, except PP1, vanish when the depth of the first soil layer, HI, 

is greater than or equal to H,. 



Passive 
Pressure 
Distribution 

P,, = passive force due to soil 1 
P,,, = passive force due to surcharge of soil 1 on soil 2 
P,,, = passive force due to soil 2 
I,, = moment arm of P,, about cenm of log spiral 
I,, = moment arm of PPwz about centre of log spiral 
I,,, = moment arm of Pp,, about centre of log spiral 
H, = depth of passive wedge 
H = depth of active wedge 
Pw = resultant force 
I,, = moment arm of resultant force 

@ = angle of resultant force 

Fig. 3.1 1 Passive forces due to self weight acting on the passive wedge. 



3.53 Moments Due to Self Weight 

The forces acting on the passive wedge and radial shear zone due to self weight of 

the soil layers are shown in Fig. 3.12. The following expressions are valid for the forces 

acting on the passive wedge: 

The weight forces, W2 and W3, vanish when HI is greater than H* 

The moment anns about the center of the log spiral corresponding to each of the 

above forces are given by: 

The forces acting on the radial shear zone due to self weight of the soil layers are 

shown in Fig. 3.12(b), for the general case. The actual magnitudes of each of the forces 

will depend on the values of the angles, €I1, e2, and 83 The magnitudes of these angles 

depend on the depth of the top soil layer. They are calculated as follows: 

If HI is less than or equal to H then: 

- r* - r,, [3.49] 

0, = O  [3 SO] 

If H, is greater than H then the angle, 02, and the radius, rz can be calculated by 

solving the following equations simultaneously: 



W,,W, ,W3 = weights of hctions of the passive wedge 
Iwl , lw2, lw3 = correponding moment arms of the weights 

a) Forces and moment arms in the passive wedge 

W, , W,, W, ,W, = weights of sectors of the radial shear zone 
lw4, b, lw6, L7 = correponding moment arms of the weights 

b) Forces and moments in the radial shear zone 

Fig. 3.12 The forces acting on the passive wedge and radial shear zone due to 
self weight 



r2 = HI 
sin (a + 8, ) 

If the depth of the top soil layer is less than or equal to the depth of the passive 

wedge, &, the angle, e2, is given by: 

8, = 180" - a - 8, - P [3.53] 

If HI is greater than I&, the angle, O,, and the radius, r,, can be determined by 

solving the following equations: 

5 = 4 exp(e2 tan@) 

The last sector of the log spiral is defined by the angle, €I3, which is calcuIated as 

follow s : 

9, = O  for H + H ,  

0, = 180" - a - 8, - 8, - P for H , > H ,  

The determination of the individual components of weight can proceed after the 

component angles have been calculated 

The force due to weight of the top soil layer in the triangular area is given by the 

following expression: 

The moment arm about the center of the log spiral corresponding to this force is 

given by: 

- H, coaec(a + 8, ) sin (a / 2) cos(a + p / 2) lw4 - 1 



A detailed derivation of the general equation for the area and moment arm of the 

triangular portion of the log spiral is given in Appendix A. 

The forces due to the weight of the top soil layer in sectors of the log spiral are 

given by: 

The comsponding moment arms about the center of the log spiral can be 

calculated from the following expressions: 

l,, = r, sin a - r, cosa 13.621 

l,, = r, sin(a + 8, + 0,)  - r, cos(a + 8,  + €3,) [3.63] 

The variables r, and r, are defined and derived in Appendix A. 

The force and moment arm due to the weight of the second soil layer are 

calculated by considering the weight of the whole sector enclosed by the angle, 8: as 

follows: 

where: 

Wm = weight of the log spiral sector assuming full extent of soil 2 

l~sb = moment arm due to WS 



35.3 Resultant Force 

The resultant force, P,, in Fig. 3.1 1 is calculated by taking moments about the 

center of the log spiraL The equations derived for the point of application and direction of 

the resuitant force due to cohesion are also applicable to the self weight force. The 

resultant force and its moment arm are given by: 

3.5.4 Equilibrium of the Active Wedge 

The forces acting on the active wedge due to self weight of the soil layers are 

shown in Fig. 3.13. The only unknown forces in the figure are the weights of the soil and 

the bearing capacity. The folIowing equations are used to calculate the weight forces: 

1 
Wa2 = 7 y2 (B - 2HI cot a ) ( H  - H, ) 

L. 

The force W, vanishes when H, is greater than H. 

The following expression for bearing capacity due to self weight is obtained by 

considering the vertical equilibrium of the active wedge: 

The bearing capacity factor due to self weight is then defined as follows: 



Fig. 3.13 Equilibrium of the active wedge due to self weight 

3.6 Results of the Bearing Capacity Factor, N, 

The results of the method outlined in the preceding sections for the calculation of 

the bearing capacity factor, N, for a 2-layered soil system are presented and compared 

with other solutions in this section. 

3.6.1 Comparison with solutions for Homogeneous Soils 

The method outlined for layered soils can also be used to calculate the bearing 

capacity for homogeneous soils under the following conditions: 

Specifying a depth greater than & for the top soil layer 

specifying a depth of zero for the top soil layer 

assigning the same material pxuperties to both soil layers 



Unlike the factor, N,, the bearing capacity factor due to self weight, N, has no 

closed form solution. A number of approximate solutions have been proposed for the 

determination of N, in homogeneous soils (Terzaghi 1943; Hiu 1950, Prandtl 1921; 

Hansen 1970; Meyerhof 1951; Caquot and Kerisel 1953; Atxiul-Baki and Beik 1970; Hu 

1964 and Hu 1965) based on a wide range of assumptions. Significant differences exist 

between the existing solutions. 

The results of N, calculated using a combination of the outlined procedures for 

considering homogeneous soils are compared to the limit equilibrium solution of Terzaghi 

(1943), plasticity solution of Prandtl (1921) and to a solution obtained by the integration 

of Boussinesq's elasticity equations by Caquot and Kerisel (1953) in Table 3.2. The 

proposed solution yields values of the factor, NN, for the homogeneous case that are very 

close to the solutions by Randtl (192 1) and Caquot and Kerisel (1 953). The method, 

therefore, provides reasonable solutions for homogeneous soils. This is an indication of 

the continuity in the solution from the layered to the homogeneous case. 

Table 3.2 Cornpason of solution for N, with existing solutions. 

Friction angle Aoposed Prandtl(192 1) Terzaghi Caquot and 

0 (deg-) Method ( 1943) Kerisel (1953) 

0 0 0 0 0 

5 0.4 0.5 0.1 0.5 

10 1.2 1.3 0.7 1.6 

15 2.7 2.9 2.0 3.0 

20 5.9 6.2 4.8 5.7 

25 12.4 13.0 9.8 11.2 

30 26.7 27.7 20.0 22.7 

35 0 . 4  61 -5 43.0 49.1 



3.6.2 Comparison with Solutions for Layered Soils 

There are no suitable solutions in the literature for rhe bearing capacity factor, Ny 

in layered soils against which the proposed solution can be compared Although the upper 

bound soludon of Purushothamaraj et aL (1974) provides a solution for this kind of 

problem, the complexity of the equations precludes the possibility of making a 

comparison. Under the circumstances, typical results of the proposed solution are 

presented in such a way as to portray consistency with the physical phenomenon. 

Typical variations of the bearing capacity factor, N, with the ratio of unit weights 

of the soil layers are shown in Fig. 3.14. Since large differences in unit weight do not 

occur in nature, the variations have been restricted to ratios between 0.5 and 1.5. The 

bearing capacity factor increases as the ratio of unit weights increases. At a unit weight 

ratio of one, N, is equal to that for the homogeneous case. The general trends depicted in 

Fig. 3.14 hold true for other angbs of internal fiction and depth ratios. 

The variation of the factor, N, with the ratio of angles of internal friction is shown 

in Fig. 3.15 for a range of depth ratios. The trends follow the same patterns as those 

observed for the factor, N,, in Section 3.4.2. As in the case of unit weight ratios, the 

bearing capacity factor, N, corresponding to a friction angle ratio of unity is equal to that 

for a homogeneous soil. 

The effect of changing the depth of the top soil laya is illusrrated in Fig. 3.16 and 

3.17. The bearing capacity factor approaches the value for the top soi l  layer as the depth 

increases. As the depth of the top soil layer approaches zero, the bearing capacity factor 

approaches the value for the bottom soil layer. 



Fig. 3.14 Bearing capacity factor, Ny versus the ratio of unit weights. 



Fig. 3.15 Bearing capacity factor, N, versus the ratio of angles of intemal 
friction. 



Bearing capacity factor, N, versus the depth of the top soil Layer 
for a stronger top layer. 



I 
N = 5.9 for layer 2 only 

Fig. 3.17 Bearing capacity factor, N, versus the depth of the top soil layer 
for a weaker top layer. 

2.0 

i 
= 1.1 7 for layer 2 only 
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3.6.3 Conclusion on the Results of the Bearing Capacity Factor, N, 

The proposed method of analysis has been shown to provide estimates of the 

bearing capacity factor, N, that are close to existing solutions for homogeneous soils. The 

trends of the variations of N, in layered soils are not only consistent with the physical 

boundaries of the problem, but also show trends dmilar to the variations of the factor, N, 

for which there were comparable solutions. It appears that the proposed method gives 

reasonable estimates of the bearing capacity factor. 

- 

0.0 I r I 



3.7 Overall Bearing Capacity of a 2-layered Soil 

Independent derivations have been made for the components of bearing capacity 

due to cohesion and due to self weight. Assuming the applicability of rhe principle of 

superposition, the overall bearing capacity of a surface footing on a 2-layer soil system is 

given by [3.1]. The variation of the overall bearing capacity with the depth of the top soil 

layer is shown in Fig. 3.18 for a two-layer soil. The bearing capacity varies bemeen a 

minimum value for zero depth of the top soil layer to a snaximum corresponding to the 

bearing capacity of the top soil layer. 

Experimental determinations of bearing capacity in layered soils consisting of sand 

overlying purely cohesive clays were made by Tseng (1957), Yamaguchi (1963) and 

Meyerhof (1 974). Key so i l  parameters required for the determination of bearing capacity 

using the proposed method are missing finm the data It is, therefore, impossible to make 

a comparison between the proposed solution and the reported experimental results. 

The methods for calculating the bearing capacity of a 2-layer pavement reviewed in 

Chapter 2 can be grouped into the following three categories: 

1. Methods that assume a load spread angle for the base layer. 

2. Methods that use Boussinesq's elastic theory to calculate stress distribution 

by the base layer. 

3. Methods based on the punching shear mechanism 

The proposed method of calculating the bearing capacity of a Zlayer soil is applied 

to the solution of bearing capacity in a pavement composed of a granular base over a 

cohesive subgrade and compared to each of the above categories of methods. 

3*7.1 Comparison with Methods Based on a Load Spread Angle 

Pavement design methods proposed by Broms (1963, 19641, Giroud and Noiray 

(1981), MilIigan et ai. (1986) and Sellmeijer et al. (1982) assume that the base acts as a 



load spreading layer and that failure occurs exclusively in the subgrade. A general 

representation of the design problem is shown in Fig. 3.19. 

The bearing capacity of the pavement system can be calculated from the following 

equations: 

Fig. 3.18 Overall bearing capacity of a 2-layer soil versus the ratio of depth 
of top soil layer to foundation width. 
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B t =  B+?H,tanB [3.75] 

9, = c2Nc [3.76] 

Substituting (3.751 and [3.76] into [3.74], the following expression is obtained for 

the bearing capaciw of the pavement: 

H 
P = (1 + 2- tan P)C,N, 

B 

where: 

P = bearing capacity of the pavement 

B = width of the loaded area 

B' = width of the load spread area 

HI = depth of the base layer 

p = load spread angle 

Nc = bearing capacity factor with respect to cohesion for the subgrade 

c2 = cohesion of the subgrade 

The value of the load spread angle, P, varies from one author to another as shown 

in Table 3.3. 

Table 3.3 Assumptions of the load spread angle by different authors. 

Author Load spread angle, f3 

Broms (1963) 26.60 

Milligan et al. (1986) 26.60 

Seilmeijer et al. (1 982) -Loose 26.60 

Giroud and Noiray (198 1) 31° 

Sellmeijer et al. (1  982) -Dense 450 

The values of the bearing capacity calculated using each of the load spread angles 

in Table 3.3 are compared to the results of the proposed solution in Fig. 3.20, for a range 



of depths of the base layer. The material properties of the pavement components are given 

in the figure. 

The assumption made for the load spread angle has a sigruficant influence on the 

calculated bearing capacity. For a base with a friction angle of 35' and low depths of rhe 

base layer, the proposed method of analysis predicts lower bearing capacides than the 

methods based on a load spread angle. For greater depths of the base layer, the proposed 

method predicts a more rapid increase of the bearing capacity towards a Iimiting maximum 

value. The methods based on a spread angle depict a hear variation of bearing capacity 

with depth of the base layer, and show no tendency towards a Limiting value. 

w r  r i 
4 

1 

P Granular base 

Fig. 3.19 Calculation of bearing capacity based on a load spread angle. 



i I- Proposed solution I I 

Fig. 3.20 Comparison between bearing capacity based on the proposed 
solution and solutions based on load spread angles. 

3.7.2 Comparison with Methods Using Boussinesq Theory 

The method proposed by Bender and Barenberg (1978) is based on the assumption 

of failure occuning exclusively in the subgrade. Instead of a load spread angle, the method 

uses the elastic theory of Boussinesq to calculate the hedistribution of saess in the base 

layer. To enable a comparison to be made with the proposed solution, the stresses acting 



below the center of a strip load were calculated based on the influence factors given m 

Table 3.4. The bearing capacity was given by: 

~ 2 %  p = -  
I, 

where I, is the influence factor as given in Table 3.4. 

Table 3.4 Variation of the influence factor at the center of a loaded strip area 
with depth-width ratios (from Jurgenson, 1934). 

Depthhid th Influence factor 

I, 

0 1.00 

0.25 0.96 

0.5 0.82 

0.75 0.67 

The solution for bearing capacity based on [3.78] is compared to the proposed 

solution in Fig. 3.21 for base layer friction angles of 35O and 400. For thin base 

thicknesses, the Boussinesq solution is similar to the proposed solution for the stronger 

base layer. At greater thicknesses of the base, the proposed solution increases rapidly 

towards the maximum value while the elastic solution indicates a linear variation. The 

dependence of bearing capacity on the shear strength of the base is clearly depicted by the 

proposed solution while the elastic so!utim assumes that bearing capacity is independent 

of the shear strength of the base layer. 

3.7.3 Comparison with Methods Based on the Punching Shear Mechanism 

The punching shear mechanism proposed by Meyerhof (1973) can be used to 

calculate the bearing capacity of a 2-layer pavement system consisting of a granular base 

overlying a cohesive subgrade. Eq. 2.37 can be re-written as follows for a surface footing: 



I I - - -  Boussinesq solution I 
i 1- Proposed solution 9, = 40 

Proposed solution 0 ,  = 35 
300 0 

y2= 18 kN/m 

Q, = 35 and 40 

c,= I kPa 
(+ 20 kPa 

Fig. 3.2 1 Comparison between proposed solution and solutions based on 
Boussinesq theoxy . 



Fig. 3.22 Comparison between proposed solution and a solution based on the 
punching shear failure mechanism 



where: 

71 = unit weight of the base Layer 

K, = coefficient of punching shear 

The bearing capacity calculated using [3.79] is compared to the proposed solution 

in Fig. 3.22. The two solutions give sirnilat results at low thicknesses of the base layer. As 

the thickness of the base increases, the proposed solution predicts a more rapid increase of 

the bearing capacity towards the maximum value. Unlike the other methods, the method 

based on the punching shear failure mechanism takes into consideration the contribution of 

the shear strength of the base layer to bearing capacity. 

3.8 Conclusion on Bearing Capacity in Layered Soils 

The following conclusions can be made with regard to the proposed solution for 

the determination of bearing capacity in 2-layer soils: 

1. The method of solution appears to give reasonable estimates of bearing 

capacity. 

2. The proposed method demonstrates the importance of the shear strength of 

the top soil layer in the development of bearing capaciry. Most of the 

methods reviewed ignore variations in the shear strength of the base layer 

in the determination of bearing capacity. 

3. The proposed solution can be used to analyze layend soils with any 

combinadon of shear strength parameters. It is not restricted to 

cohesionless base layers or frictionless subgrades. 



CHAPTER IV 

EFFECT OF POSITIW PORE-WATER PRESSURES ON BEARING 

CAPACITY 

4.1 Introduction 

The limitations of availabIe solutions to account for the influence of positive pore- 

water pressures and rnatric suction on bearing capacity were discussed in Chapter 2. The 

solutions presented in this and the next chapter were developed in an attempt to surmount 

the shortcomings of these methods. They are based on the same limit equilibrium approach 

that was used for the development of the solution of bearing capacity in layered soils and 

are capable of handling more general variations of positive pore-water pressures and 

maaic suction. 

The solutions were developed in three successive stages, each stage providing 

justification for advancement to the next. The first stage involved the development of a 

solution for the influence of positive pore-water pressures on the bearing capacity of 

saturated soils. There are existing solutions for specific cases of this kind of problem 

against which the accuracy of the proposed solution can be compared. The second stage 

involved the development of solutions for the influence of negative pore-water pressures 

on the bearing capacity of saturated soils. This stage followed the successful verification 

of the first stage and was intended to provide a final check on the accuracy of the 

proposed approach before it was used for manic suction variations in the h a 1  stage. The 



first stage is presented in this chapter while the rest of the stages are presented in Chapter 

4.2 Influence of Positive Pore-Water Pressures on Bearing Capacity 

Positive pore-water pressures do not affect the magnitudes of the effective 

cohesion and angle of shearing resistance of saturated soils. The reduction in bearing 

capacity that accompanies increases in positive pore-water pressures in saturated soils 

arises h m  the reduction in effective weight of the soiL Since the soils an saturated, the 

principle of effective stress is applicable and the total bearing capacity i s  composed of 

effective and pore-water pressure components. This observation formed the basis of the 

derivation for the influence of positive pore-water pressures on bearing capacity. Because 

of its versatility, the limit equilibrium approach utilized for the development of the solution 

for bearing capacity in Zlayered soils in Chapter 3 was extended for use in this analysis. 

The following assumptions were made in the derivation of the solution: 

1. The Terzaghi general shear failure mechanism is valid 

2. Thecomponentofbearingcapacityduetopositivepore-waterpressures 

can be determined independently. 

3. Plane strain conditions are applicable. 

4. The soil is homogeneous and isotropic. 

5. The effects of pore-water pressures above the water table are neglected. 

6. The principle of superposition is applicable to individual components of 

bearing capacity. 

The effect of positive pore-water pressures on bearing capacity can be determined 

by considering the equilibrium of a weightless, cohesionless soil subjected to water 

pressures only. The general equilibrium of the Texzaghi wedges due to water pressures is 

shown in Fig. 4.1. The effect of pore-water pressures on the passive wedge can be 



determined by expressing [3.2] in tems of a total and pore-water pressure component as 

proposed by M a h l  et al. ( 1983). 

where: 

p, = passive pressure at depth, z 

c' = effective cohesion of the soil 

K, = Rankine's passive earth pressure coefficient 

u, = pore-water pressure at depth, z 

It follows from 14.21 that the effect of positive pore-water pressure on the passive 

pressure is given by u, (1  - K, ) . This effect will be referred to as a component of passive 

pressure in the following discussion. Since the term depends on the distribution of pore- 

water pressures in the soil, the effect of pore-water pressures on bearing capacity also 

depends on the distribution of water pressure. It is difhdt to develop a single solution 

that can account for all possible variations in pore-water pressures in the soil. The 

following specific cases were considered: 

1. Uniform pore- water pressures. 

2. Water table below the ground surface 

3. Water levels above the ground smface. 

4 3  Uniform Pore-Water Pressures 

Uniform pore-water pressures under the foundation do not usually occur in nature. 

However, a solution for the effects of uniform pore-water pressures on bearing capacity 

can fonn the basis for solving problems involving uniform changes in water pressures. The 

solutions can also be combined with solutions for hydrostatic variations of pore-water 

pressure to obtain a solution for the case of a water table above foundation Ievel. 



The forces acting on the soil wedges and the corresponding moment arms about 

the center of the log spiral are shown in Rg. 4.2. In addition to the forces due to passive 

pressures, there are water forces on the sides of the active wedge and along the length of 

the Log spiral. The determination of each of the forces and moment arms is presented. 

43.1 Water Forces on the Passive Wedge 

The water force on the passive wcdge is given by the following equation: 

P, = u , ( l -  K,)H, W 1  

where u, is the uniform pore-water pressure in the soil 

The force is assumed to act through the center point of the passive wedge. Its 

moment arm about the center of the log spiml is given by: 

H* lp = -  
2 

43.2 Water Forces on the Failure Surfaces 

The water force along the side of the active wedge and its moment arm about the 

center of the log spiral are given by: 

In the derivation carried out for 2-layer soils in Chapter 3, the point of action of 

the resultant force at the base of the log spiral passed through the center and, therefore, 

had no moment This was because the soils were dry and the resultant force was only 

composed of the normal force at the base of the log spiral and the shear stress due to it. In 

the case of soil with pore-water pressures, the resultant of the effective n o d  force will 

not have a moment However, since water cannot sustain shear stresses, the pore-water 

pressure at the base of the spiral will have a moment as illustrated in Fig. 4.3(b). 



Fig. 4.1 General equilibrium of the soil wedges due to pore-water pressures. (a) 
Equilibrium of the radial shear and passive zone. (b) Equilibrium of the 
active wedge. 



The force and moment arm due to pore-water pressures acting along the length of 

the log spiral can be calculated by considering an elemental sector (Fig. 4.3(a)) and 

integrating over its entire length. 

I,, = r sin $ 

43.3 Resultant Water Force 

The resultant force. P,, is determined by taking moments about the center of the 

log spiral. It is assumed to be inched at an angle equal to the angle of shearing resistance 

of the soil. This assumption for the angle of inclination is reasonable considering that the 

water force on the passive wedge is dependent on the angle of shearing resistance of the 

soil. The resultant water force acts through the center of the active wedge. 

43.4 Equilibrium of the Active Wedge 

The forces acting on the active wedge are shown in Fig. 4.3(c). The bearing 

capacity is determined by summing forces on the active wedge in the vertical direction. 

1 
L 

qh = B[Pu costa - $) + P,, cosa] 



Fig. 4.2 

P,, = water force on the passive wedge 
P,, = water force on side of active wedge 

P,, = water force on log spiral 
= moment arm of Ppu about centre of log spiral 
= moment arm of P,, about centre of log spiral 

4, = moment arm of P,, a about centre of log spiral 
P, = resultant force 
F = resultant force at base of log spiral 
I,, = moment arm of resultant force 

H, = depth of passive wedge 
H = depth of active wedge 
@ = angle of resultant force 

Equilibrium of the passive and active wedges due to uniform pore-water 
pressures. 



Fig. 4.3 

to center of log spiral 

N = effective normal farce 
U, = pore-water force 

(b) 

Determination of force and moment arm due to water pressure along the 
log spiral and equilibrium of the active wedge. (a) Sector for force and 
moment determination. (b) Details of forces at the base of the log spiral. (c) 
Equilibrium of the active wedge. 



The bearing capacity due to the uniform pore-water pressures below the foodng 

can be expressed in the form of a bearing capacity factor, Nu. 

The value of the bearing capacity factor, Nu, depends on the assumption made with 

respect to the active wedge angle, a. The angle, a, is varied to obtain the minimum value 

of Nu. 

43.5 Results of the Bearing Capacity Factor, Nu 

The results of the bearing capacity factor, Nu, are presented in Table 4.1. Also 

presented in the table are the values of the wedge angle, a, corresponding to the minimum 

bearing capacity factor. The minimum value of Nu occurs at wedge angles equal to 

(45" + 9 / 2). By assigning this value to a. a closed form solution for the bearing 

capacity factor can be obtained. 

Table 4.1 Variation of the bearing capacity factor, Nu, wirh the angle of shearing 
resistance of the soil. 

Angle of friction Angle, a (deg.) Bearing capacity factor 

@ (deg.1 for minimum N,, Nu 

5 47.4 0.57 

10 49.9 1.46 

15 52.5 2-88 

20 55.0 5 -20 

25 57.5 9.1 1 

30 60.1 15.99 

35 62.55 28.82 



A comparison was made between the bearing capacity factor, Nu, and the bearing 

capacity factor with respect to surcharge, N,, in Fig. 4.4. It is apparent h m  the figure 

that for angles of internal friction less than 300, Nu is approximately equal to (N,- 1). 

The total bearing capacity in a soil subjected to a uniform pore-water pressure can, 

therefore, be expressed as follows: 

Equation 4.14 can also be expressed in the following form: 

It has not, hitheno, been possible to evaluate the effect of changes in pore-water 

pressure on bearing capaciry from existing theories. The definition of a bearing capacity 

factor with respect to uniform pore-water pressures makes it possible for the effect of 

pore-water pressure changes on bearing capacity to be evaluated. This can be useful in 

bearing capacity determination involving very weak soils in which pore-water pressures 

induced by surface loading and other factors may be high enough to sipficantly affect the 

stability of foundations placed on them. Under such circumstances, the knowledge of the 

factor. Nu, enables the determination of bearing capacity changes due to pore pressure 

changes as follows: 

Aqf = -AuWN, l4.161 

where A% is the change in bearing capacity due to change in pore pressure Ay. 

The relationship between Aq+d Au is linear and depends on the friction angle as 

shown in Fig. 4.5. 

4.4 Water Table Below Foundation Level 

The forces on the radial shear zone and the passive wedge due to a static water 

table at a depth, k, are shown in Fig. 4.6. The effects of negative pore-water pressures 

above the water table are neglected in this analysis. 



10 20 30 
Angle of internal friction, @ (deg) 

Fig. 4.4 Bearing capacity factors, Nu and (N,-I), versus the angle of shearing 
resistance of the soil. 



Fig. 4.5 

20 40 60 80 100 
Change in pore-water pressure, AU (kPa) 

Effect of uniform pore-water pressure changes on bearing capacity of a 
smp footing. 



4.4.1 Water Forces on the Passive Wedge 

The water force on the passive wedge arising h m  the position of the static water 

table can be determined from the following equation: 

Since the variation of pore-water pressure is hydrostatic, the force associated with 

this pressure distribution is assumed to act at the wethird point from the water table 

level. its moment arm is therefore given by: 

This force vanishes when h, is greater than Hd. 

4.4.2 Water Forces on the Failure Surfaces 

The force due to water pressures on the side of the active wedge is given by: 

P,, is equal to zero when is greater than H. It is assumed to act at the two-third 

point below the level of the water table. The moment arm about the center of the log spiral 

is given by the following expression: 

I - I", - --+=(H - h,") + hw) 
sina 3 

The force due to pore-water pressures acting along the length of the log spiral and 

the position of the moment arm wiU depend on the depth of the water table relative to the 

depths of the active and passive wedges. Three possible pore-water pressure distribution 

patterns are shown in Fig. 4.7. Unlike the &arm pore-water pressure case, the 

distribution of pore-water pressure along the length of the log spiral is not constant. It 

varies in proportion to the depth. This fact complicates the calculation of the moments 

significantly . 



P,, = water force on the passive wedge 
P,, = water force on side of active wedge 
P,, = water force on log spiral 
b, = moment a m  of P,, about centre of log spiral 
&I = moment arm of P, about centre of log spiral 
l2 = moment arm of P,, about centre of log spiral 
P, = resultant force 
F = resultant force at base of log spiral 
4 = moment arm of resultant force 
h, = depth of water table 

Fig. 4.6 Forces acting on the radial shear zone and on the passive wedge due to a 
static water table at depth, b. 



A geneml solution for the moment due to pore-water pressures along the length of 

the log spiral is given in Appendix A. It is based on the following equations for the force 

and moment arm on an elemental sector of the spiral. 

l,, = r sin @ 

The moment about the center of the log spiral is obtained by integration over the 

entire length to result in the following expression: 

- Y W  dnb [r:(3tan$sin(a, +a,) - cos(a, + a,)) - 
- (9 tan2 Q + 1) 

The variables in [4.23] rake on values depending on the form of the pore-water 

pressure distribution as illustra~ed in Fig. 4.7. The values of the angles, 8, and e2, as well 

as their corresponding radii are determined using the method outlined in Chapter 3 for 2- 

layer soils. 

4.4.3 Resultant Water Force 

The resultant force is calculated by taking moments about the center of the log 

spiral. The moment arm due to the resuitant force is given by the following equation: 

The following equation for the resultant water force is obtained by taking moments 

about the center of the log spiral: 



b) h, > H and h, < H, 

Fig. 4.7 Possible distribution patterns of pore-water pressures along the length of 
the log spiral. 



4.4.4 Equilibrium of the Active Wedge 

The forces acting on the active wedge due to a water table at depth, k, are shown 

in Fig. 4.8. The component of bearing capacity due to the static water table is determined 

by considering the vertical equilibrium of the active wedge. The following expression is 

obtained by summing forces in the vertical direction: 

A bearing capacity factor with respect to the position of the water table can then 

be defined as follows: 

The form of definition of the bearing capacity factor, N,, is sirnilin to that of the 

bearing capacity factor with respect to self weight, Ny The similarity of definition was 

maintained to form a basis for comparison between the two factors. 

4.4.5 Results of the Bearing Capacity Factor, N, 

The value of the bearing capacity factor corresponding to a given geometry and 

angle of shearing resistance of the soil was obtained by m i n h k h g  it with respect to the 

wedge angle, a. The variation of N, with the angle of shearing resistance of the soil is 

depicted in Fig. 4.9, for a range of water table depths. The component of bearing capacity 

due to pore-water pressures increases as the angle of shearing resistance of the soil 

increases. 

Meyerhof (1955) proposed the following equation for the bearing capacity of a soil 

with a static water table at depth: 



where: 

for a 

14-27 

y' = submerged unit weight given by (y - y,) 

F = weighting factor 

Equation 4.28 can be expressed in the following form: 

The weighting factor, F, varies between zero for a fully submerged footing and one 

water table at the theoretical depth of the failure surface. Comparison between 

1 and [4.29] indicates the term (F - 1)N, in Meyerhof s equation is equivalent to N, in 

the proposed solution. The factor, N,, was calculated using values of F given by Meyerhof 

(1955) and compared with the proposed solution in Fig. 4.10. There appears to be 

reasonable agreement between the two solutions at shallow depths of the water table. 

However, the proposed solution gives higher values of the bearing capacity factor for a 

deeper water table. 

4f 

Fig. 4.8 Equilibrium of the active pressure wedge due to a water table at depth. 

102 



Fig. 4.9 

10 20 30 40 
Angle of internal friction, @ (deg) 

Bearing capacity factor, N,, versus angle of shearing resistance of the soil. 



Proposed solution 

- - -  Meyerhof ( I  955) 

10 20 30 40 
Angle of internal friction, @ (deg) 

Fig. 4.10 Comparison between the proposed solution and the solution by Meyerhof 
(1955). 

The variation of the bearing capacity factor, N,, with the depth of the water table 

is illustrated in Fig. 4.1 1 for a soil with an angle of shearing resistance of 200. The 

decreasing influence of water pressures on bearing capacity with increasing water table 

depth is apparent. Also apparent is the smooth transition fkom the fully submerged to the 

dry case. 



A special case of the solution for water table at depth occurs when the water table 

is at foundation level. The following solution was proposed by Texzaghi (1925) and 

Meyerhof (1955) for a fully submerged foundation: 

Fig. 4. l 1 Bearing capacity factor, N,, versus the ratio of water table depth to width 
of footing for a soil with an angle of shearing resistance of 200. 



Equation 4.30 implies that the proposed bearing capacity factor, N,, for the case 

of a fully submerged foundation is equal to the bearing capacity factor N, A comparison 

has been made between the factor, N,, for a water table at foundation level with the 

Caquot and Kerisel (1953) solution for N, in Fig. 4.12. There is close agreement between 

the two factors, especially at angles of shearing resistance less than 300. 

4 5  Water Table Above Foundation Level 

The distribution of pore-water pressures arising fkom a static water table above the 

level of the foundation can be considered as a combination of the following three 

components: 

1. A surcharge pressure due to the weight of water above foundation level. 

2. A unif' pore-water pressure distribution below foundation level due to 

the weight of water above foundation level. 

3. A hydrostatic pore-water pressure distribution due to water pressures 

below foundation level. 

Solutions have been proposed for uniform and hydrostatic pore-water pressure 

variations. The bearing capacity arising from the weight of water above foundation level 

can be determined using conventional bearing capacity theory for surcharge pressures 

above foundation level. 

By assuming the applicability of the principle of superposition, the bearing capacity 

due to a water table above foundation level can be determined by the summation of the 

three components. Referring to Fig. 4.1 3, the expressions for each component are given 



Fig. 4.12 

10 20 30 
Angle of internal friction, 9 (deg) 

Comparison between the bearing capacity factors, N, and N, 



- B - Surcharge 

due to soil 
A 4 

Smharge 
d due to water 
II. - I - - - - - - -  

D 
Pore-water 
pressure 
distribution 

m 

d = depth of water table 
D = footing depth 
y = unit weight of the soil 

Fig. 4.13 Consideration of water table above foundation level. 

where: 

q, = component due to surcharge weight of water above foundation level 

Q = component due to uniform pore-water pressure below foundation level 

q, = component due to hydrostatic pore-water pressure below foundation level 

Nq = bearing capacity factor with respect to surcharge 

Since Nu is equal to (Nq-1) and N, for a fully submerged footing is equal to N, the 

overall effect of the pore-water pressures is given by: 

qfw = 9, + q 2  + q 3  



1 
qhw = y,(D- d) -7 ByyXY 14- 361 - 
The bearing capacity due to the soil can be detennined from conventional bearing 

capaciry theory. Assuming a cohesionless soil, the following expression is applicable to the 

bearing capacity: 

The total b e h g  capacity can be determined by combining the components due to 

soil and pore-water pressure. 

qf = 96 + q f w  [4.38] 

Equation 4.40 is similar to an equation given by Meyerhof (1955) for the bearing 

capacity of a soil with a static water table above foundation level. 

4.6 Conclusions on Effect of Positive Pore-Water Pressures on Bearing Capacity 

The following conclusions can be made with regard to the preceding analysis on 

rhe effects of positive pore-water pressures on bearing capacity: 

1. A new bearing capacity factor, Nu, is proposed to account for the effect of 

uniform pore-water pressures on bearing capacity. The existence of such a 

factor allows for the evaluation of the effects of changes in pore-water 

pressure on bearing capacity. The value of the bearing capacity factor, Nu, is 

approximately equal to (N,- 1). 

2. A new bearing capacity factor, N,, is proposed for the evaluation of bearing 

capacity arising from changes in the position of the static water table. The 



value of N, depends on the ratio of the depth of the water table to the width 

of the footing and on the angle of shearing resistance of the soil. For the 

special case of a water table at foundation level, N, is approximately equal to 

N, 

3. The bearing capacity due to water table above foundation level can be 

analyzed by combining the effects of uniform and hydrostatic porewater 

pressures. The resulting solution is similar to the one given by Meyerhof 

(1955). 

4. The method of analysis proposed gives results that are consistent with other 

solutions for the effect of the position of the water table on bearing capacity. 

There is, therefore, sufficient justification in applying the same approach to 

the analysis of bearing capacity problems involving negative pore- water 

pressures. 



CHAPTER V 

EFFECT OF NEGATIVE PORE-WATER PRESSURES AND 

MATRIC SUCTION ON BEARING CAPACITY 

5.1 Introduction 

Soils can sustain negative pore-water pressures but remain saturated as long as the 

negative pore-water pressures do not exceed the air entry value of the soil The air entry 

value is defined as the negative pore-water pressure at which the soil begins to desaturate. 

It depends on the sizes and dismbution of pores in the soil. Granular soils have very low 

air entry values and desaturate almost as soon as pore-water pressures become negative. 

Cohesive soils, on the other hand, can sustain higher negative pore-water pressures. 

Beyond the air entry value, soils desarurare and the principle of effective stress is 

not applicable. The state of stress in the soil must then be defined in terms of the net 

normal stress and the rnauic suction. In the following derivations, the term matric suction 

is used to refer to negative pore-water pressures beyond the air entry value. Separate 

solutions are developed for pore-water pressures higher than the air entry value and for 

matric suction, pore-water pressures less than air entry value. 

5.2. Effect of Negative Pore-Water Pressures on Bearing Capacity 

As long as soil remains sanuated, the effective stress concept applies and negative 

pore-water pressures will have an opposite effect on bearing capacity to positive pore- 

water pressures. The solutions developed for the effect of positive pore-water pressures 

can be extended for negative pore-water pressures with some modifications. 



In the derivation of the solution for bearing capacity due to a water table above the 

level of the foundation, it was demonstrated that the correct solution could be obtained by 

superposing the effects of unifonzl and hydrostatic pore-water pressures. The ability to 

superpose the components of bearing capacity due to uni fm and hydrostatic pore-water 

pressures forms the basis of the following derivation for negative pore-water pressures. 

The solution is based on the limit equilibrium approach. The following assumptions 

wep, made in addition to those made with respect to positive pore-water pressures in 

Chapter 4: 

1. The effects of uniform and hydrostatic negative pore-water pressures can be 

superposed. 

2. The soil is everywhere under negative pore-water pressures. This implies that 

the depth of the water table exceeds the depth of the failure mechanism. 

3. The foundation is at the ground surface. 

The component of bearing capacity due to negative pore-water pressures can be 

determined by considering the equilibrium of a cohesionless, weightless soil subjected to 

negative pore-water pressures. The equilibrium of the soil wedges penaining to negative 

pore-water pressures is similar to the positive pore-water pressure case shown in Fig. 4.1. 

The water forces will, however, be in the opposite direction. 

Negative pore-water pressures usually increase with depth. The distribution of 

negative pore- water pressures with depth can be idealized as being composed of a u n i f i  

and hydrostatic component as shown in Fig. 5.1. The negative pore- water pressure at any 

depth is given by: 

- u, - u, - hz [s- 1 I 

where : 

= negative pore-water pressure at depth, z 

u,.,,, = negative pore-water pressure at the soil surface 

k = rate of decrease of negative pore-water pressure with depth. 



The derivation of the solution proceeds in the same manner as for positive pore- 

water pressures. 

52.1 Determination of Passive Forces 

The forces acting on the radial shear and passive zone due to negative pore-water 

pressures are shown in Wg. 5.2. The forces are assumed to be acting in the positive 

direction for simplicity of illustration. It is understood that the actual direction is implicit in 

the definition of the pore-water pressure. The passive pressure force has the following two 

components: 

P,, = u,H, (1 - K, 

Actual negative Uniform pore-water 
pore-water pressure pressure component 
distribution 

Fig. 5.1 

Hydrostatic pore-water 
pressure component 

y , = negative pore-water pressure at soil surface 
h = rate of decrease of negative pore-water pressure with depth 

Idealization of the negative pore-water pressure distribution. 



The moment arms about the center of the log spiral of the passive forces are given 

5.2.3 Determination of Water Forces 

The force along the side of the active wedge has two components corresponding 

to the uniform and hydrostatic negative pore-water pressures as shown in Fig. 5.3(a). The 

forces and their moment arms are given by: 

Pwl = u,ro 

The force and moment due to the negative pore-water pressure acting along the 

length of the log spiral can be determined by considering an elemental sector of the log 

spiral as discussed in Section 4.4.2. Refaring to Fig. 5.3(b), the water pressure at any 

depth, h, on the log spiral is given by: 

The depth, h, is given by: 

The pore-water pressure is, therefore, given by: 



P,, = water force due to uniform negative pore-water pressure 
P,, = water force due to hydrostatic negative pore-water pressure 

- force due to uniform negative pore-water pressure on side of active wedge P w l  - 
P,, = force due to hydrostatic negative pore-water pressure on side of active wedge 
P,, = force due to negative pore-water pressure on log spiral 
b1 = moment arm of P,, about centre of log spiral 
bu2 = moment arm of P,,, about centre of log spiral 
k1 = moment a m  of PwI about centre of log spiml 
Cz = moment arm of Pw2 about cenae of log spiral 
P, = resultant force 
F = resultant force at base of log spiral 
L, = moment arm of resultant force 
H, = depth of passive wedge 

H = depth of active wedge 
$ = angle of resultant force 

Fig. 5.2 Equilibrium of the passive and radial shear zone due to negative pore-water 
pressures. 



The force due to the negative water pressure on an elemental sector of length rde 

can be calculated from the following equation: 

dP,3 = (u, - hr sin(a + 8))rde [5.12] 

The moment about the center of the log spiral corresponding to this force can be 

calculated by integration as follows: 

-cos(a + 8) - r i ( 3  tanqsina - cosa)] 

Equation 5.15 indicates that the moment due to the negative pore-water pressure 

a c ~ g  along the length of the log spiral also has two components. 

h sin @ 
MU2 = - [ r : ( 3 t a n g s i n ( a  + 8) -cos(a + 8) 

( 9  tan2 @ + 1) 

-ri (3 tan@ sin a - cosa)] 

53 Determination of Bearing Capacity 

It is apparent from the preceding derivations that the equations for the components 

of passive force, the pore-water pressure force along the side of the active wedge, and the 

moment due to pore-water pressure along the log spiral arising h m  uniform negative 

pore-water pressures are of the same form as those derived for uniform positive pore- 

water pressures. The equations for the forces and moment due to the linearly increasing 

component of negative pore-water pressure are also of the same form as those derived for 



positive pore-water pressures increasing linearly with depth from foundation Level It 

follows, therefore, that the bearing capacity factor due to dm negative pore-water 

pressures is equal to the bearing capacity factor with respect to uniform positive pore- 

water pressures. The bearing capacity factor due to the linearly increasing negative pore- 

water pressure is equal to the bearing capacity factor due to a water table at foundadon 

level. The only difference is the occurrence of an opposite sign in h n t  of each term. 

As a consequence, the bearing capacity due to negative porn-water pressures 

decreasing linearly with depth can be determined by combining the two components. 

The overall bearing capacity for a surface footing on a saturated, cohesionless soil 

with negative pore water is then given by: 

The values of b, and h depend on the negative pore-water pressure profile. The 

following cases are considered: 

1. General linear variation of negative pore-water pressures. 

2. Uniform negative pore-water pressure profile. 

5. Hydrostatic negative pore-water pressure profile. 

53.1 General Linear Variation of Negative Pore-Water Pressures 

The equation for the bearing capacity of a surface footing on a soil in which 

the negative pore-water pressure decreases at the rate of h b m  a value of h, at the 

surface is given by: 



Fig. 5.3 

Cenm of 
log spiral 

Forces and moments due to negative pore-water pressures on the side of 
the active wedge and along the log spiral. (a) Forces due to water pressures 
on the acdve wedge. (b) Determination of water forces and moment along 
the log spiral. 



1 
q, = cN, - U, (N, - 1) + B(y - h)N, 

5 3 2  Uniform Negative Pore-Water Pressures 

If the foundation soil is subjected to a uniform negative pore-water pressure, y, 

the value of h will be zero and the bearing capacity is given by: 

1 q, = cN, - u, (N, - 1) + ?ByN, 

533 Hydrostatic Negative Pore-Water Pressure Profile 

Hydrostatic profiles occur when negative pore-water pressures are in equilibrium 

with a water table at depth. Consider a water table at a depth. h,,,, below the ground 

surface as shown in Fig. 5.4. The negative pore-water pressure at the surface and the rate 

of pore-water pressure decrease are given by: 

Fig. 5.4 Hydrostatic negative pore-water pressure variation. 



U, = - Y w h w  

= Y w  

The overall bearing capacity is given by: 

53.4 Conclusions on Effect of Negative Pore-Water Pressures 

The following conclusions can be made with regard to the proposed solution for 

the effect of negative pore-water pressures on bearing capacity: 

1. The effects of negative pore-water pressures on the bearing capacity of a 

sarurated soil are of the same magnitude but in the opposite direction to the 

effects of positive pore- water pressures. Negative pore-water pressures 

increase rather than decrease bearing capacity. 

2. The bearing capacity factors derived for positive pore-water pressures are 

applicable to negative pore-water pressures. 

5.4 Effect of Matric Suction on Bearing Capacity 

5.4.1 Introduction 

When a soil is subjected to a negative pore-water pressure beyond its air entry 

value, air will enter the pores and it becomes unsaturated. The equilibrium of the 

unsaturated soil structure must then be assessed in terms of two independent state stress 

variables. The stress state variables, (o - u,) and (u,- y), appear to be the most 

satisfactory for use in engineering practice (Fredlund 1979; Fredlund and Rahardjo 1987). 

The term (a - u,) is referred to as the net normal s a s s  while (u,- y) is the matric suction. 

The effective stress concept, on which the derivation of the influence of positive 

and negative pore-water pressures on bearing capacity of saturated soils was based, is not 

applicable to unsaturated soils. Both the net normal stress and the manic suction will 



determine the equilibrium of the Terzaghi soil wedges. Matric suction does not have a 

gravitational component The influence of maaic suction on the stability of the soil under 

the footing will arise from its contribution to the shear strength of the soil. 

5.4.2 Influence of Matric Suction on Shear Strength 

The shear strength of an unsaturated soil can be expressed as follows (Fredlund et 

al. 1978): 

T=c '+ (Q-  u,)tan@'+(u, - u , ) f a n ~ ~  [5 -271 

where: 

@' = effective fiction angle of the soil 

c' = effective cohesion 

qb = angle of shearing resistance with respect to matric suction 

The effect of manic suction is to pull soil particles together. The contribution of 

manic suction to shear strength is due to the attractive forces between the soil grains 

arising from this pull. It can, therefore, be visuaked as a conaibution to the cohesion 

resistance of the soil. The equation for the shear strength of the unsaturated soil can then 

be written as follows: 

r = [c'+(u, - u,) tan@b] + (Q - U, ) tan*' [5.28] 

The term tan qb is a measure of the increase in shear strength that accompanies 

increases in manic suction. Since the effective stress concept applies to saturated soils 

with negative pore-water pressures, tan Q~ has an upper limit of tan 0'. 

The amactive force due to manic suction on the soil grains is, approximately, the 

product of the matric suction and the area over which the mattic suction is mobilized. The 

rnatric suction in the soil can only be mobilized in the water phase. The area over which 

matric suction acts will, therefore, be proportional to the amount of water in the soil. As 

the matric suction increases, the water content decreases and its contribution to shear 

strength decreases. This explains the nonlinear variation of shear strength with increasing 



matric suction observed by Gan (1986), Escario and Sdz (1986) and Escario and Juca 

(1989). 

While it is known that $b is nonlinear beyond the air enay value, for the purposes 

of deriving the influence of rnatric suction on bearing capacity the relationship between 

shear strength and matric suction can be approximated by a &-linear envelope in which 

tan qb is equal to tan qt below air entry value and constant thereafter (Fredlund et al. 

1987) as shown in Fig. 5.5. 

The contribution of rnatric suction to shear strength is then given by: 

T = c"+(u, - u,) tan eb [5.29] 

c"= cl+(u,  - u,), ( tanq l - tan~~)  [5.30] 

where ( u, - u , ) , is the air enay value. 

If the net normal stress is greater than zero, the equation of shear strength 

becomes: 

Matric suction, (u, -u,) 

Fig. 5.5 Btlinear failure envelope for an unsaturated soil at zero net normal stress. 



r = c l '+(u  - u,)tan@'+(u, -  tan+^ E5.3 11 

The contribution of manic suction to bearing capacity can be determined by 

considering the conmbution of matric suction to the passive force and to the shear 

resistance along the length of the log spiral. 

5.4.3 Influence of Matric Suction on Passive Pressures 

An equation for the conmbution of matric suction to passive eanh pressures was 

derived by Pufahl et al. (1983) for a constant tan eb. The following derivation has been 

slightly modified to account for a bi-linear variation of tan + b. 
The failure envelope for an unsaturated soil with matric suction greater than air 

e n q  value is shown in Fig. 5.6. The initial state of suess in an element of the soil is given 

by circle 1 (4, 4, (u,- y)). If the lateral pressures are increased until failure occurs, the 

stress at failure, o,, represents the passive pressure (circle 2). The passive pressure at 

failure is given by: 

1+h@ cos 4) cos @ 
0, = u, + 2cw + 2(ua - u, ) tan qb - 2ua 

1-sin@ 1-sin@ 1-sin+ 1-sin+ 

The air pressure is usually annospheric and the last term drops our By substituting 

for $ in the appropriate expressions, the following equation is obtained: 

It is apparent from [5.33] that the idhence of mamc suction on passive pressure is 

the same as that of cohesion. The influence of manic suction on bearing capacity can, 

therefore, be derived in the same manner as that of cohesion. However, because matric 

suction usually varies with depth, solutions must first be formulated for soils in which 

cohesion varies with depth. The solutions can then be extended for matric suction 

variations. 



There are existing solutions for bearing capacity in soils in which cohesion 

increases with depth (Davis and Booker 1973; Raymond 1967; Reddy and Srinivasan 

1970). Except for the solution by Reddy and Srinivasan (1970), the other solutions are 

based on the 9 equal to zero concept which is not applicable to unsaturated soils. The 

solution provided by Reddy and Srinivasan (1970) considers too E t e d  a range of 

material and geometric properties to be of general use. 

The solution presented herein is based on an extension of the bearing capacity 

theory developed for layered soils and pore-water pressures and is applicable to a wide 

range of foundation and soil properties. A solution is first developed for the case of 

cohesion increasing with depth. Although cohesion increasing with depth is not 

representative of the general variation of the maaic suction component of shear strength, 

the availability of other solutions for this kind of variation facilitates verification of the 

proposed method. The solution is subsequently modified for typical variations of the 

maaic suction component of shear strength. 

P 

t6 Constant matric suction 
V) TI = C" + (u, - u,)tan@ 
2 
CI cn 
I 
a 
a 
r 
cn 

= 1 

% 
I Net normal stress, (a- uJ 

Fig. 5.6 Determination of passive pressurc in an unsaturated soil with a bi-linear 
shear strength envelope. 



5 5  Bearing Capacity in Soils With Cohesion Increasing with Depth 

55.1 Introduction 

The variation of cohesion with depth can be idealized as consisting of a unifonn 

and hydrostatic component as shown in Fig. 5.7. The cohesion of the soil at any depth, z, 

is given by: 

C, = C, + xz 

where: 

c,, = cohesion at the ground surface 

k = rate of increase of cohesion with depth 

The bearing capacity due to cohesion can be determined by considering the 

equilibrium of a weightless soil. 

Actual variation 
of cohesion 

Uniform cohesion Hydrostatic cohesion 
component component 

c, = cohesion at the ground surface 
h = rate of increase of cohesion with depth 

Fig. 5.7 Idealization of the variation of cohesion with depth for a soil with cohesion 
increasing with depth. 



55.2 Determination of f assive Forces 

There are two passive forces corresponding to the unifann and linearly increasing 

components of cohesion (Fig. 5.8). The passive force due to the uniform component of 

cohesion and its moment arm are given by: 

P,, = 2c0& JKP 

The passive force due to the cornponeat of cohesion increasing linearly with depth 

can be determined from the integration of the passive pressure distribution as follows: 

Since the pressure distribution is hydrostatic, the moment ann is given by: 

55.3 Determination of Cohesive Forces on Active Wedge 

The cohesion acting dong the side of the active wedge is determined by integrating 

along its length. 

where: 

s = length along the side of the active wedge 

z = depth from the soil surface 



P,, = passive force due to unifonn cohesion 
P,,, = passive force due to hydrostatic cohesion 
PC, = resultant force due to uniform cohesion 
PC, = resultant force due to hydrostatic cohesion 
Ll = moment ann of P,, about cenm of log spiral 
bC2 = moment arm of P,,, about centre of log spiral 
4l = moment arm of PC, about centre of iog spiral 
4, = moment arm of Pc2 about centre of log spiral 

M, = moment due to cohesion along the log spiral 
C = cohesion force along side of active wedge 

Fig. 5.8 Forces acting on the passive wedge and radial shear tone due to cohesion 
increasing with depth. 



Substituting [5.41] and [5.42] into [5.40] and integrating, the following expression 

is obtained for the force along the side of the active wedge: 

Equation 5.43 indicates that the force on the side of the active wedge also has two 

components, C, and q, corresponding to the uniform and hydrostatic variations of 

cohesion, respectively. The components are given by: 

55.4 Determination of Moments due to Cohesion along the Log Spiral 

The moment due to cohesion dong the length of the log spiral is determined by 

considering an elemental sector of the spiral as shown in Fig. 5.9. The cohesion at any 

depth, h, is given by: 

Ch = C,, + )ch 

But, 

h = rsin(a +8)  

Therefore, 

c, = c, + h i n ( a +  8) 

The moment due to cohesion is obtained by integraaon as follows: 

M, =- "O (r:-r:)+ 
2. 

[r: (3  tan 9 sin (a + 0) 
2 tan @ (9 tan2 $ + 1) 

-cos(a + 8) - r i ( 3  tan~sin a - cosa)] 



Fig. 5.9 Determination of moment due to cohesion along the length of the log spiral 
and equilibrium of the active wedge. (a) Sector for force and moment 
determination. (b) Equilibrium of the active wedge. 



It is apparent h m  [5.50] that the moment due to cohesion at the base of the log 

spiral also has components corresponding to the d o r m  and linearly increasing cohesion, 

namely, 

- A. 
Mc2 - (9 tan2 @ + 1) 

[r: (3 tan @ sin (a + 8) - cos(a + 8) - 

r:(3tan@sina - cosa)] 

55.5 Determination of the Resultant Forces 

The resultant forces, PC, and P,, in Fig. 5.8 are determined by taking moments 

about the center of the log spiral. Since separate forces exist for the uniform and 

hydrostatic components of cohesion, independent determinations of the resultant forces 

can be made. 

1 
PC, = -(P 1 + M,,) 

~2 ec2 
lc 2 

55.6 Equilibrium of the Active Wedge 

The forces acting on the active wedge are shown in Fig. 5.9. Since all the forces 

are known, the bearing capacity is determined by surnming forces acting on the active 

wedge in the vertical direction to give, 

Equation 5.55 can be separated into two components corresponding to the uniform 

and hydrostark variations of cohesion with depth, namely, 



L 
q,, = -[C, sin a + PC, cos(a - @)I 

B 

The component of bearing capacity due to uniform cohesion is s i n k  to that 

derived for uniform cohesion in Chapter 3. The bearing capacity factor for this component 

is, therefore, equal to N,. The component of bearing capacity corresponding to the heariy 

increasing cohesion is determined by minimizing it with respect to the wedge angle, a. 

A bearing capacity factor, N,, is defined to quantify the bearing capacity due to 

cohesion increasing with depth as follows: 

The total bearing capacity is then given by: 

Values of the bearing capacity factor, N,, for different angles of shearing resistance 

of the soil are given in Table 5.1. 

5.5.7 Comparison with Other Solutions 

Due to the complexity of the mathematical formulations, there are few solutions 

for bearing capacity in non-homogeneous soils. In particular, there are no general 

solutions for bearing capacity in soils with friction whose cohesion varies with depth. The 

power of the finite element method lies in its ability to model complex material and 

boundary conditions. It can be applied to the solution of bearing capacity in soils with 

varying cohesion without making assumptions on the failure mechanism. The finite 

element program CRISP (Britto 1990) contains an option that allows for the specification 

of a linear variation of cohesion with depth. This option was utilized in obtaining 



numerical estimates of bearing capacity in soils with varying cohesion for comparison with 

the proposed solution. 

Table 5.. 1 Variation d bearing capacity factor Nn with friction angle. 

-- 

Friction angle Bearing capacity factor 

@ (deg) Ns 

0 2.55 

5 4.34 

10 6.52 

15 10.00 

20 15.88 

25 26.20 

30 45.70 

35 85.30 

An elastic-perfectly plastic model with a Mohr-Coulomb failure criterion was used 

to represent soil behavior. A mesh consisting of thirty six 15-noded cubic strain triangular 

elements (Fig. 5.10) was found to yield consistent results. The foundation load was 

applied by specifying displacements over the loaded nodes to simulate a rigid footing. 

Failure was deemed to have occllrred when the averaged stress on the face of the loaded 

elements remained constant with increasing displacements. The finite dement solution was 

compared to the proposed and other solutions for soils with and without fiction. 

Frictionless Soils 

Solutions for the bearing capacity of a frictionless soil whose cohesion increases 

linearly with depth have been provided by Davis and Booker (1973) and by Raymond 



(1967). The Davis and Booker solution is based on plasticity theory while that by 

Raymond is based on limit equilibrium of a slip circle. 

The proposed solution is compared to the above solutions and the finite element 

solution in Fig. 5.11. In each case the bearing capacity is expressed m the form given by 

[5.59]. The proposed solution assumes a constant value of N, for a given friction angle. It 

is apparent h m  Fig. 5.11 that the other solutions depict a decreasing trend of NL as the 

ratio hB/c, increases. The emr involved in assuming a constant N, is small for low values 

of XB/c,. In practice the ratio hB/c, rarely exceeds 5, and the use of a constant N, is 

reasonable, 

The proposed solution gives values of N, that are close to the finite element 

solution but higher than the solution by Davis and Booker. The slip circle method by 

Raymond (1967) gives the highest values of N,. 

Fig. 5.10 Fmite element mesh used in the determination of bearing capacity in soils 
with cohesion increasing with depth. 



Soils With Friction 

There are no general solutions for the bearing capacity of footings in soils with 

friction and a linearly increasing cohesion. Reddy and Srinivasan (1970) provided a limited 

solution to this problem using the method of characteristics. Their solution is compared to 

the proposed solution and the finite element solution in Fig. 5.12 for hB/c0 ratio of 0.8. It 

was not possible to consider other ranges of U/c, due to the limited nature of the 

graphical solution provided by Reddy and Srinivasan. The three solutions are similar at 

low angles of shearing resistance. At angles of shearing resistance greater than 200, the 

solution by Reddy and Srinivasan yields lower values of N, than both the finite element 

the proposed solution. 

r Proposed solution 

- - - - -  Davis and Booker (1 973) 

- - -  Raymond (1 967) 

- - -  Finite element method 

Fig. 5.1 1 Comparison of solutions for the bearing capacity factor, Nk, for a 
frictionless soil. 



10 20 30 
Friction angle, 9 (deg) 

Fig. 5.12 Comparison of solutions for the bearing capacity factor, NL, for soils with 
friction, 

55.8 Conclusions on Bearing Capacity in Soils with Increasing Cohesion 

The following conclusions can be made with regard to the preceding analysis of 

the effect of linearly increasing cohesion on bearing capacity: 

1. The variation of cohesion with depth can be considered as being composed 

of two independent components; the %-st component is due to a uniform 

distribution of the cohesion at the ground surface, c, and the second 

component is due to the cohesion increasing at the rate of h fiom zero at 

the ground surface. The total bearing capacity is determined by 

superposing the effects of the two components. 



2. The bearing capacity due to the uniform component of cohesion can be 

expressed in terms of the bearing capacity factor, N,. A new bearing 

capacity factor, N,, is proposed to account for the component of cohesion 

increasing with depth 

3. The bearing capacity factor, Nl, depends on the friction angle of the soil. 

The proposed solution for N, agrees reasonably well with the finite 

element solution and other solutions. 

5.6 Bearing Capacity in Soils With Cohesion Decreasing with Depth 

5.6.1 Int reduction 

Matric suction usually decreases with depth from the ground surface. If the 

conmbution of manic suction to shear strength is regarded as a cohesion, the cohesion in 

the soil would decrease with depth. A solution for bearing capacity in a soil with 

decreasing cohesion is provided for the foUowing reasons: 

I .  A finite element solution of the problem can be obtained to provide a means 

of assessing the accuracy of the proposed solution. 

2. The solution can be applied to the influence of mamc suction on bearing 

capacity with minor modifications- 

5.6.2 Development of a Solution for Cohesion Decreasing with Depth 

Following from the results of the bearing capacity analysis in soils with cohesion 

increasing with depth, the decrease of cohesion with depth can be represented as a 

combination of a uniform cohesion and a cohesion increasing with depth fkom zero at the 

ground surface as shown in Fig. 5.13. The cohesion at any depth, z, is given by: 

C, = C, - hz [ 5 = W  

where: 

c, = cohesion at the soil surface 



h = rate of decrease of cohesion with depth 

z = depth under consideration 

Comparison of [5.60] with the [5.34] for cohesion increasing with depth reveals 

the only difference to be the negative sign in front of the increasing cohesion term. The 

solution developed for the influence of cohesion increasing with depth can, therefore, be 

applied to this particular problem by simply changing the sign of all the components of 

force and moment due to the varying cohesion. The bearing capacity due to decreasing 

cohesion will then be given by: 

Actual variation Uniform cohesion Hydrostatic cohesion 
of cohesion component component 

co = cohesion at the soil surface 
h = rate of decrease of cohesion with depth 

Fig. 5.13 Idealization of the decrease of cohesion with depth. 



5.6.3 comparison with Other Solutions 

There are no solutions against which the proposed solution can be 

compared. The finite element program, CRISP, was used to obtain a solution for the 

bearing capacity of a soil whose cohesion decreases with depth using the mesh in Fig. 5.10 

and specifying a negative variation of cohesion with depth. The bearing capacity calculated 

based on [5.61] are compared to the finite element solution in Fig. 5.14. The proposed 

solution gives higher bearing capacity values than the finite element solution. In general 

there is reasonable agreement between the solutions. 

0 200 400 600 800 1000 
Bearing capacity (proposed solution), kPa 

Fig. 5.14 Comparison of the proposed solution with the finite element solution for 
soil with cohesion dcmsshg linearly with depth. 



5-64 Conclusion on Bearing Capacity in Soils with Decreasing Cohesion 

The following conclusions can be made with regard to the analysis of bearing 

capacity in soils with decreasing solution: 

1. The bearing capacity in a soil whose cohesion decreases with depth can be 

determined by superposing the solution for uniform cohesion with that of 

increasing cohesion with depth h m  zero at the surface. 

2. The proposed soludon compares reitsonably well with the finite element 

solution. 

5.7 Bearing Capacity Due to Matric Suction 

5.7.1 Introduction 

The solution for the effect of manic suction on bearing capacity is based on the 

following observations: 

1. The contribution of mamc suction to the shear strength of the soil can be 

regarded as a cohesion component. 

2. The contribution of matric suction to passive resistance takes the same 

form as the contribution of cohesion. 

3. The limit equilibrium approach proposed yields reasonable estimates of 

bearing capaciry in soils with cohesion decreasing with depth. 

It follows h m  the above observations that the solutions that have been developed 

for the influence of cohesion decreasing with depth on bearing capacity can be adapted for 

matric suction with minor modifications. 

The following assumptions were made for the derivation of the effect of rnatric 

suction on bearing capacity: 

1. The variation of mamc suction with depth is linear and can be idealized as 

having a uniform and linearly decreasing component as shown in Fig. 5.15. 



2. The variation of shear strength with matxic suction can be represented by a 

bi-linear strength envelope as shown in Fig. 5.5. 

3. The footing is placed on the ground surface. 

5.7.2 Solution for Effed of Matric Suction on Bearing Capacity 

Referring to Fig. 5.15, the manic suction at any depth, z, is given by: 

(u, -u,), =(u, -u,), -k,z [5.62] 

where: 

- , = matric suction at the ground surface 

)im = rate of decrease of maaic suction with depth 

z = depth under consideration 

Actual variation 
of mattic suction 

Uniform manic Hydrostatic rnatric 
suction component suction component 

(4 - h), = cohesion at the soil surface 
= rate of decrease of cohesion with depth 

Fig. 5.15 Idealization of the variation of marric suction with depth. 



The contribution of matric suction to shear strength at depth, z is given by: 

r, = (u, - U, )b(tan@ - t awb)  + (u, - u,), t a w b  [5.63] 

Substituting for the value of the manic suction at depth, z, in [5.62] into r5.631, 

the expression for the shear strength due to mamc suction becomes: 

In the derivation of the influence of decreasing cohesion on bearing capacity, the 

shear strength at depth, z, was given by: 

c, = c, - hz 

The solution developed for cohesion decreasing with depth can be modified for 

matric suction by recognizing that: 

c, is equivalent to [(u, - u,), (tan@ - taneb) + (u, - u,), tanqb, and 

h is equivalent to )c, tan @ b. 

By substitu~g the expressions above for cohesion and the rate of decrease of 

cohesion in [5.61], the bearing capacity due to manic suction can be expressed as follows: 

If the soil has an air entry value approaching zero, as may be the case for granular 

soils, the expression for bearing capaciry due to matric suction simplifies to: 

If the matric suction is below the air entry value, the soil is saturated and tan qb is 

equal to tan @. Eq. 5.66 then becomes: 

A solution for the bearing capacity of a saturated soil  with negative pore-water 

pressures was developed in Section 5.2 by considering the gravitational effect of the 



negative pure-water pressure on the equilibrium of the passive and active soil wedges. The 

solution was given in the form: 

where: 

us = negative pore pressure at the ground surface 

h = rate of decrease of pore pressure with depth 

Ny = bearing capacity factor with respect to self weight 

Equations 5.68 and 5.69 are solutions of the same problem approached h m  

different points of view. If both methods of solution are correct, they should yield the 

same result. For the solutions to be similar, the following expressions should be true: 

(N, - 1) = N, tan@ C5.701 

N, = N, tan@ [5.7 11 

since (u, - u, ), is equal to us and is equal to X 
The values of ( N, - 1) and N, tan $ are compared in Table 5.2. There is an exact 

march between the two values. The bearing capacity factor N, is compared to N, tan in 

Table 5.3. It is clear that there is close agreement between them. The minor differences 

can be attributed to errors arising from numerical iteration in the determination of both N, 

and N,. 

Because of the similarity in the two solutions, the bearing capacity factor, Nx, can 

be expressed in terrns of the factor, N, as follows: 

The expression for the bearing capacity due to rnarric suction, therefore, becomes: 



Table 5.2 Comparison between ( N, - 1) and N, tan 9. 

Friction angle, 41 Bearing capacity Bearing capacity 

@%I factor, N, factor, N, N q  - 1) N, tan$ 

0 1.0 5.14 0.0 0.0 

5 1.57 6.49 0.57 0.57 

10 2.47 8.34 1.47 1.47 

20 6.4 14.8 5.4 5.4 

30 18.4 30.1 17.4 17.4 

40 64.0 75.3 63.0 63.2 

Table 5.3 Comparison between N, and N, tan 0. 

Friction angle, (I Bearing capacity Bearing capacity 

we@ factor, Nx NL factor, Ny 

0 2.55 0-0 0.1) 

5 4.34 0-38 0.38 

10 6-52 1.15 1.17 

21) 15.88 5.78 5-90 

30 45.7 26.4 26.7 



The values of ( u, - u, ) , and 5, in the above expression depend on the nature of 

the variation of mamc suction with depth. Solutions are presented for the following cases: 

1. General linear variation of matric suction. 

2. Unifonn matric suction profile. 

3. Hydrostatic matric suction profile. 

5-7.3 General Linear Variation of Matric Suction 

The equation for the bearing capacity of a surface footing resdng on a soil in which 

the matric suction decreases at the rate & with depth h r n  (u, - u, ), at the surface is 

given by: 

5.7.4 Uniform Matric Suction Profile 

If the rnatric suction in the soil is constant throughout the depth of the theoretical 

failure zone, the rate of suction decrease will be zero and the expression for bearing 

capacity becomes: 

Equation 5.75 funha simplifies as follows if the air entry value of the soil becomes 

zero: 

5.7.5 Hydrostatic Matric Suction Variation 

A hydrostatic matric suction profik occurs when negative pore-water pressures are 

in equilibrium with the position of the static water rable Fig. 5.16). 



Fig. 5.16 Hydrostatic variation of mamc suction. 

The d c  suction at the ground surface and the rate of decrease of manic suction 

with depth are given by: 

(u, - U, ), = ywhw 15-77] 

A, = Y, [5.78] 

The expression for the bearing capacity of a surface footing becomes: 

5.7.6 Conclusions on Bearing Capacity Due to Matric Sudion 

The following concIusions can be made with regard to the determination of the 

effect of manic suction on bearing capacity: 

1. A solution has been proposed for bearing capacity of surface footings with 

manic suction based on the fact that the effect of matric suction on shear 



saength is equivalent to a contribution to cohesion. Since the solution for 

cohesion decreasing with depth was validated with a finite element solution, 

the solution for matric suction can be assumed to be validated as weU 

2. The capacity due to rnatric suction can be expressed in terms of the 

bearing capacity factors N, and N, . The proposed solution can be applied to 

any linear variation of manic suction with depth. 

3. The solution proposed provides a smooth transition fbm unsaturated to 

saturated soil conditions, For a saturated soil, the solution is similar to a 

solution derived by considering the gravitational effect of negative pore- 

water pressures on equilibrium. 



CHAPTER VI 

LABORATORY TEST PROGRAM 

6.1 In t reduction 

A theoretical treatise on the effect of maaic suction on the bearing capacity of 

surface footings on homogeneous soils was presented in Chapter 5. The laboratory 

program presented herein was designed to provide an experimental verification of this 

theory. The main focus of the laboratory program was the determination of bearing 

capacity of model footings placed on the surface of homogenous soils subjected to 

different levels of manic suction. However, subsidiary tests had to be conducted to 

provide estimates of soil parameters required for the analysis of the model footing tests. 

The laboratory program involved the following types of tests: 

Tests for the selection of soil types, 

Detennination of the soil-water characteristic curves of the test. soils, 

Determination of the compaction water content versus maaic suction 

relationships, 

Detennination of the saturated shear strength parameters, 

Determination of the as-compacted shear strength parameters, 

Determination of the unsaturated shear strength parameters, 

Reparation of soils for model footing tests, and 

Model footing tests. 



Salient points on each of the above stages in the laboratory testing program are 

discussed in this chapter. 

6.2 Selection of Test Soil Types 

The quantification of the influence of matric suction on the bearing capacity of the 

small scale model footings used in the experimental program require soils that desaturate 

over a wide range of matric suction. Fine-grained soils usually have a wide range of manic 

suction over which the soil can desaturate and result in significant and, therefore, 

measurable changes in shear strength. Such soils would be ideal for model footing tests. 

On the other hand, model footing tests require relatively large soil samples which have to 

be brought to rnatric suction equilibrium in a reasonable period of time. Due to their low 

unsaturated coefficients of permeability, large samples of fine-grained soil require 

unrealistically long periods of time to equilibrate. The selection of a suitable soil for model 

footing tests must be a compromise between the two apparently conf l ic~g  criteria 

A Botkin Pit silt and an Indian Head till whose classifcation properties are given in 

Table 6.1 were selected for the laboratory testing program. The grading c w e s  for the 

two soils are shown in Fig. 6.1. The Indian Head till is relatively h e  grained, It would 

require long periods of time to equilibrate if constant maaic suction were to be applied 

using the axis-translation technique. To shorten the period of time required for the 

equilibration of matric suction for the model footing tests, constant matric suction 

specimens of till were prepared by compaction at different water contents instead of using 

the axis-translation technique. The period of time required for other tests was immarerial 

since the particular till had been the subject of an extensive laboratory study by Gan 

(1986) and Vanapalli (1994). Data on its strength and water retention characteristics were 

readily available. Advantage could, therefore, be taken of its wider desaturation range 

without exerting undue pressure on the rime available for the laboratory program. 



Table 6.1 Index properties of the soils used in the test program. 

Property Botkin Pit Silt Indian Head Till 

Liquid limit 22 36 

Plastic Limit 16 17 

Plasticity Index 6 19 

% clay 10 30 

% silt 37.5 42 

% sand 52.5 28 

Optimum moisture content (8) 14.2 16.3 

Maximum dry unit weight (kN/m3) 18.4 17.7 

Specific graviry 2.68 2.73 

The B o t h  Pit silt has a lower clay content and would, therefore, equilibrate in a 

much shorter h e  than the till. A complete series of tests to evaluate its moisture retention 

and shear strength characteristics were carried out. Model footing tests were performed 

on specimens in which manic suction was generated both by compaction at varying water 

contents and by equilibration under constant air pressure using the axis-translation 

technique. 

AU tests were carried out on compacted specimens made from initially air-dried 

samples of till and silt sieved through 2 mm and No. 40 U.S. sieves, respectively. 

Although the water contents were varied, the compaction dry unit weight was kept 

constant at 17.0 and 17.5 kN/m3 for the till and silt specimens, respectively. 

63 Soil-Water Characteristic Curves 

The soil-water characteristic cuives for the soils used in the experimental program 

were required to establish the ranges of water content and manic suction over which 



desaturation occurred. These ranges defme the limits over which changes in matric suction 

can produce measurable changes in shear strength and, therefore, bearing capacity. 

I  GRAVEL^ SAND SILT ( CLAY 

10 1 0.1 0.01 0.001 1 E-4 
Grain Size (mm) 

Fig. 6.1 Grading curves for the Botkin Pit silt and Indian Head till. 



The soil-water characteristic curve for till was available from the work of Vanapalli 

(1994). The soil-water characteristic curve for the silt was determined in the pressure plate 

apparatus on compacted specimens 50 nnn wide and 20 nnn thick The compacted 

specimens were saturated in an oedometer ring and transferred to a pressure plate. The 

specimens were allowed to come to equilibrium under increasing increments of air 

pressure. The weight of the specimen at each applied air pressure level was continuously 

monitored. Equilibrium was deemed to have occurred when there was no significant 

reduction in the weight of the specimens over successive measurements. 

6.4 Compaction Water Content Versus Matric Suction Relationships 

Model footing tests on till were conducted on specimens in which manic suction 

was generated by varying compaction water contents. One set of model f o o ~ g  tests on 

silt were conducted on specimens prepared in a simiIar manner. The compaction water 

content versus mamc suction relationship was required to facilitate the assignment of 

manic suction values to each compaction water content. 

Specimens of silt, 60 mm diameter by 20 mm high, were statically compacted m 

steel moulds at different water contents. The compacted specimens were wrapped in 

plastic film, sealed with paraffin wax, and allowed to cure in a temperature and moisture 

controlled room for a period of one week. This period of curing was necessary to allow 

unifann distribution of matric suction within the specimen. 

After curing, the specimens were unwrapped and iaunediatc!Iy transferred to the 

high air entry disc of a pressure plate apparatus. The high air entry disc had previously 

been saturated by flushing de-aired water through it. Details of the pressure plate 

apparatus for the measurement of matric suction in use at the University of Saskatchewan 

are shown in Fig. 6.2. A one kilogram mass was placed on top of the specimen to ensure 

good contact with the high air entry disc. The cylinder was then sealed. 



Fig. 6.2 
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Pressure plate apparatus for measuring matric suction using the axis- 
trans lation technique . 

Air pressure was continuously applied to the cylinder to maintain the water 

pressure at its initial value until there was no funher tendency for water pressure change. 

This process was carried out as rapidly as possible. The maaic suction was defined as the 

difference between the air and water pressure readings at equilibrium. 

6.5 Saturated Shear Strength Parameters 

Saturated shear strength parameters of silt were determined using consolidated 

drained direct shear tests. Specimens of silt were statically compacted to a dry unit weight 

of 17.5 kN/m3 and at water conrents as close to saturation as possible. The compacted 

specimens were extruded into the shear box, flooded with water and left to saturate. Afrer 

saturation, each direct shear specimen was allowed to consolidate under the appropriate 

normal stress. Normal stresses of 50,100 and 150 kPa wen used 



After consolidation, the specimens were sheared at a constant strain rate of 0.05 

mm/min. until failure o c c d .  Two series of tests were conducted on identical specimens 

of silt to enable the determination of mean effective shear strength parameters. 

6.6 Ascompacted Shear Strength Parameters 

The analysis of moQl footing tests on specimens of silt and till in which maaic 

suction is generated by compaction at different water contents requires the estimation of 

the shear strength of the soil in its as-compacted state. Measurements of shear strength of 

the till and silt specimens in the as-compacted state were performed in the direct shear 

apparatus. 

Specimens of silt and till were statically compacted over a range of water contents 

to dry unit weights of 17.5 and 17.0 k N b 3 ,  respectively. The compacted specimens were 

sealed and stored in a temperature and moisture controlled environment for a period of 

one week to facilitate rnatric suction equilibration. At the end of this period, the specimens 

were placed in the shear box. The shear box was sealed with silicon grease to prevent the 

evaporation of water and the specimens allowed to consolidate under a known normal 

stress. Normal stress levels of 50, 100 and 150 kPa were used for each compaction water 

content. 

The specimens were sheared at a fast rate of 1.0 mm/mh. to ensure minird 

changes in manic suction during the shearing process. Failure usually occurred within 6 

minutes of shearing. The specimens were not allowed access to water during 

consolidation and shearing. 

6.7 Unsaturated Shear Strength Parameters 

Unsaturated shear strength parameters of compacted silt specimens were 

determined in the modified direct shear apparatus. Details of the modified direct shear 

apparatus in use at the University of Saskatchewan are shown in Fig. 6.3. A 

comprehensive discussion of cons~ct ion aspects and details of operation of the modified 



direct shear apparatus can be found in Gan (1986) and Gan et aL (1988) and are not 

duplicated herein. Only aspects of direct relevance to the series of tests in the experimental 

program are discussed. 

Specimens of silt for the modified direct shear test were statically compacted at a 

water content of 18.0 percent to a dry unit weight of 17.5 k N / b 3 .  The specimens were 

allowed to cure for one week in a moisture controlled environment. 

The high air entry disc in the direct shear apparatus was saturated by flooding the 

base with de-aired water and pressuring the air chamber to force water out through the 

porous disc. Diffused air was removed from the water chamber below the high air enny 

disc by flushing de-aired water through the system. After removing all the air bubbles, the 

two halves of the shear box were assembled and sealed with vacuum grease to pxevent 

water leakage. Excess water was removed h m  the disc and the specimen mounted in the 

shear box. The shear box was filled with water and the specimen allowed to soak for at 

least 12 hours. At the end of this time excess water was removed, the loading cap and then 

the chamber cap fitted in place. 

The required n o d  load and the air pressure were applied, one after the other in 

quick succession. The specimen was allowed to consolidate until matric suction 

equilibrium was attained. Equilibrium was considered to have been attained when the flow 

of water from the specimen ceased. The specimen was then sheared at a constant strain 

rate of 2.7 mm/day. This s h  rate was sufficiently slow to ensure fully drained conditions 

in the silt specimen during shearing. 
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1988). (a) Plan view. (b) Cross-section through the modified shear box and 
pressure chamber. 



Net n o d  stresses of 50, 100 and 150 kPa were used for this series of tests. At 

each net normal stress, the specimens were subjected to matric suction levels of 10, 20, 50 

and 100 P a  in two stages. Shearing was continued in each stage until the peak shear 

stress was attained. The shear load was then released by reversing the direction of shear. 

An additional normal load was added and the air pressure increased to maintain the 

current net normal stress, (o - u, ) and to inmeax the matric suction, (u, - u, ) , to the 

next level. Each specimen was allowed to consolidate and come to equilibrium at this 

level of stresses before resuming shearing. 

6.8 Sample Preparation for the Model Footing Tests 

Model footing tests were carried out on specimens of both silt and till. Special 

preparation techniques had to be used to ensure uaiform compaction and distribution of 

rnatric suction in the specimens prior to the model f m ~ g  tests. These techniques are 

outlined in the following sections. 

6.8.1 Preparation of the Silt Specimens 

Air dried samples of silt were sieved through No. 40 U.S. sieve. Five kilogram 

batches of the fraction passing No. 40 US. sieve were thoroughly mixed with the required 

amount of distilled water to achieve a predetermined water content. The specimens were 

sealed and allowed to cure for a week in a temperature and moisture conirolled room. 

Every effort was made to ensure a homogeneous mix. 

After curing, the specimens were compacted into the moulds shown in Fig. 6.4. 

The 150 mm diameter by 150 nrm high moulds were ni&y fabricated for the 

calibration of thermal conductivity sensors using the axis-translation technique. By sealing 

the sensor inlets, the moulds were adapted to hold specimens of silt for equilibration under 

different levels of manic suction. The same moulds were used for the compaction of silt 

specimens at different water contents. 
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Fig. 6.4 Calibration mould used for the compaction and matric suction equilibration 
of silt specimens. 

Specimens in which matric suction was to be generated by equilibration under a 

cons tan t air pressure using the axis-translation technique were statically compacted into 

the moulds using a hydraulic jack. A compaction water content of 18 percent was used. 

Compaction was carried out in two equal layers to attain a dry unit weight of 17.5 k N / m 3 .  

The specimens were then kept flooded with water in the temperature and humidity 

controlled room until such a time that saturation occumd. Saturation was considered to 

have occurred when steady state conditions were attained. It took about 10 days for 

saturation to become complete. 



Upon saturation, the top caps of the moulds were fitred and the required lewl of 

air pressure applied The specimens were allowed to come to equilibrium at maaic suction 

levels of 25, 50, 75 and 100 kPa. hrring the equilibration process, water flowing out 

from the mould was con~uously monitored. Equilibration was assumed to be complete 

when the flow stopped. This process took about 2 weeks. 

Specimens of silt in which mauic suction was to be generated by compaction at 

different water contents were compacted statically in two layers in similar moulds at the 

appropriate water contents. The moulds were Wed against evaporation and the 

specimens dowed to cure in the temperature and humidity controlled room for 2 weeks. 

6.8.2 Preparation of the Till Specimens 

Air dried samples of till were sieved through 2 mm sieve and thoroughly mixed 

with the required amount of water in small batches to make up to 20 kg of material. The 

mixed specimens were sealed and stored in the humidity controlled room for a period of 

one week to allow water to distribute unifoxmly in the specimen. At the end of this 

period, the specimens were compacted into 300 mm diameter by 150 nnn high moulds 

(Fig. 6.5) which had been fabricated specifically for the model footing tests. 

Compaction was carried out by starically compressing the soil using a hydraulic 

jack in 3 equal layers to a dry unit weight of 17.0 kN/m3. Every effort was made to ensure 

uniform compactionn 

After compaction, the moulds were sealed against evaporation and allowed to cure 

in the humidity controlled room for 2 weeks. 



Fig. 6.5 
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(a) Compaction mould 
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All dimensions in mm. 

Details of the mould used for the compaction of till specimens. 



6.9 Model Footing Tests 

Model footing tests were &signed to provide experimental verification of the 

theory developed in Chapter 5 to quandfy the effect of matric suction on bearing capacity. 

The most important consideration in the model footing tests was the maintenance of a 

uniform, known value of mamc suction during loading. Approaches used to prepare 

specimens of soil at known mamc suction levels were outlined in the previous section. 

The specimens were transferred from the temperature and humidity conaolled 

environment to the aiaxial loading machine. Model footings were placed on the specimens 

and loaded at a strain rate of 0.18 rmdndn. The shortest possible time was taken between 

the nansfer of the specimens horn the temperam and humidity controlled room and the 

start of the loading. This, together with the relatively fast shearing rate of 0.18 m m . ,  

ensured that the manic suction attained by the specimens after equilibration remained the 

same during the model footing tests. 

It was impoftant that the failure mechanism of the model footings be enclosed 

within the available volume of the soil in the moulds, without being adversely affected by 

end restraints. The size of the mould for testing rill specimens was estimated based on the 

saturated shear strength parameters of the soil and assuming general shear failure of 

footings not wider than 30 mm The tendency for general shear failure decreases as the 

footing size decreases. However, wider footings would require larger moulds. It is more 

difficult to ensure uniform compaction and, therefore, uniform maaic suction in large 

moulds. The size of the moulds used was considered to be a compromise between the 

desire to encompass the possible general shear zone and to ensure uniform compaction. 

The derivations in Chapter 5 were based on strip footings. Model footing tests 

involving saip footings would have been more appropriate. However, the use of strip 

model footings would have required the use of either rectangular moulds or much larger 

circular ones. The problems of ensuring uniform compaction are particularly acute for 



non-circular moulds which have sudden geometry changes at the comers. The decision 

was made to use circular and square model footings and to account for differences m 

footing shape between the experiments and theory by applying empirical correction factors 

normally used in saturated soils. Square (30 nun width) and circular (30 mm diameter) 

brass footings werc used. 

The model footings were loaded at a constant rate in a t r k d  loading fhme. The 

vertical displacements of the model footings were measured using linearly variable 

displacement transducers (LVDT) while the loads were measured using a load cell. Both 

measurements were recorded using a data acquisition system The tests were conducted to 

obtain settlements of at least 20 percent of the footing width. 

It had been assumed during the design of the large moulds for till that the 

model footings would fail in general shear. During tests on the till specimens, it was 

observed that punching, rather than general shear failure, was the predominant failure 

mechanism. There were a few cases where failure was accompanied by slight tilting of the 

footing and cracking at the surface. However, well defined general shear failure 

mechanisms involving significant tilting of the footings and surface upheaval were not 

apparent. Since the failure mechanism was predominantly punching, it encompassed a 

much smaller volume of soil than originally envisaged. Subsequent model footing tests on 

silt were carried out on the smaller moulds (Fig. 6.4). The model footing tests on the 

smaller moulds also resulted in punching shear failure without visible surface upheaval. 



CHAPTER VII 

PRESENTATION AND ANALYSIS OF RESULTS 

7.1 Introduction 

The results of the experimental program described in Chapter 6 are presented, 

analyzed and discussed in this chapter. The presentation of results is restricted to data that 

have a direct bearing on the analysis of the model footing tests. A complete summary of 

the test results is contained in Appendix B. The following results are considered: 

1. Soil-water characteristic curves, 

2. Compaction water content versus matric suction relationships, 

3. Saturated shear strength parameters, 

4. As-compacted shear strength parameters, 

5. Unsaturated shear strength parameters, and 

6. Model footing test results. 

7.2 Soil-Water Characteristic Curves 

The soil-water characteristic curves for the Sotkin Pit silt and Indian Head till are 

shown in Fig. 7.1 and 7.2. The range of desaturation is also shown in these figures. The till 

specimen has a wide range of maaic suction (38-400 kPa) over which desaturation is 

rapid. Significant changes in shear strength can be expected to occur due to manic suction 

changes over this range. The range of desaturation for the silt is much nmower, occlnring 

between 35 and 200 kPa 



On the basis of the soil-water charaneristic cuwes, the model footing tests were 

conducted on silt specimens equilibrated under manic suctions ranging fkom 0 to 100 kPa 

Maaic suctions higher than 100 kPa were anempted but the tests could not be continued 

due to severe cracking of the specimens in the calibration mould 

Model footing tests were not conducted on till specimens equilibrated under 

constant manic suction using the axis-mmslation technique. However, the wide 

desaturation zone in tiU served as an indication of the wide range of manic suction that 

could be generated in compacted specimens. 

73 Compaction Water Content Versus Matric Suction Reiationships 

Mamc suction of compacted silt specimens measured using the axis-translation 

technique in the pressure plate appararus are plotted against the compaction water content 

in Fig. 7.3. At high water contents the relationship between matric suction and compaction 

water content is linear. The relationship, however, becomes nonlinear at low compaction 

water contents, with the mamc suction exhibiting a rapid increase for small changes in 

water content. The same observations can be made with regard to compacted tiu whose 

compaction water content versus matric suction relationship is shown in Fig. 7.4. 

Sirrdar observations have been made by Krahn and Fredlund (1972) for Regina 

clay, Sauer (1967) for a glacial till and for an expansive soil in Texas by Mou and Chu 

( 198 1 ). The manic suction generated by compaction increases rapidly as the compaction 

water content approaches the residual water content. 

The compaction water content versus mamc suction relationships for silt and till 

are compared to the corresponding soil-water characteristic curves in Fig. 7.5 and 7.6, 

respectively. In these semi-log plots, the relationship between compaction water content 

and manic suction is linear. The slope of the compaction water content versus matric 

suction curve is approximately similar to the average slope of the soil-water characteristic 

c w e  in the desaturation zone. Equations for the best fit curves of the compaction water 



content versus matric suction relationships for the two soils are indicated in the figures. 

These equations were u W  in al l  subsequent determinations of maaic suction from 

known compaction water contents. 

Fig. 7.1 

10 100 
Matric Suction. (up - uW ) (kPa) 
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Fig. 7.3 
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Compaction water content versus matric suction for silt specimens. 



Fig. 7.4 
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Compaction water content versus matric suction for specimens of tiu (from 
Vanapalli 1 994). 
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Fig. 7.6 Comparison between the soil-water characteristic curve and the 
compaction water content versus maaic suction rehtionshio for the till- 



7.4 Effective Shear Strength Parameters 

The shear strength parameters c' and 9' of the silt were obtained h m  consolidated 

drained direct shear tests as outlined in Chapter 6. The results of the consolidation and 

shearing stages of the direct shear tests are summarized in Appendix B. The variation of 

shear stress and volumetric strain with shear snain is shown in Fig. 7.7 for three levels of 

n o d  stress. Shear strain is defined as the ratio of shear displacement to the 0rigm.I 

length of the specimen. 

The silt tended to decrease in volume during shearing. The amount of volume 

decrease increased with increstsing normal stress. The rate of shear strength development 

also increased with increasing normal stress. However, the peak shear strength was 

attained at higher shear strains in the specimens under high n o d  stress. 

Them was no apparent reduction in shear strength after peak and the uldmate 

strength was, therefore, equal to the peak strength. The shear strength envelopes for 

saturated silt are summarized in Fig. 7.8. The effective shear strength parameters shown in 

Fig. 7.8 were adopted as being representative of the saturated strength of the silt and used 

in a l l  subsequent analyses. The low effective cohesion of the silt is a reflection of its low 

clay content 

The shear strength envelope for sarurated till is shown in Fig. 7.9, as are the 

effective shear smngth parameters. These results were obtained from Vanapalli (1994) for 

specimens of till statically compacted to a dry unit weight of 17.0 k~fm3. The eRective 

strength parameters shown in Fig. 7.9 were used for the analysis of model footing tests on 

till. 

7 5  As-Compacted Shear Strength Parameters 

Typical variations of shear stress and volumetric strains during the shearing of silt 

and till specimens in their as-compacted state are shown in Figs. 7.10 and 7.11, 
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Fig. 7.9 Failure envelopes for the saturated till (from Vanapalli 1994). 
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(b) Volumetric strain versus shear strain 

Typical direct shear test results of as-compacted silt specimens. 
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Fig. 7.1 l Typical direct shear test results of as-cornpaned till specimens. 



respectively. Both specimens attain peak strength at strains that increase with increasing 

normal stress. The mean shear strain at failure is about 10 percent 

Direct shear results of silt and rill in their as-compacted state for various 

compaction water contents are summarized in Tables 7.1 and 7.2, respectively. The results 

can be analyzed either in terms of total stresses or stress state variables. Both types of 

analysis are presented in the following sections. 

75.1 Total Stress Analysis of the As-compacted Shear Results 

The variation of shear strength with compaction water conrent for three levels of 

normal stress is shown in Fig. 7.1 2 for the silt and Fig. 7.13 for the till. The variation of 

shear strength with compaction water content is approximately linear, with shear strength 

decreasing as the compaction water content increases. The results can also be plotted with 

the n o d  stress as the abscissa (Fig. 7.14 and 7.15). The water contents shown are 

mean values for three specimens tested with net normal stresses of 50, 100 and 150 kPa. 

The relationship between shear strength and normal mess is also linear for constant mean 

compaction water content. 

In saturated soils the relationship between shear strength and normal stress is used 

to define the effective shear strength parameters c' and +' since direct shear tests are 

usually fully drained. The pore-water pressures are zero in fully drained direct shear tests 

in saturated soils and, therefore, the measured total stresses are equal to effective stresses. 

In the direct shear tests carried out on compacted soils, each compaction water content 

represents a different state of stress and the parameters c' and 6' cannot be defined. 

However, the linearity between shear strength and normal stress is an indication of the 

existence of an apparent cohesion and friction angle in terms of total stresses. 





Table 7.1 Summary of direct shear results on as-compacted specimens (silt) - continued.. 

Specimen number 
Normal stress @Pa) 
Initial bulk unit weiaht (kN/cu. m) 
Initial water content (%) 
Mean initial water content (%) 
Initial dry unit weight (kN/cu, m) 
Initial void ratio 
Initial porosity 
Initial degree of saturruion 
Initial matric Suction 
Amount of consolidation (mm) 
Change in void ratio 
Void ratio afier consolidation 
Dem of saturation a f ~ r  consolidalion 
Matric suction after consolidation 

S 18-50 
50 

19.19 
1 7.02 

1h39 
0.60 
0.38 
0176 
153 

0.50 
0.04 
0,57 
0.8 1 
132 

S18-100 
1 0  

19.20 
16,44 
16b3 
16.49 
0,59 
0,37 
0,74 
160 
0.71 
0,05 
0.54 
0.81 
129 

518-150 
150 

19.52 
16.44 

16.77, 
0.57 
0.36, 
0.78, 
145 

0,80 
006 
0.51, 
0. 8bJ 
111 





Fig. 7.12 
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Shear strength versus compaction water content for silt specimens. 
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The apparent cohesion values for both silt and till specimens were calculated and 

plotted against compaction water content in Fig. 7.16. There is a general tendency for the 

apparent cohesion to decrease with increasing compaction water content. Ti specimens 

tended to exhibit higher apparent cohesion due to their higher clay content The apparent 

fricrion angles were also calculated and shown in Fig. 7.17 for both types of soil. The 

apparent fiction angle also decreased with increasing compaction water content. Silb 

being coarser, exhibited higher apparent fiction angles than tiU 

The preceding analysis based on total stresses can be used to define the apparent 

shear strength parameters. However, like a l l  total sness analyses, the stress path and 

method of tesdng must accurately duplicate acnral loading conditions in the field for the 

shear strength parameters to be useful. The theoretical solution in Chapter 5 for the 

influence of manic suction on bearing capacity was based on the stress state variables 

(0  - U, ) and (u, - u, ) and on the strength parameters c', $' and tan qb. Although the 

apparent shear strength parameters determined h r n  the total sness analysis serve to 

illustrate the consistent decrease of shear strength with compaction water content, the 

parameters cannot be used for the analysis of the model footing tests on compacted 

specimens. The model footing tests must be analyzed in tenns of the stress state variables 

(a - u, ) and (u, - u, ) to be consistent with the theory. Under the circumstances, a 

method of interpreting the as-compacted direct shear tests in terms of the stress state 

variables is required Such a method is outlined in the following section. 

75.2 Analysis in terms of Stress State Variables 

In order to carry out an analysis of the direct shear test results in terms of stress 

state variab1es. (a - u, ) and (u, - u, ), must be defined at every stage of the test. The 

initial manic suction of the compacted specimens can be determined h m  the 

experimentally derived relationships between compaction water content and maaic suction 



(Fig. 7.3 and 7.4). The maaic suction and the net normal stress at the end of consolidation 

can be estimated using the following modification of Hilf's analysis (Hilf 1948). 

50 100 150 200 
Normal Stress (kPa) 

Fig. 7.14 Shear strength versus normal stress at different mean compaction water 
contents (silt). 
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Shear strength versus normal s m s s  at different mean compaction water 
contents (till). 



Fig. 7.16 

10.0 12.0 14.0 16.0 
Compactjon water content (%) 

Apparent cohesion versus compaction water content for compacted silt and 
till specimens. 



Fig. 7.17 
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Apparent friction angle versus compaction warn content for compacted silt 
and till specimens. 

HE assumed that the volume change of an unsarurated soi l  due to a total stress 

increase was due to the compression and dissolution of air in the voids. By considering the 

change in soil volume due to the total stress change and applying Boyle's and Henry's 

laws, the following equation was derived for the air pressure increase under undrained 

conditions: 

where : 



As, = change in absolute air pressure 

An = change in porosity 

So = initial degree of saturation 

n, = initial porosity 

h = volumetric coefficient of solubility 
- 
U=, = initial absolute air press= 

Equation 7.1 can be used to calculate the change in absolute air pressure during 

the consolidation stage of the direct shear tests. If it is assumed, as Hilf did, that the 

change in water pressure is equal to the change in air pressure, then the change in water 

pressure is also given by [7.1]. 

In the series of direct shear tests carried out on compacted specimens, an attempt 

was made to maintain fully undrained conditions with respect to the air and water phases 

by applying vacuum grease to all openings in the box. While this procedure was effective 

in prevendng evaporation and ensuring undrained conditions in the water phase, fuUy 

undrained conditions in the air phase could not be maintained over long periods of time. 

The air pressure generated by the application of the normal stress dissipated sooner or 

later and only the water pressure could be relied upon to contribute to the mauic suction 

in the soil. The difficulty of ensuring undrained conditions with respect to the air phase has 

been recognized by other researchers (Blight 196 1; Bishop et al. 1960). In his treatment of 

the subject in Bishop and Henkel (1962), Bishop states "a truly 'undrained' test lasting 

more than a few hours is thus impossible with partly saturated soil in the usual uiaxial 

apparatus" and proposes very elaborate modifications to the standard triaxial apparatus to 

ensure undrained conditions. 

By assuming that the change in air pressure drops to zero, the change in matric 

suction becomes equal to the change in water pressure and the net normal stress becomes 

equal to the total normal stress. This change of assumptions in Hiifs analysis enables the 

quantification of the change in manic suction in response to changes in total stress. The 



assumption of equal increments of air and water pressures sustained throughout the test in 

the original W analysis implies a zero change in mamc suction which is inconsistent with 

the physical phenomenon 

The change in height during consolidation of each direct shear specimen was 

detefmined h m  rhe consolidation curve. The change in porosity corresponding to the 

height change was calculated for the &-loading conditions in the shear box and 

substituted into [7.1] to obtain the change in matric suction The calculated mamc 

suctions at the end of the consolidation stage are summarized in Tables 7.1 and 7.2. 

The change in mamc suction arising h m  a change in the net normal stress can be 

expressed in terms of the a parameter (Croney 1952; (3roney and Coleman 1960; Bishop 

1961 and Bishop and Henkel 1962) as follows: 

The a parameter was originally proposed by Croney (1952) and Croney and 

Coleman (1960) for the estimation of matric suction changes due to total stress changes jn 

constant water content tests. The air phase is fully drained in constant water content tests 

resulting in the net normal stress being equal to the total stress. 

The a parameter during the consolidation stage of the direct shear test was 

calculated for the compacted specimens of silt and till and plotted against the net normal 

stress in Figs. 7.18 and 7.19, for different inidal degrees of saturation. The general 

decrease of a with increasing net normal stress portrayed in the plots is a reflection of 

diminishing ma& suctions towards saturation. The plots also illustrate the dependence of 

a on the initial degree of satmation. The rnatric suction reaction to net n o d  stress 

changes increases ( i.e. a increases) as the initial degree of saturation increases and the 

rate of drop of matric suction with net n o d  stress also increases at higher initial degrees 

of saturation. 



The trends depicted in Figs. 7-18 and 7.19 for &-loading conditions are consistent 

with experimental observation of manic suction changes in compacted soils under 

isotropic net normal stress changes reported by Bishop (I96 1). 

A more rigorous determination of the manic suction changes due to changes in net 

normal stress can be made from the pore pressure parameters B, and B,. Hasan and 

FRdlund (1980) derived expressions for these parameters based on the stress state 

variables (o - u, ) and (u, - u, ) and the constitutive relations for the soil structure and 

air phase (Fredlund and Morgenstem 1976 and Fiedlund 1976). An accurate prediction of 

pore-air and pore-water pnssures based on the expressions for B, and B, requires the 

complete definition of the soil structure and air phase constitutive surfaces. These 

parameters could not be used in the estimation of matric suction changes in the direct 

shear tests due to lack of the required volume change indices. 

Although the pore pressure parameters B, and B, are more fundamenrd, the use 

of the a parameter to quantify maaic suction changes may offer some advantages for two 

reasons. Firstly, rnatric suction, and not its individual components, is the suess state 

variable that controls unsaturated soil behavior. Secondly, pore-air pressures invariabl y 

tend towards zero in most field and laboratory conditions and cannot be relied upon to 

contribute to manic suction in the soil. Furthermore, it may be easier to measure mauic 

suction directly than to measure both pore-air and pore-water pressures. Air pressure 

measurements are particularly complicated- 

The proposed procedure based on W s  analysis appeared to give reasonable 

results and was used to calculate the final matric suction values of the compacted 

specimens in Table 7.1 and 7.2. It was assumed that the matric suction at the end of the 

consolidation stage was equal to the manic suction at failure since the fast rate of shearing 

ensured minimal changes in matric suction. 

With the knowledge of the matric suction at failure, the results of the as- 

compacted direct shear tests can be analyzed in terms of the stress state variables, 



(O - U, )and (u, - u, ). The shear strength was plotted against the maaic suction at 

failure in Figs. 7.20 and 7.21 for the silt and till specimens, respectively. 

Fig. 7.18 
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The a parameter versus the net normal stress for compacted specimens of 
silt. 



Rg. 7.19 
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The a parameter versus net normal stress for compacted specimens of till. 



The shear strength of an unsaturated soil can be expressed of in t a n s  of the mess 

state variables using 12.261. In the equation, tan qb is the slope of the shear stress versus 

matric suction curve. It is apparent h m  Figs. 7.20 and 7.21 that very consistent 

relationships exist between the shear saength and the ma& suction of the compacted 

specimens. The best fit curves shown in the figures have similar slopes for different levels 

of net normal stress confirming the unique variation of tangb for a given soil 

Furthermore, the dormity of the separation between the c w e s  for constant intends of 

net normal stress confinns the fact that the effective shear strength parameters c' and 9' are 

independent of ma& suction. 

The shear strength envelope for the silt in Fig. 7.20 was markedly nonlinear. The 

nonlinearity of the shear strength envelope with respect to manic suction occurred due to 

the diminishing conmibution of manic suction to shear strength as the soil drained towards 

the residual water content. The reduction in shear strength at high rnatrk suctions has 

been observed by a number of researchers including Gan (1986), Escario and Saez (1986) 

and Escario and Juca (1989). The specimens of compacted till had lower mamc suctions 

and the nonlinearity was not as apparent as it was in the silt 

The consistent variations depicted in Wgs. 7.20 and 7.21 confirm the viability of 

the outlined method of tesdng and analysis of as-compacted specimens in predicting 

tan eb. The accuracy of the tan @b predicted in this manner can be vedied through a 

comparison with the results of conventional tesdng techniques. Such a comparison is made 

in the following section. 

7.6 Unsaturated Shear Strength Parameters 

Modified direct shear test results for specimens of silt are sunnnarized in Fig. 7.22. 

Detailed results of the consolidation and shearing stages are presented in Appendix B. 

Due to the rather limited range of desaturation of the silt specimens, model footing tests m 

which matric suction was generated through the axis-translation technique were resn-icted 



to a maximum manic suction of 100 kPa. Consequently, there was no need to apply matric 

suction exceeding 100 kPa in the modified direct shear tests for silt The results presented 

in Fig. 7.22 portray a more or less linear variation of shear strength with matric suction. 

The nonlinearity of shear strength is not apparent at these low levels of matric suction. 

Fig. 7.20 
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Shear smngth versus manic suction for compacted specimens of silt. 
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Fig. 7.22 Shear strength versus manic suction for specimens of silt tested in the 
modified direct shear apparatus. 
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Fig. 7.23 Shear strength v m u s  manic suction for specimens of till tested in the 
modified direct shear apparatus (fnnn Vanapalli 1994). 

The results of the modified direct shear test on specimens of till statically 

compacted to the same density as the as-compacted specimens from Vanapalli (1994) are 

shown in Fig. 7.23. The tests were carried out to relatively high levels of matric suction 

and the nonlinearity of the shear strength versus manic suction relationship is apparenr 

The modified direct shear test is an accepted method of determining unsaturated 

shear smngth parameters. Accurate predictions of tan qb for the silt and till specimens can 

be made from Figs. 7.22 and 7.23, as the slope of the shear strength v m u s  matric suction 

curves. The even spacing between equal increments of net normal stress confirms the 

independence of the effective shear strength parameters c' and $' while the similarity m 

shape of the curves at different levels of net normal stress confirms the independence of 

tan eb on net normal mess for a given level of mamc suction. 

Similar obsemarions were made in the previous section with regard to tan $b of 

specimens tested in their as-compacted state and analyzed in terms of the stress state 

variables, (a - u,)  and (u, - u,). It is useful at this stage to make a comparison 



between tan $b determined by the two different methods and to isolate differences 

between them, if any. Such a comparison has been made in Fig. 7.24 for specimens of silt 

and in Fig. 7.25 f a  dll. 

It is apparent h m  these figures that the variation of shear strength with rnatric 

suction is similar for specimens tested in the modified direct shear and in the as-compacted 

state. The results of the as-compacted direct shear tests for the silt specimens were carried 

out at sufficiently high levels of manic suction to depict the nonlinearity in behavior. The 

modified direct shear results in the low manic suaion ranges fall around the curves 

generated from as-compacted tests. 

The as-compacted and modified direct shear tests on till were carried out to similar 

levels of matric suction. The relationships in Fig. 7.25 perhaps better illustrate the 

similarity in results between the two methods of testing since tests were canied out over 

the same ranges of mamc suction. For all practical purposes, the two methods of testing 

yield similar values of tan $ b. 

The best-fit curves shown in Figs. 7.24 and 7.25 have been drawn by combining 

the results of the modified and as-compacted direct shear tests. They represent the best-fit 

estimation of the variation between shear suength and mamc suction. However, for the 

purposes of analyzing the model footing results, hear approximations of these variations 

were adopted. These are shown in Figs. 7.26 and 7.27, as are the values of qb 

corresponding to each soil. The model footing tests on silt and till specimens were carried 

out at manic suctions not exceeding 350 and 200 kPa, respectively. At these manic 

suction levels. the errors introduced by assuming constant eb were assumed to be within 

the experimental errors of the model footing tests. 
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Fig. 7.24 Comparison between modified direct shear and as-compacted shear results 
for specime!ns of silt 

Fig. 7.25 
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Comparison between modified direct shear and as-compacted shear results 
for specimens of tiU. 
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Fig. 7.26 Approximate constant value of $b adopted for the analysis of model footing 
tests on the silt. 
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Fig. 7.27 Approximate constant value of adopted for the analysis of model footing 
tests on the till. 



7.7 Model Footing Tests 

The results of mudel footing tests carried out on specimens of compacted silt and 

till, and on specimens of silt equilibrated under constant matric suction using the axis- 

translation technique are s m  in Appendix B. The results are s m m a r k d  in the 

form of applied pressure versus settlement ratio curves. Settlement ratio was defined as 

the ratio of settlement to the width of the model footing. 

73.1 Determination of Experimental Bearing Capacity 

Typical appIied pressure versus settlement ratio curves for model footings on till 

specimens compacted to different water contents are shown in Hg. 7.28. The general 

shape of these curves was typical of all the model fwting tests. The most significant 

feature of the curves was a lack of a clearly defined failure load. The lack of a clearly 

defined failure load was as a consequence of model footings failing by punching through 

the soil instead of by general shear. At low water contents and high manic suction, failure 

was accompanied by slight tilting of the footings and cracking at the soil surface. 

However, the surface bulging and footing tilting that are characteristic of general shear 

failure did not occur. 

In the absence of clearly defined failure loads, as normally occur in most footing 

tests, a number of proposals have been put forward for the ultimate load criterion. Most 

notable of these proposals are the point at which the slope of the load versus settlement 

curve reaches zero or a steady minimum value (Vesic 1963) and the point of break of the 

load-settlement curve in a logflog plot (De Beer 1970). These criteria require that the 

model footing tests be carried out to large displacements. The model f m ~ g  tests were 

conducted to displacements of at least 20 percent of the f w ~ g  diameter. 

Another commonly used ultimste load criterion is the specification of a limiting 

settlement (Vesic 1973). However, the magnitude of settlements required to mobilize 

ultimate loads has been observed to vary with footing size and shape and type of soil 



(Skempton 195 1; De Beer and Landanyi 1961; Meyerhof 195 1). Reported magnitudes of 

the settlement ratios required to mobilk ultimate loads range from 3-7 percent for 

footings on saturated clays to 5- 15 percent for surface footings on sand 

A comparison is made between the bearing capacities of the model footings on 

compacted silt specimens based on settlement ratios of 0.05, 0.1 and 0.2 in Fig. 7.29. The 

bearing capacities of the same footings based on the minimurrm. slope criterion as defined in 

Fig. 7.28 are also shown in the figure. 

Fig. 7.28 
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The dependence of the bearing capacity on the setdement ratio is apparent f b m  

Fig. 7.29. The bearing capacity defined in terms of the rnininnoa slope of the load vmus 

settlement curve falls be-n the bearing capacities defined at settlement ratios of 0.05 

and 0.1. 

Fig. 7.29 Bearing capacity versus rnaaic suction for different definitions of the 
ultimate load (silt specimens). 



The use of a predefined settlement ratio for the definition of the bearing capacity is 

reasonable in practical foundation problems in which settlements are usually the Zimi~g 

criterion and the magnitudes of the limiting settlements are known. In model f o o ~ g  tests, 

the magnitude of settlement required to mobilize the ultimate load depends on the dffhess 

of the soil and has no predetemnined value. The definition of the ultimate load based on 

the minimum slope of the load versus settlement curve is independent of the soil stifmess 

and is, therefore, more consistent This definition of the ultimate load was adopted for the 

analysis of the model footing tests. 

The bearing capacities of circular and square model footings determined based on 

a minimum slope of the load versus settlement curve are summarized in Table 7.3 and 7.4. 

The manic suction values for the compacted specimens in Table 7.3 were calculated from 

the appropriate compaction water content versus mahc suction relationships (Figs. 7.3 

and 7.4) from known compaction water contents. The maaic suction values in Table 7.4 

correspond to the air pressures under which the specimens were brought to equilibrium 

using the axis-translation technique. 

Specimen Compaction Manic suction Bearing capacity of footing @Pa) 
Type 

water content (%) (kpa) Circular footing Square footing 
Silt 9.4 328 1370 1326 
Silt 11.4 240 1125 1070 
Silt 13.3 178 850 750 
Silt 14.0 160 570 617 
Silt 15.9 119 600 542 
Ti 15.1 193 600 650 
Till 16.9 114 525 480 
TiIl 17.7 96 440 440 
Till 19.0 76 250 325 



Table 7.4 Summary of model footing test results on specimens of silt equilihred 
using the axis-translation technique. 

Specimen Type Maaic suction Bearing capacity of footing &Pa) 

W a )  Circular footing Square footing 

S ilt 0.0 70 45 

Silt 25.0 248 250 

Silt 50.0 360 360 

Silt 75.0 500 450 

Silt 100.0 540 490 

The variation of bearing capacity with mamc suction for specimens of silt brought 

to matric suction equilibrium using the axis-translation technique is shown in Rg. 7.30 for 

circular and square f o o ~ g s .  A key feature of the variation is the general increase in 

bearing capacity with increasing mamc suction. At high levels of mamc suction, the 

relationship between bearing capacity and matric suction is nonlinear. It is also apparent 

from the f i p e  that the differences in bearing capacity of circular and square footings are 

not significant 

Similar obsmations can be made with regard to model footing tests on compacted 

specimens of silt and till shown in Figs. 7.3 1 and 7.32, respectively. The bearing capacities 

of the compacted silt and till specimens exhibit tendenties towards nonlinearity at high 

mtric suctions. 

A comparison has been made in Fig. 7.33 between the bearing capacities of model 

footings for specimens of silt brought to manic suction equilibrium using compaction at 

different water contents and using the axis-trawlation technique. There are no noticeable 

breaks in behavior between specimens prepared using the two techniques. The continuity 

of the variation of bearing capacity of compacted specimens and specimens brought to 



equilibrium at constant matric suction is a direct confiTmation of manic suction as the 

relevant stress state variable and is compatible with the observations outlined in section 

7.5.2 with respect to shear strength. In subsequent analysis, no distinction has k e n  made 

b e ~ n  compacted specimem and specimens brought to constant manic suction 

equilih5um using the axis-tmnslation technique. 

Fig. 7.30 Bearing capacity vmus matric suction for silt specimens subjected to 
constant manic suction using the axis-mslation technique. 
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Fig. 7.31 Bearing capacity versus maaic suction for silt specimens compacted at 
different water contents. 



Fig- 7.32 

1 I - I \ 
a 

200 
Circular footing 

Square footing 
- 

Bearing capacity versus manic suction for till specimens compacted at 
different water contents. 

0 1 I I I 6 



Fig. 7.33 
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7.7.2 Theoretical Analysis of Model Footing Tests 

A theoretical derivation of the influence of matric suction on bearing capacity was 

made in Chapter 5. The variation of shear strength with mahc suction was approximated 

by a bi-hear envelope. The bearing capacity of a surface footing with manic suction 

decreasing linearly with depth was given by r5.731. For the special case in which the 

matric suction was constant throughout the soil profile. as was the case for the model 

footings, the bearing capacity equation simplified to [5.75]. A firher simplification was 

made for the case of a constant @b to result in [5.76]. Equation 5.76 was derived for smp 

footings based on a general shear failure mechanism. The footing tests were carried out on 

square and circular footings and as noted in the previous section, the predominant failure 

mechanism was punching as opposed to general shear failure. The use of [5.76] for the 

analysis of the model f o o ~ g s  requires the adjustment of the equation to give due 

consideration to the differences in failure mode and foodng shape. 

There are no rational methods of analyzing foundations that fail in modes other 

than general shear. Vesic (1973) proposed correction factors to account for soil 

compressibility and scale effects that give rise to other failure mechanisms. The proposed 

equations have not been subjected to field verification and give no more than a qualitative 

estimation of the reduction in bearing capacity caused by compressibility effects. Terzaghi 

(1943) suggested the following reduction of the effective shear snength parameters by a 

constant factor to account for punching and local shear failure: 

where : 

c* = modified effective cohesion 

@* = modified effective friction angle 



The simple equations proposed by Texzaghi ([7.3] and [7.4]) were used in the 

analysis of the model footing rests to account for punching shear failure. Although the 

equations proposed by Vesic (1973) have a more rational basis, they are reIatively 

complicated and involve parameters that axe difficult to determine. 

The derivation of bearing capacity equations for footing shapes other than strips is 

fraught with mathematical difficulty. Some solutions have been proposed (Cox 1962; Cox 

er al 196 1) for axi-symmetric loading on purely cohesive soils. No rational mathemstical 

solutions exist for other shapes or for soil with both friction and cohesion. It is common 

practice to use empirical correction factors to account for shape in such soils. The 

following factors proposed by De Beer (1970) were used in the analysis of the circular and 

square model footings: 

sc = 1 + Nfl, 

% = 0.6 

where: 

s, = shape correction factor with respect to N, 

s, = shape correction factor with respect to N, 

The shear strength parameters used in the prediction of the bearing capacities of 

the model footings are given in Table 7.5. The predicted solutions for bearing capacity are 

summarized in Table 7.6. Separate columns are provided in the table for solutions without 

any corrections, those corrected for shape and mode of failure only, and those corrected 

for both shape and mode of failure. 

Table 7.5 Shear strength parameters and bearing capacity factors used in the 
theoretical analysis of model footing tests. 

Soil ran@b c1 9' Nc Nv SC S, C* * N,t Nv* Sic* ~ y *  

Silt 0.136 2.5 28.1 26.0 17.0 1.57 0.6 1.7 19.7 14.6 5.2 1.42 0.6 

Till 0.234 16.9 21.9 16.8 7.0 1.45 0.6 11.3 15.1 11.0 2.7 1.36 0.6 



Table 7.6 Redicted and experimentll ultimate bearing capacity of model footings. 
-- 

Predicted bearing capacity (kPa) 

Soil (u,- uw) Experimental No Shape only Modeonly Shape and 

Type (kPa) (kPa) correction mode 

Silt 0 70 69 105 26 36 

Silt 25 248 156 245 76 107 

Silt 50 360 248 384 126 178 

Silt 75 500 337 524 176 249 

Silt 100 540 426 664 226 320 

Silt 119 600 492 769 264 373 

Silt 160 570 638 998 346 490 

Silt 178 850 705 1102 383 5435 

Silt 240 1125 925 1447 506 718 

Silt 328 1370 1239 1941 683 969 

Ti 76 325 586 848 322 437 

Ti 96 440 662 959 372 505 

Ti 114 480 732 1061 418 568 

~i 193 650 1044 1512 62 1 844 

Experimental and predicted solutions for the bearing capacity of the model 

footings were compared in Fig. 7.34 and 7.35 for silt and tiu specimens, respectively. The 

similarity in trends between the experimental and predicted solutions of bearing capacity is 

apparent The predicted variation of bearing capacity with maaic suction is hear because 

a constant value of (bb was used in the analysis for each soil. The variation of the 

experimental bearing capacities with matric suction tends to be nonlinear at high rnaaic 

suctions. 



The predicted bearing capacities incorporating corrections for shape and mode of 

failure lie in the extreme upper and lower limits of bearing capacity, respectively. 

Predictions of bearing capacity that incorporate corrections for both mode of failure and 

shape are closer to the experimental results. The effect of the shape correction is to 

increase the bearing capacity while the effect of the correction factor for punching shear 

failure is to decrease it Since the two kinds of conection have opposite effects, the 

predictions based on both corrections are not significantly different h m  the predictions 

without corrections. 

The experimental bearing capacities for the silt specimens (Fig. 7.34) are closer to 

the predictions without corrections. This implies that appropriate c o d o n  factors to 

account for punching shear failure are higher than those given by 17-31 and 17-41. 

Alternatively, appropriate shape factors for the silt should be less than those given by [7.5] 

and l7.61. 

The experimental bearing capacities are lower than predictions that incorporaie 

both shape and mode of failure corrections for the till specimens (Fig. 7.35). The 

experimental values are closer to the predictions that incorporate corrections for mode of 

failure only. This @lies that appropriate shape and mode correction factors for till are 

close to the values used. 

The lack of coincidence between the predicted and experimental results can be 

amibured, in part, to the lack of accurate methods to account for differences in foundation 

shape and mode of failure. The correction factors used were proposed for saturated soils. 

In applying them to the present analysis, it was assumed that they held for unsaturated 

soils as well as they do for saturated soils. The empiricism inherent in the determination of 

these correction factors for saturated soils, and their arbitmy application to unsaturated 

soils, precludes the possibility of a match between predicted and experimental values. An 

investigation of the influences of shape and mode of failure on the bearing capacity of 

unsaturated soils is beyond the scope of this thesis. 



Fig. 7.34 Comparison between experimental and predicted bearing capacities of 
model footings on silt 
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Fig. 7.35 Comparison b e m n  experimental and predicted b e m g  capacities of 
model footings on till. 



7.8 Conclusions on Analysis and Discussion of Resuits 

The following conclusions can be drawn from the preceding analysis of the direct 

shear and model footing tests: 

1. The matric suction of specimens compacted at different water contents can be 

determined from compaction water con tent versus manic suction relationships 

derived fi-om the pressure plate test 

2. By assuming that maaic suction changes occurring during shearing of 

compacted specimens in their as-compacted state are negligible, the matric 

suction at failure can be estimated using the proposed modification of W s  

analysis. 

3. Manic suction at failure determined using the modification of Hilfs analysis 

can be plotted against the shear saength to define tan @b. 

4. The results of tan gb derermined in this manner are comparable to those 

determined in the modified direct shear test. The direct shear t e s ~ g  of 

compacted specimens in their as-compacted state is, therefore, an easy and 

convenient method of characterizing the shear strength of unsaturated soils. 

5. The similarity between results of as-compacted and maiified direct shear tests 

is a confirmation of (a - u, ) and ( u, - u, ) as the stress state variables 

controlling the mobilization of shear stresses in unsaturated soils. The 

influence of structure arising h m  compaction at different water contents is 

negligible when strength is defined in terms of (G - u, ) and (u, - u, ). This 

is because rnatric suction reflects the interaction between water and void 

spaces in the soil and, therefore, implicitly accounts for structure. 

6. The results of model footing tests on compacted specimens and specimens 

brought to manic suction equilibrium using the axis-translation technique can 



be analyzed in terms of the stress state variables and compare reasonably well 

with theory. 



CHAPTER VIII: 

BEARING CAPACITY OF UNPAVED ROADS 

8.1 Introduction 

A theoretical solution for the bearing capacity of a 2-layer soil system was derived 

in Chapter 3. Solutions for the incorporation of the effect of manic suction on bearing 

capacity were developed and verified in Chapters 5, 6 and 7. These solutions are applied 

to the design of unpaved roads in this chapter. 

8.2 Geometry of the Unpaved Road 

A typical flexible pavement cross-section consists of a surface layer, base, subbase 

and subgrade as shown in Fig. 8.1 (a). The nature and thicknesses of the materials used in 

any pavement depend on cost considerations, material availability and traffic volume. In an 

unpaved road, the pavement cross-section consists of an unbound base layer directly 

overlying the subgrade as shown in Fig. 8.1(b). A surfacing layer may or may not be 

present. Where such a layer exists, it serves the purpose of protecting the underlying 

layers from variations in the surface flux and makes little or no contribution to the bearing 

capacity of the pavement If a subbase layer is present, it is assumed that its shear strength 

characteristics are not sigmficantly different from those of the base. For the purposes of 

determining the bearing capacity, the unpaved road can be idealized as consisting of the 

base and subgrade layers only. 

The wheel loads are assumed to be applied at sufficient length from the pavement 

shoulders that no possibility of slope failure or other edge effects affect layout of the 
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Typical pavement sections. (a) General case. @) Section for a typical 
unpaved road. 

general shear failure mechanism. The process of pavement design, therefore, becomes that 

of determining the depth of the base layer required to carry the design traffic. 

8 3  Determination of Contact Area and Pressure 

The design of pavements based on bearing capacity theory is, by necessity, based 

on the fixed level of traf£ic approach. The fixed level of tra€fic approach involves the 

design of the pavement for a crirical wheel load, usually the heaviest wheel load. The 

damaging effects of Lighter wheel loads are ignored. The fixed level of t d l i c  approach is 

used mainly in airport design. Since the naffic volume in unpaved roads is low and 

comparable to the frequency of landing of aircraft in smaller airports, the use of this 

approach seems justified. 



The fixed level of traffic approach requires the determination of an equivalent 

single wheel load (ESWL) in cases where there is more than one wheeL Design methods 

based on elastic theory defme the ESWL in terms of the relative influences of single and 

multipie wheel configurations on stresses or strains. In contrast, methods based on bearing 

capacity theory require the representation of the wheel configurations in terms of a 

contact pressure and the dimensions of the contact area. The ESWL as applied to design 

based on bearing capacity theory, therefore, takes on a different m d g  h m  the 

traditional one. 

The contact area was assumed to be rectangular as proposed by the Portland 

Cement Association (PCA 1984) for rigid pavements. Although the idealization by the 

PCA was intended for rigid pavements, it is frequently used for flexible pavements and 

was adopted for unpaved roads. The actual pressure and area to be used in the bearing 

capacity analysis depend on the configuration of axles and number of t i res.  The following 

cases were considered: 

1. Single axle with single tire. 

2. Single axle with dual tires. 

3. Tandem axle with dual tires. 

Tandem axles with dual tires occur in very heavy vehicles that rarely use unpaved 

roads. However, as observed in Chapter 1, the bearing capacity approach can be used for 

the evaluation of the damaging effects of very high traffic loads on regular pavements. The 

consideration of tandem axles in the formuiation allows such an evaluation to be made. 

83.1 Single Axle with Single Tires 

The arrangement of tires for a single axle is shown in Fig. 8.2. The tire contact 

area is calculated from the axk load using the following equation: 



where: 

P = axle load. 

4 = tire contact area. 

P, = tire inflation pressure. 

The contact area can be approximated by a rectangular area as proposed by PCA 

(1984). The dimensions of the equivalent rectangle are given by: 

where L and B are the length and the width of the equivalent rectangle. respectively. 

The dimensions to be used in the determination of bearing capacity for a single 

axle with single tires are similar to the length and width of the equivalent rectangle and are 

given by: 

Fig. 8.2 Idealization of the tire contact area for a single axle load with single tires. 
(a) Axle load configuration. (b). Equivalent contact area 



where 4 and Be are the dimensions of the equivalent contact area to be used in the 

bearing capacity analysis. The equivalent contact pressure is given by the following 

equation: 

8.3.2 Single Axle with Dual Tires 

The layout of dual tires on a single axle is shown in Fig. 8.3. The dual tires can be 

analyzed by assuming that the soil between the tires is mechanically associated with them. 

The two tires, therefore, behave as a single entity in dismbuting the axle load to the soil. 

The contact area due to each tire is given by: 

The dimensions of the equivalent rectangular area for each tire are given by [8.2] 

and [8.3]. The equivalent contact pressure of the dual tire assembly is assumed to be 

acting over the area enclosing both tires. The dimensions of the equivalent contact area are 

given by: 

Be = ( 2 B + d )  [8.81 

L, = L C8.91 

d = S , - B  [8. lo] 

where: 

d = clear distance between the dual tires. 

Sd = center to center spacing between the dual tires. 

The equivalent contact pressure is given by [8.6]. 



Fig. 8.3 Idealization of the tire contact area for a single axle load with dual tires. 
(a) Axle load configuration. (b). Equivalent contact area 

83.3 Tandem Axle with Dual Tires 

The configuration of the contact area for a tandem axle with dual tires is shown in 

Fig. 8.4. As in the case of a single axle with dud tires, the soil between the tires is 

assumed to be mechanically bonded to the tires. The overall contact area is defined by the 

area enclosing the four wheels. 

If P is the total load on the tandem axle, the contact pressure for each tire is given 

by: 



Fig. 8.4 Idealization of the tire contact area for a tandem axle load with dual 
rires.(a) Axle load configuration. (b). Equivalent contact area 



The dimensions of the equivalent rectangIe for each tire are given by [8.2] and 

[8.3]. The equivalent contact pressure acts over the area enclosed by the four tires. The 

length of the equivalent contact area is given by: 

L, = 2L + t [8.22) 

t = S , - L  [8.13] 

where: 

St = center to center spacing benueen the tandem axles. 

t = dear distance between rhe tires across the axles. 

The width of the equivalent contact area is similar to that for the single axle, dual 

tire case as given by [8.8]. The equivalent contact pressure is given by [8.6]. The lesser of 

the two dimensions, 4 and Be, is used as the width of the footing in the bearing capacity 

equation. 

8.4 Determination of Strength Parameten 

The determination of the bearing capacity of an unpaved road requires a 

knowledge of the effective shear strength parameten, c' and Q', for the marerials 

comprising the base and subgrade. The shear strength parameter with respect to manic 

suction, V ,  is also required in cases where the pavement layers are unsaturated. The 

effective shear strength parameters can be determined using niaxial or d h t  shear tests. 

Larger shear boxes may be required for the base materials if they are relatively coarse. 

Very large crushed stone aggregates may be too large for conventional direct shear boxes. 

Fortunately, such large aggregated are rarely used in unpaved roads due to their 

prohibitive costs. 

Soil-aggregate mixtures are the preferred materials for the base layer. Stability 

requirements demand the existence of a small fraction of fines in the soil-aggregate 

mixture. More often than not, the presence of fines in the aggregates increases cohesion to 

an extent that the base layer cannot be treated as being purely frictional. Under the 



circumstances, design methods that ignore cohesion in the base can be unnecessarily 

conservanve. The presence of fines also enhances the conmbution of maaic sucaon to the 

shear strength of the base layer. The characterization of shear strength should, therefore, 

include the determination of $b to enable the quantification of the contribution of maaic 

suction to shear strength. 

The modified direct shear test is commonly used to determine the contribution of 

matric suction to shear strength. Besides being time consuming, modified direct shear tests 

require special equipment of the type that are only available in specialized laboratories. 

Time and cost considerations cannot justify the use of the modified direct shear test for the 

characterization of shear strength for the design of unpaved roads. 

A simplified testing procedure was described in Chapter 6 for the determination of 

qb in compacted soils. It involved shearing of specimens of soil compacted at different 

water contents in the conventional direct shear box. A method of analysis was presented 

for the analysis of data from these tests to obtain $b. It was demonstrated that the value of 

qb determined using the simplified method of testing and analysis was comparable to the 

results of the more accurate modified direct shear test The simple testing procedure, 

therefore, offers a viable alternative means of quantifying v. It is relatively simple, 

requires standard testing equipment and can be carried out rapidly. It, however, requires 

the determination of the manic suction versus compaction water content relationship. The 

pressure plate apparatus required for the determination of this relationship is relatively 

inexpensive and can be incorporated in any standard geotechnical laboratory. 

The simplified testing procedure is recommended for the characterization of (9 for 

the materials comprising the base and subgrade layers. 



8.5 Estimation of Matric Suction 

It is common for pavement designs to be based on the saturated shear strength 

parameters of the subgrade. In many cases, the water contents in the subgrade do not 

reach saturation and the assumption of full saturation leads to over design. 

The sigruf cance of incorporating maaic suction into bearing capacity formulations 

has been demonstrated. Moisture conditions in the pavement layers are controlled by 

climatic and soil conditions. Russam (1965) observed that moisture contents in subgrades 

reach equilibrium values under given environmental conditions. Consequently, there have 

been attempts to relate the equilibrium moisture content in the subgrade to index 

properties of the subgrade soils. Swanberg and Hansen (1946), Halibuton (197 I ) ,  and 

Livneh and Ishai ( 1975) related the equilibrium moisture content to the plastic limit while 

Brodie (1970) related it to the optimum moisture content. Van der Menwe (1967) derived 

relationships between the equilibrium moisture content and the h e m a x i m u m  dry density. 

These empirically derived relations are only applicable to the climatic conditions for which 

they were derived. 

Russarn (1965) proposed criteria for the determination of equilibrium moisture 

contents depending on the depth of the water table and climatic conditions. The criteria 

recommend actual measurements of moisture contents in most cases and are widely used 

for design. 

There are no e x i s ~ g  solutions for the prediction of equilibrium moisture profiles 

under pavements. The distribution of moisture in a layered soil depends on the relative 

hydraulic conductivities and the water retention characteristics of the soil in each layer. 

Saturated-unsaturated flow modelling that incorporates these parameters as well as flux 

boundary conditions (Lyrton et al. 1990; Barbour et al. 1992; Wallace 1977) are likely to 

give m o ~  insight into the problem of moisture distribution in layered soils. However, the 

determination of the surface fluxes to be used in the modelling requires the 



characterization of climatic and ground sdace  conditions and the solution of a system of 

coupled heat and mass msfer  equations. Lytton et al. (1990) presented a comprehensive 

model for the prediction of manic suction variations under pavements based on a finite 

difference solution of the coupled heat and mass transfer equations. Their model provides 

a means of characterizing climate as well. Solutions of the coupled heat and mass transfer 

equations have also been presented by Milly (1982) and Wilson (1990) based on the finite 

difference method and by Joshi (1993) based on the finite element method. Solutions of 

this type are complex and are still in a stage of development 

The estimation of equilibrium moisture contents or rnaaic suction profiles is 

prerequisite to the application of bearing capacity theory in pavement design. However, it 

is beyond the scope of this thesis. It is assumed in the following analyses that equilibrium 

matric suction profiles in the pavement layers are known or can be estimated. 

8.6 Determination of the Ultimate Wheel Loads. 

The ultimate wheel load that a Zlayer pavement system can sustain is determined 

by combining the solutions derived for bearing capacity in tlayer soils with that for the 

effect of matric suction on bearing capacity. The solution developed for the effcct of 

rnaaic suction on bearing capacity was restricted to a homogeneous soil. The influence of 

matric suction on the bearing capacity of layered soils is more complicated and would 

require major modifications to the existing solutions. Dif£iculties associated with this 

limitation can be circumvented by approximating the rnatric suction variation in each layer 

with a constant value. The bearing capacity factor with respect to constant rnatric suction 

is equivalent to that of cohesion, and therefore, the component of shear strength due to 

rnatric suction can be added to that due to cohesion. Under these conditions, the form of 

the bearing capacity equation for the layered soil does not change. 

The cohesion of the two soils is calculated from the following equations: 

C~ = C1 + (u, - U w  )bl  (tan el - tan$,b)+(u a - UW), tan@; [8.14] 



c, = c; + ( u ,  s tan@^ -tan@;) +(ua - uJ2tan0,b 

where: 

c, = cohesion of the base to be used in analysis 

Cz = cohesion of subgrade to be used in analysis 

c = effective cohesion of the base- 

C 2  = effective cohesion of the subgrade. 

@ = effective angle of shearing resistance of the base. 

$1 = effective angle of shearing resistance of the subgrade 

(u. - uJ2 = uniform matric suction in the base layer 

(u, - u,)~ = uniform matric suction in the subgrade 

(u, - u , ) ~ ~  = air entry value of the base 

(u. - = air entry value of the subgrade 

tan @p = shear snength parameter with respect to matric suction for the base 

@: = shear strength parameter with respect to matric suction for the subgrade 

If the air entry value of the soils are assumed to be zero, [8.14] and [8.15] simp& 

to the following forms: 

C, = C; + (u, - U,), tan@! [8.16] 

C, = C ,  + ( u ,  - u,), tan$: [8.17] 

The ultimate bearing capacity of a typical unpaved pavement section consisdng of 

a base layer over a subgrade can be calculated from the following modification of [3.1]: 

The bearing capacity factors are dependent upon the dimensions of the loaded 

area, the depth of the base layer, and the shear strength parameters cl, cz? el, and & of 

both layers. They are determined as outlined in Chapter 3. The determination of the 

equivalent contact width, Be, is outlined in Section 8.3. 



The derivation of [8.18] was based on the assumption of plane strain. Since the tire 

contact area is assumed to be rectangular, corrections have to be applied to account for 

the differences in shape. 

The determination of the appropriate shape factors would entail a detailed 

investigation involving the measurement of ultimate loads for different tire loads and 

pressures and different pavement materials. Such a study is beyond the scope of the 

present work. It is recommended that the shape factors proposed by De Beer (1970) and 

given in [7.5] and [7.6] be used. 

The bearing capacity, qr, is adjusted by changing the depth of the base layer until it 

is equal to the equivalent contact pressure given by [8.6]. The depth of the base layer 

corresponding to this conditions is equivalent to the required depth for the given loading 

condition. 

83  Determination of Design Wheel Loads 

8.7.1 Factors of safety 

The ultimate wheel load determined from [8.18] represents the failure condition 

and cannot be used for design. Wheel loads corresponding to the ultimate bearing capacity 

of the pavement would cause excessive deformation. It is necessary to apply a load factor 

to the ultimate bearing capacity to limit pavement deformations to acceptable levels. 

Although there is no doubt as to the need to apply a load factor to the ultimate 

wheel load, the choice of a suitable value presents major difficulties. Existing pavement 

design methods based on bearing capacity theory adopt a variety of recommendations for 

the factor of safety or load factor. Some of the recommendations are given in Table 8.1. 

Broms (1 963) recommends the use of an overall factor of safety depending on the 

traffic volume while the other authors recommend the use of partial factors of safety 

applied to the shear strength of the subgrade. Partial factors of safety applied to the shear 

strength account for uncertainties in the method of analysis and in the determination of the 



shear saength parameters. However, the partial factors of safety can be increased 

sufficiently to limit deformations as well. The use of an overall factor of safety to account 

for uncertainties in the determination of collapse load and to limit deformation as 

recommended by Broms has been more common in foundation engineering. Whether or 

not this approach is superior to the partial load factor approach remains a matter of 

debate. The pertinent consideration is the rationale behind the value of safety factor 

chosen for design. 

Table 8.1 Recommendations for factors of safety used in the design of 
unpaved roads. 

Author Factor of safety Remarks 

Broms (1963) 2 Low traffic volume 

3 High traffic volume 

Bender and Barenberg (1978) 1.6 Applied on shear strength of subgra.de 

Sellmeijer et al. ( 1982) 1.5 Applied on shear strength of subgrade 

Giroud and Noiray (198 1) 1.6 Applied on shear strength of subgrade 

The response of a pavement to applied wheel loads depends on the relarive 

stiffhess of the pavement system The stiffness of the pavement depends on the shear 

strength properties and deformation moduli of its components, as well as on the depth of 

the base layer. The value of the load factor applied to limit settlements will, therefore, 

vary depending on the pavement stiffness. Furthermore, the bit ing  settlement is a 

function of the level of acceptable deformations of the pavement as dictated by its design 

standard. Qearly, the load factor is not a constant. It varies depending on the pavement 

stiffness and the level of acceptable deformations. 



8-72 Finite Element Comparisons 

Possible variations of the load factor of a typical layered system were studied using 

the finite element program, CRISP. The material properties given in Table 8.3 and the 

mesh shown in Fig. 5.10 were used to determine the coilapse load for a range of depths 

and angles of shearing resistance of the top soil layer. The ultimate bearing capacity was 

defined as the minimum slope of the mess versus settlement ratio curve as shown in Fig. 

8.5. A load factor was defined as the ratio of the ultimate bearing capacity to the saess at 

the onset of nonlinearity of the applied stress versus sertlement r h o  curve @g. 8.5). 

The results of the study are presented in Fig. 8.6. The decrease in the load factor 

with increasing shear strength of the base layer is apparent. The decrease in the load factor 

is due to the increasing stiffness of the pavement 

Table 8.2 Material properties used in the 2-layer finite element analysis. 

Material Property Base layer Su bgrade 

E (MPd 105 3.5 

u 0.30 0.40 

4) (deg-1 varies 0 

c (kPa) 0 50 

Y 0cN/m3) 18.0 18.0 

For practical purposes, it is not expedient to assign load factors whose magnitudes 

are dependent on many variables. Fig. 8.6 can be used to give an indication of reasonable 

values of the load factor. If it is assumed that an average angle of internal fiiction of 400 

for the base is representative of base materials used for unpaved roads, a load factor of 

about 1.8 is defined. This load factor is not sigrufcantly different h m  the factors 

proposed by Bender and Barenberg (1 978) and Giroud and Noiray (1 98 1). 



The load factor is derived from consideration of limiting settlements. Since there 

are uncenainties in the determination of the bearing capacity and the material properties as 

well, the factor should be increased. A value of 2.5 for the factor of safety appears 

reasonable. 

The value of 2.5 for the factor of safety is based on consideration of the upper Limit 

of deformations. A quantitative evaluation of the rut depth corresponding to the upper 

limit of deformations cannot be made from the present study. The recommended factor of 

safety should not be treated as anything more than a guideline. The actual vdue used in 

design will depend on the level of acceptable deformations. 

qf = Ultimate stress 
F = Load factor 
B = Width of footing 
6 = Settlement of footing 

Fig. 8.5 Definition of bearing capacity and load factor in finite element analysis. 



Fig. 8.6 Load factor versus angle of shearing resistance of the base layer. 

8.8 Consideration of Traffic Volume 

The procedure outlined for the determination of the pavement bearing capacity is 

based on static loading. Pavements are, however, subjected to wheel loads that are both 

nansient and repetitive. A method of incorporating the effects of repetitive and transient 

loading in the design process is required 

A theoretical analysis of the effects of repeated loading on pavements is beyond 

the current state of knowledge. Most pavement design methods reson to ernpiricdy 

derived relationships to take into consideration repeated loading. The same approach is 

adopted for the design of unpaved roads. 

The following fatigue relationship is widely used in the design of paved roads: 
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where: 

N, = number of repetitions of an axle load, P, 

N = number of repetitions on a different axle load, P 

An equation similar to [8.19] was used by Giroud and Noiray (I98 1) for the design 

of unpaved roads. Equation 8.19 can be used to calculate the static axle load from a 

known number of repetitions of a transient axle load. By recognizing that the static load 

corresponds to a single pass, [8.19] can be re-arranged to give the equivalent static axle 

load. 

where: 

P, = equivalent static axle load for use in bearing capacity analysis. 

P = design axle load 

N = number of repetitions of the design axle load. 

Equation 8.20 implies an equivalent static axle load that is usually larger than the 

transient one. Design based on the equivalent static axle load results in a pavement whose 

thickness is propomonal to the number of axle load repetitions. The tire pressure is 

assumed to remain constant. 

8.9 Typical Design Results 

The proposed method of analysis and design was applied to a pavement section 

consisting of materials whose properties are given in Table 8.3. The results are presented 



in this section to illustrate typical variations in design pavement thickness as a function of 

rhe axle load, rire inflation pressure, load factor and number of load applications. 

Table 8.3 Material properties for the base and subgrade layers used for 
analysis. 

Property Subgrade layer Base layer 

Cohesion &Pa) 1.0 1.0 

Eriction angle, 20.0 40.0 

Unit weight (kN/m3) 20.0 20.0 

Tan @ 0.15 0.10 

The variation of design pavement thickness with tire pressure for different static 

axle loads is shown in Fig. 8.7. A load factor of one was used and the matric suction 

assumed to be zero in both layers. The required thickness was obtained by using [8.18] to 

determine bearing capacity for the known material properties and varying the depth until 

the calculated bearing capacity became equal to the equivalent contact pressure as given 

by [8.6]. Single axle loading with single tires was assumed 

The required thickness of the base increases as the tire pressure and axle load 

increase. For each axle load, there is an upper limit of the tire inflation pressure that the 

pavement can sustain. This Limit corresponds to the maximum bearing capacity of the 

pavement system that occurs when the failure mechanism is contained fully in the base 

layer. Most e x i s ~ g  design methods for unpaved roads fail to recognize the existence of 

this Limit (Broms 1963, 1964; Bender and Barenberg 1978; Giroud and Noiray 198 1). 

The conmbution of marric suction to the bearing capacity of the pavement was 

investigated by assuming constant rnauic suction values in each of the pavement layers. 

The cohesion in each layer was increased by an mount equal to the product of tan @b and 

the maaic suction. The values of tan @b given in Table 8.3 were deliberately chosen on the 
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Fig. 8.7 Required thickness of the base layer versus tire pressure and axle load. 



lower side of values commonly encountered in practice to highlight the important 

contxibution of matric suction. 

The effect of increasing maaic suction in the subgrade layer is iUuswted in Fig. 

8.8 for a static axle load of 150 kN. The thickness of the pavement required to support a 

given tire pressure decreases as the matric suction increases. The decrease in thickness is 

particularly sigrufcant at low tire pressures. 

The effect of increasing maaic suction in the base layer is shown in Fig. 8.9 for an 

300 kN axle load. The low value of tan bb selected for the base layer is a reflection of the 

low percentage of fines usually present in base materials. It is apparent from Fig. 8.9 that 

small increases in matric suction can result in significant reductions in base thickness, even 

when tan qb is low. 

Factors of safety have not been applied to the results reported so far. The effect of 

applying a load factor is to increase the required base thickness. This is depicted in Fig. 

8.10 for an axle load of 300 kN. The value of the load factor depends on, among other 

things, the design standard of the road as discussed in Section 8.7. Since the choice of the 

load factor has a sigruficant effect on the design pavement thickness. every effort should 

be made to determine an appropriate value. 

The effect of increasing the number of axle load repetitions is illustrated in Fig. 

8.1 1 for an 80 kN axle load and a tire pressure of 300 kPa The required depth of the base 

layer increases as the number of axle load repetitions increases. The increase is a reflection 

of the increase of design static axle load as given by [8.20]. 

8-10 Conclusions on the Design of Unpaved Roads 

The following conclusions can be made from the preceding discussion on the 

design of unpaved roads using the solution for bearing capacity in 2-layer soils. 



I I Matric suction in base = 0 kPa I 

- - - -  Matric suction in subgrade = 60 kPa 

- - -  Matric suction in subgrade = 26.6 kPa 

Matric suction in subgrade = 0 kPa 

Fig. 8.8 
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Required thickness of the base layer versus the tire pressure for different 
levels of manic suction in the subgrade. 



Fig. 8.9 
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Required thickness of the base layer versus tire pressure for different levels 
of matric suction in the base. 



Fig. 8.10 Required thickness of the base layer versus tire pressure for Merent 
factors of safety. 
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Required thickness o f  the base layer versus the number of repetitions of the 
axle load. 



1. The proposed method for the design of low volume roads applies to unbound base 

layers. Rigid or bound base layers tend to undergo fatigue cracking ahead of shear 

failure and cannot be analyzed using the proposed procedure. 

2. The required thickness of the base layer depends on the shear strength of both 

layers of the unpaved road. An upper limit of traffic Ioading exists for given 

material properties beyond which increases in base thickness do not increase 

bearing capacity. Although shear strength parameters corresponding to static 

loading conditions were used in the analysis, strength parameters determined at 

smin rates corresponding to the rate of loading of aaffc would be more 

appropriate. 

3. Matric sucuon in both the base and subgrade play a significant role in the 

development of the bearing capacity of the pavement 

4. The design thickness of the base layer depends on the choice made for the load 

factor. The load factor depends on the standard of the pavement as dictated by the 

level of permissible deformations. A value of 2.5 for the load factor is proposed 

based on a qualitative upper limit of acceptable deformations. It is assumed that 

the application of a suitable load factor would limit deformations to the elastic 

range since the pavement materials are assumed to be incompressible. However, 

pavement materials are not incompressible and progressive rutting is likely to 

occur with every passage of traffic. This may eventually cause the pavement to fail. 

5. A fourth power fatigue law usually used in paved roads is proposed for converting 

repetitive transient axle loads to static axle loads for bearing capacity analysis. The 

resulting variations in design pavement thickness with the number of axle load 

repetitions appear to be reasonable. 



CHAPTER IX 

CONCLUSIONS AND RECOMMENDATIONS 

9.0 Int reduction 

The main objective of the thesis was to develop a rational design method for the 

design of low-volume roads using the ultimate strength approach. In developing such a 

methodology, a review had to be made of existing methods. New solutions were 

formulated for the determination of bearing capacity in layered soils and the incorporation 

of the effects of pore-water pressures and manic suction on bearing capacity. The 

development of the solution culminated in Chapter 8 with the presentation of a 

comprehensive design methodology for unpaved roads. 

Due to the diversity of the theories involved, an anempt was made to present 

important conclusions pertaining to the development of each solution at the end of the 

relevant chapters. Those conclusions are not repeated herein. The conclusions presented in 

this chapte~ are restricted to those that arise directly from the main research objectives. 

9.1 Conclusions 

The following main conclusions can be drawn from the work presented in the 

thesis. 

1. Ultimate strength approaches to pavement design are more representative of 

the response of unpaved roads to traffic loading. The mode of deformations in 

such roads is predominantly plastic and the assumption of elastic behavior is 

unrealistic. 



Existing pavement design methods based on bearing capacity theory are 

deficient in the manner in which they determine ultimate loads and incorporate 

climatic effects in design. 

Existing methods of determining bearing capacity in layered soils are not 

general enough to handle aI l  possible variations of soil properties or simple 

enough to allow for the incorporation of such complex factors as pore-water 

pressures and mamc suction. 

A limit equilibrium solution is proposed for the determination of bearing 

capacity in a 2-layer soil. The proposed solution can handle any combination of 

soil properties and appears to give reasonable estimates of bearing capacity. 

Limit equilibrium solutions are proposed for the determination of the effects of 

ps i  tive and negative pore- water pressures on bearing capacity. The proposed 

solutions give results that are consistent with other solutions. 

A limit equilibrium solution is proposed for incorporating the influence of 

matric suction in the solution for bearing capacity of homogeneous soils. The 

solution is developed for a bi-linear variation of shear strength with m a ~ c  

suction and can handle any linear variation of matric suction with depth. 

A verification of the solution developed for the influence of matric suction on 

bearing capacity was attempted in the laboratory using model footing tests in 

homogeneous soils equilibrated under constant levels of mamc suction. 

A simple method of compacted soils in the direct shear apparatus as 

well as a method of analyzing the test results in terms of the stress state 

variables is proposed. The method of testing and analysis have been shown to 

yield results of qb which are comparable to the results of the modified direct 

shear test The method is considered to be a simple and viable alternative to the 

characterization of shear strength of unsaturated soils. 



9. A bearing capacity based method of designing unpaved roads consisting of a 

base layer overlying a subgrade is proposed. The method can handle any 

combination of shear strength parametem as well as constant levels of mamc 

suction in the pavement layers . 

10. The proposed method of design is used to highlight the significant role played 

by maaic suction in the bearing capacity of pavement 

9.2 Recommendations 

An attempt has been made to address most of the important factors in the design 

of unpaved roads using bearing capacity theory. However, due to limitations of time and 

the need to restrict the scope of the thesis, there are aspects arising h m  the thesis work 

that need further research and/or experimental verification. Some of these aspects are 

itemized below. 

1. Although the proposed Iimit equilibrium solution for bearing capacity in 

layered soils has a strong theoretical basis, experimental verification of the 

solution is required due to the complexity of the factors involved The 

solutions against which the proposed solution were compared covered too 

narrow a range of material properties to be conclusive. A suitable experirnental 

program would involve model foodng tests on layered soils compacted to a 

range of shear strength parameters. 

2. The proposed testing procedure for characterizing of compacted soils was 

shown to give reasonable results for the two soils tested. There is a possibility 

that other soils might exhibit diffkrent behavior. More tests on different kinds 

of soils are required to confirm the general applicability of the procedure. 

3. There is a need to carry out a laboratory study to determine suitable values of 

shape factors and factors to account for differences in modes of failure 



between thwretical solutions and experimental observations of bearing 

capacity in unsaturated soils. 

4. It has been demonstrated that major reductions in design pavement thickness 

can be realized by taking into consideration matric suction in the pavement 

layers. A reliable method of estimaring design matric suction values in the 

pavement layas is required. As pointed out in Chapter 8, saturated- 

unsaturated modelling of moisture flow under pavement systems may provide 

solutions to the prediction of manic suction. 

5. The factor of safety used in the design of an unpaved road has a significant 

effect on the design thickness. The factor of safety depends on the level of 

acceptable de fmt ions  in the pavement The guidelines proposed in the thesis 

were based on a qualitative evaluation of the upper limit of acceptable 

deformations. There is a need to assign quantitative estimates of rut depth 

corresponding to given values of factor of safety. Such estimates can only be 

obtained from studies of test pavement sections. 

6. The fatigue relationship used to account for aaffic volume in the unpaved road 

design was derived b r n  studies conducted on paved roads. The possibility 

exists that fatigue relationships for unpaved roads are different The issue of 

the right kind of fatigue relationship can be resolved by conducting 

appropriate field studies. 
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APPENDIX A SAMPLE CALCULATIONS 

A.1 Calculation of the maximum depth of the log spiral 
A.2 Calculation of the area and moment arm of a triangular area 
A.3 Determination of center of gravity and area of a log spiral 
A.4 Determination of moment due to water pressure at the base of the log spiral 



A.1 Calculation of the Maximum Depth of the Log Spiral 

Fig. A. 1 Detexminarion of maximum depth of the log spiral. 

At any angle 0, the depth of the log spiml is given by: 

h = r, *(a + @)exp(B tan@) 0 I 8  s 180' - a  [ A 4  

The maximum depth can be found by differentiating Eq. A. 1  with respect to 8. The 

following equation is obtained using the product rule: 

cos(a + 8) 
+tan@ = 0 

sin (a + 8) 

0=90°-a++ [ A 4  

The expression for the maximum depth of the log spiral then becomes: 

h, = ro M a +  (90" -a + $))exp((9O0 - a + @ ) t m @ )  [ A 3  

h, = ro case exp((90° - a + $) tan@) [A-61 



A.2 Calculation of Area and Moment Arm of Triangular Area 

Fig. A.2 Moment and area of a mangular section. 

be = H, cot PI  
ec = H, cot fi, 

1 
Area(abc) = - H, (be + ec) 

7 - 

[A. 101 

ab = H ,  / sin P, [A. 1 11 

Since W bisects angle abc and ad bisects angle bac, the following expression can 

be obtained using the sine rule: 

The moment arm about the center of the log spiral is then given by: 

[A. 121 

[A. 131 



Determination of Center of Gravity and Area of Log Spiral 

Fig. A.3 Center of gravity of a log spiral 

The following expressions were determined by Hijab (1956) for the dimensions ac 

and bc in Fig. A.3 defining the center of gravity of the log spiral: 

By cosine rule: 

ab = ,/acZ + bc2 - 2ac. bc.cos(180° - a,) 

By sine rule: 

[A. 141 

[A. 151 

[A. 161 



COS a, 
ag = ab- 

sin a, 

The moment arm about the center of the log spiral is then given by: 

1, = r, h a ,  - r, cosa, 

where: 

r, = ac 

ry = ag 

The area of the log spiral sector is given by: 

[A. 171 

[A. 181 

[A. 191 



A.4 Determination of Moment Due to Water Pressure at the Base of the Log 

Spiral for a Water table at Depth 

Fig. A.4 Moment due to water pressure along the base of the log spiral 

The moment due to the pore pressures at the base of the spiral is calculated by 

considering an elemental strip as  shown in Fig. A.4. The pore pressure varies along the 

length of the log spiral. At any depth the pore pressure is given by: 

u, = y W ( r s i n ( a  + 8 )  - h,) IA.211 

The pore pressure force on an elemental strip is given by: 

dUw = y,(rs in(a + 6) - h,)rde LA.221 

The lever arm of dU, about the center of the log sp i ra l  is given by: 

I,, = r sin 9 CA.231 

The moment due to pore pressure is then given by: 



- Y w  sin $4 (r3  *(a + 8 )  - r2hW)& Mu2 - 
0 

ai 

Mu, = yw sin $ r3 sin (a + 9)dB - I r2h,de 
0 I 

Consider I r3 &(a + 0)de 

O m 1 0  since r = rie , 

Substitute: 

u = sin(a4) 

dv = ee"*d6 

and integrate by parts twice. 

4 r 3  sin(a + @dB = 
1 

[$ (3  tan$ sin(a, + a,) - cos(a, + a , ) )  - 
0 (9 tan2 $ + 1)  

a 2  

Consider h, r2de 
0 

The moment due to pore pressure becomes: 



cos p 
r:(3tan@sina, - cosa,)l- h.yW 7 (r: - ri ) 



APPENDIX B TEST RESULTS 



Table B. 1 S v  of Compaction Test Results 

Specimen: Botkin Pis Silt 
Date: 30- 1 1-93 

1 T v ~ e  of com~action: Standard Proctor I 

I Trial Number I 1 1 2 I 3 I 4 1 5 I 

I Buik unit weight (kN/m3) I 17.58 1 19.86 ( 20.65 1 21.08 1 20.92 1 

Weight of modd + wet soil (kg) 
. Weight of mould (kg) 
Volume of mouId (cm3) 

1 Specimen: Indian Head T i  I 

5.948 
4.278 

93 1.78 

Water content (%) 
Drv unit weieht (kN/m3'1 

I Dare: I 
1 Tme of com~action: Standard Proctor 1 

6.164 
4.278 

93 1-78 

- - 

8.77 
16.16 

I Water content (%) I 14.2 1 14.8 1 16.2 1 17.3 1 17.9 1 

6.239 
4.278 

93 1.78 

12.64 
17.63 

Trial Number 
Weight of mould + wet soiI (kg) 
Weight of mould (kg) 

, Volume of mould (cm3) 
Bulk unit weight (kN/m3) 

I Dry unit weight (kNjm3) I 17.33 1 17.52 1 17.64 1 17.61 1 17.48 1 

6.280 
4.278 

93 1.78 

2 1-94 
18.23 

1 

6.265 
4.278 

93 1.78 

14.67 
18.38 

2 

16.62 
17.94 

3 4 5 



8.0 10.0 12.0 14.0 16.0 18.0 
Water Content (%\ 

Fig. B. 1.1 Compaction curve for silt 



14.0 16.0 18.0 
Water Content (%) 

Fig. B. 1.2 Compaction curve for till. 



Table B.2 Summary of Soil-Water Characteristic Data for Silt 

Degree of 
saturation 

Gravimetric water 
content 

Table B .3 Summary of Soil- Water Characteristic Data for Till 

Volumetric water 
content 

Matric suction 
- ( p a )  

Gravimetric water Volumetric water 
content content 

Degree of 
saturation 



Table B -4 Summary of Compaction Water Content - Suction Relationship for Silt 

Table B.5 Summary of Compaction Water Content - Suction Relationship for Till 

Mamc suction 
- (Wa) 

Gravirnetric water Volumetric water 
content content 

Degree of 
saturation 

Gravimemc water 
content 

Volumetric water 
content 

Degree of 
saturation 
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Fig. B.2.1 Variation of shear stress and volumetric strain with shear strain for 
saturated silt (specimen 1). 
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Fig. B.2.2 Variation of shear stress and volumeaic saain  with shear strain for 
saturated silt (specimen 1). 
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Fig. B.3.2 Consolidation in the shear box for sanuated silt samples (sample 2) 
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Fig. B.4.1 Consolidation curves for ascompacted silt specimens in the direct shear 
test. 
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Fig. B.4.2 Consolidation curves for ascompacted silt specimens in the direct shear 
test, 
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Consolidation curves for ascompacted silt specimens in the direct shear 
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Fig. B.5.1 Consolidation curves for as-compacted till specimens in the direct shear 
test. 
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Fig. B.5.3 Consolidation curves for ascompacted till specimens in the direct shear 
test. 
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Fig. B.5.5 Consolidation c w e s  for ascompacted till specimens in the direct shear 
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Fig. B.6.1 Shear smss and volumetric strain versus shear strain for till (specimen 
T14). 
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Fig. B.6.2 Shear stress and volumetric stra in  versus shear strain for till (specimen 
T15). 
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Fig. B.6.3 Shear stress and volumetric strain versus shear strain for till (specimen 
T16). 



a 

L+ - 

da 
&a 

*F ,****-@ 
1 e r  *+*** 

** P ** 

1 + Normal Stress = 50 kPa 

- - Norma1 Stress = 100 kPa 

- Normal Stress = 150 kPa 

1 1 
1 I I 

0.00 0.04 0.08 0.1 2 0.16 
Shear Strain 

0 .OO 0.04 0.08 0.1 2 0.1 6 

Fig. 8.6.4 Shear saess and volumetric strain versus shear strain for till (specimen 
T18). 
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Fig. B.7.1 Shear stress and volumetric strain versus shear s w i n  for silt (specimen 
s 10). 
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Fig. B.7.2 Shear stress and volumetric s a a i n  versus shear strain for silt (specimen 
S 12). 
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Fig. B.7.4 Shear stress and volumetric strain versus shear strain for silt (specimen 
S 16) 
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Fig. B.8.1 Shear stress and volumetric s w i n  versus shear strain in the modified 
direct shear test for silt specimens at 50 kPa net normal stress 
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Fig. B.8.3 Shear stress and volumetric stxain versus shear strain in the modified 
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Fig. B.9.2 Consolidation cwves for modified direct shear tests on silt 
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Fig. B.9.3 Consolidation curves for modified direct shear tests on silt 



5.80 1 

Ir Specimen No. s100-50 \ - 
Net normal stress = 100 kPa 
Matric suction = 50 kPa 

5.60 
I 

1 10 100 1000 10000 
Elapsed Time (s) 

10 100 1000 10000 
Elapsed Time (s) 

Fig. B .9.4 Consolidation curves for modified direct shear tests on silt 
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Applied pressure versus settlement ratio for model footing test on 
compacted silt (specimen S 10). 
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Fig. B. 10.2 Applied pressure versus settlement ratio for model footing test on 
compacted silt (specimen S 1 2). 
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Fig. B. 10.3 Applied pressure versus settlement ratio for model footing test on 
compacted silt (specimen S 14). 
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Fig. B. 10.4 Applied pressure versus settlement ratio for model footing test on 
compacted silt (specimen S 1 6). 
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Fig. B. 10.5 Applied pressure versus settlement ratio for model f m ~ g  test on 
compacted silt (specimen S 1 8). 
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Fig. B. 11.1 Applied pressure versus settlement ratio for model footing tests on silt 
specimens equilibrated at a contant matric suction of zero. 
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Fig. B. 1 1.2 Applied pressure versus settlement ratio for model footing tests on silt 
specimens equilibrated at a contant manic suction of 25 kPa 
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Fig. B. 1 1.3 Applied pressure versus settlement ratio for model footing tests on silt 
specimens equilibrated at a contant rnatric suction of 50 kPa. 
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Fig. B. 11.4 Applied pressure versus settlement d o  for model footing asa on silt 
specimens equilibrated at a contant manic suction of 75 kPa 
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Fig. 8.11 -5 Applied pressure versus senlement ratio for model footing tests on silt 
specimens equilibrated at a contant matric suction of 100 kPa 
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Applied pressure versus settlement ratio for model footing tests on 
compacted till specimens (specimen T 15). 
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Applied pressure versus settlement ratio for model footing tests on 
compacted till specimens (specimen T16). 
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Fig. B. 12.4 Applied pressure versus settlement ratio for model footing tests on 
compacted till specimens (specimen T 1 8). 
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