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ABSTRACT 

A MECHANISTIC APPROACH TO DETERMINE THE IMPACTS OF SMALL 
UTILITY CUTS IN URBAN STREET PAVEMENTS

by

Mewburn Hilary Humphrey

Advisor: Professor Neville A. Parker

Utility cuts in urban street pavements have been observed to be a major cause of

premature pavement deterioration, with related high maintenance and road user costs.

This research determined that when a small utility cut (3' - 0" x 3' - 0") is opened in 

a city street pavement, the surrounding soil stretches towards the cut, until a state of 

plastic equilibrium is achieved. The localized stretching was found to extend a distance of 

3.25 to 3.5 feet from the face of the cut, for utility cuts varying from 3 to 5 feet deep.

The research used elasto-plastic theory and three dimensional finite element 

methods to analyze the pavement materials around the open utility cut, for unsupported 

depths of up to 5 feet. The ANSYS - Engineering Analysis System, Revision 5.2, 1995 

was used in this analysis. The research used three density combinations, ranging from 110 

to 130 lb/ft2 in the fill/subgrade material, and 125 to 140 lb/ft2 in the base material. Three 

<t> scenarios were used per combination, ranging from 30° to 38° in the fill/subgrade, and 

32° to 40° in the base. For similar <j) values, soil stretching around the cut was not found 

to be a function of soil density. Hence a detailed study was done on the mid-range 

properties of the materials selected for the analysis, to obtain a representative set of results 

on predictable pavement distresses in the vicinity of open utility cuts. The research 

produced tables and charts to enable agencies to predict the distress impacts to the
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pavement in the area surrounding the utility cut. The results are expected to enable 

agencies to predict the appropriate PCI deduct values for small utility cuts in city street 

pavements, when routine pavement evaluations are done. Further, it is expected that from 

the results of this research, that an appropriate fee structure could be developed for 

pricing utility companies, when applications are made for small utility cuts.

This research is expected to explain and theoretically extend/complement work 

done by others which reported physical observations o f surface distresses and abnormal 

pavement deflections in the vicinity of utility cuts.
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1

CHAPTER I

DEFINITIONS

The definitions o f some important terms used in the text are given at this time to

clarify their usage in the dissertation.

DILATANCY: “The tendency o f a volume to increase under increasing stress

difference is known as dilatancy ” (Terzaghi and Peck 1967, 94).

ELASTIC

EQUILIBRIUM: “The active and passive Rankine states constitute the two limiting

states for the equilibrium of the sand. Every intermediate state, 

including the state o f rest, is referred to as a state o f elastic 

equilibrium.” (Terzaghi and Peck 1967, 189). “The term elastic 

equilibrium does not imply any definite relationship between stress 

and strain. It merely implies that an infinitely small increase of the 

stress difference produces no more than an infinitely small increase of 

the strain.” (Karl Terzaghi 1943, 26). In the plot o f the Mohr circle, 

if the circle of stress does not touch the lines of rupture (the Mohr 

envelope) the soil is said to be in a state of rest or elastic equilibrium. 

(Karl Terzaghi 1943, 26). See Chapter V.

PLASTIC

EQUILIBRIUM: “A body of soil is in a state o f plastic equilibrium if every part of it is

on the verge of failure. ” (Terzaghi and Peck 1967, 187). The
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limiting states forming the threshold to plastic failure are the active 

and passive states:

For active earth pressure the coefficient of active earth pressure 

is represented by;

Ka = ph/pv = 1/N+ = tan2 (45° -  <j)/2) (1.1)

where: = (1 + sin <f>)/( 1 -  sin <j>) = tan2 (45° + <j>/2)

is defined as the flow factor 

and in the active state the intensity o f horizontal pressure at any depth 

z is equal to:

ph = KApv = KAyz (1.2)

For passive earth pressure, the coefficient of passive earth 

pressure is represented by;

Kp = p^pv = cr/o. = N* (1.3)

where: a  = Major principal stress 

ct. = Minor principal stress 

And in the passive state the intensity of horizontal pressure at any 

depth z is equal to:

ph = KpPv- = Kpyz (1.4)

(Terzaghi and Peck 1967, 186-189).

An element of soil can be changed from a state of elastic equilibrium 

to that of plastic equilibrium by stretching the entire mass uniformly 

in a horizontal direction, or by uniformly compressing the mass in the
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FAILURE:

HOMOGENEOUS:

ISOTROPIC:

MECHANISTIC:

same direction, with the pressure on the base remaining the same. 

(Karl Terzaghi 1943, 28). In the plot of the Mohr Circle ...“if the 

circles of stress touch the lines of rupture, an infinitely small increase 

in stress differences produces a steady increase of the corresponding 

strain. (Karl Terzaghi 1943, 26). See Chapter V.

In the context of this research, failure of a utility cut represents “the 

transition from the state of plastic equilibrium to that o f  plastic 

flow.” “...The stresses which start the plastic flow are assumed to be 

identical with those required to maintain the state of flow”, therefore, 

any further stretching or compression will not alter the state o f stress 

in the material. (Karl Terzaghi 1943 ,28).

In the context of this research, failure of a utility cut patch or any 

other part of the pavement surface is considered to be any permanent 

settlement of the area o f > 0.5"

In relation to a soil, the term homogeneous refers to “its properties 

being constant from point to point. (Lambe and Whitman, 1969, 

100).

In relation to a soil, the term isotropic refers to its properties being 

“the same in each direction through a point.” (Lambe and Whitman, 

1969, 100).

Adj. 1: mechanically determined 2 a: of, relating to, or consistent 

with the theory of philosophical mechanism b: of, relating to or
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4

marked by a psychological mechanism tending to interpret conduct in 

terms o f theoretical mechanisms. (Webster's English Dictionary) 

UTILITY CUT: In the context o f this research, a utility cut is an excavation made in a

street to allow utility companies to access buried utility lines. Utility 

cuts can be of any size and shape. A small utility cut is considered in 

this research to be an excavation of size 3' - 0" x 3' - 0" for 

unsupported depths of up to 5 feet.

INTRODUCTION

Reports in the literature on utility cuts have indicated, that the presence of utility 

cuts in the street pavement, have contributed, in some considerable measure, to the 

deterioration of pavement life. Previous studies by Shahin and Crovetti 1985 have shown 

that pavement life can be shortened by a factor in excess of 1.7, wherever utility cut 

patching is located. The failure of small utility cuts (approximately 3'-0" x 3'-0"), have 

recorded high occurrences in several North American cities, requiring American Public 

Works Association (APWA) intervention.

AIM

The aim of this dissertation is to determine what failure mechanisms exist in the 

vicinity of small, open utility cuts, in urban street pavements.
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HYPOTHESIS

The following hypotheses emerged from both the review of the literature on utility 

cuts, and the physical evidence of pavement distresses in the vicinity of utility cuts, in 

urban street pavements. The research will test the following hypotheses:

* That when utility cuts are opened in city street pavements, the soil goes from a state o f 

elastic equilibrium to a state of plastic equilibrium in the areas surrounding the opening 

in the pavement. This transformation in the states extends from the face of the utility 

cut to a limited distance into the pavement structure, characterized by shear 

deformation and stretching of the soil mass in X-, Y- and Z- directions, throughout the 

depth of the cut.

* That some local form of displacement profile is created, at some distance from the face 

of the cut, which encloses a localized stretching zone in the elasto-plastic soil, 

surrounding the utility cut. Within this displacement envelope, the confining stresses 

are released, material bulking occurs through dilatancy, and the soil stretches and 

heaves, due to decompression and rebounding of the soil. Beyond this localized 

displacement envelope, the remaining pavement structure is unaffected, and remains in 

a state of elastic equilibrium. This is believed to be due to inter-granular frictional 

resistance in the material, and better material confinement with increasing distance 

from the face of the utility cut.

* That the existing restoration methods address only the patch area and do not address 

the resident distresses characteristics, created when the cut was opened. This is
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believed to contribute to residual distresses in the pavement area, around the restored 

utility cut.

RESEARCH FOCUS

The research will utilize elasto-plastic theory, through finite element methods, to 

examine which mechanisms possibly contribute to pavement distress in the vicinity of 

utility cuts, in urban street pavements. The research will use compacted density values for 

the respective layers, to determine the vertical stress (c,) at any depth in the pavement.

Horizontal stress (ct2 = a .) values will be determined by depth and which will be used to

compute material modulus values for use in the analyses. Other input values will be the 

Poisson’s ratio, the material angle of internal friction, material dilatancy angle and a 

minimum cohesion value, to represent the assumed intrinsic cohesion value present in 

granular roadbed materials. Note that in the text it is stated that "...very few natural soils 

are perfectly cohesionless." (Terzaghi & Peck 1967, 232).

In determining the horizontal stresses for the material at rest, the following 

approach was taken in this research. “The corresponding ratio a hQ/a%<) between the

vertical and the horizontal principal stresses for a mass o f soil in a state of rest depends on 

the type of soil, on the geological origin of the soil, and on the temporary loads which 

have acted on the surface of the soil. If the nature of a mass of soil and its geological 

history justify the assumption that the ratio oM/a ^  is approximately the same for every

point of the mass, it will be called the coefficient of earth pressure at rest and designated 

by the symbol K0 ” (Karl Terzaghi 1943, 27-28).
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The coefficient o f lateral stress or lateral stress ratio is expressed as the ratio of 

horizontal stress to vertical stress (cr3/a-l) and denoted by K. “The definition of K is used,

whether or not the stresses are geostatic. Even when the stresses are geostatic, the value 

of K can vary over a wide range, depending on whether the ground has been stretched, or 

compressed in the horizontal direction, by either the forces o f nature or the works of 

man.” (Lambe and Whitman, 1969,100). After a soil has been deposited (naturally or 

artificially), K has a value Ko intermediate between KA and Kp such that:

Ph = Kopv (1.5)

Supporting the theory, is the following passage from the text, that the value of K0, 

“...depends on the relative density of the sand and the process by which the deposit is 

formed. If this process did not involve artificial compaction by tamping, the value o f K0 

ranges from 0.5 for dense sand to 0.4 for loose sand. Tamping in layers may increase the 

value to about 0.8. ” (Terzaghi & Peck 1967, 188).

Using the foregoing assumptions and limiting conditions, the research will use the 

range 0.4 < <yfcsl < 0.8 for the granular materials used in this analysis, ranging from the

coefficient of earth pressure at rest, to an almost rigid confinement, when compacted in 

the pavement structure.

Using the above assumptions, (which will be elaborated on, in much more detail, 

later in the dissertation), the research will determine/establish what happens in the soil 

mass, when the cut is made in the pavement. The analysis will include:

• Structuring the model for analysis, that would closely mirror field conditions for a 

flexible pavement, subjected to a utility cut.
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• Determining what are the horizontal and vertical soil pressures in each layer, from the 

relationships discussed above.

•  Determining the material modulus values by layer, using the soil pressure values.

•  Applying the appropriate Poisson's Ratio.

•  Determining the nodal forces by layer, for the respective Density Combinations used in

the research.

•  Determining the minimum cohesion value for the granular materials that will provide a 

stable solution for the model, representing stable cut conditions, observed in granular 

materials in the field.

•  The research effort will use three-dimensional finite element theory, through the 

ANSYS Solid 45 model, to apply three-dimensional plasticity theory, to determine the 

nature of the pavement distresses, when the utility cut is opened.

• Process the analyses and report on results obtained

The research will assume the following in each model analyzed, which will be

elaborated on in much more detail, in later chapters of this dissertation:

• The road structure is founded on firm subgrade.

• The materials in each layer are homogeneous and isotropic, which may not necessarily 

be so, due to unpredictable nature o f soils, but is so assumed in the ideal models for 

this utility cut analysis.

• The road stmcture is unaffected by ground water.

• The road structure is made up of granular fill and a granular base, each having some 

intrinsic cohesion value (to be determined), and an asphaltic concrete surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

•  The excavation is not affected by traffic vibration.

•  The excavated material is not heaped on the edges o f the cut, causing the inducement 

of additional surcharge on the walls of the cut.

• The analysis assumes symmetrical loading around the utility cut in the development of 

the model.

• The model assumes a rapidly excavated utility cut and measurement of the surrounding 

distresses as soon as the excavation is completed.

Because of the predominance of flexible pavements in North American city streets, 

this research will address utility cut problems in flexible pavements. However, the 

Researcher assumes that displacements and localized stretching patterns in the fill material, 

are expected to be similar in character in the composite pavement, due to the influence of 

geostatic forces The repons in this research are expected to make this assumption more 

evident as the dissertation is developed.

The research is expected to theoretically complement the field determinations 

made by others, from observed and measured surface distresses in the vicinity of utility 

cuts. The research is expected to extend a theoretical explanation of these surface 

distresses, through a mechanistic examination of the pavement, in depth, to determine 

what failure characteristics exist in the fill, base and surface materials, in the vicinity of the 

open utility cut.
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CHAPTER n  

DEFINITION OF THE PROBLEM

Evidence from the literature on utility cuts has indicated that non-destructive field 

testing in the vicinity of restored small utility cuts has determined that pavement distresses 

exist in these areas. This phenomenon has led the Researcher to believe that the damage 

done to the pavement is not only confined to the cut area but also to an area located some 

distance from the face of the utility cut and which may not be totally recoverable by 

normal compaction methods when the cut is restored. It is the Researcher's opinion that 

limitations in the Poisson's Ratio of the backfill material does not provide for sufficient 

lateral expansion of the material from vertical tamping, during the restoration process. 

Because of these limitations, it is believed that the material does not exert the necessary 

horizontal pressures to restore the plastic deformation in the distress zone that is created 

in the surrounding soil when the cut is made.

To deal with the problem of restoring the integrity of the utility cut and its 

surroundings, other methods were explored to deal with the restoration process. In 

Canada and the United States, some schools of thought suggest that a cement slurry 

backfill will remedy the problem. For further information on this material, refer to: 

(Arizona Roads Newsletter Vol. 4 No. 4. “Non-shrink Backfill Saves Time, Money In 

Restoring Utility Cuts.” October 1988: Department of Water and Power. City of Los 

Angeles. Slurry backfill Program, 1973: Emery, John J., and Tom H Johnston. “SP 93- 

10 - Unshrinkable Fill for Utility Cut Restorations,” 1986, 187-211: Emery, John J., and
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Tom H Johnston. “Influence of Utility Cuts on Urban Pavement Performance.” 1985: 

Metropolitan Toronto Roads and Traffic Department. “Utility Cut Restoration, Problems 

and a New Policy.” Toronto. April 1985). The Researcher is o f the opinion that a slurry 

backfill will restore the utility cut with a hard plug, but the areas surrounding the utility cut 

will have the resident plastic equilibrium characteristics (a stretching zone) that is believed 

to be the contributor to pavement distresses at utility cut sites, and which will be 

addressed in later chapters of this dissertation.

Normal infrastructure development practices locate utility lines in the fill material 

of city street pavements, and from time to time, utility companies need to cut the city 

streets to access these utilities, for new connections, or to address emergencies, or other 

repairs.

In order to maintain smooth streets, utility cuts in the urban street setting require 

increased maintenance activities, over and above that required for life cycle maintenance 

of the remaining pavement. If serious deterioration in the serviceability and ride-ability of 

the pavement surface occurs, due of the number of failed or failing utility cuts, overlays 

become necessary, to restore pavement integrity and design life. In the extreme case of 

pavement deterioration and negligent maintenance practices, reconstruction may even 

become necessary.

Maintenance and repair costs, though created by utility companies, are borne by 

the consumer. These surface and/or structural defects generate high road user costs, and 

to maintain smooth streets in the city environment, result in high street maintenance costs, 

funded through taxation.
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Work Done By The American Public Works Association

In an attempt to quantify the destructive effects of utility cuts in urban city street 

pavements, the American Public Works Association (APWA) convened a committee in 

1989, comprising representatives o f City Agencies, to develop the research project, 

“Recovering Costs o f Pavement Cuts. ” The aim of that project was identified as the 

development of "a method fo r calculating the real costs o f pavement aits and 

establishing an equitable fee structure to recover those costs. ”

The primary areas studied by the committee included:

1. Pavement Performance

2. A Fee Structure, and

3. Controlling Cuts

Absent from the above study, was the determination of the causes of failure in and 

around utility cuts, their effects, and the corrective measures that need to be taken to 

remedy structural deficiencies in and around the vicinity of utility cuts. It is the 

Researcher's opinion that these findings were necessary in order to develop a realistic 

setting for determining a fee structure, to cover full pavement restoration costs.

The APWA activity sought, in a general sense, to establish a standard method for 

calculating the real costs o f utility cuts in pavement structures, which could be charged to 

applicant utility companies. The determination of their proposed costs would include 

costs for maintenance and protection o f  traffic, anticipated rehabilitation and pavement 

maintenance, for a minimum period o f two years. The University of Cincinnati in 

cooperation with the City of Cincinnati was contracted to assist the APWA study, by
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monitoring the impact o f utility cuts on the performance and life span of city street 

pavements. The primary objective of their study was to obtain reliable and consistent 

information on the impact of utility cuts on the performance and life-cycle of street 

pavements, and to establish a Utility Cut Management System (UCMS). The study set 

out to investigate the impact of cuts on the fatigue life and riding quality of pavements, as 

well as set up a comprehensive data base o f existing and new cuts. The effort was 

expected to generate a statistically calibrated model for predicting future pavement 

performance in the vicinity of utility cuts, and for estimating the monetary impacts of 

utility cuts in the pavement.

Work Done bv Shahin and Crovetti

In the Shahin and Crovetti 1985 study entitled, “Effects o f Utility Cut Patching on 

Pavement Performance and Rehabilitation Costs, ” the Pavement Condition Index (PCI) 

procedure laid out in The US Army Corps of Engineers “Construction Engineering 

Research Laboratory Technical Report M-294", was used to test and analyze pavements 

containing utility cuts in a Northeast United States city setting. The PCI is a numerical 

indicator of the pavement condition, which has a numerical scale ranging from 0  to 1 0 0 , 

with excellent representing 1 0 0 . The new pavement's attainment o f any specific PCI in 

time, results from subtracting deduct values from 1 0 0 , attributable to various surface 

distresses. In the case o f utility cuts, the exact size of the utility cut is measured, and a 

deduct value applied for subtraction from the existing PCI, depending on the severity of 

distress in the utility cut patch area.
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The objective of the Shahin and Crovetti 1985 study was to determine the average 

life of pavements, with and without utility cut patching. Their study sought to describe 

some procedures for testing and analyzing pavements containing utility cut patching, in 

order to determine the effects o f such patching on the pavement performance and 

structural adequacy. This, they achieved through consideration of both pavement 

performance and load carrying capacity. From data collected, they determined that 

pavement life was shortened by a factor of over 1.7 as a result of utility cut patching. 

Pavement life was defined in their study to be the age in years that the street can be 

economically maintained without the need for major a rehabilitation, such as an overlay, 

and not at the point when the street can no longer safely carry traffic. The study defined 

the minimum economical PCI for a pavement to be 70.

The Shahin and Crovetti 1985 study did some extensive deflection testing of 

streets in their study area. They determined that areas, in and around the patches, were 

considerably weaker than the original pavement. They further determined that patches 

were a major source of discontinuity and non-uniformity in a pavement, with detrimental 

effects to future pavement performance

The Shahin and Crovetti 1985 study showed, that the maximum deflection of a 

pavement under a given load, was taken as an indicator o f its load carrying capacity. The 

study noted that the higher the surface deflection, the fewer the number of wheel 

applications before structural failure occurs. A second indicator of structural adequacy in 

a pavement was used in the Shahin and Crovetti 1985 study, taken from work developed 

by Jim Hall, Waterways Experiment Station, US Army Corps of Engineers, but which has
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not received general acceptance as a measure of structural adequacy in a pavement. It is,

however, mentioned here, not for numerical reasons but to convey the fact that tests were

done in the vicinity of utility cuts, and which determined that weaknesses of the road

structure do exist, in and around these cuts. This indicator was the Dynamic Stiffness

Modulus (DSM) which was computed, using the maximum deflection (in mils) under three

load levels (7,000, 9,000, and 17,000 pounds). The DSM was defined as:

DSM = ___________ Load X - Load Y__________________  (2.1)
Deflection at Load X - Deflection at load Y

where Load X is greater than Load Y.

The DSM test was conducted in four areas (see Figure 2.1) viz.,

1. The center of the patch

2. The edge of the restoration within the patch

3. The edge of the restoration outside of the patch

4. A distance less than three feet away from the edge of the patch, in the adjacent 

pavement.

Average edge patch DSM values at the edge of the patch adjacent to the pavement 

(PAT-E), and at the edge of the pavement adjacent to the cut (PVT-E), were found to be 

lower than those at the center of the patch (PAT), and those at some distance in sound 

pavement, away from the patch (PVT).
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LEGEND:

PAT Test points inside patch

PAT-E Test areas within patch

boundaries adjacent to pavement 

PVT-E Test areas adjacent to patch

(less than 3 feet away)

PVT Test areas away from patch

PAT |

©
@  PAT-E 

Q  PVT-E 1

( + ) p VT 

Figure 2.1

Utility cut test location designations. (Shahin and Crovetti 1985).

In pavements with utility cuts, Shahin and Crovetti 1985 determined that overlays 

increased pavement thickness and stiffness Modulus, reduced pavement deflections, and 

increased service life, but did not seem to correct the underlying distresses in the region of 

the utility cut.

Shahin and Crovetti 1985 determined in their study that there was some difficulty 

in obtaining desired densities in the backfill material of small utility cuts. They further

Utility Cut edge
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determined in flexible pavements, that in the utility cut patch and for some distance away 

from the cut, there were observable pavement weaknesses. Their study did not consider 

the failure mechanisms that contributed to these weaknesses in the vicinity of the utility 

cuts, nor indicated whether they related these distresses to pavement depth, material 

density or material angle o f  internal friction. Shahin and Crovetti 1985 determined the 

existence of pavement weaknesses for distances of up to 3 feet from the edge of utility 

cuts.

Work to be Done in this Research

In addition to the activities referred to in Chapter I, this research intends to 

develop a nest of curves, representing the extent of the distress characteristics that exist in 

the soil mass surrounding the open utility cut. This is with an aim to providing a guide to 

city agencies, when determining their restoration specifications, and fee structure to cover 

costs for utility cut restorations.

In the PCI method, the deduct value for a utility cut is determined from the area of 

the physical patch. This present research effort intends to determine that the deduct value 

should consider not only the area of the patch but the affected area which could be as 

much as 10-0" x 10-0" for a 3'-0" x 3-0" utility cut (depending on the depth of the cut 

and the respective material properties). This assumption would therefore indicate that a 

higher deduct value should be used in determining the PCI value for a pavement 

possessing a utility cut, and that the deterioration rate of the pavement may be much 

higher than hitherto believed. These issues, which were not considered in the literature on 

utility cuts, will be reviewed later in the dissertation.
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CHAPTER HI 

OTHER RELATED WORK THAT ADDRESSES THE UTILITY CUT PROBLEM

Of noteworthy importance and somewhat related to this utility cut research, is the 

work being done on soil behavior, adjacent to trench excavation in the pipeline industry. 

“Most of the literature dealing with ground movements caused by excavations pertain to 

deep braced cuts (e.g. Peck, 1969; Terzaghi and Peck, 1967; Clough, Hansen and Mana, 

1980; and O'Rourke, 1981).” (Harris and O'Rourke 1983, 4).

There are varying definitions for deep and shallow excavations in the literature, 

e.g. in Terzaghi and Peck 1967, shallow cuts have depths less that 20 feet and deep cuts 

have depths greater than 20 feet. O'Rourke and Kumbhojkar 1984 view shallow trench 

excavation as having a maximum depth of 5 to 6  feet; while Harris and O’Rourke view 

shallow unsupported trench excavation as having a maximum depth o f 4 to 6  feet, and 

deep temporary trenches as having depths ranging from 6  to 20 feet. Deep braced cuts are 

considered to exceed depths of 20 feet. The text went on to say that “braced cuts are 

typically wider and deeper than trenches and are subject to ground movements, such as 

base heave, that may not occur in trenches” (Harris and O'Rourke 1983, 4) and which 

should make it even less likely in the small (3'-0" x 3'-0") utility cut. Based on this 

assumption, base heave was not considered to be a factor in this research.

Harris and O'Rourke 1983 conducted studies of ground movements adjacent to 

deep trench construction and researched adjacent buried pipeline response to parallel 

trench construction. They found that ground settlements in loose to dense sand and gravel
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were measurable for distances up to 1.5 trench depths from the edge of the trench, with 

maximum settlements of 0.5% of maximum trench depth. Settlements due to construction 

traffic and loading along trench edges were found to be as large as 2.5% of trench depth 

and located within a distance of 0.5 trench depths from the edge of the trench. Horizontal 

movements indicated maximum displacements of 0 .8 % of maximum trench depth, with no 

observable movement beyond a distance of 1.5 trench depths from the edge of the trench. 

Horizontal movement due to construction traffic and loading were found to be as large as 

2.0% of trench depth and located within a distance of 0.5 trench depths from the edge of 

the trench.

Harris and O'Rourke 1983 determined that ground movements adjacent to trench 

construction is systematic and continuous, and is generally generated by the release of 

horizontal stresses and construction loading. It was found that as the face of the trench 

advances, a vertical and horizontal deformation profile will occur in the adjacent soil. 

“The horizontal displacement of a line parallel to the trench develops over a distance, L, 

from an undeformed position in front of the trench face to a maximum displacement 

behind the trench face.” (Harris and O'Rourke 1983, 61-62). They determined that a 

buried pipeline lying adjacent to an advancing trench will adopt the deformation profile 

shown in Figure 3.1 for vertical and horizontal movement.
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DIRECTION OF  ADVANCE

TRENCH FACE TRENCH

DISPLACEMENT PROFILE

a)  PI an Vi e w S h o w i n g  H o r i z o n t a l  D i s p l a c e m e n t

c
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b)  D i s p l a c e m e n t  P r o f i l e  on R e f e r e n c e  Axes

O i s p l a c e d  P i p e l i n e  P o s i t i o n

O r i g i n a l  P i p e l i n e  P o s i t i o n

Expanded  View 
of V e c t o r  
D i s p l a c e m e n t

c)  C r o s s - S e c t i o n  S h o w i n g  P i p e l i n e  Movement
Figure 3.1

Ground Movements Parallel to Trench Construction. (Harris and O'Rourke 1983).
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The literature states that “if it is assumed that ground displacements near the face 

o f the trench are distributed in an anti-symmetric pattern, the displacement profile could be 

represented as a continuous curve according to the coordinate axes shown...” in Figure 

3.1. (Harris and O'Rourke 1983, 63). The text went on to say that “The inflection point 

of the curve would occur at the zero coordinate of the horizontal distance axis, and the 

points of maximum curvature would be at equal distances, less than or equal to L/2, on 

either side of the zero horizontal coordinate.” (Harris and O'Rourke 1983, 63). In Figure 

3.1 the data is shifted parallel to the horizontal distance axis, to the point where, at x  = 0 

at the face of the advancing trench, the ground displacement distance is dHnm/2. From this 

position, regarded as the inflection point of the curve “...the points o f maximum curvature 

would be at equal distances, less than or equal to L/2, on either side of the zero horizontal 

coordinate. For a given shape of the curve and a constant maximum displacement, the 

maximum curvature would depend on the magnitude of L.” (Harris & O'Rourke 1883, 

63).

The Harris and O'Rourke 1983 study determined that the soil displacement

could be represented by the sine function:

= J_{sin(cx/H) + 1} (3.1)
2

Constant expressed in radians.

The movement at any point along the displacement profile. 

Horizontal distance from face of trench.

Maximum trench depth, 

maximum displacement.

d
dmax

Where: c =

d = 

x =

H =

dmax
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Harris and O'Rourke inversed the sine function to convert the curvilinear 

distribution to that of a linear function of x/H, to enable regression analysis of the 

function. The regression model then became:

s in 1 ( 2 d _ -  1) = cx (3.2)
dmax H

Linear regression analysis by Harris and O'Rourke on the horizontal and vertical 

displacements produced best fit curves with slope c equal to 1.47 and 1.41 for vertical and 

horizontal displacements, respectively. These were done between limits ± tc/2 radians and 

within which boundary conditions the predictive limits were most sensitive. Accordingly, 

the standard t test was adapted to define the 95% confidence limit on the predicted value 

ofx/H  at ± 7t/ 2  radians. This produced the equation shown in Equation (3.3) below:

Cmax —  1L__ i C5-^)
2(x/H)tnin

where:

Cmax "  Maximum slope c for a 95% confidence.

(x/H)min = Minimum horizontal distance ratio across which distributed 

displacements occur for depth H.

The Cmax values for vertical and horizontal displacements are 2.53 and 2.57, 

respectively and are used in Equation (3.3) or (3.2) to obtain the minimum distance (x„^, 

over which (dma) can occur at n/ 2  radians. The values for vertical and horizontal 

displacements are 1.47 and 1.41 and are used in Equation (3.2) to obtain the maximum 

distance over which maximum displacement (d^ )  can occur at ti/2 radians.

(Harris and O'Rourke 1983, 63-72).
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CHAPTER IV

APPLICATIONS OF OTHER RELATED WORK TO THE UTILITY CUT 

RESEARCH

The Researcher applied the inverse sine function (Harris and O'Rourke 1983) 

described in Chapter III, to the utility cut analysis, bearing in mind that the small utility cut 

is square, with sides 3 feet long and limited in extent and depth, compared to the long 

pipeline trench that can vary in depth along its length. In addition, the Researcher is aware 

that in the case of a utility cut, each of the four sides of the square cut could be considered 

as an advancing face as in the pipeline trench application. Based on this concept it can, 

therefore, be expected that the deformation profiles will surround the utility cut and 

overlap among themselves. Figure 4.1 shows a sketch of the Researcher's comprehension 

of the deformation characteristics around the utility cut, which will be tested in this 

research. The figure also gives some idea of the expected shape of the distress zone 

surrounding the cut. This will be discussed further in Chapter VII.

In the application of the Harris and O'Rourke 1983 theory in Chapter III to the 

utility cut analysis, the Researcher identified the limitations in the application. The 

research looked at the utility cut as a short square trench (3' 0" x 3' 0 ") which allows the 

development of the maximum displacement (dm**) in Figure 3 .1 to develop only over a 

distance of x = 1.5 feet from the respective faces of the utility cut. The maximum 

displacement (dmax) is assumed to occur at the respective center lines, as the pairs of anti-
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symmetric curves which form on each side of the utility cut intersect at the midpoint at a 

maximum displacement point. (See Figure 4 .1 ).

The Harris and O'Rourke theory stated that the length of the anti-symmetrical 

curve L = 2x. This results in an anti-symmetric curve o f length L  = 2x = 3 feet.

Xi« = 1.5 feet

dfchnx <tfciK

1^  = 3 feet

Figure 4.1

Sketch of the assumed network of displacement profiles that surround a small 
utility cut 3 feet x 3 feet, shawngthemaxmim Lvalue.

The research examined small utility cuts of depths varying from three feet to five 

feet. From Equations (3.2) and (3.3), Table 4.1 shows the range of x-values (the 

approximate distance from the face of a pipeline trench to the point forward of the face, 

where the displacements were no longer detected in the pipeline study) for horizontal 

displacement, if the cut were an extended trench. Note that x = V2 L (Harris and 

O'Rourke 1983).
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Table 4.1

Maximum and minimum x values where observable horizontal soil displacements were 
detected adjacent to pipeline trenches of varying depths.

CUT DEPTH MINIMUM X MAXIMUM X 
(ft) (ft) (ft)
3 1.83 3.34
3.5 2.14 3.90
4 2.44 4.46
4.5 2.75 5.01
5 3.06 5.57

Table 4.2 shows the range of values o f x (the distance from the edge of the cut to 

the point where the displacements no longer detected) for vertical displacement, if the cut 

were an extended trench. Note, also that as in the case o f horizontal displacements, 

x = V2 L (Harris and O'Rourke 1983).

Table 4.2

Maximum and minimum x values where observable vertical soil displacements were 
detected adjacent to pipeline trenches of varying depths.

CUT DEPTH MINIMUM X MAXIMUM X
(ft) (ft) (ft)
3 1.86 3.21
3.5 2.17 3.74
4 2.48 4.27
4.5 2.79 4.81
5 3.10 5.34

The tables show close similarities in the maximum and minimum values for both 

horizontal and vertical displacements.

As an aside to this study, for each of the 3-0" x 3'-0", utility cuts analyzed in this 

research, (where x = 1.5 feet is a constant for all depths), the constant c in Equations 

(3.1), (3.2), and (3.3), will vary for each H (depth of utility cut). Based on the constant
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size small utility cut, the following relationships in Table 4.3 apply for c„ux from Equation 

(3.3), for a constant x = 1.5 feet.

Variation in Cn̂ x values for a 3' - 0 " x 3' - 0 " utility cut for changes in depth o f  cut

The researcher used Table 4.1 above to set up the dimensional criteria for the 

analyses in this research after carrying out several tests to determine the width of the 

model that should be used to analyze the respective finite element models. Although it is

should establish the width of the model in this exercise. When the values in the range of x 

= 1.5 feet and Xmin in table 4.1 were used in the analysis of the models, solutions were not 

obtained, because of the close proximity of the geostatic thrust plane to the face of the 

utility’ cut in the granular material.

In determining the appropriate width to be used in the utility cut analysis, the 

research acknowledged that two plastic states exist in a soil mass, the active Rankine state 

and the passive Rankine state. These states are produced by stretching and compression, 

respectively in a semi infinite mass of soil parallel to its surface. “For the active Rankine 

state the surfaces of sliding descend from the surface at an angle 45° + <f>/2 to the 

horizontal. For the passive Rankine state the surfaces of sliding descend at an angle 

45° -  <j>/2 to the horizontal.” (Karl Terzaghi 1943, 26-32, 35-37). In the active Rankine

Table 4.3

H (feet)
J

3.5
4
4.5
5

assumed that x = 1.5 feet for the small utility cut analyzed in this research, and which
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state, the minor principal stresses are horizontal. In the passive Rankine state the minor 

principal stresses are vertical.

Before excavation takes place, the soil mass acting on any element in the soil is in a 

passive state, with its potential surfaces of sliding making an angle of 45° -  <J>/2 with the 

horizontal.. When the cut is made and the element is removed, the soil that was adjacent 

to the element experiences a transition from a passive state to that of an active state, with 

its potential surfaces of sliding making an angle of 45° + <j)/2 with the horizontal.. During 

this process, however, the Researcher is of the opinion that the geostatic forces act on the 

soil mass even before the active state is fully achieved. The research assumes that 

thrusting occurs at some point between intersection of the active and passive failure planes 

with the surface of the granular material. See Figure 4.2.

In determining the width of the model to establish the thrust plane for the 

application of the geostatic forces to the models in this analysis, the Researcher observed 

the following:

• The Xnux distance from the Harris and O'Rourke 1983 inverse sine function 

coincidentally showed close approximation to the average horizontal distance from the 

face of the utility cuts to a point midway between the intersection of the active failure 

plane and the passive failure plane, respectively with the surface. (See Figure 4.2 

below). This occurrence gives some attention to the research assumption, that in the 

transition from the passive to the active state, the geostatic forces act on the soil mass 

at a distance located between the active and passive failure planes, before the state of 

stress becomes fully active. The Harris and O'Rourke 1983 study may have identified
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the region where the geostatic forces act, in the equation for the x ^  distance, (the 

region beyond which no observable distresses were observed in the soil adjacent to the 

pipeline trench).

• The Xmin distances determined in Table 4 . 1  were in the region o f the distances set out 

by the intersection of the active surface of sliding and the surface of the material, from 

the face of the cut for <j> Scenario #1, and which decreased with increasing <j>.

•^Surface of granular material

Asphalt surface

Granular base

Ph Utility cut

Granular fill/subgrade '

Ph reduced in active statb

45°+<{>/2 /  " Active surface

" — Passive surface 

\4 5 °  -  <J)/2

Pv Approx. Location of Thrust plane

Figure 4.2
Failure planes for the active and passive Rankine states (Terzaghi 1943).

The average distances between the two failure planes and the face of the utility cut 

for the respective <j> Scenarios approximated the Harris and O'Rourke 1983 Xnux distances 

to the nearest 0.5 foot. (See Tables 4.4 to 4.6).

To establish the model widths, the Researcher used the Xmax distances (Harris and 

O'Rourke 1983) which were more closely approximated by the average distances for <j> 

Scenario #2 , (the average of the three <|) Scenarios used in the research) rounded to the 

nearest 0.5 foot. (See Tables 4.5 and 4.7).
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For a comparison between the Xnux distance from the Harris and O'Rourke 1983 

theory and the sum of distances to the respective failure planes, see Tables 4.4 to 4.7 

These tables were prepared in terms of the respective depths analyzed in this research and 

for the three <j) Scenarios used.

The sum of distances to the passive failure plane in Tables 4.6 to 4.7 possibly 

explain the indications of distress observations by Harris and O'Rourke 1983, for distances 

of up to 1.5 trench depths, from the face o f the trench.

The Researcher, in an attempt to standardize the analyses and establish a point of 

reference in the conduct of the analyses, decided after several tests, and with the 

application of the above material, to use the Xmax distances to define the width of the 

models for the respective cut depth analyses. The widths of the respective models exceed 

the Researcher's plot of the anti-symmetric curve in Figure 4 . 1 for the 3' - 0 " x 3' - 0" cut, 

but based on the theory ( Karl Terzaghi 1943) and field observations (Harris and 

O'Rourke 1983) feels that the dimensions are justifiable for use in this analysis. In 

addition, using these distances allowed for a mechanistic determination of the extent of the 

surface distresses as observed by Shahin and Crovetti 1985.
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Table 4.4
Distances from the base o f  the utility cut. to the intersection o f  the active and passive failure planes with the 

surface, and computed average distances by depth o f  utility cut. Phi Scenario # 1: Phia*. = 32°; Phi^i = 30°

Trench 
Depth <n>

Base 
Thickness (ft)

Fill
Thickness (ft)

ACTIVE FAILURE PLANE PASSIVE FAILURE PLANE
Hor. Disk to 
Active Plane 

Base T hJT an  61
(ft)

H er. Disk to 
Active Plane 

FIB Tlk/Tan 60
(n>

Su b  Distance 
to Active 

Plane
(ft)

H or. D b k  to 
Active Plane 

Base T h /T a n  29
(D)

Hor. D bk to 
Active Ptaae 

FIB T hJTan 30 
(ft)

S i a  Distance 
to Active 

Plane
(ft)

Average
Dbtanee

(ft)
3 06667 •» 0.3695 1 1547 I.5242 1.2027 3.4641 4.6668 3.0955

3.5 0.6667 15 0.3695 1.4434 1.8129 1.2027 4.330! 5.5328 3.6729
4 0 6667 3 0.3695 1.7321 11016 1.2027 5.1962 6.3989 4 2502

4 5 0.6667 3.5 0.3695 10207 13903 1.2027 6 0622 7.2649 4.8276
S 0 6667 4 0 3695 13094 16789 1.2027 69282 8.1309 5.4049

Table 4.5
Distances from the base of the utility cu t to the intersection o f the active and passive failure planes with the 
surface, and computed average distances by depth of utility cut. Phi Scenario =2: PhiB»e = 36°: Phipa = 34°

ACTIVE FAILURE PLANE PASSIVE FAILURE PLANE
Her. Diu. to Hor. D bk to Sum Dbtanee Hor. D bk to Hor. D bk to S u n  Dbtanee
Active Plane Active Plane to Active Active Plane Active Plane to Active Average

Trench Base FIB Base T h /T an  63 FIB Tlk/Tan 62 Plane Base Th-/Tan 27 FID T h /T an  28 Plane Dbtanee
Depth (ft) Thickness (ft) Thickness (ft) m> (ft) (ft) (ft) (ft) (ft) (ft)

3 0 666’’ ■* 0.3397 1 0634 1 4031 1.3084 3.7615 5.0699 3 2365
3 5 0.6667 15 0.33*7 1 3293 166*0 I 3084 4.7018 6.0102 38396
4 0o6e7 3 C 33V7 1.5951 1 9348 1.3034 5.6422 6.9506 4 4427

4 5 06667 3 5 0 3397 1 8610 12007 1 3084 6.5825 7 8909 5 0458
5 0.6667 4 0.3397 11268 14665 1.3084 7 5229 8.8313 5 6489

Table 4.6
Distances from the base of the utility cut. to the intersection o f the active and passive failure planes with the 
surface, and computed average distances by depth of utility cut. Phi Scenario =3: PhiBl.e = 40°; PhtFji = 38°

Trench 
Depth (ft)

Base 
Thickness (ft)

Fin
Thickness (A)

ACTIVE FAILURE PLANE PASSIVE FAILURE PLANE

Average
Dbtanee

(ft)

Hor. D bk to 
Active Plane 

Base ThJTan 65
(ft)

Hor. Disk to 
Active Plane 

FIH ThJT an 64
(ft)

S a n  Dbtanee 
to Active 

Plane
(ft)

Hor. D bk to 
Active Plane 

Base Tlk/Tan 25 
(ft)

Hor. D bk to 
Active P boe 

FIB T hJTan 26
(ft)

S u n  Dbtanee 
to Active 

Plane
(ft)

5 0.6667 2 03109 C.9755 12863 1.4297 4.1006 5 5303 3 4083
3 5 0 6667 15 0 3109 1 2193 I 5302 1.4297 5 1258 6.5554 4.0428
4 0 6667 3 03109 I 4632 1.7-41 1.4297 6.1509 75806 4.6773

4.5 0 6667 3.5 03109 1.7071 10179 1.4297 7 1761 8.6057 5.3118
5 06667 4 0.3109 1.9509 12618 1.4297 8 2012 9.6309 5 9463

Table 4.7
Xm„  distance used for model width in utility cut analysis

Trench 
Depth (A)

Competed
Dbtanee

Rounded
Dbtanee

3 3 21 3.5
3 5 3 74 4
4 4 27 4.5

4 5 4.KI 5
5 5 34 5 5
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CHAPTER V 

STRESSES AND STRAINS IN GRANULAR ROADBED MATERIALS 

Roadbed Stresses

The application of stress to a particulate system such as soil is no more different 

than the application of stress to metals, which are made up o f a particulate structure of 

crystals. Because of the particulate structure of all matter, we can safely apply 

macroscopic stresses to soils as we do with metals, instead o f microscopic applications, 

which would require contact stress analysis, between individual particles of the particulate 

system. In the application of macroscopic stress to an infinitesimal element of matter, it is 

assumed that the distance between the particles of the particulate system does not exceed 

the size of the largest particle within the system. (Lambe and Whitman 1969, 98).

For the purposes of this research it is assumed that the respective materials making 

up the layers are homogeneous (their respective properties are constant from point to 

point), and isotropic (their properties are the same in each direction through a point). This 

assumes ideal conditions in the granular material making up the road bed which, however, 

is often violated by unpredictable inconsistencies in the particulate system making up the 

soil. For geostatic stress conditions, where the ground surface is horizontal and there is 

no variation in the soil in the horizontal direction, soil stress in depth is a function of the 

soil's unit weight, which increases linearly with depth. Hence, vertical soil stress at any 

depth in the road bed can be represented as.

o’v = Yz (5.1)
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where:

a v = Vertical stress in lb/ft2 

Y = Unit Weight in lb/ft3 

z = Depth in feet

Related to the vertical stress in the soil mass is the horizontal stress, which is 

developed due to confinement of the soil element by the surrounding soil elements, 

preventing its lateral displacement. This is explained by the coefficient of lateral stress 

ratio:

K = G'Jgi (5.2)

where:

K = Coefficient of lateral stress ratio 

ct3 = Horizontal stress in lb/ft2 

a  i = Vertical stress in lb/ft2

The magnitude of K is a function of the frictional resistance between the particles 

of the particulate system forming the soil element. The value of K can vary over a wide 

range of values in the roadbed. These values will depend on whether the soil is in a 

compressed or stretched state, caused by either the vertical stresses set up by the 

compactive effort during construction, or due to the removal o f these stress effects during 

maintenance activities in the roadbed, such as utility cuts. The value of K can generally 

vary between 0.4 and 0.8. (See Chapter III, p7)..

Generally, during confined compression, as in pavement layer compaction, particle 

movement is in the vertical direction. When the many tangential contact forces are
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summed over any plane, there is a net tangential force; i.e. a net shear stress acting on that 

surface, which generally differs from the vertical stress during confined compression. 

(Lambe and Whitman 1969, 126-127).

From the text, if the soil can be displaced easily, the ratio 0 3 / 0 1  is defined as the 

coefficient o f earth pressure at rest, Ko. “When the granular soil is loaded vertically for 

the first time, the frictional forces at the contacts act in such a direction that c*h is less than 

a v; i.e., Ko < I .” (Lambe and Whitman 1969, 127). Jaky 1944 determined that:

K0  = 1 -  sin (j) (5.3)

where:

(j> = Soil angle of internal friction (values used in this

research will be defined later).

In the text it is shown that during the unloading process, the direction of the 

frictional forces at contact points reverse. “For a given vertical stress, the horizontal 

stress will be larger during unloading than during the original loading. During the latter 

stages of unloading, the horizontal stress can even exceed the vertical stress.” (Lambe and 

Whitman 1969, 127). Because of this phenomenon, when the soil is reloaded, during 

confined recompression, the horizontal stress will almost invariably start out greater than 

the vertical stress, and the Ko value will exceed the value in Equation (5.3), until such 

time, with increase in stress, it returns to this value as the vertical stress increases. See 

Equations (1.1) and (1.3) and Figure 4.2. This is basically, the underlying phenomenon 

that prevents normal compaction methods (vertical tamping) in utility cut restoration, from
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developing enough horizontal pressure, to horizontally compact the adjacent soil and 

restore initial stresses.

From the text, we see that during the compactive effort, when shear failure occurs 

between particles, two activities occur:

1) There is mineral-to-mineral frictional resistance between particles, due to grain 

interlock among the particles.

2) After exceeding the frictional resistance between particles and the reduction of grain 

interlock forces, the particles roll over each other into new and tighter positions. 

Normally some crushing of particles in the soil mass may precede this activity 

depending on particle hardness.

Strains in Granular Materials

“The strains experienced by an element of soil are the result of strains within and 

relative motions among the many particles composing the element.” (Lambe and Whitman 

1969, 122). In granular soils, such as base, subbase, fill and subgrade materials, there are 

two mechanisms which contribute to soil strain. These are.

1. Distortion and crushing of soil particles at contact points.

2. Soil deformation due to the action o f individual particles rolling or sliding over each 

other.

The uncemented particulate structure o f the soil element will contribute to 

deformation of the soil element whenever high stresses are applied. This is demonstrated 

by movement of the loose arrangement o f the particles in the element when stresses are 

applied to the element. As these stresses increase, this relative movement between the
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individual soil particles causes large strains to occur in the particulate system, as the high 

contact stresses cause some individual particles to crush, enabling sliding and rolling 

activity among the soil particles into tighter packed arrays.

If not affected by the environment nor subjected to disturbances by road cuts, the 

roadbed materials are expected to maintain their compacted state as established during 

construction.

Removal of Horizontal Equilibrium Force from the Road Structure

In the removal of the horizontal equilibrium stress in the pavement structure, say in 

the form o f a utility cut, the unsupported wall of the utility cut is subjected to released 

confinement, as well as geostatic forces, which eventually induce shear deformation and a 

state of plastic equilibrium, which can eventually lead to plastic flow or cut failure. This 

effect, though, is not extensive and is more or less a local phenomenon. This removal of 

the horizontal stress can be related to the yielding o f a retaining wall and can be typified as 

follows. “Local events, such as the yielding of a retaining wall, cannot produce a radical 

change in the state of stress in the sand except in the immediate vicinity of the source of 

the disturbance. The rest of the sand remains in a state o f elastic equilibrium.” (Terzaghi 

& Peck 1967, 189-190).

Within the elastic range, the stress/strain behavior of granular soils is characterized 

by small movements, caused by elastic deformation of the individual particles. When the 

critical yield stress occurs (the point at which the Mohr circle touches the failure envelope 

(see Figure 5.1), in compression, sliding among the particles commences, which reorients 

the particles in the element and in so doing, reduce the voids ratio of the soil by tighter
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particle packing. In tension, the opposite occurs in terms of particle orientation. 

Rebounding, sliding, and relocation of the particles take place, but with an increased voids 

ratio in this case, due to material bulking and the particles going into a loose array in the 

localized yield zone.

Dilatancv

Osboume Reynolds 1885 determined that a dense sand when compacted in one 

direction will increase in volume as sliding and rolling occurs. He called this phenomenon 

dilatancy, the measure of volume increase in a soil as it yields, which the Researcher 

referred to as bulking in the previous section. This soil behavior is characterized by the 

particles riding over each other as the soil commences to yield, thereby increasing soil 

volume. In Lambe and Whitman 1969 the concept of dilatancy and grain interlock is 

treated and can be explained as follows:

1) The denser the sand, the greater will be the interlock among the soil particles. This 

allows for a greater deviator stress (o> - a?) and a greater friction angle (<}>).

2) Strain resistance decreases as the sand expands and stretches.

3) The densest soils will show a more marked decrease in strain resistance as the largest

movement among the particles will occur at yield.

4) The denser the sand the greater will be the increase in soil volume, as the tightly

packed particles roll over each other as the soil yields.

The Ultimate Condition

In the ultimate condition or plastic flow condition, the grain interlock and friction 

resistance between particles decreases. This occurs to the point where there is unimpeded
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shear displacement among the grains in the soil mass, without any further volume change 

in the element. At this stage the void ratio “...is independent o f the initial void ratio before 

shearing was commenced.” (Lambe and Whitman 1969, 132).

The Effect of Confining Stress

Under higher stress conditions in frictional granular soils, than occurs in road 

construction, “the resistance to sliding at each contact point is proportional to the normal 

force at that contact, and hence the overall resistance increases as the confining stress 

increases.” (Lambe and Whitman 1969, 137). Under these conditions interlocking 

contributes to overall resistance and “decreases as the confining stress increases, because 

the particles become flattened at contact points, sharp comers are crushed, and particles 

break.” (Lambe and Whitman 1969, 137). These actions cause densification, but provide 

for shear displacement/deformation to occur. These patterns are not common in road 

layer materials because of the lower stress applications, even under heavy rolling, as 

material heave before and after the wheel gives some release to the lateral confinement 

conditions. The softer granular particles in the material, however, may crush under these 

compaction stresses.

Mohr-Coulomb Failure Law

“Shear failure starts at a point in a mass of soil when, on some surface passing 

through the point, a critical combination of shearing and normal stress is reached.” 

(Terzaghi & Peck 1967, 101).

For most engineering problems, the Mohr envelope is used to determine the 

strength of soils. This envelope is plotted as the tangent to a number of Mohr Circles,
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whose diametrical values signify the confining stresses (<7 3 ) (the lower value) and vertical 

stresses (cti) (the higher value). These stresses are generally determined in the triaxial test. 

The point at which the tangent touches the circle indicates the failure stresses in shear and 

compression. Figure 5.1 demonstrates the location of the failure stress in the Mohr 

diagram and the line from 0 3 f to the tangent point (<7ar, tg) is identical to the slope of the 

failure plane in the specimen, to the plane of principal stress. The subscripts /  indicate the 

failure condition.

Q c r ,

Ter
Shearing*
Stress

Failure Plane
^3f_Mohr envelopeAine of rupture

tfff, Tff s

cr.
- ---------- > o'er
cr 1 f Normal Stress

Figure 5.1
Diagram showing the Mohr envelope and stress circle for sand. (Lambe and Whitman 1969) 

The shear strength of the soil is determined from testing and reported per the 

Mohr-Coulomb failure law as:

t ff = c + a fftan(j> (5.4)

where:

tff is the shear stress on the failure plane at failure 

a s  is the normal stress on the failure plane at failure 

c is the cohesion in the soil
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<j) is the angle of internal friction of the soil.

Use of Equation (5.4) requires a cohesion intercept. Tests have shown that the 

Mohr envelope is not a straight line, but is in fact curved. The curvature o f the Mohr 

envelope has been determined to be sharper for dense soils and less sharp for loose soils. 

However, most engineering analysis are conducted assuming a straight line relationship. A 

straight line Mohr envelope will be assumed for the granular soils in the road structures, 

that will be considered in this research.

The Researcher attempted in earlier analyses to model pure granular fill and base 

materials, with a negligible cohesion value of 0.001 lb/in2. For the 4> scenario #3 models 

(highest values used in this dissertation, but the lowest used in the previous analyses), the 

earlier models failed to generate solutions at the 3 feet to 4 feet and 5 feet depths, which 

conflicted with stable excavations observed in the field at these depths. These models 

required unrealistic field values (at least <t>Ba« = 42° and 4>Fiu = 40°) to obtain stable 

solutions. Taking into account that observed field excavations exhibit stable conditions, 

the Researcher assumed that the materials in the road structure possess some intrinsic 

cohesion value, hence their stability during unsupported excavations for depths o f up to 5 

feet. In addition the text indicates that “...very few soils are perfectly cohesionless.” 

(Terzaghi & Peck 1967, 232). In the course of the analyses that followed, the Researcher 

set out to determine the minimum cohesion values required for cut stability, for depths 3 

to 5 feet.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

The Meaning of the Mohr-Coulomb Failure Law

Figure 5 .2 demonstrates the relationship between <j> and the principal stresses at

failure.

?ef
Shearing^ 
Stress Mohr envelope/line of rupture

l/2(cn - c 3)
20cr = 90° +

l/2(gi + q3)

Normal Stress

Failure plane

Figure 5.2
Relations between <j) and principal stresses at failure. (From Lambe and Whitman 1969)

From Figure 5.2 the following relationships can be observed 

Sin <j) = (crx - q3)/2 = cji - 0 3 (5.6)
( cti + q 3 ) / 2  Oi + q 3

and; Cti sin <j> + a 3 sin (j) = a i -  q 3 (5.7)

Dividing Equation (5.9) by -ct3 reduces it to the form of the flow factor 

(N(j,) in Chapter I, where;

(5.8)N$ = q t = 1 + sin <j>
cr3 1 - sin (j>

= tan2  (45°+<j)/2) = tan" 0C (5.9)

The meaning of the Mohr-Coulomb failure law is demonstrated in Figure 5.2, 

where it can be seen that the theoretical failure plane lies at an angle of (4 5 °+<j)/2 ) to the 

plane on which the major principal stress acts.
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The effect of Initial Void Ratio

The “friction angle <j> is not a material property but depends strongly on the void 

ratio that existed prior to the application of the deviator stress.” (Lambe and Whitman 

1969, 144). The denser the sand the higher will be the value of the angle of internal 

friction (<j>). The effect of void ratio on <j> is explained by the phenomenon of interlocking. 

In addition, the higher the degree o f compaction, the larger will be the expansion of the 

soil as it yields (dilatancy). These high compaction soils require the exertion of greater 

force on a steeper friction angle to effect shear in the soil.

If there were to be no volumetric change (dilatancy) in the dense granular soil 

element during the application of vertical stress, it will be necessary to have a considerable 

amount o f confining stresses to prevent this volumetric change. If the particles in the soil 

mass are restricted from movement then the yield process is prevented from taking place 

and the soil element will have the capability of withstanding much higher stresses, which is 

not the case in normal road construction, where these confining conditions do not exist.

“The behavior at constant volume and the behavior with constant confining 

pressure can be tied together as follows. If a dense sand is to fail in shear, the high degree 

of interlocking must somehow be overcome. This can happen either (a) by shearing and 

fracturing of the particles, or (b) by increasing the volume. It will take more energy to 

cause either of these happenings than will be necessary simply to slide soil particles over a 

flat surface. If the soil is free to expand, the path of least resistance is to expand and so to 

overcome the interlocking in this way. If, however, the soil is impeded from expansion, 

the path o f least resistance may lie in fracturing the soil particles,” (Lambe and Whitman
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1969, 143-144), which will occur only with the application of high stresses, not present in 

the pavement structures.

Application of the Stress/Strain Theory to the Research

In Chapter VI of this dissertation, we will move from the two-dimensional Mohr- 

Coulomb stress/strain theory, reviewed in this chapter, to the three-dimensional theory, 

employed in the Drucker-Prager failure criterion for granular soil analysis, used in this 

research. In Chapter VI the reader will also be introduced to the finite element methods 

that will be employed in the conduct of this three-dimensional analysis and by which 

mechanism the software used in this research will manage the voluminous equations that 

are involved in a three-dimensional analysis of this type.
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CHAPTER VI

FINITE ELEMENT AND PLASTICITY THEORY SUPPORTING THE 

ANALYSIS

The referenced texts at the end of this chapter were used in the compilation of the 

material in this chapter. As a brief background to the plastic analysis done in this research, 

we will first start with the 2 -dimensional state of stress and strain in a plane element and 

work towards the three-dimensional state. Much of the work covered in the plasticity 

theory in this chapter will be focused on the three-dimensional element.

Stress-Strain Relationships

Plane stress is defined as “a state o f stress in which the normal stress and shear stresses 

directedperpendicidar to the plane are assumed to be zero. ” (Logan 1986, 229).

Plane strain is defined as “a state o f strain in which the strain normal to the X-Y plane ez 

and the shear strains yxz and yrz are assumed to be zero. ” (Logan 1986, 230).

Figure 6 .1 illustrates the 2-dimensional state of stress. The infinitesimal element 

which has sides of dimensions dX  and dY has normal stresses ax and ay acting 

perpendicular to the vertical and horizontal faces of the element in the X and Y directions, 

respectively. The shear stress t .\y acts perpendicular to the normal stress a\- along the dY 

face in an anti-clockwise manner, in the Y direction. The shear stress tyx acts 

perpendicular to the normal stress ay along the dX  face in a clockwise manner, in the X 

direction. (See Figure 6 . 1 ).
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Figure 6.1

Two-dimensional state of stress111

Taking moments about the center of the element determines that moment 

equilibrium is achieved in this element and that tyy = tyy. We see in this element that 

three levels exist of stress, and which can be represented by the stress vector:

{<?} = (6.1)

In plane stress/strain analysis, each node has two degrees of freedom and the stress 

determined from Equation ( 6  .1) will be expressed in terms of these degrees of freedom.

We learn from Mechanics of Materials theory that the principal stresses which are 

inclined at the angle 0P to the X-Y plane have principal normal stresses expressed as 

follows111:

G  i =  Q v  +  g y  +
">

N c'gy + g j< + Tw2 = G,™ (6.2)
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Also, 0P defines the direction of the principal stress that is perpendicular to the 

plane on which either the maximum or minimum principal stress acts. Figure 6.2 shows 

the direction of the maximum and minimum principal stresses and the inclination of the 

planes on which these stresses act with respect to the X and Y coordinate axes. It should 

be noted that no shear stresses exist on the planes of principal stresses.

Figure 6.2

The principal stresses and their directions111

In developing the partial differential equations for the two-dimensional plane state 

o f strain in a structure, let us look at the infinitesimal element that is subjected to plain 

strain in Figure 6.3. In the figure, the dotted lines represent the undeformed shape and the 

solid lines the deformed shape of the element (after straining has occurred). In this 

examination of plane strain, we will only consider small displacements in the continuum, 

with displacements u and v in the X and Y coordinate directions, respectively. We will 

assume that the displacements occur at point A of the element and that side AB extends in 

the X direction, an additional (incremental) amount of (cu/5x)dX and similarly, side AC 

extends in the Y direction an additional (incremental) of amount (5v/6y)dY. Note that in
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Figure 6.3, point B is displaced in the vertical Y direction a distance of dv/dx)dX and that 

point C is displaced horizontally to the right, a distance of (duldy)dY. Both these 

movements are measured with respect to point A.

Y,v

*X,u
dY

dX + 5u dX

dX

Figure 6.3

Displacements and measurements o f an element in the X-Y plane111.

For small deformations in the continuum, the longitudinal strain components in the 

X and Y directions are111:

Ex = culcx

Sy = Sv/dy

The shearing strain is[1):

L (Sv/dx)

form we get14':

dldx 0

0 c Icy

c Icy c lex

(6.4)

(6.5)

(6 .6)

(6.7)
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where:

{e } =  (6 .8 )

is the strain vector1'1.

Uniaxial Stress

We know from the literature121 that for a linearly elastic, homogeneous, isotropic 

material, uniaxial stress is represented by:

a x = E ex (6.9)

where E is the modulus of elasticity.

For uniaxial stress, cr\- in a three-dimensional element, the strain in the Y and Z 

directions are not zero and can be represented by121:

sY = sz = —vs\- (6 . 1 0 )

where v is Poisson’s ratio 

Therefore;

e.\ = -sy  = -£z (6 . 1 1 )
v v

Plane Stress

For plane stress, in the three-dimensional element, the normal and shear stress 

components act in two directions only, as shown in Figure 6 . 1 . We should note that in 

general, the longitudinal strain is non-zero in all coordinate directions, but that121:

ctz = tzx = Tzy = 0 (6.12)

and the shear strain1'1;
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Yxz =  Yyz =  o 

but sz *  0 , because of the effect of Poisson's ratio.

For plane stress conditions we have121:

{a} = [C]CT{e}

where:

{a} = O y

is the stress vector

and [C]„ = Constitutive matrix for plane stress.

In defining the components of the stress vector we have from the text121;

Ox = E (e.\- + veY)
1 -  v 2

cry = E (ev + vex)
1 -  v2

Txy -  Gy.vCr’

and G = is known as the shear modulus

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

2 ( 1  + v)

Using the above equations we can now write the constitutive equations in matrix form121.

cry > = E
1 -  v2

I

where the constitutive matrix for plane stress is1[21.

0

0 (6.19)
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Now for plane strain, we assume the following to be zero111:

£z = Yxz = Yyz = 0 (6.21)

Applying Equation (6 .2 1 ) to case for plane strain in the three dimensional element, where;

~xz = Tyz = 0 (6.22)

but Gz ^ 0, (the value necessary to keep the linear strain in the Z direction at the value 

zero121).

From the text we find that the stress-strain Equations for the plane state are121;

Ox =

CJy =

Gz ~

E [(1 -  v)£x + VSy] (6.23)
( 1 + v)(l -  2 v)

E [vex + ( 1  -  v)8 y] (6.24)
( 1 + v)(l -  2 v)

E [vex + veY] = v ( ctx  +  a Y) (6.25)
( 1  + v)(l -  2 v)

t x y  =  G y .w  (6.26)

Note that for plane strain, Oz is defined solely in terms of ax, G\ and v.

Equation (6.21) shows that ez = 0
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If we were to write these X-Y Plane relationships in matrix form for plane strain in 

the three-dimensional element, we get121:

( 1  + v)(l -  2 v)

1 - V V 0

V 1 -V 0

0 0 1 - 2 v
2

eyV (6.27)

or

(e) = [C]«{6 )

where the constitutive matrix for plane strain isf2‘:

(6.28)

1 - v v 0

[C]E = _ V 1 - V 0 (6.29)
( 1  + v)(l -  2 v)

0 0 1 - 2 v
2

Three-Dimensional Stress

Let us extend the two-dimensional strain theory to the three-dimensional case, and 

consider small strains in the three-dimensional continuum. If u, v and w represent the 

displacement components of a point along the X, Y and Z coordinate axes in the 

continuum, the respective longitudinal strains will be121:

E\- = £U_
5 k

£ y =

£z =

cv
cy

dw
cz

(6.30)
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and the shearing strains are:

Yxy = cu + cv
8y dx

Yyz -  cv + cw
dz cy

yzx ~ cw + du
crx. 5z

Putting the previous six equations into matrix form, we get12’:

(6.31)

Aex

eY

ez

Y.\t

Yyz

Yz x  J

ax

0

0

cy

0

c
dz

c
cy

0

cx

c
dz

cz

0

cy

c
cx

(6.32)

Now applying a modified Equation 6.22 in the three dimensional case where now, 

txz = t yz ^  0, and ctz ^ 0, we obtain a similar stress-strain relationship, as in Equation 

(6.14) for an isotropic material*1':

{cj} = [CJ{e) (6.33)

where [C] is the elastic constitutive matrix for an isotropic material. [Isotropic in the 

sense that E \ = Ey = Ez = E and vx = vY = vz = v]:
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[C] = (1 + v)(l -  2v)

< < < o 0 0

1 - v v 0 0 0

1 -v  0 0 0

1 - 2v 0 0
2

1 -2v 0
Symmetry 2

1 -2 v

(6.34)

We can now compile the constitutive equations for the three-dimensional 

element*11:

1 - v v v 0 0 0

1 - v v 0 0 0

1 -v  0 0 0

1 -2v  0 0
2

1 -2v  0

= (1 + v)(l -  2v)

Symmetry
1 -2 v

Figure 6.4 below, taken from Reference 3, Chapter 1, shows the components of 

the three-dimensional stress tensor, and depicts the state of stress at a point P in a 

continuous medium. The normal stress on the surface of the differential element at point 

P in Figure 6.4, parallel to the X  axis is depicted by ox. The components of the shearing 

stress on the surface element normal to the X axis in the Y and Z directions are depicted by 

T\r and Txz, respectively. In similar manner, the normal and shearing stresses acting on
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surface elements normal to the Y and Z axes will be denoted by ay, Tyx, zrz, and az, r-zx, 

tzy, respectively. These nine quantities are called the components o f the stress tensor131. 

(See Figure 6.4).

Y

Figure 6.4

Components of the Stress Tensor131.

In Reference 1, Appendix C, we examine the equilibrium state of a plane element 

of unit thickness, subjected to normal stresses Cx and a y and in-plane shear stress t\y  (in 

units of force/unit area) with applied body forces Fxb and Fvb (in units of force per unit 

volume). With constant stress across the vertical face dY in Figure 6.5 and with a 

variation of stress as it travels from the subject face to the opposite face, we have in 

Figure 6.5 the stresses cr\-on the left vertical face of the infinitesimal element and stress o\- 

+ (ca.\/cx)dX on the opposite face.
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dY

cx
dX

Figure 6.5

Plane differential element subjected to plane stresses11*

Referring to Figure 6.5, if we sum forces in the X direction, we get:

SFX = 0 = /ctx+ c g x  dx \dY  (1) -  a x d Y (l) + FxbdX dY (l)

= 0 (6.36)C ^  KXyx + oryx d \ \d X ( l)  - tY x d X (l)

c cy

Simplifying Equation (6.37) we get.

SF\- = cg\  
cx

CXyx
cy

Xb = 0 (6.37)

Similarly summing forces for the Y direction and simplifying, we get: 

IF y = c c tY + C tX T  ^  Fm, =  0CG Y

dy
(6.38)

cx

The text went on to show that by taking moments about C of this planar element 

and neglecting higher order terms, the third equilibrium equation is satisfied, and:

'•XT tYX

Similarly: t.xz -  Xzx Tyz -  tzv

(6.39)

(6.40)
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The Three-Dimensional Stress Tensor

If we were to consider the three-dimensional state of stress in the stress tensor in 

Figure 6.4 and add coordinate forces Fxb, F a  and F a  acting at the center of the element, 

we get in Figure 6.6 the components of the stress tensor with three-dimensional body 

forces.

Y

A CTy

tyz
Yb

Figure 6.6
Components o f  the stress tensor with 3-D body forces111' [3l 

We find in the text, that we can extend the two-dimensional equilibrium Equations 

(6.37) and (6.38) to satisfy the three-dimensional case and obtain:

cax + CXyx + cxzx + Fxb = o (6.41)
5x cy dz

CTxy + CCTy + CXZY + Fyb= 0 (6.42)
cx cy cz

CT\z + Ctyz + COz + FZb = 0 (6.43)
&x cy cz
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and; T\y-  Tyx tw  — Tyx Txy -  Tyx (6.44)

PLASTICITY THEORY APPLICABLE TO THE GRANULAR SOILS ANALYSIS 

USED IN THE RESEARCH 

The Yield Criterion

This section of the chapter is dedicated to gathering work already done in 

plasticity theory that is applicable to the theoretical analysis of the granular soil types used 

in this research. Plasticity theory provides a mathematical relationship, that characterizes 

the elasto-plastic response of materials161. The computer application used in this research, 

(ANSYS) in employing the use of plasticity theory with respect to failure in granular soils, 

uses the Drucker-Prager yield criterion. The Researcher felt it appropriate to gather the 

theory from the various texts under one cover for a structured development o f the theory 

used in the ANSYS program. It was felt that in so doing, it would enable the reader to 

have a better understanding of the computer application and its usefulness in this research. 

From the text161, the Drucker-Prager option uses the outer cone approximation to the 

Mohr-Coulomb Law. The following is a development of the theory that supported the 

analysis in this dissertation and which contains the theory included in the Haigh- 

Westergaard, Mohr-Coulomb and Drucker-Prager yield criteria.

In Reference 6 it is stated that "plasticity theory provides a mathematical 

relationship that characterizes the elasto-plastic response of materials." (p4-4). "In the 

plastic range, the total strain may be considered as the sum of the elastic strain and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

plastic or permanent strain, the latter being the strain observed after complete unloading 

of the volume element under consideration." (Prager and Hodge, p27).

"The Yield Criterion establishes the stress level at which yielding is initiated. For 

multi-component stresses, this is represented as a function of the individual components, 

f({a}), which can be interpreted as an equivalent stress a e:" (ANSYS User’s Manual, Vol. 

IV, Theory, p4-4).

a e = f({a}) (6.45)

where: {a} = stress vector in Equation (6.33)

Y  ax

In Reference 4 it is stated that the material yield parameter (ap) is equal to the 

material equivalent stress (ce), that is:

f({a}) = a e = a P (6.46)

and the material develops plastic strains. If oe is less than ctp the range is elastic and 

stress/strain relationships will follow the rules o f the elastic relationship. The literature161 

went on to say that the material equivalent stress cannot exceed the material yield stress as 

plastic strains will develop immediately and reduce material stresses to yield stresses 

only161.
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a

Plastic Range

Elastic Range

Figure 6.7

Stress-strain behavior o f the Drucker-Prager option161 

In Figure 6.7, depicts the stress-strain behavior o f the Drucker-Prager option used by the 

ANSYS program for granular soil analysis in which the following relationships pertain*61: 

oP = %o„) (6.47)

where: a m = mean stress

= l/3(crx + ay*- Cz) (6.48)

The analysis pursued in this research considered the soil mass undergoing rate 

independent plasticity when the utility cut is made. "‘Rate independent plasticity is 

characterized by the irreversible straining that occurs in a material once a certain level o f

stress is reached. The plastic strains are assumed to develop instantaneously, that is,

independent of time.” (ANSYS User’s Manual, Vol. IV, Theory, p4-4).

For plastic failure in granular materials, the yielding of the material is not as 

straight-forward as it is for metals and requires modifications as included in the Mohr- 

Coulomb failure criteria and the Drucker-Prager failure criteria theory and applications. 

The following is a review of the failure criteria employed in this research.
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Mohr-Coulomb Failure Criterion

The Mohr-Coulomb failure criteria is “...based on the assumption that the 

maximum shear stress is the only decisive measure of impending failure.” (Chen and Han 

1988, 88). Mohr in his theory considered “the limiting shear stress (t) in a plane to be a 

function of the normal stress (cr) in the same plane at a point, i.e.”

i t !  = /(o )  (6.49)

Using straight line relationship referred to in Chapter V, we have the straight line 

envelope, known as the Coulomb's equation, since 1877 (Chen and Han 1988, 90):

i t !  = c -  a  tan (|) (6.50)

in which c is the cohesion and <f> the internal angle of friction, both material constants 

determined by experiment. (See Figure 6.8).

Using Equation (6.50) and for ai > or2 ^ 0 3  the Mohr-Coulomb criterion is 

represented in the text as follows141:

1/2 (cti -  a?) cos <J) = c -  [1/2 (cj + a 3) + {1/2 (ci -  a?) sin $}] tan<j> (6.51)

If we were to re-arrange Equation (6 .51), we will get141

Cti 1 + sin ({> -  a 3 1 -  sin <j> = 1 (6.52)
2c cos <j» 2c cos d>

where we can define the strength in simple compression (ci = 0) as:

A  = 2c cos 6 (6.53)
1 -  sin <{>

and the strength in simple tension (a3 = 0) as

A  = 2c cos 6 (6.54)
1 -r sin <j)
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Equation (6.52) can now be reduced to

Gi - C3 1 for Gi > o 2  >G3 (6.55)
/ t  fc

we can obtain a straight line relationship from Equation (6.55) and write it in the slope- 

intercept form by multiplying both sides by f e and obtain the slope

m = fe  = 1 sin 4> (6.56)
f t 1 -  sin <j)

Substituting Equation (6.56) into Equation (6.55) and putting it into slope-intercept form, 

we get: moi -  as = f e for a i> a 2>a3 (6.57)

Figure 6 . 8  shows the Mohr-Coulomb criterion with the straight line failure envelope14'.

c cos <{>

■» a

Figure 6.8

The Mohr-Coulomb criterion, with a straight line as the failure envelope141 

In order to plot the three-dimensional failure surface of the Mohr-Coulomb failure 

criterion, let us first develop the relationships pertinent to this criterion.

From the text (Chen and Han 1988, 63), we know that if the stress tensor is 

referenced to the principal axes the mean stress is defined as:
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Cm = 1/3 (Ox + Gy+ CTz )  = 1/3A (6.58)

F o r/t = ax + cy+oz (6.59)

(the sum of the diagonal terms of cr;j)

= an+022+CT33 (6.60)

It is stated in the text th a t"... the mean stress is an invariant of the stress tensor," 

(Prager and Hodge p i5) and "...it is apparent that om is the same for all possible 

orientations of the axes; hence, it is called the spherical or hydrostatic stress." (Chen and 

Han 1988, 57). The text went on to say that the stress deviator tensor Sij is the result o f 

the subtraction of the spherical state of stress from the actual state of stress. We thus 

have;

Sjj CTjj — CTniSij (6.61)

where a n6 y is referred to as the spherical state of stress

It should be noted that for i ^  j in Equation (6.61), 5ij = 0 and Sy = a;j.

The components of the stress deviator tensor is

Si  i S12 S l 3 ( C T i l - G a i )  (J12 C i3

S21 S22 S23 <^21 (& 22  ~  C m )  0 2 3

S31 S32 (/)
 

1 
W 0. O 3 1  O n  ( 0 3 3 - O m )

(6.62)

which in Von Karman's notation is[4i
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S\- S.XY Sxz

= Syx SY Syz

Szx SzY Sz

f a x  “  Cm) t.\Y T\Z

Sij =  Svx Sy SYZ =  tYX f a y  -  CTm) Xyz

Xzx XZY f a z  ~  CTm)

(6.63)

If we were to subtract a constant normal stress in all directions it will not change

the principal directions, hence the principal stresses will be the same for the stress deviator

tensor as for the original tensor. In terms of the principal stresses, the stress deviator

tensor is represented in Equation (6.64) as follows141:

fax -  am) 0 0

0 fax -  c m) 0 (6.64)

0  0  faz -  c m)

or

Sij =

(2 gi -  cr2 - c 3)

0

0

(2 ct:  -  g 3 - g t )

0

0

(2 g; -  g t - g 2

(6.65)

The text indicated the method to be employed in order to obtain the invariants o f 

the stress tensor (Chen and Han 1988, 52-54). The text developed relationships among 

the 3 stress invariants in terms of the principal stresses, and which are expressed as 

follows:

I] = gi + g2+ g3

12 = g[g2 ■+■ g2gj

13 = g[g 2g;,

cr3gi

(6 .66)

(6.67)

(6 .68)
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The value of these invariants are not impacted by any rotation of the axes.

The text further indicated the method to be employed in order to obtain the three

invariants (Ji, J2  and J3) o f the stress deviator tensor, (Chen and Han 1988, 58). The text

showed that these invariants are related to the invariants of the stress tensor as follows:

Ji = 0 (always) (6.69)

J2 = 1/3(7,2 -  3 / 2 ) (6.70)

J3 = 1/27(2/,3 - 9/,/2 + 27/s) (6.71)

For the development of the three-dimensional failure surface, we are interested in 

J2 (known as the octahedral shear stress). From the text*41, we find the relationship 

between J2 and the principal stresses as follows

J2 = l/ 6 [(a, -  c 2)2 + (a 2 -  a 3 ) 2 + (ct3 -  cr,)2] (6.72)

or in terms of the principal stresses o f the stress deviator tensor141

h  = l/2(s , 2 + s22  + S32)  (6.73)

(Chen and Han 1988, 58-63).

The Haigh-Westereaard Failure Criterion

In developing the Mohr-Coulomb failure criterion the text showed its relationship 

to the Haigh-Westergaard criteria (Chen and Han 1988, 66-70). Haigh-Westergaard took 

the three principal stresses a,, a 2, cr3 and represented them as coordinates originating from 

a point in stress space. This stress space representation was basically concerned with the 

geometiy of the stress state and not on the orientation of the coordinate stress axes with 

respect to the body. The Haigh-Westergaard stress space is reproduced in Figure (6.9) 

(Chen and Han 1988, 67).
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Deviatoric Plane: 0 1 + 0 2  + 0 3  = Constant

7i - plane

Hydrostatic axis 
O i  =  O 2  =  O 3

cos

Figure 6.9

Plot of the Haigh-Westergaard stress space141 

In Figure 6.9 the line ON passes through the origin and makes the same angle with 

each of the coordinate axes. Therefore, for every point on this line Oi = 0 2  = 0 3  and 

corresponds to an hydrostatic or spherical state of stress. The deviatoric stresses for this 

state in Equation (6.65), (e.g. s( = 2oi - 0 2  - 0 3 ) are all equal to zero. ON can be referred 

to here as the hydrostatic axis and any plane perpendicular to it is referred to as a 

deviatoric plane. From Chen, such a deviatoric plane has the form

cti + a 2 + a 3 = y3£, (6.74)

where t; is the distance from the origin to the plane measured along the normal ON.

The text went on to show that the particular deviatoric plane passing through the 

origin o has a stress state such that

O1 +O 2 + CJ3 = 0 (6.75)

and is referred to as the n-plane.
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Before we continue with the development of the Mohr-Coulomb failure criterion 

which is based on the Haigh-Westergaard criterion let us discuss the relationships in 

Figure 6.9. (Chen and Han 1988, 6 6 -6 8 ).

Consider an arbitrary state of stress at point P in stress space with stress 

components Ci, c 2, cr3, such that the state of stress is represented by point P (c t, o2, c 3). 

(See Figure 6.9). If we decompose the stress OP into two components we get;

ON in the direction o f the unit vector n = ( 1/V3, 1/V3, 1/V3)

and

The component NP which is perpendicular to ON and parallel to the 7t-plane.

Now

|O N | = OP«n = (0 1 , 0 2 , g 3)*(1/V3, 1/V3, 1/V3) 

= l/V3(ai + c 2  + c 3) = I/V3 = V3 c m (6.77)

(6.76)

Putting NP in its component form, we get:

NP = OP -  ON (6.78)

But ON = I ON I n  = (cm, c m, c m) (6.79)

Substituting Equation (6.79) into Equation (6.78) we get

NP = ( C l ,  c 2, c 3) -  (cm, c m, Cm) = (a, -  c m), (c 2 -  CTm), (c 3 -  c m) (6.80)

and from Equation (6.62) reduces to

NP = (si, s2, s 3) (6.81)

See Equation (6.73).

Hence for a length of vector NP = p we get:

p = In p I = (s ,2 + s 22 + s32) ^  = JT rT (6.82)
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"The vectors ON and NP represent the hydrostatic components (p5ij) and the deviatoric 

stress components (Sjj), respectively, of the state of stress (aij) represented by point P," 

(Chen and Han 1988, 6 8 ).

Chen demonstrated in the text that if we were to consider the projection of vector 

NP and the coordinate axes a-, on a deviatoric plane to form new deviatoric axes a'i, a '2, 

a's, the projection of NP on the deviatoric plane is as shown in Figure 6 .10. "In this figure 

the axes a'i, 0 2 , a ' 3 are deviatoric projections o f the axes Cti, a2, 0 3  on the deviatoric 

plane, and NP is the projection of vector NP on the same plane." (Chen, p6 8 ).

= J _ (2 ,-1 ,-1 )

Figure 6.10

The Haigh-Westergaard stress state at a point projected on a deviatoric plane[4i
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Unit vector e'; is in the direction of the o'i axis and has components 

1/V 6 ( 2 ,  -  1, -  1) with respect to axes a i ,  a 2, and <7 3 . Therefore, the projection of 

vector NP on the o'i axis is represented as:

NQ = N P  cos 0 = p cos 0 = NP«e'i

= (s1, s2, s3) * 1 / V 6 ( 2 , - 1 , - 1 )  (6.83)

or:

p cos 0 = I /V 6  (2 Si, -  s2, -  s3) (6.84)

and substituting s2 + s3 = -Si we get

p cos 0 = 
\ J

3_  s, (6.85)
2

Substituting Equation (6.80) into Equation (6.83) we get:

cos 0 = _V3 Si (6.86)
2

we then have

Si =  _ 2 _ V j 2 c o s 0  (6.87)
V3

s2 = _ 2 _  V j2 cos (2jc/3 -  0 )  (6.88)
V3

S3 = _ 2 ,  V j2 cos (271/3 + 0) (6.89)
V3

Equations (6.87), (6.88), and (6.89) are only satisfied if ai > ct2 >a3 and the angle (0) lies 

in the range

0 < 0 < ti/3 (6.90)
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Chen went on from these trigonometrical relationships for the state o f stress on a 

deviatoric plane depicted in Figure 6.10 and expressed the three principal stresses of Gy as 

CTi J [ Gro~) (  COS 0

(6.91)

{  )  I
^3 ) f

<72 y Gm \  + _2_ Vj2 ^  cos (2tt/3 -  0)

cos (2rc/3 -r 0)

and in terms of the Haigh-Westergaard stress space where (cti, ct2, <7 3 ) are expressed in 

terms their coordinates (£, p, 0), the text (Chen and Han 1988, 70) shows that Equation 

6.85 can be expressed in terms of the Haigh-Westergaard parameters as

CJi I ( / COS0

\l
1_ p J cos (0 -  2tc/3) ^ (6.92)

(73 } ( % ) (  cos (0 + 27t/3)

The Mohr-Coulomb Failure Criterion (Cont'd)

In resuming our discussions on the Mohr-Coulomb failure criterion, if we take 

Equation (6.91) and rewrite Equation (6.52), v'e can demonstrate the shape of the 3-D 

failure surface of the Mohr-Coulomb failure criterion as follows:

f(Ju J2, 0) = _1_ I\ sin (j) + \l/2 sin |0 t  j c J

+ i h  cos(Q +J t \  sin <p -  ccos(j) 
V3 - 1

= 0 (6.93)

\ V

or, using Equation (6.92) and rewriting Equation (6.52) we get 

/(£, p, 0)= V2 ^ sin <j) + V3 p sin (Q + jx \

V 3Jy \  ■» I '+ p cos f 0 + 7t 1 sin <J) -  V6c cos <f) = 0 (6.94)

for 0 < 0 < 7t/3.
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Chen showed that in stress space Equation (6.94) gives an irregular hexagonal 

pyramid with straight line meridians. (See Figure 6.1la). Its cross section in the k  plane 

is an irregular hexagon. (See Figure 6.1 lb). The two requirements to plot the hexagon 

are pt„ and pco which can be obtained from Equation (6.94). For £ = 0 and 0 = 0, p =  p̂ , 

and for ^ = 0 and 0 = 60°, p = pco.

Pto

XO

'CO

I

(a) Meridian Plane 0 = 0 (b) 7t-Plane

Figure 6.11

Graphical representation of Mohr-Coulomb criterion in principal stress space141.

If we were to use Equations (6.94), (6.53) and (6.54), we will get the following

a lte rn a tiv e  fo rm s fo r  pto an d  pco o n  th e  7 t-p lan e .

pto =  2 V 6 c c o s< j)  =  V 6 / ’c (  1 -  s in  (j>) (6.95)
3 + sin <{> 3 + sin (j)

Pco =  2 V 6 c c o s< j)  =  V 6 / ’c (  1 -  s in  (()) (6.96)
3 - sin <{> 3 - sin <j>

The ratio of these lengths is
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Pto = 3 — sin 4> (6.97)
Pco 3 + sin (j)

Chen went on to show in his text that for a variety of <j> angles a family o f Mohr- 

Coulomb cross sections can be plotted on the Tt-Plane. He further stated that the Mohr- 

Coulomb criterion is a three-parameter criterion requiring c, (J) and a stress state to 

determine the maximum tensile stress.

The Drucker-Prager Failure Criterion

“The Drucker-Prager criterion, formulated in 1952, is a simple modification of the 

Von Mises criterion.” In this criterion, “ ...the influence of a hydrostatic stress component 

on failure is introduced by inclusion of an additional term in the Von Mises expression ” 

(Chen and Han 1988, 94).

In Reference 5 it is stated that the Drucker-Prager option “is applicable to granular 

(frictional) material such as soils, rock, and concrete and uses the outer cone 

approximation of the Mohr-Coulomb law.” The text, in outlining how the Drucker-Prager 

option is input to obtain a yield solution, went on to say that “the input consists o f only 

three constants: The cohesion value (which must be > 0), the angle of internal friction, and 

the dilatancy angle. The amount o f dilatancy (the increase in material volume due to 

yielding) can be controlled with the dilatancy angle. If the dilatancy angle is equal to the 

friction angle, the flow rule is associative. If the dilatancy angle is zero (or less than the 

frictional angle), there is no (or less of an) increase in material volume when yielding and 

the flow is non-associative” (Reference 5, 2-16).

The Drucker-Prager criterion is defined as14'

/ ( li, J2 ) = ocli 4- Vj2 — k = 0 (6.98)
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and using variables £, and p leads to

/($ ,p ) = V 6cc£+  p -  V 2k  = 0 (6.99)

where a  is a material constant and k  is the material yield parameter. When a  = 0, 

Equation (6.99) becomes the Von Mises criterion141.

As shown in Chen, the surface of failure in Equation (6.99) when plotted in 

principal stress space is a right circular cone. Figure 6.12 plots the Drucker-Prager 

criterion in principal stress space and shows its meridian and cross section on the tt-plane.

Chen and Han 1988, 94, went on to say in that “The Mohr-Coulomb hexagonal 

failure surface is mathematically convenient only in problems where it is obvious which 

one of the six sides is to be used. If this information is not known in advance, the comers 

o f the hexagon can cause considerable difficulty and give rise to complications in obtaining 

a numerical solution. The Drucker-Prager criterion as a smooth approximation to the 

Mohr-Coulomb criterion, can be made to match the latter by adjusting the size of the 

cone. For example, if the Drucker-Prager circle is made to agree with the outer apices of 

the Mohr-Coulomb hexagon, i.e. the two surfaces are made to coincide along the 

compression meridian pc where 0 = 60°, then the constants a  and k in Equation” (6.98) 

“are related to the constants c and <j> in” Equation (6.50). We therefore get:

a  = 2 sin (|) , k = 6c cos ({) (6.100)
V3 (3 -  sin <{>) VS (3 -  sin <j>)

The Drucker-Prager cone that corresponds to the constants in Equation (6.100) 

will circumscribe the Mohr-Coulomb hexagonal pyramid as its smooth approximation, and 

represents an outer bound of the Mohr-Coulomb failure surface in stress space.
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V3a

=  V 2k

(a) Meridian Plane 0 = 0

Figure 6.12

Graphical representation of Drucker-Prager criterion in principal stress space14’.

The Drucker-Prager material behavior option uses the Drucker-Prager yield 

criterion with either an associative or non associative flow rule as explained above . With 

this option "...the yield surface does not change with progressive yielding, hence there is 

no hardening rule and the material is elastic-perfectly plastic." See Figure 6.7.

From the ANSYS User's Manual, Volume IV, Theory, 4-18 & 19, the following 

has been extracted. To use the symbols employed in the ANSYS manual let us change the 

symbols in Equation (6.100) as follows.

Let a  = 3 and k = a p, so we get:

P = 2 sin <b , crp = 6c cos 4) (6.101)
V3(3 -  sin <p) \/3(3 -  sin <t>)

In developing the Drucker-Prager yield criterion, remember that from Equation 

(6.98) that

/(I,, h)  = a i, + VJ2 -  k = 0 (6.102)
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If we substitute the relationships from Equation (6.58),

3am = 3{1/3(cti + g 2 +  g 3) } I i (6.103)

and from Chen and Han 1988, 58,

h (6.104)

We can take these relationships and state that the equivalent stress for the

Drucker-Prager yield criterion is:

g c = 3{3om + [1/2{s}{s}t]w (6.105)

where: 1/3 ( g x +  Gy+ Gz)

the mean or hydrostatic stress from Equation (6.58). 

( s | = the deviatoric stress

= {a} -  a m[ 1 1 1 0  0 O f 

(Reference 6, 4-12)

3 = material constant [a in Equation (6.102)]

(j) = the angle of internal friction

The yield criterion is therefore defined as.

Fy = a c -  c p = 0  [from Equation (6.46)]

The material yield parameter is defined as:

6c cost]) (6.106)
V3(3 - sin<|))

From Equation (6.100) represented by k

where c = the input cohesion angle
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= 3pam + [ 1 /2 {s} {s}T]1/2 -  a p = 0 (6.107)

{5Fy/5a} is readily computed from (6.107) as:

{cF /a a }  = p[l 1 1 0 0 0]T + 1 ( s |  (6.108)
[ 1 /2 {s} {s}T]1/2

{5Q/5o'} to be treated later is similar to {<3Fy/dcr}.

The material constant P is evaluated using (j)f (the "dilatancy" constant). When <bf = 

<j>, (as used in this analysis) the flow rule is associative and plastic straining occurs normal 

to the yield surface, resulting in material heave or swell, and irreversible plastic strains161. 

The Drucker-Prager yield surface is a circular cone as shown in Figure 6.13. (See 

References 4 & 6).

-Ci

Figure 6.13

Yield Surface for the Drucker-Prager Option161

The yield surface for the yield criterion used by the ANSYS Solid 45 model and 

used in this research is the Drucker-Prager yield surface. This surface uses material 

parameters from Equation (6 99) chosen such that they correspond to the outer apices o f 

the hexagonal Mohr-Coulomb yield surface161. (See Figure 6.14 reproduced from the 

text161). This figure shows the Drucker-Prager yield surface touching all of the apices o f
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the Mohr-Coulomb yield surface. It should be noted that this theoretical approach used by 

the ANSYS application is a modification to the theory in Reference 4 and does not follow 

the diagram shown in Chen, p96, in which the Drucker-Prager yield surface touches only 

the apices of the compressive meridians where 0 = 60°.

-cr3

C cot (j)

Mohr-Coulomb yield surface

Drucker-Prager yield surface
-Ci

Figure 6.14

The Drucker-Prager and Mohr-Coulomb Yield Surfaces matched at the compression and 
tension meridians as used in the ANSYS analysis16'.

The Plastic Flow Rule

"The flow rule used in the ANSYS application employed in this research, 

determines the direction of plastic straining, and is given as:

{dep1} = MdQ/da} (6.109)

where: X -  plastic multiplier (which determines the amount of

plastic straining. See Equation 6.118)

Q = function of stress termed the plastic potential (which 

determines the direction of plastic straining)
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If Q is the yield function (as is normally assumed), the flow rule is termed 

associative and the plastic strains occur in a direction normal to the yield surface." 

(ANSYS User's Manual, Volume IV, Theory, p4-8)

In terms of the plastic strain increment we have seen before that if the equivalent 

stress exceeds the yield stress, permanent deformation will occur in the material. If we 

ignore work hardening and kinematic hardening (not considered in the Drucker-Prager 

option), we can modify Equation (4 1-4) in Reference 6

Fy({a}, x. {a}) = 0  (6.110)

where

Fy ({a}

X

{a}

op, the yield parameter 

plastic work

translation of the yield surface

and set:

Fv((a}) = 0

Differentiating Equation (6.111) we get

dF, = {oFv/co}T {do}

where from Equation (6.34):

{do} = [C]E {dscI} 

and [C] is the elastic constitutive matrix12’:

We also have {decI} = {de} -  {depl}

where: {ds} = Total strain

{dscl} = Elastic strain

= 0

(6 . 111)

(6 . 112)

(6.113)

(6.114)
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{dspI} = Plastic strain 

Note, that the total strain increment is made up o f the elastic strain plus the plastic strain. 

From Equation (6.109) we have:

{depl} = MdQ/dcr}

From Equation (6.34) we know that

{a} = [C] {e}

so as shown in the text16'

{da} = [C] {dgcl> (6.115)

Taking Equation (6.112)

{cFv/5a}T {da} = 0

we get

{dFv/ca}T[C]e {dsel} = 0 (6.116)

substituting Equations (6.109) and (6.114) into Equation (6.116), we get

{cFy/ca}7 [C]e {ds } -  {cFy/oa}1 [C]E X{dQ/da} = 0 (6.117)

Reducing Equation (4.1-13) in Reference 6, the resulting plastic multiplier for the 

Drucker-Prager option becomes

X = {de }{da/dQ} (6.118)

Reviewing Equation (6.109) and looking at the relationship in Equation (6 118) it 

shows that the size of the plastic strain increment is related to the total strain increment for 

the Drucker-Prager option.
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Finite Element Formulation

“The general governing equations of the finite element method for a static analysis 

can be derived from the principle of virtual work. (Chen and Han 1988, 161-163, 296- 

299).

J v  CTi.-SeijdV =  f A  T;5uidA - r  J v  q; 5u; dV (6.119)

“where 8u; and 5ey are virtual displacement increments and virtual strain increments, 

respectively, and they form a compatible set of deformations; T; and q; are surface traction 

and body force, respectively; and Gy with T; and q; form an equilibrium set.”[45 In matrix 

form Equation (6.119) becomes

Jv {8e}T {c}dV = JA {Su}T {T} dA + Jv (5u}T {q}dV (6.120)

where {u} is the displacement vector and {e} is the strain vector and {a} can be 

represented as the equivalent stress. These are defined in the relationships o f Equations 

(6.33) and (6.36) and can be defined here again as follows:

{u}T = {u, v, w}, {8u}T = {5u, 5v, 8w} (6.121)

{s} — Sy, £z, fyzi Yzxi Yxv} (6.122)

{8s}T = {8sx, 8sy, 8ez, 8Yy^, SYzx, 5yw } (6.123)

— {Ojh Oy, Gz, ~rc, "txy} (6.124)

From Chen and Han 1988, 297 “...for a geometrically linear analysis, or a small- 

deformation analysis, we have” .

{£} = [B] {U}, {8s} = [B] {8U} (6.125)

where Chen continues by saying that displacement {U} is the displacement vector of the 

nodal points that is related to the distributed displacement { u }  by
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{u} = [N] {U} (6.126)

where [N] is called the matrix of the shape function or the displacement interpolation 

function. “The N;’s express the shape of the assumed displacement function over the 

domain of the element when the i* degree of freedom has unit value and all other degrees 

o f freedom are zero.” (Logan 1986, 28).

Let us pause a while to examine the shape function used in Equation (6.126). In 

the isoparametric formulation of a 3-dimensional element let us look at the basic (linear) 

hexahedral eight-node element with isoparametric coordinates s, t and z' as shown in 

Figure 6.15 below. The faces of the element are now defined as s, t, z’ = ± 1.

t

z '"
Figure 6.15

Linear hexahedral element11!.

Expanding the shape function matrix for the 4-node Tetrahedron (Logan, p377), to 

that of the 8-node hexahedron, we get:
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u N , 0 0 n 2 0 0 n 3 0 0 n 4 0 0
V = 0 N , 0 0 n 2 0 0 n 3 0 0 n 4 0
w 0 0 N t 0 0 n 2 0 0 n 3 0 0 n 4

N s 0 0 n 6 0 0 N 7 0 0 N* 0 0
0 N s 0 0 n 6 0 0 n 7 0 0 N 8 0
0 0 Ns 0 0 n 6 0 0 N 7 0 0 N?

where:

u, v and w are displacements parallel to the global coordinates X, Y and Z, 

respectively, 

and shape functions are defined as;

(6.127)

N; = (1 + SSj)( 1 + ttj)( 1 + z'z';) (6.128)
8

with Si, tj, Zj = ± 1 and i = 1, 2,...,8 . Thus

N[ = (1 + ssQ(l + tti)(l + z'z'i)
8

(6.129)

and for S;, = - I , t j  = - l , andz ;  = +1, and substituting in Equation (6.128) we get

N, = (1 -  s)(l -  t)(I + z') (6.130)

The text can be consulted for the remaining Ni relationships.

The text show the relationship of the isoparametric axes to the global X, Y and Z 

axes and we get the global displacements within the element as given by Equation (6.127) 

in the formm:

X  /  * , Nj 0 0 ( X;
Y >  =  I  0 N; 0 )  YiJ

0 0 N; /  Z,
(6 .131)
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Now continuing from Equation (6.126) in which the displacement vector 

relationship is shown as

{u} = [N] {U} (6.132)

where:

{U} is the displacement vector

[N] is the matrix o f the displacement interpolation function, or the shape 

function and the strain-displacement matrix [B] in Equation (6.125) is defined as 

[B] = [L][N] (6 133)

and [L] is the differential operator matrix as shown in Equation (6.33)

[L]

ox

0

0

0

_d_
cv

0

c
cz

cy

0

c
cz

c
cx

_d_
dz cy

&x

(6.134)

Rewriting Equation (6.33) we have 

{e} = [L] {u} (6.135)

As shown in Chen and Han 1988, 298, if we substitute Equations (6.125) and 

(6.126) in Equation (6.120) we get the main equation for a small deformation analysis
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Jv{B}T {cr}dV = JA {N}T {T}dA + Jv {N}T {q} dV (6.136)

or Jv  {B}t  { a }  dV = {R} (6.137)

where {R} is the equivalent external force acting on the nodal points. This equation is 

referred to as the Newton-Raphson restoring force in Reference 5, 3-8).

In a linear stress strain relationship the main equation for a linear analysis is 

defined as

[K][LTJ = {R} (6.138)

where [K] is the stiffness matrix of the structure or model in the case of this research, 

which can be expressed as14'61

[K] = Jv [B]T [C] [B] dV (6.139)

where [C] is the elastic constitutive matrix for an isotropic material from Equation (6.34).

The reader wishing more information into the theory of finite element methods and 

plasticity theory can refer to the ANSYS manuals and the text in the references at the end 

of this chapter. Reference 6, 4-11 & 12 outlines the implementation procedure for the 

operations of the ANSYS finite element program.
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CHAPTER VII 

THE MODEL

In order to pursue the theoretical studies in this research effort, 3-D finite element 

analyses were conducted on small utility cuts of size 3 ft x 3 ft, for unsupported depths up 

to 5 feet. The general range of depths for utility excavations in city street pavements is 

from 3 feet to 5 feet. (US Occupational Safety and Health Administration regulations 

dated 1974 states that the maximum unsupported depth of excavations should be 5 feet). 

Pavement Components

The following pavement structural components were considered in the analyses 

conducted in this research effort:

1. An asphaltic concrete surface thickness of 4 ins.

2. A granular base thickness of 8 ins.

3. A granular fill/subgrade thickness of 8 feet (divided into 6 inches layers). This depth 

was used to determine the extent of the excavation impacts in the soil mass around and 

below the cut.

Model Selection for Analysis

Because of the symmetry of the square utility cut, the model was designed to 

conduct an axi-symmetric analysis on a 1/8 section of the soil surrounding the cut, 

assuming homogeneous and isotropic conditions in the soil. (See Figure 7.1). The typical 

1/8 section was determined to be adequately representative of the remaining seven 1/8
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sections that surround the cut, in determining the failure characteristics that exist in the 

pavement structure in the vicinity of small utility cuts.

Plane restrained in X-directioR . YA
only, except bottom row  ^  6’-0"
restrained also in Z-direction ~

Typical one-eighth section around 
utility cut, selected for 3-D stress relief 
anahsis

Plane restrained in X-direction 
only, except bottom row, restrained 
in Z-direction (back wall)

Plane restrained in Y-direction only, 
except bottom row, restrained also 
in Z-direction

Figure 7.1.
Plan View of Small Utility Cut Site and Typical 1/8 Section Used in Stress Relief Analysis.

The theory and assumptions supporting the required width of models for the 

respective depths are included in Chapter IV of this dissertation. Table 4.4 shows the 

model widths (rounded to the nearest 0.5 feet) required for individual analysis of the 

respective cut depths. However, for this analysis, the width of the model was established 

at 6 inches greater than required for the 5 feet deep analysis, in order to measure the 

pavement performance, up to and beyond the computed zone of influence for this cut 

depth in table 4.4.

Material Selection

In making the most generic selection of materials for this theoretical research, it 

was decided to use the material types and properties taken from the text, which most 

generally fit within the types of materials used in road construction. (Yoder and Witczak
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1975, 236-7, and Lambe and Whitman 1969, 149). For the base, a well graded gravel or 

sandy gravel was used, and for the fill/subgrade, a well graded sand or gravely sand was 

used. (See Table 7.1). (The research assumed, that in these materials, there is some 

intrinsic cohesion value, discussed in previous chapters).

Table 7.1

Material properties used in the utility’ cut analysis (From Lambe and Whitman 1969)

FRICTION ANGLE <j>(°)
Slope Angie 
of Repose

At Ultimate 
Strength

At Peak Strength

Location Material Density
(pcf)

(Vertical to 
Horizontal)

Medium
Dense

Dense

Fill Well 
Graded 
Sand or 
gravely 

sand

110-130 30-34 30-34 34-40 38-46

Base Gravel or 
sandy 

gravel, 
well 

graded.

125-140 32-36 32-36 36-42 40-48

During the research process utility cuts were examined using three density

combinations found in the selected pavement materials. (Yoder and Witczak 1975, 236- 

237). Table 7.2 below shows the density combinations used, which covered the density 

range of the respective materials.
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Table 7.2

Density combinations for the materials used in the utility cut research

Location Material Density (lb/ft2)
Combination #1 Combination #2 Combination #3

Fill Well Graded Sand 110 120 130

Base Sand and Gravel 125 133 140

Three combinations of angles of internal friction (<j>-angles) were selected between 

loose and medium dense/dense range, that were pertinent to the respective materials 

selected. (See Table 7.1 above). Table 7.3 shows the angles of internal friction (<j) angles) 

used in the analyses of the pavement materials. (Lambe and Whitman 1969, 149).

Table 7.3

Angle of internal friction test scenarios

Angle of Internal Friction 
Scenarios

#1 #2 #3
Location Material _<t>

Base Gravel or Sandy 
Gravel, Well Graded

32 36 40

Fill Well Graded Sand or 
Gravely sand

30 34 38

By comparison, Harris and O'Rourke 1983, reported that they studied two soil 

types, (loose and medium dense/dense sand in their pipeline trench study). The soils they 

analyzed were typical of the soils used for bedding and backfilling around utility pipes in 

urban areas. The loose sand had moist density characteristics of 115 lb/fL and an angle of 

internal friction of 32°. The medium dense/dense sand was modeled as having a moist 

density of 137 lb/ ftJ and an angle of internal friction of 40°
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Description of the model

The models used in the utility cut research covers the 1/8 area, shown in the plan 

view in Figure 7.1. The height of the main model is 9 feet. The model was designed to 

allow a step analysis that would simulate the excavation process of a utility cut for depths 

up to 5 feet.

In the respective models, the nodal locations from the edge of the cut were marked 

off in 0.5 foot intervals, except the last column of elements, which is 1 foot wide. (See 

Figures 7 (a) and (b) and Figure 7.3(a)). The granular fill/subgrade material was laid out 

in 6 in. layers. The analyses used an 8 in. thick base and a 4 in. thick asphalt surface. 

Composition of the three-dimensional Models

Earlier work in this effort had analyzed three density combinations, with three <|) 

scenarios in each density combination. Similarities in the impacts of the utility cuts over 

the three density combinations for depths 3 feet and 3 V2 feet, resulted in the analysis being 

mainly confined to density combination 2 (ybase =133 lb/ft2 and Ysubbase = 120 lb/ft2).

In conducting earlier analyses sensitivity tests were done to determine the 

minimum cohesion value required to maintain stability o f the cut for depths, 3 to 5 feet. 

Twenty-seven worst case models were tested to conduct this sensitivity analysis. The 

worst case model assumed that the model was free to slide on a plane, located at the floor 

elevation of the utility cut and that no resisting force acted on the soil mass from below 

the plane of the cut floor. In addition, the worst case models analyzed the soil around the 

cut after the excavation was completed. Geostatic forces were applied to the back-wall 

nodes of the worst case model, to push the soil mass towards the open cut.
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The analysis determined that the minimum cohesion value required for the Density 

Combination 2, <j> Scenario #2 material (the material used in this analysis) at depth 5 feet 

was 0.325 lb/in2. This cohesion value was later applied in the Time Step analysis, to aid 

the application of the Drucker-Prager failure criterion needed for granular material 

analysis.

ANSYS Solid 45 version 5.2, 1995 was used to analyze the three-dimensional 

FEM model, created to simulate the graduated excavation process. The model was 

created with 2040 nodes and 1680 elements. The 4 inches asphalt surface has elements 

6"x6"x4". The 8 inches granular base has elements 6"x6"x8". The 8 feet thick 

fill/subgrade is divided into 6 inches layers for the first 6 feet depth, with elements 

6"x6"x6". The lower 2 feet of the fill/subgrade material is divided into 12 inches layers 

with element sizes 6"x6"xl2". The exception to these element sizes are found along the 

diagonal side of the model, where prism shaped elements, with 6 inches perpendicular 

sides are used. The model in this analysis is 7-6" wide, commencing at the centerline of 

the 3' x 3' utility cut, with an 18" cut area and a 6 feet wide soil mass behind the face of 

the utility cut. The model represents a 9 feet depth of soil mass.

The inputs to the model included the modulus of elasticity, density, Poisson’s ratio 

the Drucker-Prager constants (the cohesion value, the angle of internal friction and the 

dilatancy angle), and gravity loading. See Table A. 1 in the Appendix.

The model used in this analysis tested a 1/8 section of the soil mass surrounding 

the utility cut, assuming symmetry and constant material properties around the square 

utility cut. Figure 7.2 shows a plan view and front elevation of the uncut soil model
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showing the node numbers assigned to the model. Figure 7.3 shows the 10 excavation

models used in the Time Step analysis. In the Time Step 1 analysis, the model was

restrained with a zero displacement in the X-direction on the vertical plane that is bounded

by node # 15 through node #295. The vertical plane bounded by node #1 to node #15

was restrained with a zero displacement in the Y-direction, and the vertical diagonal plane

bounded by node #1 through node #295 was restrained with a zero displacement in the Y-

direction, perpendicular to that plane. All nodes at the bottom of the model were

restrained with a zero displacement in the Z-direction. See Figure 7.2(c).

A N S Z S  S . 2
A P R  6 1 9 9 7
2 1 : 4 1 : 2 4
ELEM ENTS
P o w e r G r a p h i c s
E F A C E T -1

A C EL

ZV - 1  
D I S T - 4 9 . S  
X F  —  4 5  
Z F  — 4 5  
Z F  -6  
Z -B U F F E R

TO 5  F T .

Figure 7.2(a)

Plan View o f  the Finite Element Model for Analysis o f  the Soil in the Vicinity o f  the Utility Cut

3 - D  FEM  LOiAD S T E F 'A N A E Z S fS  0 D E P T H S 'T JP
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Figure 7.2(b)
Elevation o f  the Finite Element Model for Analysis o f  the Soil in the Vicinity o f the Utility Cut

ANSYS s.z 
MAR 28 1997 
2 3 :5 3 :2 6  
ELEMENTS 

HUM0
A CEL

TV — 1 
D IS T -5 9 .4  
XP — 4 5  
I P  — 4 5  
ZP -6  
2 -BUFFER

TO 5 FT.

Figure 7.2(c)
Elevation o f  the Finite Element Model Used in the Time Step 1 Analysis o f  the Utility Cut
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Figures 7.3(a) to 7.3(j) show the composition of the models used in the load step

analysis for the excavation process, commencing with Time Step 2 (depth 0.33 feet) and

ending with Time Step 11 (depth 5 feet).

Based on the assumption that beyond a distance o f 6 feet from the face of the

utility cut, the excavation will have little or no influence on the soil mass., from Time Step

2, and for the remainder of the Time Step analyses, the vertical plane of nodes bounded by

node #15 through node #295, (see Figures 7.2(a) and 7.2b) ) received a Z-direction

constraint, with the respective layer displacement values obtained from the results of the

Time Step 1 analysis. The nodes were also restrained in the Y-direction to ensure

complete fixity o f the displaced model from Time Step 1. (See Figures 7.3(b) to 7.3(k)).

ANSYS 5 .2  
MAR 29 1997 
2 2 :1 5 :1 2  
ELEMENTS 
P o v e rG ra p h ic s  
EFACET-1 
MAT NUM U
ACEL

YV — 1 
D IS T -5 9 .4  
XF — 45 
YP — 45 
ZF - 6  
Z-BUFFER

TO 5 FT.

Figure 7.3(a)

Elevation o f  die Finite Element Model Used in Time Step 2 Cut Excavation 0.33 ft. Deep.
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MAR 30 1997
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CLEMENTS
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E F A C E I-1
MAT NDM

ACEL

YV — 1 
D IS I-5 9 .4  
XP — 45 
YF — 45
ZF -6__
Z -B U F F E R

5  F T .

Figure 7.3(b)
Elevation o f  the Finite Element Model used in Time Step 3. Cut Excavation 1 ft. Deep.

ANSYS 5 .2
l&R 30 1997
0 3 :4 5 :5 7
BT1KHEHT8
P o v e r G r a p h i c s
EFACET-1n
A CEL

YV — 1 
D IS T -5 9 .4  
XF — 45 
I P  — 45 
ZF -6  
Z-BUPFER

5 FT.

Figure 7.3(c)
Elevation o f  the Finite Element Model used in Time Step 4. Cut Excavation 1.5 ft. Deep.
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3 - D  FI

ANSZS S . 2 
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0 0 :2 7 :4 6  
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0
ACEL

jV —1 
D IS T -59 .4  
XF — 45 
J F  — 45 
ZF “6 
Z-BUFFER

S  O P  TO 5  F T .

Figure 7.3(d)
Elevation o f the Finite Element Model used in Time Step 5. Cut Excavation 2 fit. Deep.
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PowzGraphics 
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Figure 7.3(e)
Elevation o f  the Finite Element Model used in Time Step 6 Cut Excavation 2.5 ft. Deep.
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ANSYS 5 .2  
MAR 31 1997 
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Z-BUFFER
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Figure 7.3(f)
Elevation o f  the Finite Element Model used in Time Step 7. Cut Excavation 3 ft. Deep.

ANSYS 5 .2
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Figure 7.3(g)
Elevation o f the Finite Element Model used in Time Step 8 Cut Excavation 3 .5 ft. Deep.
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A N S IS  5 . 2  
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Figure 7.3(h)
Elevation o f  the Finite Element Model used in Time Step 9. Cut Excavation 4 ft. Deep.
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Figure 7.3(i)
Elevation o f  the Finite Element Model used in Time Step 10. Cut Excavation 4.5 ft. Deep.
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A N SY S S . 2 
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D I S T - 5 9 . 4  
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Z -B U F F E R
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Figure 7.3(j)

Elevation o f the Finite Element Model used in Time Step 11. Cut Excavation 5 ft. Deep.

The models were constructed to measure, in some detail, the nodal distresses in

the soil due to progressive excavation to a depth of 5 feet. From the foregoing we can

summarize the following.

For Time Step 1:

• All nodes located on the vertical plane established along the centerline X-axis o f the

utility cut are restrained with a zero displacement in the Y-direction, except the

bottom nodes which are also restrained with a zero displacement in the Z-direction.

(See Figure 7.1 and Figure 7.2).

•  All nodes located at the apex o f  the 1/8 m odel on the vertical plane established along

the centerline Y -axis o f  the utility cut are restrained in the X-direction, except the
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bottom nodes, which are also restrained with a zero displacement in the Z-direction. 

(See Figure 7.2).

• The nodes along the back wall which runs parallel to the Y-axis and bounded by 

Nodes 15 through 295 are restrained with a zero displacement in the X-direction, 

except the bottom nodes which are also restrained with a zero displacement in the Z- 

direction. (See Figure 7.2).

• The diagonal plane bounded by node #1 through node #295 were restrained with a 

zero displacement in the Y-direction, perpendicular to that plane. See Figure 7.2(a).

• All other nodes in the model have 3 degrees of freedom, except the nodes located at 

the bottom of the model which are restrained with a zero displacement in the Z- 

direction only.

For Time Step 2 to Time Step 11

• With the assumption that beyond a distance of 6 feet from the face of the utility cut, 

for Time Steps 2 to 11, the vertical plane of nodes bounded by node #15 through node 

#295, (see Figures 7.1(a) and 7.1(b) ) received a Z-direction constraint, with the 

respective layer displacement values obtained from the results of the Time Step 1 

analysis.

• The vertical plane of nodes bounded by node #15 through node #295 were also 

restrained in the Y-direction to ensure complete fixity of the displaced model from 

Time Step 1, assuming no impacts from the cut at this distance from the cut and stable 

soil conditions. (See Figures 7.2(a) to 2(j)).
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• The model assumes no support to the wall of the utility cut during the Time Step 

analysis.

LOADING 

Inertia Loading

The model was subjected to gravity forces in the Z-direction only and allowed to 

respond to the release of stresses due to the excavation process 

Asphalt Concrete Modulus

The asphalt concrete (AC) surface modulus of elasticity (E) values can range from

0.3 x 106 to 1.8 x 106 psi, (Oglesby and Hicks 1982, 687), for moderate temperatures. 

The E values for AC are recorded as ranging among 1.8 x 106 psi at 40°F; 0.6 x 106 psi at 

60°F; 0.27 x 106 at 80°F; 0.145 x 106 psi at 100°F and 0.1 x 106 psi at 120°F (Yoder and 

Witczak 1975, 520). This research assumed an asphalt concrete E value of 0.48 x 106 psi, 

corresponding to an average temperature o f 70° in the warmer months. The research 

further assumed that the AC remained in the elastic range after the utility cut is made, 

because of the low stress applications to the material and more so, when modeled 

plastically did not yield solutions. The AC surface is expected to contribute some stiffness 

to the model, considering the magnitude o f its E value, compared to the significantly lower 

E value in the base layer at interface of the materials.
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Granular Material Modulus

The modulus of elasticity (E) values for the granular materials in the model were 

developed from an elastic relationship commencing with the computation of the effective 

vertical stresses, a v. From this stress the average effective confining stress was computed: 

CTC = CTv (1 + 2Ko) (7.1)
-v

where it was assumed in this analysis that:

the coefficient of lateral stress Ko = v = 0 . 8  (7.2)
1 + v

This was based on the assumption that the road materials were well compacted 

when laid, and that with time the road structure is kneaded into a denser state from traffic 

loading and vibration. The literature states that for a material that was tamped in layers 

such as a roadbed material the Ko value would be in the region of 0.8. (Terzaghi & Peck, 

p i88). The roadbed having satisfied this condition for compaction, this value was used in 

the research to determine the horizontal stress in the model.

From Equation (7.2), and for Ko = 0.8, Poisson’s ratio is computed to be;

v = 0.4444

From Hardin and Black, 1968 the shear modulus, Gnux was defined as:

= 1230(2.973 - e)2 g /~  (7.3)
1 + e

(Lambe and Whitman 1969, 455)

where a c is the average effective confining pressure:

a c = I  (ai + a 2 -r cfO (7.4)
3
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where, Oj, c?2 , as, are the major, intermediate, and minor effective principal stresses.

See Equation (6.48).

Based on the material properties selected, the analysis assumes: 

e = 0.48

and from (6 .18a) the modulus of elasticity,

E = 2(l+v)G„ux (7.5)

To determine the material modulus by layer, the average vertical stresses were first 

determined employing the use of Equation (7.6) and the average effective confining stress 

computed from Equation (7.1). This enabled the modulii to be computed for the mid­

depth of each layer of the model.

a v = lyAz (7.6)

where

a v = Vertical geostatic stress 

y = Unit weight for the respective soil layer 

Az = The respective layer depths 

Computer Software Application

The software used for the analysis Utility Cut models is the ANSYS - Engineering 

Analysis System, Revision 5.0A, 1993, produced by Swanson Analysis Systems Inc. The 

education version of ANSYS was used for this analysis.

The research specifically used the ANSYS SOLED 45 three dimensional structural 

element with the Drucker-Prager (DP) material behavior option for soils analysis, which 

enables the application of the Mohr-Coulomb failure criteria. (See Chapter VI of this
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dissertation for more details of the Drucker-Prager failure criterion used in this research). 

The ANSYS Solid 45 Element was used to analyze the 3-D solid models for the soil 

structures used in this research. The Solid 45 Element has 8 nodes, each with 3 degrees of 

freedom, and with translations in the nodal X, Y and Z directions. The Solid 45 Element 

has the capabilities for plasticity, creep, swelling, stress stiffening, large deflections and 

large strain and is described below in Figure 7.7.

X

I J

Figure 7.7

ANSYS Solid 45 - three-dimensional structural solid 

The figure shows the element and its relationship to the global coordinate system

and this is the identical numbering sequence that is used in detailing the elements of the

models used in this research. With the use of the Drucker-Prager option the research

effort was able to carry out non-linear static analysis on the models.

Appendix C shows an example of an input file and shows what material properties

are required. Basically the material property inputs required are:

• Modulus of Elasticity

• Poisson's Ratio

• Density
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For the application of the Drucker-Prager option the information required are:

• Cohesion value (must be > 0).

•  Angle o f internal friction (in degrees).

•  Dilatancy angle (in degrees). This is the increase in material volume due to yielding. 

(For the application of the associative rule used in this research, the dilatancy angle is 

the same as the input angle of internal friction). "If the dilatancy angle is equal to the 

friction angle, the rule is associative. If the dilatancy angle is zero (or less than the 

friction angle), there is no (or less of an) increase in material volume when yielding and 

the flow rule is non-associative." (ANSYS User's Manual, Volume III, Elements 

1991, 2-16).

The Cohesion Value

The Drucker-Prager option used in this research was explained in Chapter VI.

This option which, is applicable to granular (frictional) material such as soil, requires the 

inclusion of a cohesion value (which must be > 0) in order to enable its formulation.

The Researcher, in previous tests had tested the model with an almost pure 

combination of cohesionless materials. This attempt resulted in stability problems in the 

model, requiring high angles of internal friction to obtain stable solutions. Actual field

conditions show cuts that are stable due to the presence of cohesive properties in the road

structure soils. Sensitivity analyses were conducted to determine the region of the 

minimum cohesion value necessary to obtain cut stability (considering Northeast USA 

weather related impacts), that could be input into the model.
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The analysis performed for each Time Step in this research is that for rate 

independent plasticity in the pavement material surrounding the Utility Cut. Rate 

independent plasticity is defined as, "...the irreversible straining that occurs in a material 

once a certain level of stress is reached (ANSYS User’s Manual, Volume IV, Theory 

1991, 4-4). The plastic strains are assumed to develop instantaneously, that is, 

independent of time."

The DP material behavior option "...is applicable to granular (frictional) material 

such as soils, rock and concrete and uses the outer cone approximation to the Mohr- 

Coulomb law." (ANSYS User's Manual, Volume III, Elements 1991, 2-16).

Any further information required by the reader on the use of the ANSYS software 

can be obtained by consulting the referenced software manuals.

MODEL INPUTS

To evaluate the impacts of utility cuts in urban street pavements, a 9 feet deep 

model was analyzed in this research, subject to gravity forces, discussed earlier. Table A. 1 

in Appendix A shows the inputs to the model in Time Step 1. Succeeding Time Steps 

used the input data except for modifications to the E-values for some layers, which will be 

explained in Chapter VIII.
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CHAPTER VIII

ANALYSIS AND RESULTS

This chapter reports on the analyses conducted to determine the impacts of small 

utility cuts in urban street pavements. Results from the theoretical analyses in this 

research indicated that when a utility cut is made in granular road bed materials, the lateral 

compression from geostatic forces and vertical pressure from soil overburden caused 

localized stretching to occur in the soil surrounding the open utility cut.

The stretching in the soil was represented in the analysis by displacement and strain 

characteristics, generated by the release of soil confinement, as the utility cut excavation 

progressed. Soil stretching around a utility cut was portrayed by positive strains which 

continued up to a point (edge of the stretching zone) beyond which, the soil exhibited 

constant strain, then negative strain characteristics (indicating compression) near the back 

wall of the model. The stretching pattern was also shown in the displacement results. 

These results showed an initially large nodal displacement at the face o f the cut and a 

decreasing pattern of displacement in each succeeding node, up to the end of the 

stretching zone. Beyond the stretching zone, an almost constant displacement was seen, 

indicating some soil stability. The stretching pattern in the soil indicated that a localized 

distress zone is created in the soil surrounding the utility cut after it is opened, with these 

distress characteristics being identified for distances up to approximately 3.5 feet from the 

face of the utility cut, for depths up to 5 feet.
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Further evidence of distress to the area surrounding the utility cut was determined 

from the results o f the confining stress in the material. These results showed a 

degradation of the confining stresses as the cut depth increased. Vertical stress 

distributions also indicated stable vertical stresses away from the cut and a decreasing 

pattern of vertical stresses in the area close to the face o f the utility cut. Together with 

these observations of distress, the displacement plot of the model indicated face 

displacements and a decreasing pattern of nodal displacements in the planes parallel to the 

face of the cut as the distance increased from the face o f the cut into the soil mass.

The results obtained in this research may explain to some extent the surface 

distress characteristics observed by the investigators (Shahin and Crovetti 1985), when 

they conducted their study on street pavement distresses in the vicinity o f utility cuts. 

(See Chapter II). Their analysis, which did not consider cut depth and material 

characteristics, determined that the pavement area, adjacent to the utility cut, exhibited 

deflection characteristics, for measured distances of up to approximately 3 feet from the 

face of the cut.

Early analyses in this research determined that the affected distance from the face 

of the small utility cut is a function o f depth of the cut, soil angle of internal friction and 

soil cohesion. For the similar properties just mentioned, the research determined that 

density did not impact the extent of the distress in the material.

It is important to be reminded of the definition of plastic equilibrium in Chapter I. 

An element of soil can be changed from a state of elastic equilibrium to that o f plastic 

equilibrium by stretching the entire mass uniformly in a horizontal direction, or by
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uniformly compressing the mass in the same direction, with the pressure on the base 

remaining the same. (Karl Terzaghi 1943, 28).

Worst Case Analysis

Several computer runs were done with the worst case model (defined in Chapter 

VII) to determine the minimum cohesion value, with which a stable solution (plastic 

equilibrium) could be obtained. Based on results obtained from the 27 worst case models 

analyzed, distinct trends were observed in the soil surrounding the utility cut, as the mass 

achieved plastic equilibrium, due in part to the application o f the geostatic loading to the 

back wall of the model. Two patterns of soil behavior were observed:

1. Soil node movement in each layer indicated a maximum displacement at the face of the 

utility cut, with succeeding nodes behind the face node displaying decreasing 

displacement values, up to a distance where the decreasing pattern o f nodal 

displacements ceased. This area is referred to in this research as the stretching zone. 

The point where the decreasing pattern o f nodal displacements ceased for each layer, 

is referred to in this research, as the locus o f the displacement/distress envelope.

2. It was observed in the results, that beyond the boundary of the displacement/distress 

envelope, the horizontal nodal displacements showed an increasing pattern in each 

succeeding node, with nodal displacement increasing over and above that of the 

preceding node, as the distance increased away from the face of the cut. This area is 

referred to in this research, as the compression zone.

The 27 worst case models were initially tested at the 3 feet and 3 .5 feet depths, 

with three density combinations, representing the lower, middle and upper values for the
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density ranges of the selected materials. (See Table 7.2). These combinations are detailed 

in Table 8.1. In Chapter VII, the matter o f including a cohesion value in a granular soil 

analysis was explained. The Researcher reviewed the results o f the 3 feet, and 3 .5 feet 

utility cut analyses, in which the approximate minimum cohesion values for stability were 

determined for the respective states of plastic equilibrium. The review of the stretching 

impacts showed general similarities among the three density combinations and three <j> 

scenarios, used in this research. (See Table 8.1). Based on this similarity, the Researcher 

determined that an analysis of Density Combination 2 (the mid-range of the density 

combinations used in this research),with the three <j) scenarios, would suffice to determine 

typical distresses that could occur in the vicinity of utility cuts.

Table 8.1 gives a summary of the results of the analyses done on the 27 worst case 

models, indicating the main results of the analysis. The information in the table includes:

• The maximum distance of the stretching zone from the face of the utility cut.

• The maximum nodal displacement towards the cut.

• The minimum cohesion value required to ensure cut stability.

• A table showing, the three density combinations used in the research.

• A table showing, the three <j) scenarios used in the research.

• A chart showing the relationship between cut depth and the minimum cohesion value 

for each <|) scenario, under Density Combination 2.

For example, for Density Combination 2, <J) Scenario #2, the table shows a maximum 

stretching zone of 3 .5 feet from the face of the cut, with a maximum displacement of

0.031991 in., for a soil cohesion value of 0.295 lb/in2.
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Table 8.1
Maximum stretching distance in the fill, measured from the face o f  the utility cut (feet) - worst case mode!

(for minimum cohesion values)

Note: Maximum nodal displacement distances (inches), located (in italics) below the respective maximum stretching distances
DENSITY COMBINATION

CUT 1 2 3
DEPTH PHI SCENARIO PHI SCENARIO PHI SCENARIO.

<r«*0 Scenario s i Scenario 82 S n u r te Q Scenario s t Scenario B2 Scenario S3 Scenario si Scenario Q -  Scenario S3
5 2.5 3 2-5 2-5 3 2-5 2^ 3 2*5

6012293  At. 0.Q l t z n  At &«J999f At. o .o it7 $ i  *•. 4LA2A903 At. A t to r n  At A.0i r u * t 0.021747 kt. 0.02170101
5.5 2-5 5 5 2-5 3 3.5 2-5 3 3.5

0418268 In. 0.021270 in. 0425796 kt. 0-048780*1. 042168201. 0427392 in. 0419145kt. 0.022355kt. 0.028130 in.
4 3 3.5 3

O.02$9f3 61. 0.02732701. 0.027141 At
4.5 3 3.5 3

CiOUTLikt, o .o 3 m i0 L 0.920342 tn.
5 3 3 2-5

A.*2J2t2 At. 4L024MSAL 0.01606$ Ol.

MINIMUM COHESION VALUES (lb/in2)

DENSITY COMBINATION
CUT 1 2 3

DEPTH PHI SCENARIO PHI SCENARIO PHI SCENARIO
ff«eO Scenario s t Scenario 83 Scenario 83 Scenario 81 Scenario S3 Scenario 83 Scenario 81 Scenarios! Scenarios!

3 0J354775 0.265 0.20575 0J5785 0.287 0.2175 0J8125 0.3025 0.2275
3.5 0J8 0.29 0.178759 0.40625 0JI25 0.1871 0.4325 0JJ 0.19875
4 0.40875 0.30125 0.1825

4.5 0.43625 0.295 0.25875
5 0.4525 Oj 25 052078

DETAILS OF THE DENSrTY COMBINATIONS USED IS  THE RESEARCH (lb/ft*)

1 2  5
BASE

FILL

125

110
133

120

140

IJG

DETAILS OF THE PHI SCENARIOS USED IN THE RESEARCH (D e e m )  

*1 *2 «3

BASE

FILL

52

50

50

54

40

58

0.5
0.45

^  0 4  £  0.35

I  «
§ 0.25 

|  0-2 
5 0.15

0.05

35 4.5 54

► Scenario #1 

i Scenario 02 

b Scenario 03

Cut depth (ft)

Plot o f minimum cohesion values from table above which enabled cut stability for the 
three Phi Scenarios. Density Combination 2
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Stress Relief Analysis

Comparative analyses were done, using a stress relief approach, which tended to 

simulate a graduated excavation process. This simulation of the excavation process was 

achieved via the use of a time step analysis, which used the results from the previous time 

step to analyze the next time step, after the graduated excavation was simulated for the 

new step. The new time steps used the element stress results from the previous time step 

analysis to determine the average effective confining stress of the respective layers to 

obtain modified E-values. These modified values were included in the inputs to the model 

for the new time step analysis.

For the time step analysis, a road structure was analyzed as follows:

1. A 4" asphaltic surface and with material properties Yscrface = 148 lb/ft3

2. An 8" base course with material properties Ybase = 133 lb/ftJ and <|)base = 36°

3. A 96" fill/subgrade material with properties Y f i l l s u b g r a d e  = 120 lb/ftJ and 

<j)FILU'SL’BGRADE = 34°

These properties corresponded to the properties used in the worst case analysis and typical 

of the material types used in road construction practice.

The analysis was conducted to determine the graduated distresses to the soil in the 

vicinity of utility cuts during excavation, for unsupported depths up to 5 feet. The model 

in Figure 7.2(c) was subjected to the effects of gravity in Time Step 1 and analyzed.

Figures 7.3(a) to 7.3(j) show the elevations o f the soil models and the excavation 

sequence from Time Step 2 to Time Step 11. Time Step 2 has the asphaltic concrete 

surface removed in the excavation area for the utility cut. Time Step 3 has the granular
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base removed. Time Step 4 has the first 6" of fill/subgrade layer removed. Each 

succeeding Time Step removed 6" of fill/subgrade material until the 5 ft. Depth was 

achieved.

It was assumed for the time step analysis that at a distance of approximately 6 feet 

from the face of the utility cut there will be no influence from the utility cut on the soil 

mass around the cut. Therefore, from Time Step 2, and for the remainder of the Time 

Step analyses, the vertical plane of nodes bounded by node #15 through node #295, (see 

Figures 7 .1(a) and 7 .1(b)) received X-, Y- and Z-direction constraints, with the respective 

Z-displacement values for each layer obtained from the results of the Time Step 1 analysis.

The material properties in Table 8 .2 were input into the model for time step 1 and 

the analysis conducted. From element solutions for nodal stresses, the 24 nodal element 

stresses were averaged to obtain the effective element confining pressure, and then Gmax- 

value and E-value were computed per Equations (7.3) and (7.5). The E-values computed 

from the average effective element confining stress showed that the initial input E-values 

into the model were the same as the model generated results after the completion of Time 

Step I.
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Table 8.2

CALCULATION OF MODULUS OF ELASTICITY FOR IT IU T Y  CUT ANALYSIS FOR CUTS I T  TO S’41" DEEP

COMPUTED E-VALUES PRIOR TO CONDUCTING THE LOAD STEP 1 ANALYSIS

GEOSTATIC STRESSES (pv) Shear Modulus ( G . J

(P»0

Modulus of Elasticity (E) 
by Layer (psi)Vert Press, (p,) iwn* lb/in* p.ns(psi) Sigma* (psi) by layer

P. 49.33 0.34 G, E, 480,000
Pi 138.00 0.96 0.65 0.56 Gt 3,878 E, 11403
P. 198.00 147 1.17 1.01 Gi 5,194 Es 15,004
Ps 258.00 1.79 1.58 1-37 G, 6,051 E* 17,479
Ps 318.00 2.21 2.00 1.73 Gs 6,800 Es 19,645
P. 378.00 2.62 2.42 2.09 G, 7,475 E< 21,594
P- 438.00 3.04 2.83 2.46 G- 8,094 Et 23482
P, 498.00 3.46 3.25 2.82 G» 8,669 E. 25,042
P. 558.00 3.87 3.67 3.18 Gi 9,208 E, 26,599
P.. 618.00 4.29 4.06 3.54 G„ 9,717 E „ 28,070
Pn 678.00 4.71 4.50 3.90 G„ 10^00 E,t 29,467
P 12 738.00 5.12 4.92 4.26 Gu 10,662 E „ 30,801
PlS 798.00 5.54 5-53 4.62 Gil 11,105 Eis 32,080
P m 858.00 5.96 5.75 4.98 Gm 11,530 Eu 33409
P it 978.00 6.79 6-37 5.52 Gi- 12,141 Ei- 35,073
Pm 1098.00 7.62 7.21 6.25 Gi* 12,910 Em 37495

Model Width = 6 feet

NOTE: For this test;
d. (ft) 0-33 Material Density lb/ft1 lb/in’
dj (ft) 0.6667 Asphalt Density 148 0.0856
d . (ft) 0.5 Base Density 133 0.0770
d« (ft) 0.5 Subbase Density 120 0.0694
ds (ft) Q.S
d< (ft) 0.5
dr (ft) 0.5 Material 1 e»
ds (ft) 0.5 Base ti 0.48
d« (ft) 0.5 Fill 0.48
d,. (ft) 0.5 Floor elev. o( 5 ft. deep utility cut
d,i (ft) 0.5
d , j  (ft) 0.5 Phia«M 36°
dis(ft) 0.5 Phirm 34°
dj* (ft) 0.5
d j T ( f t ) 1
d»(ft) 1

The first layer (asphaltic concrete surface) was then removed, using the EKILL 

command available in ANSYS. This command removes all influences o f mass and loading 

of killed elements and assigns a factor of IE-10 to input properties. As a safety factor, the 

Researcher assigned an overriding factor of IE-50 to the input properties to ensure there 

were no influences of the killed elements on the model.
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Using the computed average confining pressure from Equation (7.4), the E-value 

for layers 3, 4 and 5 under the cut area were modified, together with the two wall 

elements adjacent to the respective layers. This was done in accordance with the reduced 

stresses from overburden removal.

Time Step 2 was then run, the average effective confining stresses were computed 

and the E-values modified for the three layers of elements below the base course layer of 

the cut, for use in Time Step 3. The first two column elements of these layers bordering 

the cut face also received modified E-values, based on the computed E-values and 

comparison with the previous input E-values.

In order to determine the typical elements to be used in the stress relief analysis, 

the stress results of Time Step 2 were used to compute the E-values of all of the elements 

in the first layer of the fill/subgrade material, as well as all of the two column wall elements 

for that layer. The average E-value of the floor elements and the two wall elements were 

found and the elements that closely matched the respective average values were selected 

as the typical element locations for determining the average E-value to be input into the 

succeeding Time Step models. In each succeeding step of the analysis, the elements 

located directly below these selected elements were used for input into the model. The 

reader should be reminded that because of the nature of the soil, the E-values for the 

individual elements will vary, but to minimize voluminous inputs, the average E-values 

were used as being representative of the array of E-values for the respective layers and 

wall elements. On completion of the Time Step 2 analysis, the E-values for layers 4, 5 and 

6 and their respective wall elements were then computed and modified in line with the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

average stresses. The base course (second layer) was then killed giving a 1 foot depth of 

excavation and Time Step 3 was run to obtain the average effective confining stresses, for 

the computation of the modified E-values for use in the next time step. The simulated 

excavation process continued and the third layer elements within the cut were* killed, E- 

values modified and Time Step 4 run. Steps 5 through 11 were analyzed in a similar 

manner, with each succeeding removal of the 6-inch layer o f fill until the 5 feet depth was 

reached.

Results *

Figures 8.1(a), (b) and (c) show the results of the Time Step 1 analysis and depict 

the vertical displacements, horizontal and vertical stress distributions that occurred in the 

un-excavated model.

Figure 8.1(a)

Vertical Displacements in the U n-excavated M odel. Time Step 1.
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Figure 8.1(a) shows the maximum displacement in inches, (DMX) = 0.004153 in., 

which occurs in this case in the Z-direction, and is the value shared by all of the nodes 

located at the top row of the model. This vertical displacement of the model was due to 

the effects of the gravitational forces.

Figure 8.1(b) shows the stresses experienced by the model in the X-direction in psi 

and shows the levels of confining stresses experienced throughout the model. For 

example, the uppermost band indicates confining stresses in the range of -0.114133 psi to 

-0.741746 psi, while the lower band indicates confining stress in the range o f -5.135 psi to 

-5.763 psi. (See legend in figure). Note that the maximum and minimum results are 

indicated in terms of positive tension stresses, hence Figure 8.1(b) indicates the minimum 

stress (SMN) as -5.763 psi and the maximum stress (SMX) as -0.114133 psi.

Similarly for the stress in the Z-direction, the uppermost band indicates vertical 

stresses in the range of -0.1712 psi to -0.952689 psi, while the lower band indicates 

confining stress in the range of -6.423 psi to -7.205 psi. (See legend in figure). Note here 

again that the maximum and minimum results are indicated in terms of positive tension 

stresses, hence Figure 8.1(c) indicates the minimum stress (SMN) as -7.205 psi and the 

maximum stress (SMX) as -0.1712 psi.

The interpretations just given above will apply to Figures 8.3 and 8.4. In Figure 8.2 the 

direction of the maximum displacement will either be in the X-direction or a combined 

direction, as the excavation progresses. These will be identified in the reporting of the 

results.
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3 - 0  P Q I  LOAD S T E P  A N A L Y S IS  O F  SH A L L  U T IL I T Y  C U TS P C *  D E P T H S  U J TO  5  F T .

ANSYS 5 .2
HAS 29 1997
0 2 :0 7 :4 9
NODAL SOLUTION
STSP-1
SOB -1
TWR-1
SX (AVG)
RSTS-0
P o w rG ra p h la u  
EFACEI-1 
AVRBS-A1I 
D M t - .0 0 4 1 5 3  
SMI — 5 .7 6 3  
SHE — .1 1 4 1 3 3  
_  - 5 .7 6 3  
S  - 5 .1 3 5  
3  -4 -5 0 7  
3  - 3 .8 8  
S  -3 .2 5 2  

- 2 .6 2 5  
- 1 .9 9 7  
- 1 .3 6 9  
- .7 4 1 7 4 6  
- .1 1 4 1 3 3

Figure 8.1(b)
Horizontal Stress in the X-direction in the Un-excavated Model. Time Step 1.

3-D FEK LOAD STEP ANALYSIS OF SMALL UTILITY COTS FOR DEPTHS 01 TO 5 FT

ANSYS 5 .2
MAR 2 9  1 9 9 7
0 2 : 0 9 : 2 0
NCOAL S O L U T IO N
8 I E P - 1
SUB - 1
T IM E -182 (AW)
R S Y 8 - 0
P o v a r G r a p h l c s  
B F A C B T -1  
A V R B S - A l l  
EM C - . 0 0 4 1 5 3  
8 M I  — 7 . 2 0 S  
S H E  — . 1 7 1 2  
_  - 7 . 2 0 5  S - 6 - 4 2 J  
B  - 5 . 5 4 2B  -4-56B  - 4 . 0 7 9  
S  - 3 . 2 9 7  
B  - 2 . 5 1 6  B  ” 1 * 7 3 4  B  - . 9 5 2 6 8 9  
™  - . 1 7 1 2

Figure 8.1(c)
Vertical stress in the in the un-excavated model. Time Step 1.
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Figure 8.2 shows the development of the nodal displacements in the model from 

Time Step 2 through Time Step 11, and shows the soil deformation in the floor and the 

surrounding soil o f the utility cut as the excavation progressed. The DMX value in Figure 

8.2(a) to Figure 8.2(e) occurs in the Z-direction at Node #190 on the top row'diagonal. 

The DMX value in Figure 8.2(f) occurs at Node #10 for a combined displacement. The 

DMX value in Figure 8.2(g) to Figure 8.2(j) occurs at Node #9 for a combined 

displacement. Maximum displacement values in the X-direction, for all steps, can be 

found in Figure 8.7. :. *

Figure 8.2(a)
Model Displacements in the FEM Model. Time Step 2. Cut Excavation 0.33 ft. Deep.
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Figure 8.2(b)
Model Displacements in the FEM Model. Time Step 3. Cut Excavation 1 ft. Deep

Figure 8.2(c)
Model Displacements in the FEM Model. Time Step 4. Cut Excavation 1.5 ft. Deep.
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Figure 8.2(d)
Model Displacements in the FEM Model. Time Step 5. Cut Excavation 2 ft. Deep.

HH4
.~ T T

I " i TT! H------ 1-4-

Figure 8.2(e)
Model Displacements in the FEM Model. Time Step 6. Cut Excavation 2.5 ft. Deep.
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Figure 8.2(f)
Model Displacements in the FEM Model. Time Step 7. Cut Excavation 3 ft. Deep

Figure 8.2(g)
Model Displacements in the FEM Model. Time Step 8. Cut Excavation 3.5 ft. Deep.
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Figure 8.2(h)
Model Displacements in the FEM Model._Tinie^Step 9. Cut Excayatiop_4_ft:_Deep

Model Displacements in the FEM Model. Time Step 10. Cut Excavation 4.5 ft. Deep.
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Figure 8.2(j)
Model Displacements in the FEM Model. Time Step 11. Cut Excavation 5 ft. Deep. 

Figures 8.3(a) to (j) show the stresses experienced by the model in the X-direction

for Time Steps 2 through 11.
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ANSYS S .2
MAR 29 1997
2 1 :0 5 :3 8
NODAL SOLUTION
STEP-1
SUB -1
TIME-2
SX (AMS)
RSYS-0
Pow erG raphi.es 
BEACET-1 
AVRBS-A11 
DMX -.0 0 4 1 6 5  
SMN — 5.752  
SMX -.2 0 2 6 5 7  
_  -5 .7 5 2  
S  -5 .0 9  
B  -4 .4 2 9  
S  -3 .7 6 7  
S  -3 .1 0 5  
S  -2 .4 4 4
S B  -1-782
B  - 1.121
S  - .4 5 8 9 7 1  
^  .202657

5 FT.

Figure 8.3(a)
Stress in the X-direction in the FEM Model. Time Step 2. Cut Excavation 0.33 ft. Deep.

Figure 8.3(b)
Stress in the X-direction in the FEM Model. Time Step 3. Cut Excavation 1 ft. Deep.
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A N S Y S S . 2
MAR 3 0  1 9 9 7
1 4 : 0 7 : 4 1
NODAL SOLUTION
S T E P - 1
SU B - 1
T I M E -4
S X  (A V C )
R S Y S - 0
P o m r C r a p h i c s  
E F A C E T -1  
A V R E S - A l l  
DMX - . 0 0 4 2 0 1  
SMN — S .  7 2 2  
SMX - . 4 6 5 0 6 2  

- 5 . 7 2 2  B  - 5 . 0 3 2  B  - 4 . 3 4 3  
B  - 3 . 6 S 3B  -2*963B  - 2 . 2 7 4  B  ” 1 - 5 8 4  
S  ” - 6 9 4 3 1 9  B  ” - 2 0 4 6 2 8  

. 4 8 5 0 6 2

3 - 0  PEM  I f lA D  S T E P  A K A L Y S I8  O P  S ? R L L  P T I L I T T  C U T S  FO R  D E PT H S  U P  TO 5  F T .

Figure 8.3(c)
Stress in the X-direction in the FEM Model. Time Step 4. Cut Excavation 1.5 ft. Deep.

3-D  FBI LOAD STEP ANALYSIS OP SMALL UTILITY CUTS FOR DEPTHS UP

A N SY S 5 . 2
MAR 3 1  1 9 9 7
0 1 : 3 8 : 5 1
NODAL S O L U T IO N
S T E P - 1
SUB - 1
T I M B - 5
S X  (A M S )
R S Y S - 0
P o w a c G r a p h l c a  
E B A C B T -1  
A V R E S -A 1 1  
DMX - . 0 0 4 2 1 9  
SMN — 5 . 7 1 2  
SMX - . 7 3 9 7 7 8  

- 5 . 7 1 2  B - 4 - 9 9 5  B  - 4 . 2 7 8  B  - 3 . 5 6 1  B  - 2 - 8 4 4B -2.128B  - 1 - 4 1 1  B - . 6 9 3 8 9 2  B  - 0 2 2 9 4 3  
^  . 7 3 9 7 7 8

TO 5 FT.

Figure 8.3(d)
Stress in the X-direction in the FEM Model. Time Step 5. Cut Excavation 2 ft. Deep.
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3 - D  PEM  LOAD 8 T B P  A N A L Y S IS  O P  SM ALL O T I L 1 R  COTS PO R  D E P T H 8  U P  TO S  F T .

A N SY S  5 . 2
MAR 3 1  1 9 9 7
1 6 : 3 3 : 3 3
NODAL S O L U T IO N
S T E P - 1
SUB - 1
T I M E -6
S X  (A M S )
R 8 Y S - 0
P o w e c C r a p h l e s  
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A V R E S - A l l  
DMX - . 0 0 4 2 4 4  
S M I  — S .  7 0 3  
SMX - . 9 0 5 8 3 5  

, - 5 . 7 0 3  
! - 4 . 9 6 9  
! - 4 . 2 3 4  
i - 3 . 5  

- 2 . 7 6 6  
- 2 . 0 3 1  
- 1 . 2 9 7  
- . 5 6 2 8 0 4  
. 1 7 1 5 1 6  
. 9 0 5 8 3 5

Figure 8.3(e)
Stress in the X-direction in the FEM Model. Time Step 6. Cut Excavation 2.5 ft. Deep.

3 - D  PEM LOAD S T E P  A N A L Y S IS  O P  SM ALL U T IL I T Y  CUTS POR D E P T H S  U1

A N SY S 5 . 2
MAR 3 1  1 9 9 7
2 0 : 4 1 : 2 6
KOOAL S O L U T IO N
S T E P -1
SUB - 1
T I M E -7
SX  (A V G )
R S Y S - 0
P o m r G r a p h l c s  
B E A C B T -1  
A V R E S - A l l  
DMX - . 0 0 4 2 8 7  
S M I — 5 . 6 9 7  
8MK - 1 . 0 9 5  

- 5 . 6 9 7  
- 4 . 9 4 3  
- 4 . 1 8 8  
- 3 . 4 3 3  
- 2 . 6 7 9  ' 
- 1 . 9 2 4  
- 1 . 1 6 9  
- . 4 1 4 7 3 7  

s  . 3 3 9 8 9 7  
™  1 . 0 9 5

T O  S  F I .

Figure 8.3(f)
Stress in the X-direction in the FEM Model. Time Step 7. Cut Excavation 3 ft. Deep.
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AN SY S S . 2
MAR 3 1  1 9 9 7
2 3 : 5 7 : 4 8
NODAL S O L U T IO N
S T E P -1
SUB - 1
T I M E -8
S X  (A W S )
R S Y 8 - 0
P o w a r G r a p b l c s  
E F A C E T -1  
A V R E S - A l l  
DMX - . 0 0 4 3 5 8  
S m  — 5 . 6 9 6  
SMX - 1 . 4 6 1  

- 5 . 6 9 6  B  - 4 . 9 0 1  
S  - 4 - 1 0 6  
S  - 3 . 3 1  
3  - 2 . 5 1 5  
S  - 1 . 7 2  
S  - . 9 2 4 7 8 5  
3  - . 1 2 9 6 0 4  
B  - 6 6 5 5 7 6  
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Figure 8.3(g)
Stress in the X-direction in the FEM Model. Time Step 8. Cut Excavation 3.5 ft. Deep.

A N SY S 5 . 2
A P R  2  1 9 9 7
0 1 : 0 0 : 4 0
NODAL S O L U T IO N
S T E P - 1
SOB - 1
T I M E -9
S X  (A V G )
R S X 8 - 0
P o w e c G r a p h l c s  
B E A C E T -1  
A V R E S - A l l  
DMX - . 0 0 4 4 3 6  
SMN — 5 . 7 0 2  
SMX - 1 . 8 6 3  

- 5 . 7 0 2  B  - 4 - 8 6 2  B  - 4 - 0 2 1  B- - 3 - 1 8 1B  -2-34
S  - 1 . 4 9 9  B  - . 6 5 8 9 0 8  B  . 1 8 1 6 5 3B  1-022
^  1 . 8 6 3

TO 5  F T .

Figure 8.3(h)
Stress in the X-direction in the FEM Model. Time Step 9. Cut Excavation 4 ft. Deep.

3 - D  FEM  LOAD S T E P  A N A L Y S IS  O F  SM ALL U T IL I T Y  CUTS FOR D E PTH S U P
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3 - 0  FEM  LO AD B I B P  A N A L Y S IS  O F  fiMAT.T. U T IL IT Y  CU TS FO R  O B P I H 8  O P  TO S  F T

A N SY S S . 2
A P R  2  1 9 9 7
0 3 : 4 0 : 3 6
NODAL SO L U T IO N
S T E P -1
SUB - 1
T I M E - 1 0
S X  (AV G)
R S Y S - 0
P o w e z G r a p h l c s  :  
E F A C E T -1  
A V R E S - A l l  
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SMX - 2 . 2 9  
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2 . 2 9

Figure 8.3(i)
Stress in the X-direction in the FEM Model. Time Step 10. Cut Excavation 4.5 ft. Deep.

3 - D  FEM  LOAD 8 T E P  A N A L Y S IS  O F  SMALL U T IL IT Y  CUTS POR D E P T H S  U P  TO 5  F T .
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Figure 8.3(j)
Stress in the X-direction in the FEM Model. Time Step 11. Cut Excavation 5 ft. Deep.
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Figures 8.4 (a) to (j) show the stresses experienced by the model in the Z-direction 

for Time Steps 2 through 11.
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Figure 8.4(a)

Stress in the Z-direction in the FEM Model. Time Step 2. Cut Excavation 0.33 ft. Deep.
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Figure 8.4(b)
Stress in the Z-direction in the FEM Model. Time Step 3. Cut Excavation 1 ft. Deep.
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Figure 8.4(c)
Stress in the Z-direction in the FEM Model. Time Step 4. Cut Excavation 1.5 ft. Deep.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130
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AKSYS 5 .2
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Figure 8.4(d)
Stress in the Z-direction in the FEM Model. Time Step 5. Cut Excavation 2 ft. Deep.
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S T E P - 1
SU B - 1
T I M E -6
B Z (A V G )
R S Y S - 0
P o w a c G r s p h l c s  
E F A C E T -1  
A V R E S ^ A ll  
S H E  - . 0 0 4 2 4 4  
8 H T  — 7 . 1 4  
8MX - . 5 3 7 2 9 9  
_  - 7 . 1 4  3 - 6 . 2 8 7  
B  - 5 * 4 3 4  3 - 4 * 5 8 1  
B  - 3 . 7 2 8  3 - 2 . 8 7 5  3 - 2 .0 2 2  
B  - 1 * 1 6 9  
B  - . 3 1 5 7 8 9  
™  . 5 3 7 2 9 9

TO 5  F T .

Figure 8.4(e)
Stress in the Z-direction in the FEM Model. Time Step 6. Cut Excavation 2.5 ft. Deep.
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3 - D  P E N  LQAD S T E P  A N A L X 8 I8  O F  SM ALL U T IL I T Y  COTS FO R D E P T H S  O] TO  5  F I

A N S T S  5 . 2
MAR 3 1  1 9 9 7
2 0 : 4 5 : 0 9
NODAL S O L U T IO N
S T E P - 1
SU B - 1
T I M E -7
8 Z  (AM D)
R S T S - 0
P o v a r C r a p h l c s  
E F A C E T -1  
A V R B S mA H  
DMC - . 0 0 4 2 8 7  
8 M f  — 7 . 1 2 7  
S H E  - . 6 0 9 0 1 3  

- 7 . 1 2 7  
h —  —6 . 2 6 7  
S  " S . 4 0 8

8™  - 4 . 5 4 8  
- 3 . 6 8 9  
- 2 . 8 2 9  
- 1 . 9 7  
- 1.11  

B  ' . 2 5 0 5 0 9  
^  . 6 0 9 0 1 3

Figure 8.4(f)
Stress in the Z-direction in the FEM Model. Time Step 7. Cut Excavation 3 ft. Deep.

3 - D  FEM  LOAD S T E P  A N A L Z S I8  O F  SM ALL U T IL I T Y  CUTS FO R D E PT H S U P

A N S T S  5 . 2
A P R  1  1 9 9 7
0 0 : 0 0 : 4 2
NODAL S O L U T IO N
S T E P - 1
SOB - 1
T I M E -8
S Z  (A V B )
R S Z S - 0
P o w a r G r a p h l c s  
E P A C B T -1  
A V R B 8 -A 1 1  
DMX - . 0 0 4 3 5 8  
8 M f  — 7 . 1 1 2
SMX . 6 5 2 7 7 1

- 7 . 1 1 2
- 6 . 2 4 9
- 5 . 3 8 6
- 4 . 5 2 3
- 3 . 6 6 1
- 2 . 7 9 8
- 1 . 9 3 S
- 1 . 0 7 3
- . 2 0 9 9 3 6
. 6 5 2 7 7 1

TO 5  F T .

Figure 8.4(g)
Stress in the Z-direction in the FEM Model. Time Step 8. Cut Excavation 3.5 ft. Deep.
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A N SY S 5 . 2
A P R  2  1 9 9 7
0 1 : 0 4 : 4 8
NODAL SO L U T IO N
S T E P - 1
SUB - 1
T I M E -9
S Z  (A V G )
R S Y S - 0
P o u e t G r a p h i c s  
E F A C B T -1  
A V R E S -A 1 1  
DKK - . 0 0 4 4 3 6  
SMN — 7 . 0 9 5  
SMX - . 6 9 2 2 2 6  

- 7 . 0 9 5  
S  - 6 . 2 3  
S  - 5 . 3 6 5  
E  - 4 . 4 9 9  B - 3 . 6 3 4  B - 2 . 7 6 9  B - 1 . 9 0 4  
S  - 1 . 0 3 9  B - . 1 7 3 0 4 5  
"  . 6 9 2 2 2 6

3 - 4 )  PEM  LO AD S T E P  A N A L Y S IS  O P  SMALL U T IL I T Y  CO TS F O R  D E P T H S  D P TO 5  F T .

Figure 8.4(h)
Stress in the Z-direction in the FEM Model. Time Step 9. Cut Excavation 4 ft. Deep.

AN SYS 5 . 2
A P R  2  1 9 9 7
0 3 : 4 2 : 4 5
NODAL SO L U T IO N
S T E P -1
SUB - 1
T I M B - 1 0
SZ  (A V G )
R S Y S -0
P o v a r C r a p h l c s  
E F A C B T -1  
A V R B S -A 1 1  
DKX - . 0 0 4 5 1 0  
SUN — 7 . 0 7 7  
8MX - . 7 2 0 6 2 9  
_  - 7 . 0 7 7B - 6.211
S  - 5 . 3 4 4  
B  - 4 . 4 7 8  S - 3 . 6 1 2  B - 2 . 7 4 5  
S  - 1 . 8 7 9B - 1.012B - . 1 4 5 8 0 1  
™  . 7 2 0 6 2 9

TO 5  F T .

Figure 8.4(i)
Stress in the Z-direction in the FEM Model. Time Step 10. Cut Excavation 4.5 ft. Deep.
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A N S Z S  5 . 2
A P R  3  1 9 9 7
0 0 : 3 7 : 4 6
NODAL SOLUTION
S T E P - 1
SOB - 1
T I M E - 1 1
S Z  (A V G )
R S T S - 0
P o w e r G r a p h l c s  
E P A C E T -1  
A V R B S -A 1 1  
DMX - . 0 0 4 6 0 3  
SU N  — 7 . 0 5 8  
SMX - . 7 4 2 9 2 3  

- 7 . 0 5 8  
S  - 6 . 1 9 1  
S  - 5 . 3 2 4  B - 4 . 4 5 7  B - 3 . 5 9 1  B - 2 . 7 2 4  B - 1 . 8 S 7  
B  - - 9 9 0 5 0 7  B - . 1 2 3 7 9 2  
™  . 7 4 2 9 2 3

5  F T .

Figure 8.4(j)
Stress in the Z-direction in the FEM Model. Time Step 11. Cut Excavation 5 ft. Deep.

Figures 8.5(a) to (j) show the total strains experienced by the model in the X-

direction (EPTOX), from depth 0.33 feet to depth 5 feet. The results for depths 0.33 foot

and 1 foot showed minute positive strains in the soil mass, first from the removal o f the

stiff asphaltic concrete surface material and then from the removal o f the first granular

base layer. These movements are believed to be the result o f elastic rebounding of the

material due to the removal o f the initial layers. From the removal of the first fill/subgrade

layer more concentrated strains were observed.

Now, EPTO = EPEL + EPPL + EPCR (8.1)

where: EPEL represents elastic strains

EPPL represents plastic strains 

EPCR represents creep strains
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3 - 0  FEM  LOAD 8 T B P  A N A L Y S IS  O F  S W H ,  U T I L I T Y  CU TS COR D E P T H S  U P

A N ST S 5 . 2
MAR 2 9  1 9 9 7
2 1 : 0 9 : 2 9
NODAL SO L U T IO N
S T E P -1
SUB - 1
T W B - 2
EPTOX (A V G ) 
R S Y S -0
P o w e r C  r a p h i c ^  
E F A C E T -1  
A V R B S -A 1 I  
DMX - . 0 0 4 1 6 5  
SMN —  . 6 3 7 8 - 0 5  
SMK - . 4 0 2 8 - 0 5  

- . 6 3 7 E - 0 5  
S  - . 5 2 2 8 - 0 5  
B  - . 4 0 6 8 - 0 5  B - . 2 9 1 8 - 0 5  B  - . 1 7 5 8 - 0 5B  - . 6 0 1 8 - 0 6
S  . 5 5 3 8 - 0 6  B  . 1 7 1 8 - 0 5  
S  - 2 8 6 8 - 0 5  

. 4 0 2 8 - 0 5

TO 5  F T .

Figure 8.5(a)
Strain in the X-direction in the FEM Model. Time Step 2. Cut Excavation 0.33 ft. Deep.

Figure 8.5(b)
Strain in the X-direction in the FEM Model. Time Step 3. Cut Excavation 1 ft. Deep.
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3 - D  FEM  LO AD S T E P  A N A L Y S IS  O P  fllftT .T , U T IL IT Y  CU TS FO R D E P T H S  O P  TO  S  F T

(A V G )

A N SY S  5 . 2  
MAR 3 0  1 9 9 7  
1 4 : 1 3 : 0 2  
n o d a l  s o l u t i o n  
S T E P - 1  
SO B - 1  
T I M E -4  
EPTO X  
R S Y S - 0  
P o w e r G r a p h i c s  ' 
E F A C B T -1  
A V R E S -A 1 1  
DMX - . 0 0 4 2 0 1  
SMN —  . 3 8 3 B - 0 4  
SMX - . 6 3 0 E - 0 4  

—. 3 8 3 E - 0 4  
^ 5  —. 2 7 1 E - 0 4  
^ 5  —. 1 5 8 E - 0 4  B  - - 4 5 4 B - 0 5  
B  -6728-05 B  - 1 8 0 E - 0 4  
S  - 2 9 3 8 - 0 4  
S  - 4 0 5 8 - 0 4  B  - 5 1 8 8 - 0 4  
m m  . 6 3 0 8 - 0 4

Figure 8.5(c)
Strain in the X-direction in the FEM Model. Time Step 4. Cut Excavation 1.5 ft. Deep.

3 - D  FEM  LOAD S T E P  A N A L Y S IS  O F  SM ALL U T IL IT Y  CU TS FOR D E P T H S  U P

A N SY S 5 . 2
MAR 3 1  1 9 9 7
0 1 : 5 5 : 5 0
NODAL S O L U T IO N
S T E P - 1
SUB - 1
T I M E - 5
E P T O X  (A V G ) 
R S Y S - 0
P o w a r G r a p h l c s  
E F A C E T -1  
A V R E S -A 1 1  
DMX - . 0 0 4 2 1 9  
SMN — . 5 0 7 8 - 0 4  
SMX - . 7 9 4 8 - 0 4  

- . 5 0 7 8 - 0 4  B  - - 3 6 2 8 - 0 4  B  - . 2 1 8 8 - 0 4  B  - . 7 3 2 8 - 0 5  
B  - 7 1 3 8 - 0 5  
B  . 2 1 6 8 - 0 4  
S  - 3 6 0 8 - 0 4  B  - 5 0 5 8 - 0 4  B  - 6 4 9 8 - 0 4  
" ■  . 7 9 4 8 - 0 4

TO 5  F T .

Figure 8.5(d)
Strain in the X-direction in the FEM Model. Time Step 5. Cut Excavation 2 ft. Deep.
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3 - D  FEM  LOAD S T E P  A N A L Y S IS  O P  SM ALL U T IL I T Y  C U T S  FO R D E P T H S  U P

AN SYS 5 . 2
MAR 3 1  1 9 3 1
1 6 : 4 0 : 0 1
NODAL SOLUTION
S T E P -1
SUB - 1
TIM E-6
EPTOX (A V G ) 
R S Y S -0
P o w e r G r a p h i c s  
E F A C B T -1  
A V R E S -A 1 1  
DMX - . 0 0 4 2 4 4  
SMN — . 6 1 1 B - 0 4  
SMX “ . 9 6 3 E - 0 4  
wmm - . 6 1 1 E - 0 4  B - . 4 3 6 B - 0 4  
S  - . 2 6 1 E - 0 4  
B  - - 8 6 3 8 - 0 5  B • 8 0 6 8 - 0 5  B - 2 6 3 8 - 0 4  
B  - 8 3 8 8 - 0 4  
S  - 6 1 3 8 - 0 4  B - 7 8 8 8 - 0 4  

. 9 6 3 8 - 0 4

TO S  F T .

Figure 8.5(e)
Strain in the X-direction in the FEM Model. Time Step 6. Cut Excavation 2.5 ft. Deep.

3 - D  FEM  LOAD S T E P  A N A L Y S IS  O F  SM ALL U T IL I T Y  C U T S  FO R D E PT H S  U1

(A V G )

ANSYS 5 . 2  
» R  3 1  1 9 9 7  
2 0 : 5 7 : 4 8  
NODAL SO LU TIO N  
S T E P -1  
SUB - 1  
T IM E -7  
EPTOX 
R S Y S -0  
P o w e r G r a p h i c s  
E F A C E T -1  
A V R B S -A 1 1  
DMX - . 0 0 4 2 8 7  
SMN — . 7 0 6 8 - 0 4  
SMX - . 1 1 1 8 - 0 3  
_  - . 7 0 6 8 - 0 4  
B  - - 5 0 4 8 - 0 4  
S  - - 3 0 1 8 - 0 4  
3  - - 9 9 2 8 - 0 5  
B  - 1 0 3 8 - 0 4  B - 3 0 5 8 - 0 4  B - 5 0 8 8 - 0 4  
S  - 7 1 0 B - 0 4  B - 9 1 2 8 - 0 4  

. 1 1 1 8 - 0 3

TO 5  F T .

Figure 8.5(f)
Strain in the X-direction in the FEM Model. Time Step 7. Cut Excavation 3 ft. Deep.
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3 - P  FEM  LOAD S T E P  A N A L Y S IS  O P  SW T .T . U T IL I T Y  C P I S  FO R D E P T H S  U P  TO S  P T .

A N S T S  S . 2  
A P R  1  1 9 9 7  
0 0 : 0 2 : 1 4  
NODAL SO L U T IO N  
S T E P - 1  
SU E - 1  
T I M E - 8
EPT O X  (A V G ) 
R S Y S - 0
P o w e r G r a p h i c s  
E F A C B T -1  
A V R E S - A U  
DMX - . 0 0 4 3 5 8  
SMN — . 7 9 1 B - 0 4  

■ - 1 2 8 E - 0 3  
- . 7 9 1 E - 0 4  
—. 5 6 2 E - 0 4  
—. 3 3 2 B - 0 4  
- . 1 0 2 8 - 0 4  
■ 1 2 8 E - 0 4  
. 3 5 7 8 - 0 4  
. 5 8 7 E - 0 4  
. 8 1 7 8 - 0 4  
. 1 0 5 B - 0 3  
. 1 2 8 8 - 0 3

SMX

Figure 8.5(g)
Strain in the X-direction in the FEM Model. Time Step 8. Cut Excavation 3.5 ft. Deep.

3 - D  FEM LO AD S T E P  A N A L Y S IS  O F  SM ALL U T IL IT Y  CU TS FOR D E P T H S  U P  TO 5  F T .

A N SY S  5 . 2
A P R  2  1 9 9 7
0 1 : 0 9 : 2 4
NODAL S O L U T IO N
S T E P - 1
SU B - 1
T I M E -9
E P T O X  (A V G ) 
R S Y S - 0
P o w e r G r a p h i c s  
E F A C B T -1  
A V R E 8 -A 1 1  
DMX - . 0 0 4 4 3 6  
SMN —  . 0 6 8 B - O 4  
SMX - . 1 4 1 8 - 0 3  

- .  8 6 8 E - 0 4  B - . 6 1 5 8 - 0 4  B - . 3 6 2 8 - 0 4  B - . 1 0 9 8 - 0 4  B . 1 4 4 8 - 0 4  
S  . 3 9 7 8 - 0 4  
S  . 6 5 0 8 - 0 4  B . 9 0 3 8 - 0 4  B . 1 1 6 8 - 0 3  

. 1 4 1 8 - 0 3

Figure 8.5(h)
Strain in the X-direction in the FEM Model. Time Step 9. Cut Excavation 4 ft. Deep.
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(A V G )

A N SY S 5 . 2  
A P R  2  1 9 9 7  
0 3 : 4 8 : 1 4  
NODAL S O L U T IO N  
S T E P - 1  
SUB - 1  
T I M E - 1 0  
EPTO X  
R S 2 S - 0  
P o w e r G r a p h i c s  
E F A C E T -1  
A V R E S -A 1 1  
DMX - . 0 0 4 5 1 8  
SMN — - 9 3 8 E - 0 4  
SMX - . 1 5 3 E - 0 3  

—. 9 3 8 E - 0 4  
^ 5  - . 6 6 4 B - 0 4  
3  —- 3 9 0 B - 0 4  
3  —. 1 1 6 E - 0 4  S .  1 5 8 E - 0 4  
B  - 4 3 2 8 - 0 4  
Qsam . 7 0 6 E - 0 4  
B  - 9 7 9 E - 0 4  B - 1 2 5 8 - 0 3  

. 1 5 3 8 - 0 3

3 - D  FEM  LOAD S T E P  A N A L Y S IS  O F  SM ALL U T IL IT Y  CUTS FOR D E PTH S U P  TO 5  F T .

Figure 8.5(i)
Strain in the X-direction in the FEM Model. Time Step 10. Cut Excavation 4.5 ft. Deep.

3 - D  FEM  LOAD S T E P  A N A L Y S IS  O F  SMALL U T IL I T Y  CU TS FOR DE PTH S UP

A N SY S  5 . 2
A P R  3  1 9 9 7
0 0 : 3 9 : 2 0
NODAL S O L U T IO N
S T E P - 1
SUB - 1
T I M E -1 1
E PT O X  (A V G ) 
R S Y S - 0  

. P o w e r G r a p h i c s  
E F A C E T -1  
A V R B S—A l l  
DMX - . 0 0 4 6 0 3  
SMN — . 9 7 8 B - 0 4  
SMX - . 1 3 7 E - 0 3  

- . 9 7 8 8 - 0 4  B  - - 7 1 7 8 - 0 4  B  - - 4 5 6 8 - 0 4  B . - - 1 9 5 8 - 0 4  B . 6 S 9 B - 0 5  B  - 3 2 7 8 - 0 4  
S  - 5 8 8 8 - 0 4  
5  . 8 4 9 8 - 0 4  B - 1 H 8 - 0 3  

. 1 3 7 8 - 0 3

TO 5  F T .

Figure 8.5(j)
Strain in the X-direction in the FEM Model. Time Step 11. Cut Excavation 5 ft. Deep.
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For each step of the analysis, Figure 8.5 shows, through measurable positive 

strains, that soil stretching extends a distance of 2 feet from the face o f the cut for the 1.5 

feet deep cut and a distance of 3.25 feet for the 3 feet deep. It was also observed that soil 

stretching extends a distance of 3.25 feet for the 3.5 feet deep cut and a distance of 3.5 

feet in the 4 feet, 4.5 feet and 5 feet deep cuts. The graphical results in Figure 5.5(j) show 

that the outer limits of the positive strain and its transition to a negative strain extends out 

to 5.5 feet. However, by accessing the total strain (elastic, plastic and creep) results and 

examining the rate o f change of the strain, it was found that the stretching zone extended 

out to a distance of 3.5 feet. See Table 8.3 for the results of the analysis of strain for 

depths 3 feet to 5 feet.
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Table 8.3
Distress impacts from Stress Relief Analytical Approach, for Comparison with Table 8.1

3 Feet Deep Cut (Stress Relief Approach)
NeAe Model Width (fL Displace meat fin.) Dtff. fin.) DifT. of DifT On.) Strain fin.) DlfT. fin.) Dift ef Dift On-) Unlit ef Stretch Zane
150-1 0 -0.0014413 0.00009
150 S 050 -0000931i  -0.00050.1 0.00006 0.00003C)
150t) 1.00 -0.00069 -0.0002411 -000025*I 0.00003'r  0. 00002* OOOOOOCs
150"J 1.50 -0.000491S -0.0001* •0 0000*1 0.000021> O.OOOOIC) o.ooooi: -

15011 2.00 •0.00036CS -0.00013 -0.00006:1 0.00001!) 0 00000*i  o.ooooo:1
150*> 250 *0.0002611 -0.00009' -0 00003:t 000001- 0.00000! o.ooooo:
151C) 300 -0 00019!S -0.000073 -0.00002^ 0.00001 o.ooooo: 0.00000 3.25 feet
151 3.50 -0.00013!) -0.00005' -O.OOOOUi o.ooooo* o.ooooo: 0.00000
15K 4 00 -0.000094 •0.000044 -0 .00001: 0.00000' o.ooooo: 0.00000
1513 4.50 -0 00006C -0.000033 -O.OOOOIC 0.00000! 0.00000 ooooooc
1514 500 -0.000033 -0.000027 -O.OOOOOf 0.000004 0.000001 o.oooooc
1515 6.00 ooooooc -0.000033 OOOOOOC o.ooooo: 0.000002 -0.00000!

3.5 Feet Deep Cut (Stress R elie f/Lpproach)
Nedc Model Width (ft) Displacement (in.) Dtff. (in.) DifT. of DifT (In.) Strain fin.) Dift (In.) Dift ef Dift (in.) Limit ef Stretch Zane
1804 0 *0.001647 0.000101
1805 050 -0.001076 -0.000571 0.000065 0.000036
1806 1.00 -0.000804 -0.000272 -0.000299 0.000041 0.000024 O.OOOOU
1807 1.50 -0.000588 -0.000216 •0.000056 0.000029 O.OOOOU 0.000013
1808 200 -0.000441 -0.000146 -0.000070 0.000021 0.000008 0.000003
1809 250 -0.000329 -0.000112 -0.000035 0.000016 0.000005 0.000003
1810 3.00 •0.000244 -0.000085 •0.000026 0.000013 0.000004 0.000002
1811 3.50 -0.000176 -0.000068 -0.000017 0.000010 0.000003 0.000001 3.25 f t
1812 4.00 -0.000122 •0.000054 -0.000014 0.000008 0.000002 0.000001
1813 4.50 -0.000078 •0.000044 -0.000010 0.000007 0.000002 0.000000
1814 5.00 -0.000043 -0.000035 •0.000009 0.000005 0.000001 0.000000
1815 600 0.000000 •0 000043 0.000008 0.000002 0.000003 -0.000001

4 Feet Deep Cut (Stress Relief Ap sroach)
Nade Model Width (ft) Displacement fin.) Dtff. fin.) DifT. of DifT fin-) Strain (in.) Dift fin.) Dift of Dift (la.) Limit e f Stretch Zane
2104 0.00 *0.001833 0.000112
2105 0.50 -0.001197 -0.000636 0.000072 0.000040
2106 1.00 -0.000901 -0.000296 -0000340 0.000044 0.000028 0.000012
2107 1.50 •0.000666 -0.000234 -0.000061 0.000032 0.000012 0.000016
2108 200 -0.000506 -0.000161 •0.000074 0.000023 0.000009 0.000003
2109 250 •0.000382 •0.000123 -0.000037 0.000018 0.000005 0.000003
2110 3.00 •0.000287 -0.000096 -0.000028 0.000014 0.000004 0.000002
2111 3.50 -0.000209 •0.000077 -0.000018 0.000012 0.000003 0.000001 3.5 feet
2112 4.00 •0.000146 •0.000063 -0.000014 0.000010 0.000002 0.000001
2113 4.50 -0.000094 -0.000052 -o .oooou 0.000008 0.000002 0.000000
2114 5.00 •0.000052 -0.000042 -0.000010 0.000006 0.000002 0.000000
2115 6.00 0.000000 -0.000052 0.000010 0.000003 0.000003 •0.000002

AS Feet Deep Cut (Stress Relief Aipproacfa)
Nade Model Width (ft) Displacement fin.) Dlft fin.) D ift ef DifT (In.) Strain (in.) Dift (In.) Dift ef Dift (In.) Limit af Stretch Zane
2404 0 -0.002001 0.000123
2405 0.50 -0.001306 -0.000695 0.000078 0.000044
2406 1.00 •0.000988 -0.000318 -0.000377 0.000047 0.000031 0.000013
2407 1.50 -0.000735 •0.000252 •0.000066 0.000034 0.000013 0.000018
2408 200 -0.000562 -0.000173 •0.000079 0.000025 0.000009 0.000004
2409 2 50 •0.000428 -0.000134 -0.000040 0.000020 0.000006 0.000004
2410 3.00 •0.000324 •0.000105 -0.000029 0.000016 0.000004 0.000002
2411 3.50 -0.000238 -0.000086 •0.000019 0.000013 0.000003 0.000001 3.5 feet
2412 4.00 -0.000167 -0.000071 •0.000015 O.OOOOU 0.000002 0.000001
2413 4.50 •0.000108 -0.000059 •0.000012 0.000009 0.000002 0.000000
2414 5.00 •0.000060 •0.000048 •O.OOOOU 0.000007 0.000002 0.000000
2415 6.00 0.000000 -0.000060 0.000012 0.000003 0.000004 •0.000002

5 Feet Deep Cut (Stress Relief Approach)
Node Model Width (ft) Displacement fin.) DifT. fin.) D ift or DifT (In.) Strain (In.) Dift (in.) Dift of Dift On.) Limit af Stretch Zane
2704 0 -0.002155 0.000132
2705 0.50 •0 001406 -0.000749 0.000084 0000048
2706 100 •0.001066 -0.000339 -0.000410 0.000050 0.000034 0.000014
2707 1.50 -0.000797 •0.000269 -0.000070 0.000037 0.000014 0.000020
2708 200 -0.000612 •0.000185 •0.000084 0.000027 0.000010 0.000004
2709 250 •0000469 -0 000143 -0 000042 0.000021 0000006 0.000004
2710 3 00 •0.000356 •0 000113 -0 000030 0.000017 0.000004 0.000002
2711 3.50 •0.000264 •0 000093 -0 000020 0 000014 0000003 0.000001 3.5 feet
2712 400 -0 000186 -0 000077 -0 000015 0000012 0.000002 0 000001
2713 4.50 •0 000121 -0.000065 -0 000012 0 000010 0 000002 ooooooo
2714 5.00 •0 000068 -0 000053 -0.000012 0000008 0 000002 0 000000
2715 600 0 000000 •0 000068 0 000014 0000004 0000004 -0 000002
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In support of the results in Figure 8 .5 and Table 8.3, Figures 8.6(a) to (e) show the 

measurable negative nodal soil displacements (inches) towards the cut, in the X-direction. 

These results provide a clearer picture of the extent o f the stretching zone around the cut, 

for utility cuts varying between depths 3 feet to 5 feet. (A minimum cover of 

approximately 30 inches is used over utilities located under city street pavements, with a 

minimum cut depth of approximately 36 inches. The OSHA maximum unsupported depth 

of excavation is 5 feet). The legend in Figures 8.5(a) to (e) is described in terms of 

positive displacements. The maximum negative displacement in the X-direction, t)ccurring 

at the face of the cut is described as the minimum displacement (SMN), and the small 

positive displacement occurring beyond the stretching zone is described as the maximum 

displacement (SMX). The shading indicated the variability in the nodal displacements.
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Figure 8.6(a)
Nodal Displacements in the X-direction in the FEM Model. Time Step 7. Cut Excavation 3 ft.

Deep.
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Figure 8.6(b)
Nodal Displacements in the X-direction in the FEM Model. Time Step 8. Cut Excavation 3.5 ft.

Deep.
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Figure 8.6(c)
Nodal Displacements in the X-direction in the FEM Model. Time Step 9. Cut Excavation 4 ft.

Deep.
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Figure 8.6(d)
Nodal Displacements in the X-direction in the FEM Model. Time Step 10. Cut Excavation 4.5 ft.

Deep.
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Figure 8.6(e)
Nodal Displacements in the X-direction in the FEM Model. Time Step 11. Cut Excavation 5 ft.

Deep.
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Figures 8.2, 8.3, 8.4, and 8.5 show the distress below the floor of the cut, 

reflective of the stress relief from material excavation, and modulus changes in the material 

below the floor o f the cut. The reader should also note that the material heave of the 

granular portion o f the model and the compression in the base course caused arching-up of 

the asphaltic concrete layer, (determined also in the worst case analyses), thereby putting 

the bottom of the asphaltic concrete in tension and the top in compression. Note also, that 

in the attachment of the asphaltic concrete to the restrained plane, the material 

demonstrated stiffening and restraining properties at the surface of the asphaltic concrete, 

bounded by nodes #15 through node #295. The material demonstrated tension in this area 

as the asphaltic concrete sought to prevent the soil mass from moving towards the cut.

Figure 8.7 shows the maximum displacement of the face of the utility cut, 

increasing with depth of excavation. Observation o f the plot shows that for depths 4 to 5 

feet the maximum displacement occurs at a location 1.5 feet above the floor of the cut. 

For depths 3 to 3.5 feet the maximum displacement occurs at a distance of 1 foot above 

the floor of the cut. For depths 1.5 to 2.5 feet, the maximum displacement occurs 0.5 foot 

above the floor o f the cut. The Time Step 2 & 3 curves show negative displacements at 

the surface of the asphaltic concrete, because of the material curling up from granular 

material heave as well as compression in the base. The plot shows that displacements, 

particularly beyond the 3.0 feet deep cuts appear to be stable at depth 8 feet below the 

surface of the model.
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Horizontal D isp lacem en t (In.)

Figure 8.7

Plot o f Max. Face Displacements Through Progressive Excavation. Time Steps 2 to 11 

A comparison was made between the worst case approach and the stress relief 

approach for the determination of the impacts o f utility cuts in urban street pavements. 

Table 8.4 shows the close similarities in distress impacts from Table 8.1 for the worst case 

approach and Table 8.3 for the stress relief approach.
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Table 8.4
Comparison of Stretching Impacts between the Worst Case Analysis and the Stress Relief

Analyses o f Small Utility Cut excavations

ANALYTICAL APPROACH

Worst Case Stress Relief

Cut Depth (ft.) Stretch Impacts Stretch Impacts

3 3.25

3.5 3.25

4 3.5 3.5
4.5 3.5 3.5
5 3 3.5

As a recap, the worst case approach analyzed a model which had a depth, 

restricted to the depth of the utility cut and free to move on the plane located at the 

bottom of the cut. The load application of this model was via geostatic nodal forces 

applied to the back wall of the soil mass, surrounding the unsupported cut face. (See 

Figure 7.1 for the location of the back wall). The width of the model, from the face of the 

cut to the back wall, was determined from applying the Harris and O'Rourke 1983 inverse 

sine function shown in Table 4.7. In addition, the model was analyzed, assuming that the 

excavation was already completed.

In the case of the stress relief approach, a soil mass that would give a 4 feet depth 

o f soil below the 5 feet deep utility cut was used. The width of the model was determined 

from the required width of cut for the 5 feet deep cut in Table 4.7 plus 6 inches. Gravity 

loading was applied to the model. The stress relief analysis was done on the model, using 

a load step approach, with a simulated excavation by predetermined layers removal, 

explained above.
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Analytical time for the two approaches, using the now enhanced ANSYS 5.2 

version with the power solver and power graphics may be similar. Analyses done earlier 

on the worst case model used versions 5.0 and 5.1 which were extremely slow and took 

several hours to complete an analysis. (Approximately 6 hours for the 5 feet deep utility 

cut). Using the stress relief approach with ANSYS version 5.2 solutions were obtained 

in 45 minutes for each analysis. It took approximately two hours after each analysis to 

process the information, extract results and outputs and modify the E-values for affected 

elements to conduct the next load step analysis.

However, the worst case approach will require greater input time as each of the 

respective models for the various depths have to be built, material properties and loads 

applied. On the other hand, for the stress relief approach the model of the soil mass 

(before excavation) is built, material properties and gravity loading applied. Successive 

excavation simulation was achieved by killing layer elements and impacted elements had 

their E-values modified for the next load step analysis. The stress relief models did not 

have to be rebuilt but to obtain previous information from earlier load steps would require 

conducting the analysis from the top. Hence, a backup file o f the first analysis must be 

made by the analyst to ensure a capability to redo the step analyses.
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CHAPTER IX

SUMMARY, CONCLUSION AND RECOMMENDATIONS 

Summary

The first phase of the research analyzed twenty seven worst case models to 

determine the impacts of small utility cuts in urban street pavements. The worst case 

analysis assumed that the excavation was completed to the required depth and due to 

geostatic thrust and the spreading effects of the overburden pressure, the model was free 

to move towards the cut, along the horizontal plane, located at the bottom of the model 

(cut depth).

The second phase of the analysis pursued a stress relief approach. Eleven stress 

relief models were analyzed via a time step approach to simulate the excavation process in 

the field. A 9 feet deep half space of the pavement was used and the excavation process 

for a small utility cut of unsupported depths o f up to 5 feet was allowed to take place. 

(OSHA Specifications indicated that unsupported excavations should not exceed a 5 feet 

depth). It was assumed in this analysis that some portion of the soil beneath the floor of 

the cut acted conjointly with the soil mass surrounding the utility cut, to provide some 

stability to the soil mass surrounding the utility cut. The stress relief models used a 

minimum soil mass of 4 feet below the floor o f the utility cut during the analysis. The 

original half space of the pavement structure was modeled, gravity loading applied and by 

graduated excavation, load step analyses performed to determine the impacts of the utility 

cut excavation, on the surrounding pavement materials. See Figures 7.2 and 7.3.
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The stress relief approach allowed for the utilization of the reduced average 

effective soil stresses, which resulted from the removal of the overburden pressure, during 

the excavation process. These impacted stresses were used to re-compile the E-values in 

the sub floor layers and the adjacent wall elements, prior to the next load step analysis.

The worst case model did not compensate for soil relaxation. It used the same E- 

values for all elements in the respective layers and no compensation was made in the wall 

elements to compensate for the absence of the excavated material.

The results of the 2 phase analyses, however, produced similar distress results, 

which can be observed by comparing Tables 8.1, 8.3 and 8.4. Indications are, that as 

excavation progressed to a depth of 5 feet, a stretching zone was created in the soil mass, 

varying between 3 .25 feet to 3 .5 feet from the face of the cut, for small utility cut depths 

in the range of 3 to 5 feet.

The stretching zones were indicated by positive strains in the results and the strain 

plots for the respective depths are shown in the Figure 8.5. Table 8.3 shows the 

computations from the outputs, which clarifies the extent of the positive strain and the 

reaches of the stretching zone in Figure 8.5 for depths 3 to 5 feet. Figure 8.6 also shows 

the extent of the stretching zone in the plots of the negative nodal displacements, for 

depths 3 feet through 5 feet.

The results further indicated, that at a distance approximating the extent of the 

distress zone, (determined from the strain and displacement results), the pavement 

assumed horizontal stress profiles, indicating stable conditions in the outer limits of the 

model, beyond the stretching zone. (See Figure 8.3) The figure showed the development 

of the decreasing stress patterns in the X-direction along the face of the cut, as the time
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step analysis progressed and the confining stress released from the face of the cut. Figure 

8.4 showed the vertical stress impacts in the soil mass adjacent to the cut and the impacts 

of the release of vertical pressure on the area under the floor of the cut, as the excavation 

progressed. The vertical stress variations, in the region of the face of the cut were less 

severe than the variations in the horizontal confining stresses, because of the influence of 

the overburden pressure.

The results showed the evidence of compression heaving below the floor of the cut 

in Figure 8.2. Figures 8.3 and 8.4 indicate the horizontal and vertical stress variations 

below the floor of the model as the overburden pressure was reduced during soil 

excavation. Note that the vertical stress patterns below the floor of the model show 

sharper variations than the horizontal stress patterns. Figure 8.5 shows the negative X- 

direction strain pattern from compression in the zone below the floor of the cut. Figure 

8 .6 shows the displacement pattern in the X-direction, below the floor of the cut.

The analysis assumed that few natural soils are perfectly cohesionless and 

approached the research with the assumption that the granular materials used in road 

construction possessed some intrinsic cohesion value. In the analysis of the worst case 

models, sensitivity analyses were performed for the determination of the minimum 

cohesion value, to enable measurement of the surrounding distresses to the pavement 

structure. The Phase 1 analysis determined the minimum cohesion values required to 

obtain stable solutions for excavations varying between 3 to 5 feet deep and Table 8.1 

summarized the results of the depth specific analyses done on the 27 worst case models.
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Conclusions

Based on the research assumptions, and results o f the 2-phase analyses, the

following can be determined:

• Under research conditions, when the utility cut is opened in the pavement, a stretching 

zone is created behind the unsupported face of the utility cut, extending for distances 

of up to 3.5 feet into the pavement structure. This was confirmed by both the Phase 1 

(worst case) and the Phase 2 (stress relief) analyses.

• The magnitude of nodal displacements in the models appeared to be a function of the 

soil cohesion, angle of internal friction, density and cut depth.

• The load application also was found to impact the displacement values. The 27 worst 

case models used the horizontal nodal geostatic thrusts against the side of the model, 

and demonstrated greater displacements than the gravity loaded model used in the 

stress relief analysis. This was believed to be due in part to the freedom given to the 

worst case model, allowing it to slide on a plane located at the floor of the cut. (See 

Table 8.1 and Figure 8.6). The magnitude of the displacements did not impact the 

extent of the distress zone around the utility cut and was felt to be merely relative in 

nature.

• Table 8.1 shows that with the increase in <j) angle and the development of a steeper 

failure plane, there is a requirement to increase the cohesion in the soil to maintain 

plastic equilibrium and prevent failure along the steeper failure plane.

• The asphalt surface seemed to provide restraining support to the model in its state of 

tension, and restricted the granular portion of the model from moving towards the cut.
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A look at Figure 4.2 shows the failure plane for the active Rankine state. The soil to 

the left of that plane is likely to experience tension cracking in this state, and it 

appeared from the results of the analyses, that the asphaltic concrete may have acted 

as a stabilizer to the model, in restraining this tension distress in the granular material.

• The research showed that the worst distress impacts to a utility cut occurred in the fill 

material. The Researcher is of the opinion that the distresses to the fill material in a 

flexible pavement will be similarly experienced by a composite pavement, if subjected 

to a utility cut. The effects of these distresses are easily visible in flexible pavements, 

however, the bridging capability o f the concrete base of composite pavements, 

prevents the reflection of the surrounding pavement distresses. Early utility cut 

distresses in composite pavement are revealed through patch failure. 

Recommendations

This research effort pursued A Mechanistic Approach To Determine the 

Impacts of Small Utility Cuts in Urban Street pavements. It set out to examine the 

pavement structure and develop theoretical explanations for the surface distresses 

observed by others in the vicinity of street cuts, and the extent of these distress impacts. 

The Researcher pursued an hypothesis that predicted the existence of a localized 

stretching zone around the cut. Under research conditions, the actual profile of the 

displacement/distress envelope of the distress zone was determined, for cut depths ranging 

from 3 to 5 feet, the locus of which extended for distances o f up to 3 .5 feet from the face 

of the utility cut. It is anticipated that with this awareness of the distress patterns in the 

pavement structure, a more efficient restoration methodology could be pursued by city
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agencies to mitigate pavement deterioration, and an appropriate fee structure developed to 

cover pavement damage and restoration costs.

Benefits to be derived from the results o f this research effort will include; extended 

pavement life, reduced maintenance and life cycle costs, smoother streets in spite of utility 

cut patching and reduced consumer costs.

Based on:

1. The analyses and results of this research effort, and

2. Established theory of soil mechanics, which determine the incapability of a granular fill 

material, subjected to vertical stress, to displace itself sufficiently laterally, to 

recompact the distress zone around the utility cut,

the Researcher determined that under research conditions, the following actions may be 

pursued and studied, as an appropriate restoration methodology, to recover pavement 

integrity in the vicinity of utility cuts.

• Restore the utility cut according to the construction specifications for the pavement, 

up to top of base elevation. This restoration provides confining conditions for the soil 

surrounding the cut and prevent further inward movement of the surrounding soil, and 

inhibit any further extension of the stretching zone from creep strain.

• Remove the asphalt surface for a square area of sides (x’ + 3’ + x') or (2x’ + 3') to 

obtain a cut-back surface area of (2x' + 3')2, for x‘ equal the maximum distance of the 

displacement/distress envelope, in the fill material, from the face o f the utility cut. 

(See Figure 9.1).

• Vibro compact or roll the cut-back area to develop initial compaction stresses in the 

depths of the pavement structure. "Sands can sometimes be densified with rollers for a
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depth of 3 to 6 feet." (Lambe and Whitman 1969, 514). After achieving the desired 

field compaction values, which can be determined by field density tests, the area can 

then be resurfaced. (See Figure 9.1). This method, though costly, will ensure the full 

compaction of the utility cut, and the affected area of the pavement surrounding the 

cut. The results of the analyses in this research indicate that the cut-back surface area 

will vary between 9.5' x 9.5' and 10' x 10'. The text treats the issue of compaction in 

depth, as well as vibro-compaction and can be consulted for further study in pursuing

a restoration approach. (Terzaghi and Peck 1967, and Capper and Cassie 1976).
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Cutback Surface AreaJotCoinpaction

*  *  *  =
Compression 

zone’'"*-
Displacement/di^ Stre(ching 
-tress en v e lo g j^ ^ n e
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Figure 9.1
Section Through Utility Cut Showing the Recommended Extent of the Surface Cutback 

for Final Densification and Restoration of the Utility Cut.

Economics of the Cutback Approach to Utility Cut Restoration

A study in cutbacks and dynamic compaction, for the determination of an optimum 

economic solution, needs to be pursued as a follow-up to this research. Special attention 

will need to be paid to dynamic compaction methods in and around the vicinity of sensitive 

utility lines, when attempting to restore subfloor distresses.
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The results from this research could be used to test various surface cutback 

scenarios with dynamic compaction, and the respective restoration scenarios monitored 

for a performance rating. Cost benefit analyses would determine the optimum cutback and 

dynamic compaction scenario for an empirical approach to city street restoration.

With the use of Figure 8.6 the analyst can design cutback intervals for testing a 

series of cuts, effect the restoration o f the respective test sites, subject each site to the 

same load type and frequency of loading, monitor patch performance and determine the 

frequency of failure for each patch, (deflection of > 1/2 inch of the patch and/or the 

surrounding area within the limits o f the compacted distress zone), required patch 

maintenance and related costs. These tests would determine whether a restoration with a 

maximum cut-back of 3.5 feet provides similar benefits as a restoration with a cut-back of 

lesser dimension and associated lower costs. A minimum asphaltic concrete cutback of 1 

foot is recommended for the testing of these scenarios.

Other Recommended Restoration Approaches

Other recommended restoration approaches for further study may include:

1. Driving a square, steel sheet pile box of cut size into the pavement, along the proposed 

cut edges before excavation commences. This wiil rigidly confine the surrounding 

pavement structure, after which, excavation can commence. Restoration o f the cut is 

achieved by controlled compaction of each lift o f the restoration materials and using 

controlled withdrawal of the sheet pile box, as the lifts are completed in the cut. This 

can be a costly exercise, but may prevent the necessity for surface cutback and deep 

compaction. Harris and O'Rourke 1983, discussed the problem of soil strains even
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with wall support, but the extent of the distress impacts may be minimized with the use 

of this contained excavation.

2. Freezing of the soil before excavation, to minimize soil stretching in sensitive areas, 

where such movements may be undesirable. This method is subject to its suitability for 

use in the proximity of the respective utilities.
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