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-ABSTRACT

WATERJETTING AS A METHOD OF COMPACTING NATIVE TRENCH BACKFILL
by

‘Mohamed Aly Fahmy'sheta

Englneers who are assoc1ated elth trenchlng in public
thoroughfares hHave been str1v1ng for many years to find better
- and more-economlcal constructlon methods and.procedureS'for
backfllllng these trenches The use of waterjettlng to
compact natlve trench backflll has long been known ‘among

r/

engineers and contractors. 'The importance of waterjetting
comes into view hecause of the'posstble-savings.which:oight
behderivedxfrom the use-of'this method. Unfortunately,.the
lack of research and fleld data in waterjettlng makes lt -
dlfflcult to evaluate thlS method properly

In this study,. results of a monltorlng experlﬁehtal
programme ehat had been 1n1t1ated to study the effect of
relevant selected parameters'on the backfill behav1our during
andjafterzjetting_are presented. These parameters are:
lumstiee and‘gradation, initial trench.depth;-jetting water
pressure,-seepage force, soil'rejetting, jetting‘the backfill
in layers; 'so0il area per jet trench dralnage condltlons, and

i'backflll 50113type T ' o

A separate comparative study is carried out on each

(iv)
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parameter to examine its effect on the backfill behaviour.

The behaviour of a backfill is governed- in this research

" work by the degree of cohpaction,'the average change in void

ratio, the settlement and the change in backfill moisture

content with time after jetting. Curves are drawn for each
\ " . v

. 3 ; w4 '
of the selected parameters to show their effect on the afore- -

mentioned backfill behaviour: Based .on the analysis of the.

experimental data obtained, a general compaction mechanism

of, the waterjetting process’is also presented.

~ LY
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CHAPTER I
INTRODUCTION
1.1 General
The use of waterjetting to compéct native trench back-
fill has long been debated among engineers and coﬁtract&fs in
many areas and for example, the Windso£ area (l). The ;vail—
- able information on waterjetting as a compaction method fof
native trench backfills“pertains mainly to the performanée'of
the method rathe;.tﬁan its fundamental,principles of compaction;”
Unfortunately, the lack of research studies on waterjetting'
makés it difficult to evaluate this method properly.

-

1.2 Definition of the Problem

A typical urban street has at.leaSt one backfilled
trench underlyipg the liImits of the pavement. Tﬁe existence
of such a trench is essential for placement of sefvicés such
as sanitary and storm‘sewérs, electrical and telephone cables, .
water and gas lines, runoff culvértS'and oil pipelines. In
order to repair a pavement through which a cut has been made,
it ié.hecessary to compact the trench backfill. Two procedurés
canlﬁe emﬁioyed for backfill trench compaction; ngmely, using ,
mechanical equipment such as sheepsfoot rollers; pneumatic
wheel rollers, etc., and using Qater as in the case of puddling,
ponding or waterjetting the soil (2). |

1



1.3 Motivation

Increased attention is.beiné paid by engineers and
contractors who_are'associated with trenéhing'problems to find
optimum eConoﬁical flethods and procedures for bﬁckfilling and
compacting these trenches. The use of watérﬁetting as a
compaction method in lieu of ﬁechanical compaction reSﬁlts in
significant savinéé, especially when native materials are
usédf '

N To the author's knowledge, no attempt has been made

'éref&ously to discuss the basic concepts of coﬁpaction by
waterjetting or to clarify its mechanism. The lack of litera-

~ .
ture on this pfbéiﬁm was in fact the principal motivation for

this work.

1.4 Objectives and the Approachlin General

The:main objective of this investigation was to study the
effect of relevant selected parameters on the behaviour of the
backfill duriné.and after jetting. These parameters are:
lump size and gradation, initial trench height, jetting water
pressure,'éeepage force, soil rejetting, jetting in- layers,
soil area per jet, Arainage conditions and soil type. The above
mentioned behaviour of backfill is presented in this study in
terms of degree of compaction, average change in voids ratio,
settlemént, and time dependent moisture content and degree of
saturation. Based on the analysis of the experimental data
obtained, an attempt was also made to conclude a general

compaction mechanism of the waterjetting process.

~
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~

The experimental study was carried out on a model which
consisted of a plexiglassﬂbox where the differeq;;backfill

samples were'placed and jetted. Jetting waéméaﬂducted using

-
-
N
“
\.

a brass pipe ¢onnected to the water supply.

>
H\
\'\\..
- é} ~



CHAPTER II
BACKGROUND AND LITERATURE REVIEW

2{1 Introduction

A survey of the iiterature revealed that~virtually no
. resealrch has been undeftaken‘to study the behaviour of native
cohesive béckfill compacted by the waterjetfing method under
the effect of the parameters considered in this étudy. Most
. of" the investigators apéear.to be concerned with comparing the
o , _
use of waterjetting with mechanical compaction methods (1) andg__
(8). |
This chapter preéents é'rev%ew of the available litera-
ture on issues related to the current research:; namely, basic
conEepts of backfill compaction, service trench backfills and
the selection of its material, specifications and design of -
service trench backfill,;ﬁnd finally, waterjetting as a method
of cémpacting native trench backfills. .

e

2.2 Basic Concepts of BackfithCompactioﬁ

g Compaction is the process Qf applying energy to soil,

e¥g. béékfilis, to pack iés particles more clbsely through a'ﬁ
reduction in'vogﬁs. Prope;.backfill compaction improvés its
load carryiﬁg caﬁgcity, reduces sg&tléments, prevenEs céllapse
or deformation of structures built over the soil, reduces

volume change and reduces water infiltration and frost damage.

X 4

.
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2.2.1 .Compaction Mechanism of Trench Backfill
a) Granular matefials
N To. simply illustrate the mechanism ef compaction of
‘granular material, a‘diagram ls ShoY& on Flgure 2.1 for a
uniform granular materlal. In thls classic example, the soil,
:partlcles are represented as glass marbles, all of the same
size. The loosest conflguratlon of Lhe marbles occurs where
they are in vertical stacks with each marble directly on top -
of the one below. The densest configuretios is obtained when
the layers of manbles_ﬁove laterally and drop into the space
between £he enderlying marbles (Figure 2.1y (3).
| b) Cohesive materials

Wwith a backfill consisting of cohesive soils, a diffeF-
.ent mechanism oé-compactien occurs. fhe-cohesive soil is
invariably broken into lumps during excavation.

In order to compact cohesive backfill having a 1umpy
structure, 1t is necessary to use a method which applles
vertical forces and kneading process to squeeze the lumps
together\(Figu;e 2.1). The distortion of -the shape of the
lumps of clay to fill the voids necessitates each lumﬁ fo fail

in shear and remould into a new shape (3).

2.2.2- Measurement of Soil Compaetion

Compaction is measured gquantitively in terms of'the dry
density of the soil, which is the weight of soil solidshper
unit volume of the soil in bulk. The density is chosen because

it is an easily determined characteristic, and its variation



6
reflects the variation of those important soil properties such
- as sﬁrengtﬁ,.freedbm frombadditional densification under
natural forces,:water—tigﬂtnesé, and manf othér.relevant charac-
Eeristics of great interest in trenching opergtions (4) .

A commorni praétiée in earthwork chstruction‘is to control
compaction by specifying'dry‘densitieé eqﬁal to or greater than -
some ‘arbitrary percentage of Ehé max imum dry densities obtained
by standard laboratorj tests. Laboratory tests used as guides
. for field compaction are the standard Proctor test (AASHO T-99
and ASTM A7698) and the modified Proctor test'(AASHO‘T—lBO and
ASTM D-1557). The standard Proctor‘testkis beét su;ted;as the
control test for normal eérthwork construction which includes

compaction of trench backfill (5).

2.3 Service Trench Backfill
A'great number of ser&ices requires trenching for their

placement such as sanitary and ‘storm sewers, electrical and
telephone cableé; etc. (see Section 1.2). Engineers who are
assocliated with trenching in pu51i§ thoroughfares have been
strivinq’for many years to find better and economical con-
struction method;'and procedufes for backfilling these trenches.
'The essence of the problem of cortrolling backfill materials in
general is to repair a pavement, through which a cut has been
ﬁade, in as permanent a manner as:pdssigie, consistent with

reasonable economy and a minimum of public inconvenience.
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27611 ‘Selection of Serviqe Trench Backfiil

The selectionﬂof service trepch_backfill‘;s primarily a
matter of“economicé?'avqilability of materials and local
municipal policx}aé iﬁfﬁoutqgggtern Ont&riq‘(3). Tﬁe éelectibn
of backfill mageriai‘i;:ﬁgpmally a choice between native
excavated (mostly éohesivé) orn imported granular material. It
is widely acknowledged that,gfhnuiar mafgrials afe preferred.
However, with the indréasing scarcity and cost of granulaf
ﬁaterials coupled with.a riéing public concern for the conser-
vation of valuable natural resources, a choice of alternative
backfill material is not .always available. Hence, it is
becé%ing increasingly important that nétiﬁe backfiil be used
Qhereverlpossible in service trenches.

To determine basic soil cléss division between granular
énd'cohesive materials for compaction purposes, it has been
suggested (6) that all soils'wiﬁh less than'lS“per cent of:'
thei£ mass made up of material smaller ‘than 0.06 mﬁ‘bé cléésed

as granular soils. A soil is cohesive (2) when it contains a

fair proportion (approximately 10 per cent or mcré)‘of;the clay

fraction.

2.3.2 Characteristics of Nativé Cohesive Backfills

Native cohesiVe backfill materials have a number of
advantages; namely; they é:e available in places of cohesive soil
néture at no cost, most stable in'its natural state, able to
bond with adjacent similar ﬁaterials, easily re-excavated and

available for relative compaction tests. On the other hand,
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nbhesivé backfills.have the‘following disadvantagés: they
are difficult‘nb handle, esnéciélly'under adverse weather
conditions, dif?}dult to compact propeniy and‘reqnire close

inspection to vérify the requiréd-state of compaction (5).

H

. ’ LI . . .
1 . -

2.4 Specifications and Design of Service Trenfh Backfill

' One of the primary purposes of é road 1 to enablé traffiq
no proceed with qgmfort. To do this, the noad surface must be
free from irregularities, cracks, and other cns which
.interfere with the smooth travel of a vehi€¢ e ‘and causé dis-
comfort to the passengers and possible danger to the vehicle
or the goods it is carrying (2) . " Many of the defec;; in road
surfaces are attributed to the soil’foundation on which the

. . = Ry - *
road is built. Moreover, these defects are often more serious

i -1‘

than" those resulting meneiy from faults in 1‘:hc=.='surfa.c:i."i:lg."‘--'-P
A typical urban street has at least o%g backfllled trench
runnlng within the limits of’the pavement }ﬁ order to illus-
trate the behaviour of pavement structurefiné)thé subgrade when
a wheel load is applied to the top of the pave!&nt, a siﬁplgﬁied
distribution for a typical 9 klp wheel load lS shown in Figure
2.2 which demonstrates that the applled ‘stress decreases froh
9 klpS/square foot at the surface to 0. 25 kips/square foot at
a depth of flve feet. The subgrade below this @kpth experiences
littie or no stress increase from the applied wheel loadings,
but mefely has to be stable under the stresses induced by its
own weight. On normal municipal Streets this five foot thick-

ness usually consists of two feet of asphait and granulqg?k/"l
' !
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materials in various proportions and the upper three feet of
the service trench backfill. Below a depth of five feet the.
backfill does not .substantially contribute to.the strength of -

the pavement (3).

In order to examine the functions of and ‘design d?iteria

for the backflll, it is convenient to divide it into three

distinct zonegs as shown in Figure 2.3

Zone A: This backfill, usually a select granular
material, is required for bedding and backfilling around
the buried service. Its specification and degree of

compaction is controlled by the type of underground

service and its specific support requirements.

zong,B: The backfill .fills the zone between the

N

‘pavement structural beam and the underlying service

bedding. Its main requirement is to be stable under its
own weight, traffic vibrations, and,downmard water
seepage forces.

Zone C: This backflll forms a part of the pavement
structure. It mus£ be capable of distribnting part of
the traffic whee% loading and remain stable under the
weight of tﬁg oGefly%ng backfill and the applied pavement
loads. The actual sPecificatione vary,with the type of
soil and the pavement loading condiﬁibns. They ‘are
rarely less than195 per cent of the standard Proctor
maximum density at a water content of about 2 per cent

less than - the optlmum to the optlmum water content (3).

ThlS zone extends to different depths depending upon the

]
i
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" weight of the traffic using the road and the thickness
N and t&pe of road structure {2).

¥

2.5 Waterjettlng as a Method of Gbmpactlng (
Native Trench Backfills i

The method of waterjettlng to compact natlve trench back-
4£fill is known among engineers and contractors,.although its
mechanism of compaction is not. In “w;terjettlng,) the trench .

is fiiled nearly to the toggwith relatively dry, loose soil,

and then with a water suppl? turned on, tﬁe jetting pipes are
slowly inserted by hand into the backfill until fhe granular
material (Zone A, Figure 2.3) is reéched. - The pipes are usually”
left in this p051tlon for a period of time (15-20 mlnutes),
after which time the’ plpes are progre551vely withdrawn a foot
or two at a tlmg (1). The pipes are completely removed when'
waterlbegins to appear at the top of the backfill (1 and 7)
(see Photos 2.1 to 2.3).

' Based on fié;d results (1) a number of advantages and
.ldisadvantages associated with the use of watérjetting are

described below.

2.5.1 Advéﬁgages

[}

Waterjetting'éf a trench backfill in lieu of mechanical
compactlon can result in- 51gn1f1cant savings (see Section 2.5.3).

Narrow trenches can be used resulting in less, excavatlon, less

excess material to dispose of, shorter crossing utlllty supporté h

and less surface restoration requirements. This method also

has an advantage in terms of construction safety (1), as men
- N
\
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and machinery are not required to enter the trench behind the -
service pipe laying operation. In the case of ‘mechanical com-
paction, the trench backflll is compacted relatlvely dry, and
henee further settlements occur after periods of successive
rainfall and groﬁnd water~infiltration, evern thoﬁgh the compac-
tion meets the required specificetione. This is not the case
w@en'waferjetting is used, since the backfill material -is
entirely saturated and further settlement due ta water infil-
tration is less likely. 1In most cases where mechanical compection
is used.with native trenqh bacﬁfills, proper cgmpaction is not
achieved immediately adjacent to the trench walls. Tt is

-
[

possible for the water to permeate at the backfill durihg water-
jetting. . N

In existing built~up areas, frequent utility Crossings
make it impossible to construct proper ramps down to the
‘bottom of the trench for use by mechanical equipment. As a
result, the uselef sheeps-foot rollers for example, are
'1mp0551ble in these areas and smaller hand operated plate
tampers must be used to compact natlve materials around existing
utllltles and manholes. Such a problem does not exist when ‘
waterjetting is employed.
A When waterjetting is used, the initial backfllllng
operatlon can be completed quickly. Temporary gravel driveways
can be guickly constructed across the backfill to service
existing homes. Generally, when carefully applled water-
Jettlng can be an effective method of compacting free dralnlng

trench backfill materials-
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It may be of interest to mention that,'although water-
jetting increases'tﬁe backfills' moisture. content, a significant
reductlon in this water content w1th1n a few percentage p01nts
of the Proctor optimum value could occur aften,perlods of time
(28 to 43 days,,for-example, at Sandwich South Provincial
Sewage Works, Ontario (8)). This reduction in water content
is always eccompanied by an increase in dry density to about orx
in excess of 95 per cent of the standard Proctor maximum value

e

(8).

2.5.2 Disadvantages

Some deley is generally experienced from the time that
the utility is installed until the waterjetting can be carrled
out and a proper road can be reconstructued. Slnce’the jettlng
water interferes with the utility instailation, it is generally
preferable to.carry out the jetting after fairly long sections
have been completed.

Prior to_jetting, the level of the backfillrﬁaterials
should be kept below grade to prevent the saturated backfill
from spllllng onta areas ad]acent to the trench (l)

The use of Gaterjettlng causes a_olgnlflcant increase in
the water content (l); it is common practice to leave the top
~of the trench open for one to several weeks to permit the
drainage of excess water (7). Free draining pipe bedding must
be used in conjunction with waterjetting to.permit the water to
drain out of the backfill material threugh the bedding into

openings left in the manholes. Also, considerable testing
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is requiféd with waterjetting to ensure that no signifﬁcant
settlement will occur after the compiete‘restoraﬁion of the

trench is carried out.

' 2.5.3 Cost Study

It appears that' the contract cost of placing backfill by
mechanical tamping is approximately three times the cost of
using water (7). This comparison is based on thé average
basis and on the assumption that native excavated material is
satisfactory for -backfilling. If sélectedrmaterial is brought,
the relative éoéﬁ may be in a 5 to 1 ratio (7).

Based on detailed cost estimatés prepared by M. M.‘Dillon
Limited (li, it appears that savings from 5 to 15 percent of
£herlineal foot price for the installation of éénitary sewers
can be achieQed through the use of waterjetting rather than

mechanical compaction.



% CHAPTER III
b o .

EXPERIMENTAL SET-UP AND TEST PROCEDURE

3.1 Soils

Most of the tests were carried out on Soil No. 1,
obtained frém East Windsor (Table‘3.l]. This soil was
generally classified as cohesive soil accordiﬁg to the
suggestions made in Section 2.3.1, Ref. (2) and (6).

To study the effect of soil type, Soil No. 1 was

mixed with Soil No. 5 (Erie Sand) to obtain five different'
soil types. The properties and classificat}on_df all five
soils are summgrizéd in Table 3.1. The_gfain size distribution
curves for all‘soils and the standard Proctor Compaction
test results (ARSHO T-99 and ASTM A—698) are shown in Figures

3.1 and 3.2 respectively.

3.2 Test Apparatus

The main apparatus used in this research work consisted
of a transparent plexiglass box 30.7 inches long, 7.§ incheé
wide and 19.7 inches high (78 by 20 by 50 cm.), 0.6 inches
(1.5 cm.) thick walls, as shown in Figure 3.3. Plexiglass was
chosen to minimizé fhe friction of soil agaiﬁst the walls of
the appgfatus an@ to allow Visual observation and photography

during testing.

14
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In order to obtain samples of identical initial conditioné
and for comparison'purposes, the apparatué was divided into
eSSentiaily three water-tight compartﬁents each of 9.8 inches
long, 7.9.inches wide, and.;9i7'inches high (25 by 20 by 50 cm.).
This was done using two‘mdvable ﬁlexigléss.paftitions 0.6
inches (1.5 cm.) thick.
- To simulate field conditions and to‘dfain'the excéss
water out éf'the soil during and after jetting, a 2 inch layer .
SF uniform gravel (0.5 inches diam.). was placed on the bottom of
the apparatus as shown in Figure 3.3 and Photo 3.1. This layer
was covered by a window screen of ‘0.078 by 0.078 inch (2 by 2 mm.)
openings to prevent the soil from mixing with‘£he gravel. Three
water outlets, one fqr each compartment as shown in Figure 3.3,
were used to permit water drainage and were secured with

S
valves.

3.3 Meaéurement of Settlement

In order to determine the settlement occurring in each
sample at different depths, steel settlement plates 1.0 inch
by 1.0 inch (2.5 by é.S cm.) were used and installed inside
the soil samples at variqué depths. Steel rods, 1/8 inch
(.32 em.) in diameter, were attached to the éettlement'plateé
and extended vertically up through thé tgp steel guide éiates
-(see Photo 3.2), which were used to position the settlement
rods during and after soil placement (Phéto 3.3). A typical
soil sample layout in a compartment is shown in Figﬁre 3.4.

The settlement of the steel rods, which represent the

L
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settleﬁent of the soil sample itself at various elevations
were measured using Mercer dial gauges of 0.00l_inch éccuracy
(Photo 3.4). The tips of the dial gauges rested on
aluminum caps placed én top of the seﬁtiement.fods as shéwn
in Figure 3.4 and Photo 3.2. To féﬁilitate the measurement of
soil surface settlement and to determine the,acpual sample
heights, a set of hori;éntal l1ines 1.0 cm. apart was inscribed

on‘both'sides of the plexiglass box (Figure 3.3 and Photo 3.4).

3.4 Waterjetting Technique

Waterﬁetting of the soil was carriéd out using a brass
pipe 19.7 inches (50 cm.) long and 0.4 inches (1.0 em.) I.D.
The iower end of the pipe was machined to form a conical
nozzle with.eight 0.08 inch (2;0 mm. ) diémeter holes around
thé sidés and oﬁe at the_tép (Figure 3.5). The upper end of
the brass pipe was connected via a reinforced plastic hose
of 0.5 inches (12.5 mm.) I.D. to the water supply through-a
water pressure regulator (Figure 3.5 and Photo 3.5). To
measure tﬂe jetting water pressure, an Ashcfﬁft pressure gaugé
was used and connected to the water regulator as shown in
Figur¢.3.5_and Photo 3.5. |

‘In a few tests, in order to study the effect of seepage
force after jetting on soil behaviodr,‘a means of achieving
various seepage rates was required."since pumping was judged
less convenient ‘than applying negative water heads at the
water exits; the latter metﬁdd"was adopte?:’ A constant water

level at the initial soil surfacé-wés~ma{ntained and different
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negative water heads were applied at the exits to create A

different water heads. Thls was achieved using the vacuum,

system shown in Flgure 3.6 and meastred using an Ashcroft

L 4

vacuum gauge.

~ ' . 3

\r

3.5 Preparation of Samples
To prepare the samples fcr jetting, . the required moist
weight of soil to fill each compartment was first determined.
In order to achieve uniform initial conditions for the study
of each,parameter, the dry density was kept constant. Thus,
the moist weight of the samples requlred were determined from.
the knowledge of the initial momsture content. This was done
by taking three moisture content samples for oven drying
‘before each experiment, while the rest of the.soil was
protected with plastic sheets to prevent evaporation of ﬁater.
B'NDuring soil placement, settlement plates were embedded
inside the soii, two at each séecific depth to obtain average
readings, as illustrated in Figure 3.4 and Photo 3.3. The top
guide plates were used to position the settlement rods during
soil placement (Photo_3.3); then were screwed to the aluminum
channels surrounding the top of the box to act as bases for
the dial gauges. Aluminum caps were then placed on the tlps
of settlement rods and dial gauges w1th bases resting on the

top of the guide plates were installed and zeroed.

3.6 Test Procedure

When soil placement*%as'completed, waterjetting was



. carried out. Wlth the water flowing, the jetting plpe‘
-was lowered throygh--the soil until the gravel layer was
~reeched. The pipe was lowered mainly under its own weight,
t\:';occasionally additional‘hand pressure was reguired to aid
impeded progress or'res raint when progress was judged to be
too rapid.. The water “su ply was closed when water reached
the-soil surface. The time of jetting and the actual’jetting_
water pressure were recerded for each experiment. Essentially,
all the water outlet valves were opened during Jetting to
SLmulate field conditions and to obtain free drainage
T EBRdi¥ions | LT |
Immediately after jetting, and every 24.hoﬁrs for.a
fifteen day period, dial readings were recorded to determine
the soil Eettlehents at‘the verious eievations. This fifteen
day period was assumed to be long enough to give an adequate
determination about soil behaviour. A etudy was always carried
out after this perrod of time to show the effect of the
selected parameters. The same time perlod was also considered
short enough to enable the %tudy of several patameters within
a convenient time span. ’
To study the change in 5011 mOLSture content w1th time,
samples were taken from the top of each soil compartment
every five days for moisture*content determinations. Care
was taken not to distdrb the s0il masses.
To calculate the fifteen day average dry dens;ty, the
folIOW1ng steps were taken upon completion of the test periocd:

g
1. The dial gauges and top steel guide plates were removed.
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2. The total soil volumeiwas determined as follows:
a. In.the case of a-smootn soil surface, the'average:top
soil elevation was observed using the lines inscribed on
the box sides. With the knowledge‘of the soil area, the

T

volume was calculated.

-

b. In the casetaf-an irregular soil surface, a thin
plastic sheet was used to cover the surface to_é?gvent
soil contamlnatlon, and a known volume Of sand was added
to bring a level surface to a known elevatlon. Thus the
actUal volume of soil was calculated. )
3.-'Before remov1ng the soil, and as a, check of the average
density, soil samples were cut from different depths us;ng‘
"an Hvorslev Pocket Piston Sampler (Photos 3.6 and 3.7) and
weighed. The volume of each sample was determined by
.knouing the area'of the sampler and measuring the penetration
of‘the sampler in the soil mass (actual heightlof sample)
‘using a dkal caliber 0.001 inch accuracy, 6.0 inch trauel
and manufactured by Mitutoyo (Photos 3.6'and 3.8); The
sampler penetration in the seil mass was used for volume
determination rather than the samples"lengths in order to
eliminate the:effect of friction densification during driving
and eample extraction.
4. The ‘entire solil mass from each compartment was then
removed, welghed and three- samples were taken for mo;sture
content determinations.
5.f'Knowing the total weight;, moisture.content (step 4) and

L]

total volume of soil (step 2), the average dry density was

!
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then calculated.

All water.outlets, valves, hoses and the gravel ﬁsed
were flushed after.each experiment to,prevéﬁt any entrapped
soil from impeding water outflow during subsegquent experi-
ments. More than thirty Sampies were used and several'tests
were cafried out with sgmples’for the study of each parameter .

to minimize the experimental errors.



CHAPTER IV
'ANALYSIS AND DISCUSSION

OF TEST RESULTS

‘Thls chapter includes two parts Presenﬁed in the.firét
pafﬁ, sectlon 4.1, are the ﬁgctors governing soil behaviour
and how. they are determ;ned. This is followed in the second
part, section 4.2} by ﬁhe experimental results,‘plus an analysis"
and discussion of thgsé results.

A

4.1  Introduction to the Factors
Governing Soil Behawviour

The main purpose of this researchuwork wés to study the
behaviour of native cohesive.backfills when waterjetting is
used as a combaction method. The behaviour of the backfill was
Studied under the effect of severél selected parameters; ‘
namély, lump size and gradatibn, initial soil height (H),
jetting water pressure (P), 5011 rejettlng, seepage force (J),
drainage conditions, soil area per jet "(As), jetting ln layers
and soil type.

In this study, the behaviour of the backfill was evaluated
’ln terms of the average degree of compactlon, the average'
change in void ratio, the variation of settlement w1th depth,
soil's moisture content and degree of saturation. A brief

explanation of the factors describing the soil behaviour and

21
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their relevance are shown below.

;\-
4.1.1 Degree of Compaction
The degree of compaction, which is the main concern in.

earth work studies, is defined in thieyetudy as:

(D.CY (4.1)

15~ (Yd)IS / (Yd)max

]

where"(D.C)15 average degrée of compaction, fifteen days

after jetting;

Il

(vd) 5 -average dry density, fifteén days after

' jetting;

and (Yd)ﬁax ‘standard Proctor maximum dry density.

For each‘parameter studied, the average degree of
compactlon is calculated considering two cases. . In the fifst‘

casef; Case A, (Yd)15 is calculated considering the soil loss
with water outflow. In the second case, Case B,-(Yd)l'5 is

‘ealcﬁlated assuming no soil loss' (based en the iﬁifial dry.
soil weight before jetting). This is done to illustrate the
effect of the selected parameters on the amount of soil loss
The latter can be represe’Eed by the dlfferences in the degree
of compaction values given by Cases A and B.

4.1.2 Average Change in Void Ratio.f
If a cohesive soil is excavated and then. replaced in
treﬂches, it retains a lumpy structure. In this case, the

behaviour of cohesive backfill can be" evaluated by the
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reduction in vo}ds between the lumﬁs. Hence, a new term

“averfge,change in void ratio," Ae, is introduced; defined

as:
‘ fe = ey - eg (4.2)
where e, = average initial void ratio:
‘ ) ‘ . ; o
and e,y = average void ratio, fifteen ddys after jetting.

‘The average chenée in void ratio is also calculated 
‘based upon two cases (as mentionedﬁin Section’4.1.1); first;
'conelgering soil loss with water outflow (Caee A), and
second, assuming no soil loss with watet outflow (Case B) .
The value of the average change in void ratio, de, 1s in
general a measure of the backfllls' cempactability. It is
worthy to note_that soil densificetion can be represented by

the increase in the "degree of compactien“ (D.C)ls,

as well

L3

as the increase in "average change in void ratio," Ae.

4.1.3 Settlement

Total settlement_oecurring_after jetting tepresents
one of the principél measures by whlch the e¥EEEtiveness of
water jetting can be judged In this research work,; .settlement
values were obtained by recordlng the dial readlngs at varlons
sample depths. Surface settlements were also determlned uszng
the set of lines inscribed on the sides of the test apparatue
-(Sectlon 3.3). Henee, it is;possible to trace the average |

settlement proflles and - to note those layers where greater

settlement occurred. All settlement profiles are studied

- o ) . T
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immediately after jetting and fifteen days after jetting to ’.

ascertain the effect of jetting only.

. ‘AFor comparison purposes, the change in volume for
(’"“62ffg}ent soil qgmpies at diffefent layers can be represenfea
' by tﬁé ;loﬁeS'of the depﬁh—settlement curves. Accordingly,
Fhe effect of the different,paraméters'on soil behaviour

represented by the settlements occurring and the change in

volume can be established.

4.1.4 Moisture Content

Thg waterjetting-method‘prodﬁces én excess of free
moisture.in cohesive 'soils éﬁg. In terms of moiéture content,
W, an idea about the backfills'_behaéﬁour can be given by
tracingrtﬁe moisture content values and their chaﬁge with time
after jetting. The test period (fifteen days) is considered
long enough to givé a fair impression about the decrease in

,Jmoisturé coftent with time as mentioned before (Section 3.5).
With the small soil heights used in this experimental work,
. - .

the top soil moisture content is considered to be an indication
of the sample's moisture content. This assumption was.
adopted to avoid disturbing thelsoil by.taking moisture
content samples and hehce affeéting its density. ~Moreover,

in the field it is of great value to know the top soil moisture

cénteq& when placing éavement on top of the jetted trenches.

hea
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4.1.5 Degree of Saturation
The degree‘of éaturation is another measure 6f the water
_entrapped inside‘the'backfill_gfter jetting. The dégree éf
séturation is defined as the ratio of the volume of water to
the volume of'voids; The average degree of saturation, s,

is calculated in this study according to the empirical formula

(10);
. .
v S'= G; w/e . (4.3)
where, S = average degfee of saturation;
w = average scil moisture contenﬁ;
e = avérage void ratio;
and G, = specific gravity of soil particles. -

It can be noted (Eg. 4.3) that the average degree of
saturation, S, is a function of the average moisture content,
W, as well.as the void ratio occurred after jetting, e, as

Gg is constant for the soil type. TheraVefage void ratio, e,

at a time, t, after Jetting is calculated by the equation:

-

__— e = (1 +.e) (1 + AH/H) - 1.0 | (4.4)

where, H = total soil height,’fifteen days after jetting;
AH = difference in total soil heights, between time .t
/ .
and fifteen days after jetting;

and élS = average void ratio fifteen days after jetting.
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4.2 . Analysis and Discussion of Test Results

4.2.1  Effect of Lumé Size and Gradation

To sﬁudy thé effect of ldmp size and gradation on soil
behaviour, Soil No. 1l was placed in the three apparatus .
-compartments under three conditions of varying lump:size and 
gradation. The lumps used to f£ill the first and second

compartments were "uniform" of one inch and one half inch in

o

diameter respectivélyr(will belreferred to as Cases I and II).
The soil sample in the'third compartmeﬁt, Case III, had mixed
(non uniform) lumps of different sizes up to one inch in
diameter. These lump sizes were considered to reasonably
represent the field conditions. The different lump sizes
were prepared by'breaking the big ;umps obtained from the
field (ﬁast Windsor, Ontario) into the required siges.
Table 4.1, Appendix C, éhows the initial conditions
1

for the three different cases. Listed also in the same table
are the pefiod df jeﬁting, tj’ required to saturate each of the
three soil_samples (see section 3.6); and the total:applied

J ' .. . . .
energy due to waterjétting per unit volume of soil, Ea, for

each sample (sample calculation is shown in Appendix D).

a) The degree of compaction and change ‘in void ratio
Figures 4.1-and 4.2 show the variation in the average

degree of compaction,:(D.C)ls, and the average change in

void ratio, Ae, respectively, versus the different lump sizes.

The A Curves on the graphs show the (D,C)15 and Ae values

considering soil loss with water drainage (Case A, Sec. 4.11),
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while the B curves represent the (D.C)lS and Ae values

assuming no soil loss, Case B {sample calculation is given in

" Appendix D). -

-~

" It can be seen that curves A and B, Figures 4.1 and 4.2,

show the greatest (D.C)15 and Ae values (most compaction)

for the mixed lump size, Case III, while the smallest values
. T T

are obtained for Case T (unifo;m lumﬁ-size, D = 1.0 inch)
even ﬁhough the applied energy was gfzzt the same for all
cases, Table 4.1, This may be attribButed to the greater
effect of waterjetting in densifyiné backfills_containing'
smalier‘lump sizes which expose greater surface area to the
jetting action. |

It can be noted that curves B.shbw steeper slopes'than

-

curves A indicating the greatest difference in the (D.C)15

and Ae values to be associated with Case III, while the

smallest is with Case I. This difference indicates the amount

of soil loss with water drainage.

b) The Setélement

The variations in settlement with deéth are shown in
Figure 4.3 for the three cases The dotted lines on the graph
indicate the total settlé@gnt/;mmediaﬁely after jetting,
while thé totﬁfisettlemént fifteen days after jetting are
shown in solid lines. All settlement values are listed in
Table 4.2 as well as the difference in settlement values

immediately and fifteen days after jetting. {net settlement

\,,

-4
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occurred in fifteen days), at various depths.

. From-Figure 4.3 and Table 4.2 it can be noted that the
major part of settlemeut occurred immediately after'jetting
for all three cases. The greatest total'settlement of soil
surface was for Case lII while the smallest’ was for Case I
This resulted from the dlfference in volume . change caused by-
waterjetting. The net change in volume  for different soil
'layers in each sample can be judged by the sloPe of the depth-
"settlement lines. Employing this technique, 1t can be
noticed that at the top layers the greatest change in volume
.occurred for Case IIT whlle the smallest was for Case I. This
may be due to the migration of the soil partlcles from the s01l.
ln the top layers, w1th the flow of water, to be deposited at
the lower' layers (as 1llustrated by Figure 4, 4K _ These
particles may also leave the soil mass causing the soil loss
Thls mechanism is most pronounced w1th the greatest lumps

surface area, Case III (mixed lumps).

¢} Water Content and Degree of Saturation

.Figures 4;5 and 4.6 show the correlations between the
average top soil moisture content, w,‘and the average degree
of saturation, 8§, respectively, versus the time after j;tting,
t, for the three dlfferent cases. It can. be seen from the
graphs that Case IIT shows the greatest w and S8 values
- at all'tlmes after ]ett%ng‘ On the other hand, Case I (uniform
lump size, b = 1.0 inch) shows the lowest values at all ¢t

valves. Case II shows always an intermediate value between
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Case I and III. It can also‘be noted that all w and S
values decrease, with a.decréasing rate, with time after

jetting.

4,2.2° Effect of Soil Height

To study the effect of soil height on its behaviour
after jettiné, Soil No. 1 was placed in the three compart-
'ments in three different heights;'namely, 4, 8 and 12 inches
th, 20 and 30 cm.), and jetted. The initial conditions for

1

the three samples, the time of jetting, tj' and the total

applied energy duerto‘jetting per unit volume, Ea, are listed
in Table 4.3. The difference in Ea values is small, hehce it
can be assumed that it has againor effect on the forthcoming

resulté.'
a) The Degree of Compaction and Change in Void Ratio
. Figures 4.7 and 4.8 show the relations between the average

degree of compaction, (D.C)lS; and the average chahge in

void ratio, Ae, respectively, versus the initial soil

height, H. As '‘can be noted, curves A and B on bothhgraphs

show an increase in the aﬁerage‘degree éf-compaction and the
average change.in void ratio with an increase in initial .
soil height, H. This can be seen by stuaying the settlement

profiles for the three samples.
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b} —Settiement | 7

' Figuré 4.9 and Table 4.4.show the settlement érofiles
-and'values respectively fdr the three éamplés immediately
after and fiftéen days after jetting. The figures indicate that
the i?ttlement érofiles for.each sample show an increase in
slopes with height, except for the saﬁple of H = 12 inches
at the upperﬁost 2 inch layer. It can also be noticed that
the greater the initial soil height, H, the greater,areiihe
average settlement values either immediately after,Of fifteen
dayg after jetting ag the different soil heighfs” The he;ghFT"_.
settlement ‘lines for thé different samples at differeﬁt soil
" layers show's;eéper slopes for samples of smaller initial :ﬁ
soil heights. This, iﬁ'general, indicétes less change in
volume with ﬁﬁé decrease in initial height, i.e. deérease
'in the overburden pressure. after jetﬁiﬁg which results in

less degree of compaction'and change in voids ratio (see

Figures 4.7 and 4.8).

c) Water Content and Degree of Saturation

" Figures 4.10 and 4.11 show the average top soil moisture
content] w, fand the'average degree of saturation, S, respec-
tively.yérsus the time after jétting, t. It can be noticed
~from the graphs that the highest w and .S valﬁes are associated
with the sample of ﬁ = 12 inches, whiie thé smallest values

are for the samples of H = 4 inches, for all  t values. All

samples s ‘a decrease in w and S with time. The sample

of H 4 inches shows the highest rate of decrease in w

N y
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values as can be seen in Figure 4li0.

4.2.3 Effect of Jetting Water Pressure

To study the effect of jetting water pressure, P, on
the soil behaviour, Soil No. 1 was used and placed in the
three apparatus‘compértmentsrunder the same ini%ial conditions
(Table 4.5): The samples were waterjetted under three
different applied pressures, P, af 20, 40 and 55 pls.i. res—
pectively. Tﬁe water pressure was controlled by using the
water regulator (Chapter III, Section 3.4). Table 4.5 shows

the initial soil conditions for the three samples, the time of

jetting tj and the total energy applied due to waterjetting

per unit volume, Ea.

a) Degree of Compaction and Change in Void Ratio
~.Figures 4.12 and 4.13 show an increase in the average

degree of compaction, (D'C)lS’ and the average change 'in

void ratio, Ae, with the increase in jetting water pressure,
P, for Cases A and B. This reflects the increase in soil
densification with higher water pressures, since a higher'
amount of energy was'appliéd (Table 4.5). Figure 4.14 shows
the direct relationship between the average degree of com-

paction {(D.C) versus the applied energy, Ea.
. 15 .

b) Settlement )
-

.

Figure 4.15 shows the total settlement profiles for the

three samples immediately after jetting, represented by the
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dotted ‘lines, and fifteen days after jettlng by solid

lines. All the total settlement values and the net settle- -

ments_occurrlng in the flfteen days after £ting are listed
in Table 4.6. As can be seen, larger settlements which
occurred at differeﬁt depths immediately after jetting, are
generally associated with higher jetting water pressure, P.
This relation also holds for the total settlement values
fifteen daye after jetting: By comparing Eﬁe slope of the
settlement profiles at various depths for the three samples,
one can generally notice that the greater change in volume
is associated with the higher jettlng water pressures, .P.

The net settlements occurrlng in the fifteen days following

jetting (Table 4.6) show a decrease'with depth for all samples.

c) Moisture Content and Degree of Saturation

The average top soil moisture content, w, and the

average'deg;ee of -saturation, 8§, tersus the time after jetting
are shown in Figures 4.16 and 4.17 reepectiveiy for the thtee
soil samples; The greatest w values are shown for the
sample of P = 55 p.s.i., while tﬁé smallest are for the sample
of P = 20 p.s.i. All w values decrease with time after_
jetting. The same trendjof the w-t curﬁes can ‘he hoted for

)

the S-t curves, Figure 4.17, for the three samples,
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' 4. . Jffeét of Rejetting the Spil
To study the effect of rejettlng the soil, three samoles
~of Soil No. 1 were placed in the apparatus under 1dent1cal
conditions, Table 4.7. All the three samples were jetted in
a norﬁal fashion. Samole II was jetted once again,.five
days after the first jettings. Sample III waS‘rejetted twice,

five and ten days after the first jettings. -

a) Degree of Compactlon ‘and Change in Void Ratio

Flgures 4,18 and 4.19 show an increase in (D. C)15 ahd

Ae valves with rejetting (as expressed by‘the number of
jettings, N) for Cases A and B. Both curves A and B, Figure

.18 ((D'C)ls vs. N), start from a degree of compaction of

-

63. 6 per cent at N = 0 which represents the initial_degree‘of
compaction before ]ettlng. Similariy, curves A and B, |
Flgure 4,19 (Ae vs. N) starts ftom ue =0 at N = 0. This
was done to compare the effect of the flrst jettlngs with the
second and thlrd jettlngs. A decrease in the slope-of the
‘curves on both graphs (Figures 4.18 and 4. 19) is noted with an
increase of N . The steepest slope was: from N = 0 to

N = 1. This indicates the gfeatest efficiency for thelfirst
jettings in densiiyihg the hackfille. With further rejettings

(greater N value), a smaller increase in (D.C)15 and Ae

values is obtalned 51nce the change in soil structure after
first jettlng decreases its compactability, even though the
energy applied due to jettings, Ea, increase linearly with N,

Figure 4.20 and Table 4.7.
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b) Settlement |
_Figure 4,21 shows the.seftlement profiles for the three
samples immediately after firsE/jettings and fifteen.days
later. All settlement ﬁalﬁes fér the various depths are:showﬁ.
in Table 4.8. fThe additional settlement oc;urring due to
rgjetting during the fifteen days, for !hmples IT and IIJ,. are
included in the ﬁet settlement values shown in Table 4.5.
These values illustrate that the effect of rejetting is more
pronounced in the uﬁper soil layers.
c) Water Céntént and Degree of Saturation
| Figures 4.22 and 4.23 show the w vs t and s vs t
curvés for the ﬁhreé Sampies reséectivély. A decrease ip' w
and S with time for all three éamples in the first five days

can be noted. The w and S values for Sample I.(no'rejettiné)

ety

L

continue to decrease with time. Rejettiﬁg Sample II-at
- . i i
t = 5 days and Sample III at t = 5 and 10 days causes a sudden
\
increase in w and 'S as can be noted (Sample III shows 895

per cent degrée of saturation after second rejettipg).

4.2.5 Effect of Seepage Forée
Té study the‘effect of water seepage force after jetting,
required applying various seepage rates inside the soil samples.
This was done to simulate ﬁhe in-field practice of‘pumping
the water out of £he trenches after jetting, and was adopted
in this experimental work by applying negative water heads

at the water exits, since pumping was considered less conVenient)
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(see Sectlon 3. 4 and Figure 3.7). Three different water

heads, Hw’ of 12, 80 and 194 1nches (30 © 203 and 492 cm.)

weré applied on three different/ soil samplee afterﬂjetting;
The three water heads correspond to.seepage forces, J, ef 75,
500 and 1,260 pcf (11.8, f8¢4 end‘iQB N/cm?®). respectively
(sample calculation is given in Appendix D, while the initial

soil conditions are given in Table 4.9).

a) Degree of Compaction and Change in Void Ratio
Figures 4.24 and 4.25 show an increase in the average

degree of compaction, (D.C}ls, and the average change in void

E)

ratio, BAe, with the increase in seepage force for Cases A
and B as noted. Curves B on both grast show steeper slopes

than curves A, indicating a greater difference in (D.C)15 and

Ae values with inereasing J .values. This illustrates tﬁe
greater amount of soil loss with ‘higher seepage forces.
b) Settlement - :

e The variation of settlement with depth for the three
samples are shown in Figures 4. 26 4.27 and 4.28. Settﬁfment
curves are. shown for'each sample at three stages immediately
.after jetting (curves 1),_after_jett1ng and seepage of water
(curves 2), and fifteen days after jetting~and seepage (cunves

3). The difference in settlements occurring after jetting due

to seepage of water. These net settlements at various depths
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Alncrease w1th the 1ncrease in’ seepage force, as can bgtﬁaked

by comparlng the graphs for the three samples.

The slopes of curves 2 and 3 are similar: for ~
“each sample,‘With a slight decrease in settlement wiEh‘depth,
due to the net settlements Qeeurring in tHe.fifteen.days.

c)  Water Content and Degree of Saturation

The variations in moisture content, w, and degree of

e
Ly

satﬁration, S, with time.after jetting for the three samples
. are shown in Flgures 4. 29 and 4.30, fespectively A dgErease
in w and S values accompanied by a decrease in slope e% )
the w-t and s—t curves with time for the three samples can
be noted. The hlghest W and 5 values are.assoc1ated‘w1th
the sample subjected to a water head of 12 inches, while the

smallest values are‘generally for the sample,subjected to a

ﬁater head -of 194 inches.

4.2.6 Effect of Drainage Conditions

To evaluate the influence of drainage conditions on soil
behaviour whéh-waterjetted, it was first decided to'invesfigate
two samples placed with and without the usual underlfing 2

inch (5 cm.) gravel layer (will be referred to as samples I

and II respectively). In quh cases, the drainage valves
attached to the apparatus. were left dpen during and after
jettinglto drain the excess water. However, a great similarity

-in"drainage~e6nditions was noted for both samples. Then, it

was decided to test a third soil sample (sample TII), which was
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~

placed on top of a compacted 2 inch (5 em.) thick soil layeR\;ﬂ_\

(Soil No. 1). The éfqrementiqned three cases simulate the-

e

following field conditions: permeable granular 1ayef,undér—

r

lying the excavatlon, gravel fllter prov1ded under backflll

‘and no spec1a£:aralnage prov1ded respectlve;y. All 1n1t1a1
“conditions were kept constant as listed in Table 4.10.
Listed also in Table 4.10 are the requiréd_jetting'timesfor
each sample and the,appliéa‘ehergy.pef unit volume due to
jetting, Ea. T &

*a) Degree of Compaction and Change in Voids
Table 4.11’wa5-prepared by listing the values of the

average-degree of compaction, D'CIS' and the average change

in void ratio, Aé,;for'three samples. All‘D.Cl5 and Ae
values are shown for case A((C@nSlderlng 5011 loss) and B.

S B
(assumlng no soil loss) as noted. By comparlng the»D.ClS '

and Ae values'éhown in thé table, it can be noted that the

smallest D.C,. and Ae values correspond. to Sample III

{(with underlying 2 inch compacted soil layer}, while na,

practical differences are apparent between the D.C._. and Ae

ol

values for samples' I and II) &)
b) Settlement
W
Figure 4.31 and Table 4.12 show that the smallest settle~
ments were for Sample IIT in general except at the lower most .

3 inch soil layer. The settlement profiles for the three .-
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sampies, Figure 4.31, show variation in slope of the depth—

settlement lines at various depths. Samples I and II show a

‘similar trendlregarding.the depth—segt;ément curves in general,

*

while sample III shows a lower rate of increase in settlement

_ with depth than that exhibited by the other two samples. This

.indicates that the lowest average volume change is associated

with sample III. Table 4.12‘indicates that the greatest net

settlements occurred in the fifteen days after jetting being

-

for sample III at all depths. This appears to be due to the

' greater deformation of the lumps, Sample III, under .its own

over-burden since more water was absorbed by the soil sample
1 N

" IITI (Section C).

c) Moisiu;e Content and Degree of Saturation )

Figﬁfes 4.32 and 4.33 show the_relationships‘bétﬁéen_‘
the tbp é6il‘mo;sturé'conteﬁt, w, and the average degree of
éaturation, S;-:espectively'versus ﬁhe time gfter jetting; t,.
for the th:ee saﬁples;, The greatest‘ w. and S values are
fdr,sample IITI as nofed, while the smallest values are for\
sample I. All the w and .S values for the three samples
showsessentially a decrease in ﬁalues toqefhe:'wi£h a‘decrease
in slope of,fhe w—t’ and ‘é—t curves with time.

It is wortby to mention that the placemént of a granular
iaye¥ under thé.treqch backfili‘to‘surround the service o
utilities is redommended.byAspecificatioﬁs (see Chapter Ii;

Section 2.4). Moreover, the presence of this layer allows

spumping of the excess water out of the trench backfill after
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jetting, if desired. ’

1

-

L4
4.2.7 Effect of Soil Area per Jet (A.)

g

The effect: of éoil,érea per jet, which simulates the
effgg# of distance between jets in the field,lon soil behaviour
was studied in thig research. This was done using four .
different.compa;fment sizes which were filled with Soil No. l \
to.the same initial height, H, and jetted using one jet for
each sémpie. The movable plexiglass partitions (Section 3.2)
were used to separate the compartments.and té obtain areas of
242, 160, 77.5 and 38.8 square inches (1560, 1030, 500 and
250 cm?). All other initial conditions were constant as
listed in Table 4-13 which also shows the time of jetting, tj,
and the:applied energy per unit volume, Ea, which is nearly |

the same for the four backfill samples.

a) Degree of Compaction and Change in Void Ratio
Figures 4.34 and 4.35 show the effect of soil area per

jet, A , on the averageﬁﬁégree of compacﬁioq, (D'C)ls and the
average'change in void rétio, Ae, respectively.

In the graphs, an increase in (D.C)15 and Ae wvalues
with the decrease in soil area per jet, A, is shown by scurves

A and B. This may be explained by the.localized effect of
jetting forces since'the total energy applied per unit volume

is almost the same for all samples (see Table 4.13).
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b) Settlement - o,
" Figure 4.36 shows the settlement profilés for the four
samples. All settleﬁent.values are listed in Table 4.14.

Higher total settlement values can generally be noticed

{Table 4.14) for samples of smaller AS . ’Comparing the

slopes of the depth-settlement curves for the different
samples, it can be generally conclud&gld that less volume
change (steeper slopes), occurs at the upper lafersgwith

an increase in soil area per/ﬁet, A This fact is most
L . . N -

pronounceé at. the uppermost 2.0 inch layer.
c} Moisture Content andﬂDégree of Comgaction

The moisture contént and the degree of saturation
values, Figures 4.37 and 4.38 show a decrease Qith time as
expecteé to confirm the ggneral.trend. ‘Also the w-t and
5-t curves for all four samples show a decrease in slgpe
with time. Generally, it can be noted that the samples of
‘smaller soil érea.per jet show greater degrees of saturation

and water cohtents.

4.2.8 Effect of Jetting in Layers

It is common practice in the field, when mechanical
compaction is applied, to compaét_the backfill in layers to
improve its compaction,. -TQ évaluate the influence of
'-compactiﬁg the backfill in layers using waterjetting,

two samples of Soil No. 1 were used. Sample I was jetted-
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- in three.layers: 4.0 inches (10 cm.) thick each with a five

day period between placing and jetting each layer. Sample

II was jetted in one layer 12 inches (3ﬁ cm.} thick. The

‘initial conditions for both samples are SHQWn in Table 4.15.

.
=S

a) Degree of Compaction and Change in Void Ratio
Table 4.16 shows the average degrees of compaction,

(D.C)ls,.and the average change in void ratios, Ae, for both

. ) . ’ L]
Samples,. I'and II. As can be noted, jetting the scil in

layeis (Sample I) results in a marginal decrease in (D.C)ls

and Ae values although more energy per unit volume was
applied to sample I with placing and jetting the subsequent
layers (Table 4.15). However, a greater amount of soil loss

can be noticed by ,the différence in (D.C)15 and Ae values

between cases A and B for each sample.
b3 .

b) Setﬁiemént

Figure 4.39 shows'the settlement profiles for both -
samples. Curves 1, 2 and 3 represent the settlément profiles
immediately after placing and jetting the first, second and
thirq layers of Sample I, respectivéiy.:-Cu;ve 4 shows the
settfément profile fifteen days after jettiné éf the first
iayer of sample I. Curves 5 and 6 show the settlement

profiles immediately after jetting and fifteen days after

jetting Samp II, respectively. It can be noted that
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the first 4 inch layér, sample I,,sﬁow;'less settlement and
volume change compared to the lowermost 4 inch'léyer of
sample II, immediately after jetting (Sée curves 1 and é).
Alﬁhopgh an addifional settlement occurs'afFer jetting the.
second and third laygrs, Sample I (curves 2, 3. and 4), the
total Sétéiément fifteen days after jetting, Sémﬁle‘l

(curﬁb.Q), shows marginally smaller values than those

associated with sample II, curve 6.

c) Moisﬁure Content and Degree of Saturation
Figuies 4,40 and 4.41 show the moisture content w and

the degree of saturation, S, respectively versus the time
aftef jetting, t, for both samples'I and II. The i .and S
values for sample‘II show the normal decrease in values and

- slope of the curve with time. On the other hand, w and S
values, sample I, show a significant'increase after jétting
the éécond and third iayer. This‘resulted in greater w

|

\ —
and S values for sample I and t=15 days as shown.

—
R

4,.2.9 Effect of Soil Type

In order to study the ef%écﬁ of soil type on the
.bghaviour of waterjetted backfills, the five different soil
types listed in Table 3.1 were tested. The initial conditions
» . n

for the différent soils are listed in Table 4.17. Listed

also in the same table are the time of jetting, tj, and the

“values of the .total applied energy due to jetting, Ea, which

apﬁareﬁtly dégs not significantly vary for the different

LT
'
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sampies.
T a) ﬁegree of compéction and change in void ratio;
Table 4.18 shows the average dry density values fifteen

days after jetting, YdlS’ for the different soils. Because

of .the variations in soil type and laboratory compaction

test results, it would be impractical £o compare Ydls

values for the five soil samples. Soil behaviour would.be
better illustrated bylcomparing the average degree of Eoﬁpac—
tion fifteen days after- - jetting based on gotﬁ the maximum
Proctor density (the commonlpractice)'énd Proctor density at an
identical moisture content. Due to the difference in initial

dry densify, Ydi, for the different soils (Tablé 4.17), a _

new term was introduced and defined as the ratio SCTACH

-

This term represents the soil's compactability for different

soil samples (see Table 4.18). All’ yd g, (D.C)yg, Y&;5/vdy

~

and’ Ae values are shown in Table 4.18 for cases A (considering
soil loss) and B (assuming no soil loss).
R

Comparing the results obtained for soils 1 to 4, it can

be noted that, the average degree of compaction, (D.C)15

- ..

decreases with an increase in sand content as shown in Table

4,18, This is more pronounced with the (D.C)lS values based

on Proctor density at an identical moisture content. The 'same

phenomenon can be observed for Ydls/Ydi and Ae wvalues

" for the different soil samples. This phenomenon bears out the
fact that waterjetting is more effective in soils having greatef.

‘e



-b) Settlement

s
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cohesive fractfon%.

-

In the case of pure sand, a different compaction mechanism

‘occurs (see Chapter II, Section 2.2.1), and hence it is not

comparéble to other soils (see Section 4d).

. L

The settlement profiles are shown in Figure 4.42 for-
all soil samples. IIt can be hoted‘that sqil samples of

greater gohesion show in general a greater settlement at

different depths és well Fs greater change in volume.

r

-

c) Moisture Content and'ﬁegree of Saturation

Figures 4.43 and 4.44 show the top soil moisture‘conténtf
w, and the degree of saturation, é, respectivelf versus the
time after jetting, t, for all samples. It can be noted from

the graphs that the greater the cohesive fraction, the -greatex

b I

the w and S values.

d) Soil No. 5 (Pure Sand)

It can be seen, Table 4.18, that the backfill sample

‘and

made of seoil No. 5 (pure sand)“shows the highest YdlS

(D.C}15 values. However, a clearer concept is given by noting

the Ydls/Ydinitial and Ag values for the same sample. Thls

shows that no significant change oécurred in either the dry
density -or the voids ratio of the sandy«sample due to jetting.

’

} . . v
It is obvious that pure sand shows the smallest w and S
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A

values compared to other soils as shown in Figures 4.43 and

4.44,



'CHAPTER V . ' K

DISCUSSION OF THE WATERJETTING MECHANISM OF COMPACTION

Uéon examination of the problem and the analysis cf
test results presented in the previous chapters, é
desciiptibn of the wacerjetting mechanism cf‘compection can
.be drawn as follows: -
1. Before.jett{ng, the soil lumps {(which exist after excava-
'ting cohe51ve 'soils) placed in the trenches are 1n1t1a11y
stable w1th each lump resting on the underlylng lumps w1th a‘
certain area of contact.. ;  “51
2. When waterjetting starts, the jetted water washes, some
soil particles from the lumps' surface. These 'soil particles:
migrate with the flow of water and become deposited in the
voids between the lumps or leave the soil sample with the
drained water causing soil loss.
3. The remaining lumps become softer and of a greater bulk
density, due to water absorbtion. Because of therettlng
forces, seepage force and the increase in overburden” the
lumps tend to soften at the p01nts of contact. In aédition,'
these forces would squeeze the lumps and lead to 51gn1flcant
distortion of these lumps. This procegs continues
until the bearing surfaces at the.points of contact in 'the

deformed lumps are large enough to support the applied-ﬁorces.

46 (f : | ‘

\



- overburden.

47
Successive settlements:occur at various elevations. These
séttlements essentially reﬁresent_the volume change due to
the distortion of tﬁe backfill.
4. After ‘jetting, the deformed lumps become papkeé more
dénsely.due to reduction in voids with the re&aining voids
between the lumps filled with air, water and/oxr soil partlcles

More settlement. contlnues to occur after jetting since the;

soil lumps whlch remain soft adjust themselves under their own

"
.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6..1_= The effectiveness of waterjetting for compacting treneh"
backfills which can be judged 5y the increase in degree of |
compaction and decrease in voids ratio is found to be ﬁependené
upon the barameters‘studied as follows: | )

. a) Wate?jepting is more effectife in backfillsrwith mixed
lumﬁ size;

b) Waterjett;ng ie more effective in deeper trenches.

c) Watérjetting is mere,effective with higher jetting water
pressures. -

-~

d) Waterjetting effec#iveness improves margirally with further
5

. %
rejettings.
g‘l

e) Waterjetting is more effective if accompanied by higher

seepage forces. -
[
1

£) Waterjetting effectivenees impreves with the placement
of a grenular soil layer under the backfill.

g) Waterjetting effectiveness impro%es with a Smailer
jetted area per-jet. ' ' . _ ;

h) Waterjetting effectiveness decreases marginally when
jetting in layers.

i) Waterjetting effectiveness decreases as the-aﬁount of

granular material in" the backfill increases, i.e. waterjetting

is more effective with more plastic soils.

48
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6.2 Waﬁerjéttinglcauées an increase in the backfill moistute
* content and degree of saturation after_jetting;-f0110wed by
'a decrease with time. An increase in the moisture content
and ﬁégree of saturation after jetting afe associated with
backfills haviﬁg the following characteristics:
'a) Containing mixed lump sizes

b) Pléced’in deeper trenches

c) Jetted under high water pressure

-d)‘ ﬁejetted

e) Compactéd under sma;l seepage forces

f) Placed without an}underlying gravel layer

g) Having small area per jet . A

h’ Placed in iayers’

i) Containing less granular material.

6.3 Recommendations for Further Work

Field study is recommended to verify and compare the
" research results obtained under ideal laboratory conditions
with the less controlled field conditions.

v



“

APPENDIX A

PHOTOGRAPHS
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PHOTO 2.1 Service Trench Before Backfilling

PHOTO 2.2 Trench Backfill During Waterjetting
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PHOTO 2.3 Water Begins to Appear at Top of Backfill

"



PHOTO 3.1 Gravel was Placed on the Bottom of the Apparatus

PHOTO 3.2 Settlement Plates, Top Steel Plates and Aluminum Caps
on Top of. . Two Steel Rods '



PHOTO 3.3 Top Steel Plates Were Used to Position Settlement
Plates During Soil Placement ’ :

PHOTO 3.4 General View of the Apparatus Used with Three Soil
' Samples After Jetting and Dial Gauges Resting on

the Top of the Steel Plates
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PHOTO 3.6 Sampler and Caliber'Used
for Density Determination
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f

PHOTO 3.8 Measuring the Sampler Penetration in the Soil Mass
(Actual Height of Sample) .
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LOOSEST STATE :
BEFORE COMPACTION

UNIFORM GRAN ULAR SOIL

i

AS DUMPED BEFORE ’ /AFTER COMPACTION
COMPACTION ‘ VOIDS FILLED

PLASTIC CLAY SOIL

FIGURE 2.1 sSchematic Representation of Effective Compaction (3) |
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' 'ROADWAY
ASPHALT ’
[l —
S0 T . e+ % "N GRANULAR BASE 8| SUB-BASE — °.° .
@'.n".‘ .-" s ° . i .. - -Ql-T\ -....
~—— > i S NATIVE |CLAY BACKFILL <
[S);HFQS AT\ 7, | !
CATCH BASIN \”ﬁ » , .
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FEATHERED AT | VERT. TO , = :
5 HORIZ. SLOPE TO BOTH 2 | . -
SIDES OF ROAD OR TO : . | .9
LINE A I \_ natve o E
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FIGURE 2.3 Service Trench Backfill Detail (single Service) i3) -
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FIGURE 3.4 A Typical Layout of a Soil Sample
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Al water pressure _water regulator

gauge .
3 jetting / .
‘Pipe ' ~— '

- - : .
to Jeﬁmg;__.:——; ) I J‘Ltaflj_: Ug rfzﬁpﬁ'l'y
pipe ' - :

end valve

. conical nozzle

"with nine holes

FIGURE 3.5 Water Regulator and Jetting Pipe

constant water level g

e T . _ 7

_tested soil sample

grc:’vel |dyer(1otu|ly -submerged) !

‘ " (Pv-qquurn gauge - ' to vacuum
() <! . ‘ ﬁ

=5 | = |
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glass bottle 1R o
—r A .
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. o B D L ‘ ' A
- collected water |=—=————-—-==. ' | g
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FIGURE 3.6 Vacuum System !_{
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~—— total settlement immediately after jetting
~Z~ - total settlement IS days after jetting
uniform lumps, D=10Oinch{case1)
uniform lumps, D= O5inch:,(casen) -
nonuniform lumps , mixed, (casem) -

> o B

initial. soil surface
o PR Iy /4

1.0 2.0 - 3.0
SETTLEMENT, INCH
| \ |
SN

FIGURE 4.3 Settlement Profiles for Samples of
Different Lump Size and Gradation
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" AS PLACED BEFORE JETTING

casel

uniform lumps
(21.0inch diam.)

cosell'
uniform lumps
(=05 inch diam.)

case il

( mixed)

. suspended soil

-r : CL .
FIGURE 4.4 Schematic Representation of the Effect
of Lump SiZzes and Gradation

nonuniform lumps

AFTER WATER JETTING

particles
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INITIAL HEIGHT , H , INCH
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10

A

total settlement immediately after jeﬂing
total settiement 15 days after jetting.

H= 4 inch
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initial soll surface (Hx
D% sy
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7

In.):

soil surface{H=

77

FIGURE 4.9

.O

- SETTLEMENT, INCH

2.0

3.0

Sei':tle'men't Profiles for Samples of
. Different Initial Soil Heights
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0 20 0
. SETTLEMENT, INCH

‘curve S
» (1) Immediately after jetting
e (2) after jetting‘and seepage
| -jis)-ﬂ 15 days after jetting
H‘N—- 12 inch
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Of = 77 7
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el . _ ]
1/
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FIGURE 4.26 Settlement Profiles for a Sample

Under Indicated Conditions



v

INITIAL DEPTH, INCH

w (3) I15days atter jét_ting - L
J=500 pcf ‘
Hw ""‘80 inCh |
. initial soil surface
OF 7w 1 s 77
(1
2f———— T —
4 <
6l— — 4
8 .
N P
A0}— : _ I
12 ‘ ]
0 20 ’ 4.0

92

curve | - | -
a (1) i'mrnedio-tely.of.fer jetting

o (2) after jetting’ and seepage

| . 6.0
SETTLEMENT, INCH |

FIGURE 4.27 Settlement Profiles for a Sample .

Under Indicated Conditions



L a W jmmedlateiy after Jetting

" ) . " 93/ o

curve //

e (2) after jetting and seepage

“w (3) 15 dcayg. after.jetting i

- - —_

M2'60 pcf
M, =194 inch | C/

iniglel soil surface

0 Eﬁ?Nﬁuf a /[” /2874 ,;////j7t;’4?27

T 2 il _]
z (1) .

T

ll— 4

0- [ 3
)

CL,ﬁ“

4 e - i
2

=/ / #3
£ g /

o . 20 | 40 7 60
~ SETTLEMENT, INCH

~FIGURE 4.28 Settlement Profiles of a Sample
: Under Indicated Conditions

=



94

}

mﬁOHpﬂ@:mU abedasag @mumua@cH ay3 xo3 butraiaer aeaje |
QWTT YITM 2USIUOD dan3sTol TTog dol uT shueyd syl 62°'¢ INOIJ

PR

SAVQ "4 Oz_._.@rm_j ¥314Y JWIL S .

Gl

¥

 $d092I= P ‘YduILEI=TH e

M

$2d00g,= 1 ‘Uoul 0g="H = .

1od g2 =p ‘your oz =My v

| | |
o)
R

:

% ‘MINILNOD 3IHNLSIOW T110S 4ol

3

1 s ] | | 1 ] 1 _..\_ 1 s [ ! | I 1 1 .



95

suoT3Tpuo) @2bedeag po3edTPUI 2UF 1oy butiasr

19338 2wl Y3TH UOTIRINIBS jo @axbaqQ mmmum>¢ ut shueyd YL Oﬂ.q TNDT I

W><0 “4'9NILLIP ¥3ILdV 3

WIL 0
Gl ol . m Ong
¥ 1 — 14 T T T _ 4 T T
| 2
o mm m
B Py
I
@)
m
-09
i o
m
()
e 4
l m
B nw__.:,_
Q
Mt
028
| 2
32d 09 zZIEr uduipp =My @ uva
| $4Q0G=r'UdUI008=MH = Jou 3
=
jod gg2=puaup2i =MH v z
| 1 3 } _ | “’O




96

= . with underlying 2.0 inch gravel iayer

l - without the gravel layer )

s+ with underlying 2.0inch compacted soll layer ‘y
—_ lmmédiatély after jetting

15 days after jetting.

initial soll surface

INITIAL DEPTH, INCH

OfF—rxw% / 7/ o
" SAMPLEI|I; /;//// -
21 7 ' —
4 DLE I
[~~~

6 — - —

e SAMPLE |

7
. A

10 20 30

SETTLEMENT, INCH

FIGURE 4.31 Settlement Profiles for Samples
of Different Drainage Conditions



97.

suoT3Tpuo) @beruTERId pe3edTpul msu.uow.mﬂﬂupr.Hmumd..

SWTI Y3IT4 IUIFUOD BSINISTON fTos dol ut ®

Hueyd UL

SAVQ ‘4 "ONILLIACM ¥313V m:zm_._.

gl Ol _

Z€'y MNDIL

L) T — r - T | — | ¥ L L)

| 31dNVS

—

—

11 3TdWVS

1. 31dWYS

12AD| | 10S _u&oo.anu youi o'z bulkjiepun Yim. v

. : 1akp] |9ADJD 3y} inouiim ¥

J2ADp| 12ADIB YoulQ'2 Buik|1apun yim @ .

s

1 ] _. 1 [ 1 I _ I 1 ] 3

— 1

v
o
N

é._

.
B |
% ‘M ‘LNILNOD 3UNLSION 110540 L

!
O
<




m:oﬂUﬂUcou_mmm:wmuo po3EDTPUTI B8yl I03 buTtiiap 1933Y¥ o
SWTL Y3Ta UOTIeINIBS JO 931bdQg sbeasay ur 2bueyp syr ¢g'y TINDTI

.m><ahuz_tm7mmtqu§_k
q ° ol . g

Li T “ hd T | ] L) — T L § ﬁ.. | — L | T 1) 1 J8
. .l' q.
| 3T1dNVS
~10L
- 11 3dWVS
- Jos
11 I1IdWVS
,..w. - : . L 106
HaAD] [10s pajobpdwod yui g buikjiepun yiim v
J1akp)| [3ADI6 3y} tnoyym =
13 AD| |aADIB youi 'z buik|l4apun yyim e
_. 1 | " . 2 .. ) } 1 } -} ;- | 1 | - 1 )

%*‘S*NOILVHNLYS 40 33993Q I9VYIAY



99

bur3gzep 1933® sAed cmmuma@ coauommﬁou Jo
mmnmma mmmum>4 mxu uo 3epr umm oIy TTOS 36 302334 =UL

N_nnu_.WQ.‘.

13r ¥Y3d v3yv 0S

0}

e

80

90

LAY

yety MHNOIL

xAY

1 .__ __

sso| |10S ou Bulwnssp O

.55 0] |los bBuliapisuoo ®

i

I

R

¥ -

Y )
. ® r~
‘NOILIOVHWOD 40 334930 JOTHIAV

QO -
@

(0Q)

| g |

ig‘l‘
%

-

/



oT3ed spioa ut =2buey) sbeasay i
sy3 uo 300 10d eIV 1108 3O 309334 °ul GE*y TANDIL

La Sy'lar ¥3d ‘vauv 1108

R P

100

94 S 2l 0l

80

S0

140

20

Q
o

{ | 1 I

SS0|

1

|

.._ D ~
$S0] |10S oc.m:__E:_ﬁm
{1os BUuIJOPISUOD m

1 ] |
0 < 0 o
| o o o o
°V'OI1VH SOIOA NI 3I9NVHO 3I9VHIAVY

1
©
(@

1
B
o

.l

[

Ny



INCH

O W A

INITIAL DEPTH,

101

8]

v

A5=242n§ :
 Ag=160 in .
As=?Z5i€
A _=3881n

— . immediately afer jetting

initial seil surface _

15 qa_ys ~after jetting

7777

" FIGURE

N . 20 . 30
SETTLEMENT, INCH

4.36 Settlement Profiles for Samples
of Different Soil Areas per Jet

Il

s



. Jerp 184
sealy TTOS 3uaId3jrg jo serdwes I03 butijaf Iajje
PWTL Y3T#4 JUSIUO) SINISTON [TOS dOJ UT 2buBYD SUL LE°y TANDIJI

SAYQ ‘1*ONILLIP ¥3IL4V 3WIL

-102

o N

1

gl . : o] S

u ggE =Sy ¥
urgll=Sye
ul 09 =Sy ©
urgpe =Sym

N

bl

O

QY| O PO
Qod ad —_—
o/ ‘M *INILNOD 3IHNLSIOW 110S dO1L

<
o

'LCU



3ap Hmm.mmmH< TTOS Jusa923317TQ Jo sordures xog butj3jep
1933B SWTL Y3ITM .UOTIRINIBS JO eaxbag sberisay urt abueyp syl gg'y TINODT I

SAVQ ‘4’ ONILLAP HILAV IWIL

w103

L

ol S
s O
Jov
Hos
409
— . Joz
S gee ="y v
u! 0LL="y®
U o91="yo . 1°8
s
‘Ul =
Ml zpz ="y |
4 _ u‘. { ] :. h 3 1 ) ] _ [ { L] [

]

S NOILYYNLYS dO 334930 39VYIAY

ot



INITIAL

DEPTH, INCH

D

N

104

» 1,2384 soil ‘jetted in layers, sample -

CURVE

6

bt —

— et ——

-

soil.'jetted in one la)?er,_saihplell
i‘mmediotely after jetting Ui

15 days after first Jetting

L

initial: soil surfce
pZ52

AL

Y

e 4

I . ‘ -
R N
N

FIGURE 4.39

1.0 . 2.0
SETTLEMENT,INCH

Settlement Profiles for Two Samples
Showing the Effect of Jetting in Layers



e b TR T

105

SUOTITPUOD PI3ROTPUI wom But3gap x933v¥

SWTL Y3ITA 3US3UOD 2IN3STOW TToS dog uT abueyd oyl 0op'y FUNOII

SAVA "+ "ONILL3M ¥314Y m§_+
Gl ol | G ¥ 0
T ) T Y ' I Y T i T T ¥ Y T Y m_
|] @|dwDs ‘13AD| auo ul payal e
. _ m_anm.Ew»c_ 994y} ul paiisl = 1.1
61
112
1geé
_ . J 1 1 _ I ) b ¥ _ ¥ [ 1 1

% ‘M INIINOD IUNLSIOW T1O0S 401



106

chﬁUﬂﬁcou P23edTpUul I03J HuUT3I8L I9IJY SWTL YITM
uoTjeinies jo saabsg sbeasay ur sbueyd eyl IyTy MNOIJ

| SAVA ‘1‘9NILLI ¥3ILAY IWIL
gl Y .. g

Jo
O
"

|| 8/dwos ‘ J9AD| auo ul paye[.-e

| 9|dwps ‘ s19Ap| @24y} Ul paysl m

O O O
0 0 <

% ‘S‘NOILYHNLYS 40 334930 IOVHIAY

O
~

O
@




107

SOIL NO. %CLAY " % SILT %SAN[:T
el - g 49 23
v 2 - 22 31 a7
. 3 B 14 19 67
o 4 : 10 15 75

- imme’diately after jetting
' I5 days after jetting

itiql soil surface
%’//

INITIAL DEPTH , i NCH

0 o A7 /7
. /AN Y

37 /N |

7 //\SOIL No.2
6 — ' —
8
o -
12

0 0 20 30 . g
SETTLEMENT, INCH

FIGURE 4.42 Settlement Profiles fo¥ Different Soil Types »
i



108

godAl TTOS 3IU8I9IITA 103, butazer 1933V :
BWTL YITA JUBIUCD aIn3sTo}] TTog dol uTt sbueyp suUL €7°7 TINDT I

SAVQ ‘ }‘ONILLINr ¥3ALIV 3WIL

gl o} G 0

ﬁ I L T ¥ — ' * ] - T ' _ 1 ' 1 T

(gNVS 3dNnd)

G'ON 110S - —_

*—

P'ON 710S

O=
" €°0ON- 10S

2'ON 10S

.

I'ON 7108

-10!

i
S
o/o ' ‘LNILNOD 3¥NLSI

O
M

ON -110S do1



109

soed&l TTOS u=aI2I3TA X037 butasep x933V¢

o 7

mEHB yaTs uoTzeanjes jo aaxbsg sbexsay ut abuey) 9yl pv'y TINOII

SAVQ °

‘ONILL3r 314V JNWIL
ol °]

90

(GNVS 2Ynd)
SON 1105

L_ #'0ON 1105

T

€'ON 10S

Z2'0ON T10S

. )

I'ON TT10S .

l
&

!
O
m

]
O
0

! 1
o O
© <

% ‘S  NOLLYYNLYS 40 334930 3I9VU3IAV

]
L




APPENDIX C

TABLES



111

AjtoTaserd moTl = 7 pue.4pueg

Apn3s Tejuewriadxdy oy3 UT. pesn STTOS T°€ FTIAVL :

Ox

Il
=

el
li+]
—
0
n

0L°2

mw.muﬁ>muw oTITOo=dS

~J

S9°¢ 89°¢ 69°C ) 0L"¢
A-H-mv q W
¥/N $TO°V $GV°S - 32076 $C° 1T Xepul A3ToT3isetd m.m
- ‘ P
/N $8°8T 307 3%4 $2° G2 (1) | G F
, IMTI pTnbII 3
: ol
das " WS WS-0S 10 gte) x 3TBYD A3TOTIASEIL | B-Q
‘ Bursn |~ 8 & &
CEa s
JIBYD (I229J0) 0
pueg aind pues-A37TS pueg-A3TTS pueg-AeTd 3T1T8-4A2TD IeTnbuetay bursn 5o
g
00T SL L9 A I ¥ 4 § pues | 3
. ) At i o
0 ST 6T T€ &F $ 3TTS o
} &
.. A . P
0 01 vt (44 8¢z g Keto'| 5
2]
= b 3 z T "ON TTOS




112

uoTjepRIH pUE s2zTg dumT JUSIBIITA FO SoTdwes I0F UOTFTPUOD TRTITUT

L]

-

’

T°y dI9YdL

0T X{(33/33°qT)

WIOITUN

Ly, €5°¢ €5°¢ e
: ‘sunmtop/ABasug patiddy
z9 £9 £9 SpPUoDas Ca ‘BUT333L JO BWTL
¢
Y
cc ¢ - S5 | ‘T s5°d d ‘@anssaxd bur3ijzsp Isgzem
0T 0T 0T % Tn ‘qua3uoc) Is3eM HmwuﬂcH
Tz°1 221 £T°T (gwo/wb) T
9°6¢ T°9L 8°9L *3ro°d "PA ‘&3Tsusq
A1 TTOS TRT3ITUT
(0€) (o) {og) {*u0) .
ZT A ZT sSayauT H ‘3ybwmH erdues Ter3iTul
' R
II1 II I 9se) a1dureg
1 T f 1 ' *ON TTOS
PeXTH YouT g0 = @ yout 't = @ ,UOT3EepRID
UIOJ TUn-uoN WIOFTUf pue 3zTs dumg




M i Ty SER U

113

sase) QESA ucmumWMﬂD Fo sajdues I03F S3USWETIIOS Z'p TIGYL

uoTtjerodIsjur Aq pauTelqo JusuULT339S
sejeTd jusweT33e9s Aq psanseauw

o
q

STTes sseTbhixatd ayay uo PRYTIOSUT SaUTT AQ paansesw soejans I8 JUBWRTIZIS,,

sdeg g7 UT peIInndo

JuswaT3lleag 38N

butajep xzo33v sfeq

ST FUSWSTIASS Te3ol

burizer ae933v
ATs3eTpouuy jusweT3ies

0 0 0 0 0 0 0 0 0 2T
S0 s0° 50 z 9° v ST ss* se 0T -
90 90°  $90° 9 58" g N e s" Mm ¢
Lo Lo* 80" 0T TT § €6° - £0°T zL g9

$80°  $80° 60" P'T - SE'T  S0°T z€ 1 Lzt 96 * ¥
0T" ., 0T*. o 81 9°T  €'T LT T Al o°
o¢ 0z* gT 1€ vz 9T 8°c ¢z SyrT| - 20
I 11 I 11 I 1 11 1 ssep (*ut)
. L - TTOS yadeq
(seyout) (seyout) (seyout)




114

S3UbTaH TT0S 3U2I19J3TA JO sofdwes I0F SUOTITPUOD TRIFTUI €') TTAVI

\T

Lv'e 9°¢ 98°¢ c0T X (:33/33°9T) ed ‘*Top/Abasuy pat1ddy
z9 /, £y €2 m@coomm £y tburarer go suty
mm g GG *1°s5°d -d ‘sanssaxq xsjem burjaap
€9°0T £9°0T £9°0T % T ‘jusjuo)y x®3eM TEIITUI
vE"T pE"T pe"T Yo ‘otaey sprop TeTaTur
ST ST'T . wa.a Am&o\emVJ L._ - -

ZL ZL R4A *3°0+d "pA ‘A3Tsusq Kag TeRTITUI
T _H T *ON TTOS
(og) ) Momv (01} ("wd) H ‘aybrsH SUOT3TPUOD
A 8 v soyoUuT TTOS TeT3TuI TET3ITUI




S3UbTeH 3uexa3yTq Jo sordues Iog S3USWST3398

Py TV

-

uotjerodisjur Aq psurtezqo IUBWR T30S

sTTes sujzeredde ayj jo mwnAH paqTIosuT ay3 bursn @m>umm£o S3UDWDT333S momwusmn
sojeTd uamsmauumm buTtsn paansesu,

0 0 0 0 0 C 0 0 0 0
"1.s0° 50" S0° 29" eSS°  L5” 255" eS" eS¥" z
| ¢o BO®  ZT” SST'T  ,86° 6L 280°T 6" ql9” v
. \m.u ~
w0t 0T ol T o' T 29T . LE°T 9
S i
3 5
0T* TZ ® OH.N ﬂMh.H Uo.N QNm.H B
0T" 25°C o?°T Bt . 0T
gg Qmm £ Qmm £ AN
2T 8 p A 8 . v ZT 8 -y (sauout) \ (-ut)
. . 3ybray *ASTH
TeT3TUr ‘
- (sayouT) (saysurt) (ssyout)
.8&eg gT ut pazanoog- bdTa3sp a933V SAeqg .mmmmmwm 3 but3asp ze3IV
' | 3juswaT3izes jen ST IUSWST3II8S Te3og ATojeTpowuI JusweT33os




116

-

S3INss|Ig IoleM

JUDISIITA ISpUM Pd338[ satdues

I0J SUOT3TPUOD TRTITUI € *p FIAVL '

L3

£°¢ 8T ¢ 8T°T |[¢0T X(33/33°9T) g ‘*ToA 3tun/Abasug petrddy
89 0L £0T spuoses ﬁu ‘but3izepr Jo swryg
VETTT. pETTT pETT | 3 Ta 'jusjuoy xejEM TRTITUT
SZ°1 .GZ°T GZ°'1 ) o ‘ot3ey sproa HmwuﬂcH
(z°1) (z°1) (2°1) (wo/ub) . A\
GL GL Gl *3+o°d 'PA. ‘Ratsuaqr Axg TETITUI
(0€g) (0g) (0¢g) (uo)
[A A (A sayDuT H ‘3ybrtsy TTOgS TeT3TUT
T T T *ON TTOS
Gs 0¥ (1¥4 *1*s+d d ‘sanssaxq SUOTITPUOD
: . aI@3eM butigep TeT3TUI




117

.wmnsmmmnm I93BM USI23ITQ x8pun pejzep sardues 10y S3ULWSTI1 28

snjexedde ayz

Jo mﬂams 2yl uo @wQﬂHUmcH mmﬂaa msu butsn pasxssqo sjususTazes aoevyans
so3eTd jusweTllaS SuTsn paansesw

uotiefodisjutr &g pautelqo JuswsTllas

9°y ITAYL

o

q
=5

-

sded g7 UT paxInasg
JuswaT33iss 38N

frfmApumh I313¥ sfeg
wﬁMEmHuumm Te3oy,

0 0 0 0 0 0 0 0 0 T,
s0° - go° £0° 5G* 0"’ 0G° 05° Ly" Lyt 20T
90 80° g0 0T'T 06" 06" 70T R Z8" 8

.// o

0T" 0T ot 0L°T 0p°T 0" T 09°T 0g "1 0Z°T 09
80° . 0T" o1 S8°T - 04°T 05°T LL*T 09°T ov"T ¥
oT" 01" .  oT" 02 0z 0L°1T 06T 06°T 09°T ol
9 _
128 ST" GT* SLT 7'z 08°T 0s'z $z7°¢ S9°1 ©
¢ op 0z ss oy 0z 55 0p - 07 (rsd) & \  (-uT)

-2INssdIg nﬂummﬂ

I91BM
(sayouT) (soyout) {soyout)

but3zep xo37y
hﬁquHUwEEH JUSWD TS




118

L)

+ TTos @yl butizsley jo Apnis oy3 03 SUOTITPUOD TRIFITUI L'y IV

L

e
-

eq ~.Ao> 3ITun/Abasug pet1ddy Twaol

8L°L 99°¢G v e e 0T ¥ (:33/33°97)

09’ 6£°09 0%’ 19 09 Spuooss ‘3 ‘Butazer o surs
. §S gg Gg CcTtsed d ‘@ansss1g 1sjeM butijep

G 0T G'0T G'0T % ; T qusruop z87R M TeT3TUI
SZ°T G2 1 ST ) T 'oTaey SPTOA TeTRTUT

z T A AN (;wo/wb) - :

SL SL SL *3ro-d ‘pA ‘KT suag Xag TeTaTUI
(0€) (0€) (0€) (*wo) .

Z1 A Al S8youT H ‘3ybteH TT10S TRTITUI

IIT II I ‘off aTdues

T T T ‘ON TTIOS

£ 4 T e N ~mmaﬂap0h SUOTITPUCD

. - FJo xsquuy TeTaTuI
; :




119

MﬂOHu. Tpuoy

m:anummwm JuaI9IIIq Yyatsa safdweg I0J S3USWSTILSS

uot3jerodasjur Aq pautelqo JUBUSTIISS

8y d19YL

,mﬂﬂms msvmnmmmm 9Y3x uo sauTT ayz bur sn psaissqo

2

q
’ sezeTrd FulWITISS mcﬂmﬂ @mnsmmwﬁm
0 0 0 0 0 0 0 0 0 A
S0° §0* - 50° gg* 0s* Sp* 0s* Sp 0p* 20T
80" 90" G0 8T°T 00°T S0°T 0T°T ¥6°0 00°T 58
01" Lo* . go° 08°1 06°T 69°1 0L°T EV°T 9°1 29
-~
TE”" (A £€0°° TE°C S6°T £6°T 00" LT 6T / oV
I6° 0% G0" I8°¢ Ve gz e £°¢ '00°¢ g e el
ve* 6L oT vLE . vbe §8°e 6°C $9'z  SL'g 0
,ITI II I IIT IT I ITI IT T *ON (*ut)
‘ -aTduresg yzdaq
(sayour) (sayour) (sayodur)
sdeg GT UT pPaIIN20Q butiyzep T933V sieq butigep asazy - }
FUW3 73388 3oN GT 3Ju2wW=Tll198 TPIOL ATejeTpoul JuUsWST3399 ﬁf\




120°

aoxog =2bedosas JoO

108338 @Y1l 3O m@ﬁum °y3 I0J SUOTATPUOD TeTATUL

6°9 TIAVL

ed ‘" TOA uﬂmw\wmumcm pe1Tddy

85" € ¥9TE £G°¢€ (0T X (¢33/33F A1)
‘ww g9 £9 SpuUOIsS ; ﬂu ‘putizepL JO LwTl
3] GS 55 *trs*d d ‘exnssaxd zojed burizer
81T 81T 8°TT -3 Ta ‘3usjuop rejeM TeTITUI
ve"T ve"T ve' T Ys ‘oraey SpTOA TETITUI
ST'1T ST'1I ST'T ( wo/ub) .
ZL ZL ZL *3*0°d ‘pA ‘K3rsusq KIg TETITUL
T - T 1. . *ON TTOS
(0g) *(0€) (0€) ~ (*uo) . .
A Zt et : S8YoUT H ‘3ybTeH TTOS TeT3TUl
(86T) (y-8L) (8°TT) ((wo/N) .or SUOT3TPUOCD
00§ SL *3r0+d ‘20104 abedass TeT3Tul

- 09eT




T A e o .

121

S

SUCT3ITPUO) @beuteig jusiszzTd Jo soTdwes IOF SUOTITPUOD TBTITUT  OT*y HTEVL

[y
-

.
€5 € pUE 69" € ¢0TX (. 33/33/9T) ~ eg ‘*Top 3TuUn
. : /Abxoug petrddy
£9 T9 99 spuoosas ﬂu ‘but3zep jo auTrl.

_ T, «
. , - A fqusiuo)
2% GL ET SL ET % I93eM TRT3ITUT
| . | <7 Ts
ST 1 GZ'T AN ‘oT3eyY sSpTOA TRT3ITUI
: S .
(0€) (0€) - {0¢g) (wo} 'H
(A AN ZT sayout ‘ubTeH TTOS TeTaTur
T T x@ *ON TTOS
. - . * ' R - H-
(z°1) {(z'1) (z°1T) (gwo/ub) . ) "pA
GL SL "SL *3rod  ‘A3ysueq LI TeT3TUI
aefeT TTOS - aIvheT

ps3oedwod youT 2

‘Bbuth1aspun yjTtpm

umwma HWbmum.

243 In0Y3TM

Toaeab yout ¢z

buttaspun yatm -

SuUOT3TpUC) vbeUTRIQ

IIT

IT

I

‘o o1dwes

L)




122

(~

SUOT3ITPuUO) abeutexg 3usiejjTg Fo soTdwes IOF senTeA 3V puE maﬁu.nv TIT° v JIdYL

i :
BE” 6G6° 9gG* g 8sed

. . - e

] - o
(42 0s§° Gy * ¥ aseD

T 9L 98 58 . g esed | U

. e

: v

22 S°T8 08 : ¥ 9sep | u

III . II S S maaﬂqmm.




123

suoT3TPUOD 2beUuTRId quaxaI3Tg O sofdwes 103 gquawaT3lles 2Ty IIGVYL

uotjetodaszutr Aq psurTelqo JUBWDTIADS
soaeTd juswaT3l®s Hursn ﬁmHSmmmEQ

sTTem snjexedde ay3l uo sSIBUTT 3 U3 HuUTSN POAIBSC,

) W - _ .

0 0 0 0 0 0 0 0 0 . S 4
60° £0° €0° Sp° 1R -t A 9€¢ " zs” ze” q0T
1 so SO FTANNE S A SEA: & 29" 't eee -
€T* 90° 90° 0°1 9L°T 87" T L8" oL°T  Tb°'T ‘ q°

. ” . '
LT 60" 80" - 9€°T z0°¢ Z6° T 6T T £6°T p8° T | o7
A z1" ot1" ZL T Lz'z  S€°¢ .61 s1°¢ sz'z | q°
1€” og* 0z’ L6°T s6z - TT°E 991 59°% 1672 - g0
IIT II I III II I - 111 I1 1  oTdues (rut)
) . : yadaqg
gkeg §T UT PaIaInN2d0 Amwguaﬁv mcﬂuumm 193 IV {sayouTt) mcﬂupmhdwmumm o i
juswaT33es 39N sheq ¢T juewoy3des Te3ofn| = ATe3eTpauMI JUBWRTRISS . .




124

j8p T84 ®aIY TTOS 3ualaiytg o saTdwes 203 SUOTITPUOD TRTITUI €T ¥ FTEAVL

88°€ 94¢ 28°¢ 8L"¢ (0T X{;33/33 41} ex
. 410p 3TUn/KBasUm POTTIAY
: C
be vo 0T 0TZ SPUoODdS T3 ‘BuT3yiaL JO SUTL
Gs 3 5 g ‘1*s*d g ‘sanssexd I9jeM burilel
: T
A .8°TT %Ho.ma 1 $ M ‘3uP3uoc) I33EM TETITUI
] = . .
. i .
TE°T T€°T et TE°T Ys ‘oTjey sproA TeTITUI
. ! AN
T T &
LT°T LTI LT'T LTI (uwo/wb . .
€L €L €L €L ‘3'o°d  ‘pk ‘A3Tsusq Aag TRTITUI
f
T T T ~3 *ON T TOS
(0€) (0€g) (og)" (0€) ("wo) X
Al 2T ZT ZT s2YDUT H ‘9ybToH TTOS, TRTITUI
(0sz) (00S) (0£0T) (09ST) (Lwd) _— .
Lt 2N T1°1 89°T 3993 *bs ¥ ‘gep xad eaay TT0S




N

: 380 X84 BaIY TTOS 3U8I83ZTQ JO SaTdwes I0F S3UswaTlzas pyI°¥ ATEY,

v
.

125

)
- AN
:Oﬂpmaomuouaﬂ Aq pautejqo JusWSTI3eS,,
sTTes sniexedde uo sauty &q PaAIBSqO
sojeTd juswailles Aq @muﬂmmm&maw.-
0 0 0 0 0 0 0 0 0 0 0 0 A
900* S0 TO* &G0° ZT19° 0s"0 989°0 6£°0 909" GP'0 §9°'0 ¥E'O ..MOA
Z0° L0 ¥O° oH. 60T 86°0 EO0O°T BB'O LO'T Z*6°0 66°0 8L'O0 . d 58
€0* L0* 90° ZT° LS'T SP'T 0p'T LE'T © pS°T BE'T WE'T ST _ 29
po° 80" 60" ZT° 6072 06°T mm.a‘ 96T .~ S0°¢ ww.ﬂ 0B°T ¥P-T . sV
vo* OT° €T €T° om.N. mm.m. BE'Z GL'T 962 6T'T SZ'Z7 -T9°'T el
61" Sz° 627 Tg* PS'€ ST°€ L9°CT 76°T se'e 067z 8E'T TL'T : o0
Lz® vST TT°T 89°T Lz pST TI'T #9°1T LZ* - ¥S* TIT°T 89°'T (3saz—bs) .(*uT)
: _ ‘ vaxy TTOS -yadag
sfe@ g1 UT paIanoodQ (seyosuT) BuTl}dL T8IV (seyouT) bBuTjaiar I93FVY
JUBWSTIFISS 39N mmmm $T 3IULWLT33as Tejoq A193eTpouT 3USWDT]IRAS




_ sxskeT uUT TI0S @Yy burizsp Jo
308379 9yl 3o Apn3s 8y3j I03J SUOTITPUOD TRTIITUI  ST°p TIAYL

126

\\
W

o o . _ | .  19KeT yoes 10z
€€ CoLrglzre’sty ¢0T %X.33/33/4T ed ‘*"ToA 3Tun/Abrsug pesriddy
65 . 8v‘'8€’6¢2 - spucoas t ‘puTaarc®L JO BWTT
ol e - . wm | *1*s+d d ‘sausssag as3eMm buraasp
€T - . . *€1 3 *n qusjuoy xe3eM TeTaTUI
e°T #1871 - . | Ts toraen sproa Tetagur.

: A T°T - wo/ub - .

£L xEL" *3-o-d . "PAfA3Tsusqg Axg TeTaTUI
T T . o o . "ON TTOS
0g . ¥(0T) . i (rwo) :
(4 =¥ . S2Y2UT H ‘3ybtel T1T0S TRTITUI
T c _ < E , .mummmw mQ.HWQEﬂz
II . . ) I : . . *oN oTdureg




127

\

gxsieT ut butrjasrL JO Apnas ay3z I0J senieL

12KkeT @uo uf, pe33al
siakeT @21yl ut po3asl

ssOT TTIOS Ou HBuTwnsse
ss0oT TTOS bUTISPTSUOD

II
I

6T

ay pue

a7dwes
aTdues

g 9s®ed

D'a  9T'v HTAVL

v

¥ 9se) ‘d°N

56" 0G"* g @sed
(o=
.3

05" op " ¥ °seD
$€° 18 6L | - g esen | °
. wun

361 $GL v osed
IT I aTdures




128

-ad&1 TToS 3O 30933d oyl Fo Apn3s eyi I0J SUOTITPUOD TBTITUI LT'y HIHVL

e
: 0T %(¢33/33°dT) ] : ed
£EG°¢€ Zv’e SL'E £S°E g9g°¢g i+10p 3TUn/ABIoUm poTTddy
€9 19 L9 €9 09 SPUODDS £y sBurazer 3o eurr
Gsq gg . o ol Gq *1°s°d d ‘e2ansssaid Hmumz.maﬂugwh
06zZ'0 £°TT ¢'T1 LL ezt £9°21 % tm ‘qusjuo) I93EeM TRTITUI
£q° 0°T ET°T €2 1 Ge'T A ¥s toT3ey sproa TETITUI
§9°¢ B9 ¢ 69°C Lz L°Z °y 1K371ARI9 DOTITORdS
€T | werm) | oz | (2t ] (ST £ W /b L |
80T 9°E8 9°8L SL L .m.h.& "pA ‘Kaytsusqg AIg TeTITUI
(0€) (0g) (0g) {0€) (0g) ("ud) : .
z1 ZT z1 (A ZT salOUT H ‘3ybteH TTOS TETI3TUI
00T- SL L9 Ly € 3 pues
0 NST 61 1€ 67 . _ . $ 2TTS
0 0T A 2t 8¢ % AeTD
. ) iuot3zTsodwo)
{pues)
S b £ (4 T "ON TTGS




b

129

Soil No. 1 2 3. 4 5
' : {pure
Composition: sand) -
Clay % 28 22 14 10 .0
Silt. 3 49 31 19 15 0
. Sand % 23 47 67 75 100
YdlS:
* Case (A) gm/cm® | 1.51| 1.55 | 1.58 | 1,49 | 1.70
(considering p.c.ft. 94 96.7 98.6 93 106.1
- soil loss) ‘
Case (B) gm/cm?® | 1.64 1.61 1.68 | 1.64 1.73
(assuming no p.c.f. . 102 100.5| 104.8 102 108
soil loss)
(D.C) 5 (%)
Based on Ydmax.
Case A B0 78 77.8 72 88
Case B 8%;3) 80.7 82.8 79.2 90
~ Based on Proctor
Y at identical w
Case A 91 86.6 83 75 95
Case B 98.8 90.2 B8.4 82.4 97
vey5/7Yd; 1
Case A 1.31{ 1.28 | 1.25 1.11 | .98
Case B 1.43 1.33 1.33 1.22 | 1.00
Se
Case A 0.56 0.49 0.43 .20 =()
Case B 0.70 0.56 0.53 =0

0.37

TABLE 4.18 Results Obtained from the Study

of the Effect of Soil Type
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APPENDIX D

SAMPLE CALCULATIONS



' SAMPLE - CALCULATIONS
\\éxx% I Degree of Compaction (Sample III, Section'4.2.1)
N : -
l. Case A
Wet weight of soil sample,
fifbeen days after jetting = 20.333 kg
Total height of soil sample "
(using the lines on the )
sides of the apparatus) = 22.0 cm.
Totél volume of -soil sample = 20x25x22 = 11,000.0 cm’
Bulk density fifteen a3 -

S . _ 20.333x10% _ .
days after jetting = —11,000 " 1.848 gm/;m
Average molisture content o
of soil sample, w = 23.5%

. _ y bulk _ 1.848 _ ‘ 3
Dry density, ydls - T TEw T 535 = 1.496 gm/cm
: : _ 'Gs _ 2.7 o
%rerage voids ratio, (el5 A = Ydls -1 = 1-49¢ 1 = .80
?g?é?isof compaction, | '= Zdls&z li496 _ 295
Y9nax et
2. Case B
Initial wet weight of soil = 19.767 Kgm
Initial moisture weight, wr/’f?\YO%
Initial dry weight of soil = %%L%%Z = 17.97 Kgm
YdlS’ based on initial soil
Iy _ 17.97x10° _ 3
’Welght = —‘—m—' = 1.63 gm/cm

. . _ 2.7 _
Average voids ratio, (elS)B = T3 " 1 = .66 //



Degree of compaction (D.C)

Case B

132

157

‘.

|
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IT Average Change in Voids Ratib, Ae

Initial soil height o = 30 cm.

Initial soil volume '= 20x25x30 = 15,000 cm®

s . _ _19.767 _ 3
Initial bulk weight - = 15000 = 1.318 gm/cm

. : 1.318 _° -

Initial dry weight, vd; = l;.lO = 1.2 gm/cm?
Initiai/voids ratio, e = 2.7 _ 1 = 1425
r G4 1.2 ?

. _ _ o _ ' -
Ae’, Case A = e, (els)A 1.25 .80
Ae,“Case B . . = e - (eIS)B = 1.25 -.66 = .
Check on Ydlé' Case .\A by sampler method
Sampler diameter ‘ = 1 inch = 2.54 cm.

. | 2 :

Area of sampler (samples) = E—igiéil— = 5 cm?
Weight of sampler empty = 720 gm,
Sample No. 1 2 3 4 5
Height of sample (cm) 5.0 6.2 7.3 4.8 . 5.1
Weight of samples —_ _

and sampler 765.5 777.6 787.2 764.4 763.4
Weight of samples 45.5 57.6 67.2 44.4 43.4
Y bulk (gm/em®) 1.82 1.86 _1.84 1.85 1.7

Average y bulk .

i

1.83 gm/cm?

Average dry density \Co 1.48 gm/cm®

e Dy
Il

.45

59

779
59
1.9
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'III Applied Energy Per Unit Volume due to Jetting; Ea

Ea = applied energy per unit volume
HP = applied horse power i ' /,J

He = water head -at exit’ -

'@ = water discharge at exit
y, = 62.4 1b/ft?
'Y

P = jetting water pressure 2
V = jetting water veibciEy at emit
cv = velocity coefficient (.9 = .95)
Vt = total volume of soil i
Applied ener = HP x 550 x t. ib.ft i ~’
‘pp g-y ) J( ).  /—\
gp = YW Q He

550

Q= 7.5 lit/min (experimeﬁtaiiy) at P = 55 p.s.i.
_ 7.5 x 1000 . T

(30-48)2?60 = ?0044 cfs
v2 |
He = »—"
© T 29 , S
v - o, /T - , . u-ﬁy
. . He ='cv2 P/y (assuming no losses in the pipe, c, = -925)

Il

7920 1b/ft?

at P = 55 p.s.i. i.e. = 55 x (12)? \

B . . 7920 - _ - - »
He = (-925) X m’ - . S = 108.6 ft.

' _ yQHe _ 62.4 x .0044 x 108.6 o ' s
HP = S50 £50 = ,054 HP
Applied'energy = .0541xtj(sec) x 550= 29;7'tj (lb.ft)
- for Sample III, Sec. 4.2.1 ) ~t. = 62 seconds'

]
)

Applied energy = 29.7 x 62 11841.4 1lb.ft.

It
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v = 20x25x30
-t . T(30.48y°%-

]

. Applied energy ‘per unit vbl, Ea

n

.53 ft?

1841.4

—

.53 -

= 3.47 x 10°
lb,ft/ft?
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. IV Seepage force
N !

J = Seepage force - -

i = Hydraulic gradient.

L =1Heightl(Length) of saﬁple

H, = Total head of, water’

h(-ve) = Negétive héaa applied at water exit

For the third sample,_sectién-4;2.5 ' ) VC
"h(-ve) = 13.25 inches of-mercury | v H-W.L (constant)
hl' = 34.4 cm. of water | T

L '= 24.4 cm. (aftér jetting) . hl F;? h{-ve)
TR

For t;é'datum shown in Figure X datum

H = hl + h(-ve) Fig. X
= 34.4 + 13.25 x 2.54 x 13.6 = 492 * cm. of water
= 193.7 inches of water
i = 22 = 20.2
g = Yw.i | ¥

198 ti/cm? or = 62.4 x 20.2 = 1260. 1lb/ft?
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NOMENCLATURE



hi-ve)
He

HP

}5/8‘
NOMENCLATURE

Soil area per'jet

Clay

-VeloséEy'coefficient

Average diameter of lumps

Average degree of compacfion, fifteen days

after jetting

Average voids ratio

"

Total applied energy due to waterjetting per
unit volume

d -
Average initidl voids ratio

Average voids ratio, fifteen days after jetting

Gravitational acceleration

Specific grévity of soil particles

Initial so0il height

Negative head applied at water exit

Water head at exit ~
Applied horse power

Total water head

Hydraulic gradient -
Internal diameter
Seepage force

Low plasticity

Liguid limit



M

W,
1

Ae

" AH

vybhulk

yd

Ydmax

Ydys

139
Silt
Number of jettings
Jetting water pressure
Plasticitf Index
Water discharge at exit
Avérage dégree of saturation
Time after jetting

[ g .
Time of jetting

Jetting water velocity at exit’

Total volume of soil

Moisturé content

Initial water content

Average change in voids ratio

Difference in total soil height, between time

.and fifteen days after jetting

Bulk density

Initial dry density

Standard Proctor maximum dry density

Average dry density, fifteen days after jetting '
Specific weight of water _ \f’ﬂiﬁh\\\
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