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"FACTORS TO BE CONSIDERED IN THE DESIGN OF BACKFILL
' FOR LARGE DIAMETER FLEXIBLE METAL CONDUITS
By
David C. Cowherd, M.S., P.E.

It is a well understood.f;ct that large diameter, flexible,
corregated meial conduits depend for their support to a great extent
on the sﬁrrounding backfill éoil In order to analyze such a struc-
ture it is necessary to consider the 1nteract10n between the plpe
and the side fill soil around the pipe as a upit. The pressure
'generated on the pipe by fill or live loads is ultimately transmltted
‘to the soil at the sides of the pipe and the movement of the pipe
'w111 eventually be the amount permitted by the backflll around the
pipe. It is, therefore, of extreme 1mportance that ‘the backfill
around the pipe be properly de51gned so as to w1thstand the loads
generated by the pipe without allowing movement‘whlch‘w1ll cause
failure of the pipe. TIn general, in high £i11 situations, the conduit
itself would withstand but a small percentage of the load placed
on it by the £111 material, therefore, the backfill becomes of prime
1mportance. : : . i | o
: In general, if the backfill around the pipe is of‘a granular
nature and is,coﬁpacfed to a reasonable density (90% of the Standard
Proctor dry unit-weight) there is very little movement of the pipe.
Since granular backfill does not generally comnstitute a problem
and does offer sufficient lateral restraint af reasonable percentages
of Standard Proctor, granular backfill is not considered in this
paper.- Plastlc soil backfllls however can constitute problems even
at high percentages of compaction inm some instances. The heretofore
assumed safe degree of compaction of 85% of the Standard Proctor
dry unittweight may not be sufficient in many cases where cohesive
backfill is used, It is the opinion of this writer that whenever
large diameter structures are considered, a testing program should
be instiiﬁied to determine the required degree of compaction of
clay backfills. Present practice is to merely assume that 857 or

90% of Standard Proctor dry unit weicht will provide a satisfactory



backfill and prevent excessive movement of tﬁe pipé. In'téfms qf“-
~the Soil Mbdulus'(E' in the Iowa fdrmula) it is assumed that this
- degree of compaction will ﬁrovide an E* of 700 psi or gréétef. Some
observationslby_the writer on actual installations have indicated_ :
that this is not necessarily true and that some pre—instéllation'teSt—
ing of the proposed backfill soil should be prdVided before writing
-tﬁe specifications. The purpose of this paper is to outline the qﬁser—
vations made on itwo rélatively large diameter pipes which exhibited,
considerable movement and to make certain suzgestions as_té how thg
‘proposed backfill for a corregated metal pipe shoﬁld be tested to
determiné.the supporting power and probable deflebtion of a pipe under
a given loading situation. : o
In order to design the testing'program it is necessary to know

some basic facts gbout the strength of clay-tvpe materials under various
different degrees of cOmpactlon, moisture contents, etc. It is also

a well known fact that samples of clay soil oompacted to a g1ven per—.
centage of Proctor compaction at moisture contents sllghtlv dry of

the optimum moisture content will have a higher strength than samples
of the same soil compacted to the exact same degree of cornactlon

‘but compacted at a moisture content con51derab1v wat of the optimum
moisture content. It is necessary to well undsrstand thlsAfact in
order to properly determine the behavier of clav backfill around a
pipe at given densities. It is also necessary to understand the molstuxe
- limitations on glven clay~type backfills. Tor the purposes of this
paper the following discussion of strength in relaticn to both degree -
of compaction and moisture content is offered. This di;cnssion should
be understood in order to properly evaluate the behavior of backfill
around flexible conduits. : '

The strength of a clay soil can be said to vary With two major

parameters, i-é., it weight and moisture content. There must ber

a specification for each if the proper strenath is to be built into
-the soil. Tor example, a sample of clay soil -rith a maximum Standard
Proctor dry unit weight of around 120 tcf and arn optinmum moisture
content of 15% will have a strength when compacted to 9Qﬁ of Standard
Proctor dry umit Wéight and 4 moisture content o 10% that is consider—

ably higher than the same soil compacted to the sam~ 907 hut at a

n
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moisture content of 20% (see Figure 1)' It is not sufficient, therefore,
to merely spec1fy a degree of compactlon in deallng with clay backfills.
This criteria aPPlles to samples compacted at a given moisture content '
and then sheared at that same moisture content. It could reaeenaﬁly

be assumed, however, that backfill aroumnd flexible conduits which

are carrying water will at sometime become saturateé{ In the testing .

-procedure for the backfill soil it should be con51dered that the back-
£111 will at sometime become saturated in a water carrying 51tuat10n,
The soil should therefore be tested in a saturated comdition. Again,

. it should be observed that the strength of a soil compacted at near

optimum moisture content then saturated and sheared will be considerably

higher tﬁan a sample compacted to the same degree of.compaction at a

saturation moisture content and sheared. For example, a sample of

clay soil compacted to 90% of the maximum Standard Proctor dry unit
weight at optimum molsture content, then saturated and sheared, will

7 have a much higher strength than the same sample of soil compacted

to 90% at the saturation moisture content. This is true even though

the final moisture content and percentage compactlon when sheared

will be exactly the same. This strength\phenomenon'w1ll be used in

establishing criteria for the design of backfill around flexible culverts.

It is important to undeistand this phenoﬁenon as it affects the type
testing program which should be used in order to determine the require-

ments for backfill. :

This paper will outline some basic criteria which have been evolved
as a result of both a seardh of the llterature, and as a result of
the observations of two (2) large diameter pipes which to some degree
exhibited excessive amounts of movement. Both of these large diameter
pipes had a clay type backfill. The eclay was a relatively heavy clay
. with reasonably high Atterberg limits and somewhat of a swelling poten-
tial. Each of these prejects along with some of the observations
made relative to these projects will be discussed below.

The writer was associated with the determination of why a relative-
ly large diameter flexible pipe moved excessively in about 1966. This
pipe was ten (10) feet in diameter and the clay soils around the pipe
were found to have the index properties as indicated in Figure 2.

It can be seen from this figure'that this was a relatively heavy clay.
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In order to determine the cause of the movemeﬁt-of the pipe, borings
were made afound the pipe to outline the relative degrees of cqﬁpéctioﬁ,
relative moisture contents, and the degree of compressibility of the
backfill around the pipe. A tahle outlining this information is inclu-
ded in this paper as Figure 3. It can be observed that the actuél :
backfill around this pipe Wwas at a relatively low degree of compaction
and also had a relatively high moisture content-in'comparison to the
optimum moisture content as'determined by the Standard Proctor test;

" These data indicated the piﬁe moved because of inadéquate compaction

at high moisture contents. : 7 . ‘ '

It was at that time decided to undertake a program of testing
to deterhina what degree of compaction would have been necessary for
the backfill and whether or not the pipe would have exhibited the
large amounts of deflection if a higher degree of compactibn or lower
moisture contents had been achieved. In accordance with this purpose,
samples of the soil were compacted in the laboratory to various different .
unit ﬁéightS'and moisture contents and were'then'satufatéd. A confined
compression test was performed to determine the actual stress—strain
characteristics under various different soil\coﬁditions. It was then
decided to try to use these data to predict the amount of side move-
ment of the £ill around the'pipe at various different degrees of com-
paction and moisture content. As a result of this, the féllowing
testing program was decided upon as a method for determining the rela-
tivé amount of mo?ement; 1t was decided that the proper way to evaluate
whether the baﬁkfill would han funétidned adequately if properly.
compacted, would be to compact a sample of the soil at near op timum
moisture content to a dry unit‘Weight of 907 cf Standagd Proctor,
then to saturate this sample and to_shear the saﬁple in a saturated
condition. This was then done for various differént degrees of compac—
tion ranging between 85% and 100% of Standard Proctor.

In. order to détErmine the difference in strength of samples pré—
pared at various different degfees of compaction and moisture content,
several samples were compacted at optimum moisture content and sheared
at optimum moisture content; several were prepared at optimum moisture
content, saturated and then sheared; and yet other samples were prepared

at saturation moisture contents and sheared at these moisture contents.
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The stress—strain curves prepared-ih this ﬁanﬁer ere shown in Figure_'
4 included in this paper. These curves 1nd1cate that for a given :
degree of compaction, the strength of samples molded at optlmum m01sture
content and then saturated is about 3 1/2 to 4 times the strength

of samples at the same den31ty and the same final moisture content

but prepared at a saturation moisture content. ‘The strength of this

. material when not saturated but sheared at optlmum molsture content
s in the nelghborhood of 10%Z higher than the strength when saturated
after being compacted .at optimum moisture content. In other words,
the sample only loses about 10% of its strength when compaeted et.

- optimum moisture content and then later om becomes satqréted; whereas
if it is compacted to a given density at a eaturation moisture.content'
it is only about 1/4 as strong. To this point it had been decided
that the proper method of test for backfill was to compact a ‘sample

of soil to- the specified field dry unit we1ght at optlmum m01sture
content, to thep saturate the sample and shear it in a confined com-
pression test with the confining pressure equal to the expected'lateral
pressure in the field. It was then de01ded to try to convert these -

© stress—strain curves into expected plpe movement curves. This was

~ done by generating what mlght_be called pIPE-Soll interaction curves.
The method in‘whicﬁ these curves were generatedhwas to consider the
fill at the sides of the pipe as a soil column and to apply the stress
generated by the pipe onto the fill to this soil column. It was first
necessary to prepare an influence chart so that the degree of stress
in the soil at any given distance‘away from the piﬁe could be deter-
mined. It was decided in this particular analyeie to utiliée a soil
column eqﬁal to 2 1/2 pipe diameters as a criteria. The stress placed
on the soil by the pipe was assumed to be trapezoidal in nature and

an influence chart for these conditions was prepared. This chart

is shown in Figure 5. The stress-strain curves and the soil influence
graph were then used to generate the amount of movement in inches

in any given area. This was done, for instance, by cansidering the
stress in the first 2 foot section of the soil adjacent to the pipe.

A stress was picked, the influence value for the first 2 feet of Fill
was determined and the strain for the first 2 foot increment of soil

was determined from the stress—strain curve. This was done for each
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2 foot increment throughout the entire 2 1/2 pipe diameters. The
total strain in inches was then found by.adding'the strain in each
individual 2 foot increment. In this manmer a stress vs. a total
movement was generated. The point generated indicates the amount:

of movement of one side of the pipe under a given horizontal loading.
This can, if desirable, be translated into_vertical‘movemeht and ver-
tical stresses. This can be done by considering the stress distribu-
tion on the pipe and éxpressing the equivalent vertical loading for

a given horizontal 1oad;n§. ‘The total vertical movement ﬁill be approx-
' imately twice the one side horizontal movement. A curve ef vertical
stress vs. vertical movement can be obtained in this manmer. It is
possible using the curves generated'in this manner to calculate the -
amount of movement in inches at the side of the piﬁe or total vertieal
movement due to a given load on the pipe. With this curve it would
be possible to determlne £il1l height tables and deflections for any
glven degree of compactlon. : ‘ '

These 301l~p1pe 1nteract10n curves are shown in Figure 6 of this
paper as horlzontal stress in psi versus one—31de horizontal movement
for various degrees of compaction and moldlng moisture contents. For -
this particular soil it can be shown that this material compacted
‘to es little as 85% of Standard Proctor dry unit weight with a molding
moisture near the optimuﬁ moisture content, then saturated and sheared
would not produce a failure condition. This same material, however,
if compacfed to a dry umit weight of around 907 at a saturation moisture
content would produce a large amount of movement of the pipe at relatively
low £i11 loads. The value of specifying that the material be compacted
near optimum moisture content is therefore readlly apparent. l

This same type of information was generated for a second prOJect
which also exhibited relatively large movements. This project consisted
of a pipe arch approximately 28 feet in diameter with a rise of about
13 feet 10 inches. This arch was backfilled with a reiatively heavy
clay the properties of which are shown in Figure 7 of this paper.

The backfill_veried from a soil with a Standard Proctor maximum unit
weight of around 107 pcf at an optimum moisture content of around
17% to a soil with a maximum Standard Proctor dry unit weight of around

123 pcf at an.optimum moisture content of around 12%. It can be assumed
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that the actual backfill varied between these limits. ' The project
specifications called for 90% of Standard Proctor dry unit welght
and the backfill prscedures_were adequate. The backfill was compacted
immediately adjacent to the pipe with hand compactors and with a small
- sheepsfoot roller away from the plpe. The pipe arch was placed in
a large trench excavated for that purpose and approx1mately 10 to
15 feet of fill was to be placed over the arch. The arch was suppoited
. on a footing with a concrete bottom. Shortlj after backfilling around
the arch it was observed that large amounts of mOveﬁent were occurring,
A program for measuring the amount of movement Was then instituted
and measurements of the movement were made over a relatlvely long
period of time. Typical curves of this movement are shown in Figure
8 of this paper. It can be observed from these curves that considerable
- movement was occurring even after long periods of time. It was decided
at this time to obtain samples of the soil and to test them similarly
to the program previously outlined to determine the cause of the excessive
. movement. Samples of the soil were then obtained and confined compression
tests were performed on various samples of the soil. These tests :
were performed at various different moisture contents, unit weights, -
and degrees of compaction as for the previously mentioned progect
Ba61cally, samples were compacted at 90% and 95% of the maximum Standard
Proctor dry unit weight at optimum moisture content, saturated and
then sheared. Other samples Were,thes compacted at 907 and 957 at
saturation moisture contents and sheared. These samples were sheared
at a leteral-pressure projected to be equal to the lateral pressure
in the fieid. The stress-strain curves generated im this manner
are shown in Figure 9. It can easily be ebserved‘frbm these curves
that tﬁe strength of the.soil compacted at optimum moisture content,
saturated and then sheared is considerably'higher than the strength
sf,the samples compacted at saturation moisture contents to the same
degree of compaction and then sheared. '
- Once the stress-strain curves for these soils had been determined,
a soil influence chart was prepared. For this particular pipe which
had concrete buttresses at the top, it was considered sufficient to
assume the stress distribution the same as a large spread footing.

The length of the soil column was taken to be the distance from the
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side of the'pipe to the walls of the excavation. This'infiuénce chart

i is shown in Figure 10. Using this information and the stress~stra1n
curves prev1ously discussed, it was again possible to determlne total
lateral movement for a given stress level. Again, this could be ‘trans—-
lated to vertical movement vs. fill or vertical load. The CQrﬁés‘
generated in this manner are shown in Figure 11. These cufves constitute
the pipeésoil interaction curves for various degreeé of CQmpaction'

-and moisture contents and are plotted in tofal vertical ﬁoﬁement VS.
vertical stress. From these curves it is possible to predicé total
amount of movement under various loading situations.

In this instance it was possible to compare the calculated amounts
of movement to the actual movement as records were made of the actual
movement. The only difficulty at this point was trv1ng to correlate
percentage of compactlon actually achieved in the field vs. the labora—
tory compaction values. However, utilizing the field compactlcn data
for various.différénf stations, it was possible to make g comparison
of projected values and actual values. The projected movements for
various different degraeé of éompactions and moistufe contents ahd
the actual observed settlemgnts are shown in\?igure AL Ig éan be
seen from this figure that these values agree quite ﬁéi14 It is there-
fore apparent that this procedure does prov1de a good method for pro— ‘
Jjecting the movement of flexible pipes which is within the scope of
operatlons of most soils laboratories.

One interesting item which came to light 1n the consideratlon
of these pipes ‘is that there is a phenomenon which is identified here
as an initial set of relatively large pipes which may include an initial
sitdown of the pipe itself as it takes up slack in belts, plates,
etc. This movement may also include some initizl elastic shortening
in the material of the pipe itself as well as some initial movement
of the earth. This amount of movement is not indicated by laboratory
testing and must be considered to be independent of laboratory testing-
techniques.. This may be a relatively large movement for structures
with backfill of ciay, however, it is felt that this movement is small
in comparison to the total movement,

BaSed on the information’obtained in the ahove manner, several
conclusions can be drawn. that should help to more accuratelv evaluate

the performance of backfill arounc a 1arge diameter pipe. The heretofore
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procedufe of assuming thet if the backfill is eompacted to a'giﬁen
percent of Proctor dry unlt weight is not con31dered adequate, and
at least any large diameter pipe which is to be: 1nstalled w1th clay
type backfills should be investigated with test borings previous to
installation,. and the backfill procedures and specifiéations'should
be written by a competent soils engineer who hes performed adequate
testing_of_the'proposed backfill. If this is mnot dcne,'evenxthough.
a good effort is made to compact the soil as was done“in one of the .
cases abeve, lerge movements and;even possible‘eollepse of the pipe
can occur. It is, therefore, imperative to properly test the haekfill _
material and to properly design the specifications for the backfill |
material. It should be realized that the stress—strain‘relationships :
will be dlfferent for different types of soil materlal and that a A
standard set ‘of pipe 1nteract10n curves based on one type of materlal
cannot be generated but it is necessary to test each 1nd1v1dual case,
The relative effect of moisture content of the soils will vary from
soil to soil. The effect of molding moisture content as well as eventual
| degree of saturation w111 also vary from 5011 ta soil. Each ‘case
should, therefcre, be investigated 1nd1v1dually and proper design
- procedures should be established. T a |

The following is recommended as a test procedure or program pre-
paratory to writing specifications for backfill for a large diameter
flexible pipe with'cohesive backfill. It is necessary in order to
properly evaluate-fhe system to know the following information. .The
nature of tﬁe pipe (whether round, arch-.elipticall etc.) must be
determlned since the stress applied to the soil 1s dlfferent for different
kinds of plpes. The stress relationship of the pipe. to the soll should |
be defined and established so that a reasonable estimate of stress
in the soil can be made. Other physical criteria must be known such
as the nature of the pipe and whether it is in a trench eituation
or a prejected situation. A knowledge of the heighf of fill to go
over the pipe must be determined. The nature of the material upon
which the pipe will be placed must also be determined. Knowing this
information, eampies of the soil to be used as backfill should be
obtained. It is recommended that these samples be compacted, some

to 90% Standard Proctor at optimum moisture content, some to 95% Standard
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Proctor at optimum moisture content. As. a precautiénéry'ﬁethod these
samples should fhen be saturated before testing. - It is our opinibnf
thét the proper test to perform in this case is a confined compreséibn
test whefe thé confining pressure is equal to thé expected éoﬁfining
,preésure in the field. This requires an estimate of relatiﬁe degrees
of coefficients of vertical pressure to horizontal pressufe'sp that

a reasonable determination of the lateral pressure to'apply;in ihé
triaxial test can be made. It is then necessary tordétermine the
stress—strain characterlstlcs of the soil through thlS conflned com—
pression test. :

With the data obtained in the above manner a curve relating vertlcal
stress on the pipe to lateral movement of the sides of the plpe or
vertical movement of the pipe can be determlned. From these curves
it is possible-to determine the degree of compactioh:whiqh should
be established in the specifications. With enough data the limitations
on moisture content in the field can also be determined. If the pipe
is a positive progectlon pipe, it is recommended that 2 1/2 times
the pipe diameter be cop31dered as the column of soil which wlll moﬁé.
Obviously for a compiete trench pipe, the amgunt of backfill betweén
the pipe and the edge of the trench should be considered as that aﬁohnt.
of soil which will move under the load of the pipe. For the curves
generated in this manner, it is possible to predict amounts of movement
based on the actual fill height to be pléced over tﬁe pipe.

‘ Several things are to be noted about this criteria. Tt should
first of all be understood that the above criteriarhas been developed
independent of pipe stiffness, matérial, etc. The basis for this
determination is that if the Fill height is sufficiently high' the

. pipe itself would fail under the height of the fill, therefore, the
limiting criteria becomes not so much the strength of the pipe but
the movement of the backfill around the pipe. It is, therefore, con—
sidered valid to assume that tﬁe pipe itself without any lateral support
would fail and that the pipe will move the amount that the backfill
beside the pipe will allow it to movel Within reasonable limits the
above criteria‘apply independent of type of pipe as far as movement
goes. This is not to say that the type of pipe is independent of

the load on it because the wall stresses and the compressive stresses
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all caées. : . ; ‘

It is obvious from the foregoing discussion that'the"mcst imﬁqrtant
factor in determining the movement of pipes in cohesive type'bac‘:l»:fi].].'j
is ihe selection of the test method and the unit weight and moisture-
content at which the proposed backfill material will be compacted -

It is emphasized that in the writing of the specifications there should ;
rbe a limit placed on moisture content as well as a percentage compaction
specified. Some clay soils are much more sensitive to 1nit1al moldlng
moisture content than are other clay seils. Many clay 50115 lose
sfrength quite rapidly at molding moisture contents greater than the
optimum moisture content. The second soil réferenced abové was a

 s0il such as this and it was found that small changes in moisture

content above the optimum affected the strength greatly. It is, theréfore;

imperative that bhoth a strength and moisture contént criteria bg wiitten
into the spécifications and be ehforCed in the field. In many instantes'
in the field the moistufe content control is more important than the
control of the percentage of compaction. '

It has been concludéd that a confined compression test type analysis
is the best method for analyzing soil behav:Lqr in this particular
instance. It should also be observed that a consolldatlon type analysis
could be used for this crlterla, however, the conventional comsolidation
testing equipment confines the material rigidly and does not permit
the application of various different lateral loads as would be expected
in the field. It might be more proper‘to load the triakiél specimen
to the expettedsload in the field and then to record movement over
‘a period of time. Whether or not this could be done on a given project
depends on the time available and the equipment available for testing.
It would appear that the most accurate type of measurement for production
of movement curves would be to load the sample of soil to the horizontal
and vertical loading eipected in the fill and to record movement over
a relativeiy long period of time. This would take into account both
what might be termed primary movement and secondary movement.

In conclusion, the movement of the soil laterally around large
diameter eorregate& metal pipes can reasonably accurately be predicted
with conventional confined compression testing. It should be observed

that there is some sort of initial movement or set of the pipe that
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generated in the pipe are a function of pipe material, pipe thiékness;
ete,, and must be determined for pipe design. This is merely a statemﬁnt

that the amount of movement of the pipe, once a high fill situation .

at which the pipe would fail if there were no lateral support 1s reached,

is apparently 1ndependent of the type of pipe or thlckness of pipe

material within reasonable limits. The pipe must still be designed

in accoxrdance w1th ring compression and ultlmate stresses in the pipe

generated by the height of £111. ‘
There is also another phenomenon whlch should be taken into con-

sideration. %mpMmmmnMskmvummhd%ﬂﬂdasum

lag and refers to long term consolldatlon or creep of the material _

due to the loads placed upon it. Thls phenomenon has been catalogued,

particularly 1n the case with the second pipe described aboﬁe, and

a consolidation test was performed. A 1oad-wés placed on the consoli-

dation sample and at the timé of this writing has been in place for

6 months. This material continues to move under this load and is

moving at a relatively constant rate. From observations made on the

pipe itself indications are that this tyPe of movement can be expected

with clay type backfills and that this rate of movement is dependent

on degree of compaction of the backfill as well as compaction moisture

content, but that the time-rate of movement is relatively independent

of'degree of compaction and is dependent on soil type only. An evalu-

ation must be made as to the significance and as to how much this,

what might be termed secondary movement or long term creep, will amount
to. It has been found that this movement might be significant in

many areas, however, in an examination of the confined compressibn
data and the projection of total amounts of movement in actual field

conditions, it seems as if this secondary -rate is quite small in com~

- parison with the amount of movement which will be predicted through

the confined compression testing. Based on the experience with this
one pipe it is felt that if the movement indicated by the confined
compression testing procedures referenced above were multiplied by
a factor of 1.2 for the time deflection lag, a more accurate value
of deflection.would be determined. It is emphasized that this wvalue

is based on observations on this one pipe only and may not apply in
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is not explained by this-testiﬁg. 'Thefe.is-also some 1§ng term creep
: of the soil which will mot be explained by the éonfinéd comﬁreésion 
testing.’ This-méthod is, however, considered suffiéienﬁlyiéccurate
for the calculation of amounts of ﬁovgment'for thé.&eéign'of the back-

fill around flexible pipes.
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FIGURE 3

TABLE OF UNIT WEIGHT AND MOISTURE CONTENTS

Depth of
Sample (ft.)

1Q:lf10ﬂ6 :
'18.0-20.0

23.0-23.5
28.2-28.7
8.0- 8.5
8.8- 9.3
18.3-18.8
23.8-24.3
28.0-29.0
©20.0-20.5
22.0-23.5
26.0-26.4
27.5-27.9
29.5-31.0
20.6-21.1
22.0-23.5
26.0-26.5
28.0-29.5
30.5-30.9
32.0-33.5

Inside Pipe (top 6™)

Inside Pipe (bottom 3")

* Disturbed Sample

Dry Unit

Weight (pcf)

S112.4
106.7
113.4

96.4
105.4
124.9

1100.6
108.9
112.3

103.4
99.2

105.1

115.6

Moisture

Content (%)

18.9
18.4. .
19.6
29,1
19.1
12.5
26.5
21.0
18.9
20.4
17.2
25,0
27.1
30,7
25,7
18.0
15.4
o
22.4
23.1
7.7

14.5

Compaction

(%)

99.3
 94.3
100.2
85.2
93.1
110.3
88.9
96.2
99.2

91.3
87.6
87.1
105.9

92.8
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FIGURE 8
Actual Pipe Movement
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Generalized Sliding Wedge Method For _
Slope Stability and Earth Pressures Analysis

Vincent P. Dranevich#*
INTRODUCTION

Slope failu;éé.and failures of retaining w;ils.énd'braéed ex—
cavations often cause extensive damage.  Repair of thése failures usually
requirés precious time and is expénsive. As a consequencey engineexs to~
day are trying to minimize the chances of such fallnres by performlng mnore
extensive soil investigations and stabllity analyses. The digital computer

has hélped the engineer immeasurably in performing stability analyées and
| there are now multitud1nous programs available in varylng degrees of so~
phisticaticn. : ;

There is one class of slope stability problem where soil con-
ditions are complicated and obvious possible failure surfaces are ir—
regular and noncircular. Methods of analysis of stability which require
a qirculér failure surface or only take,average soil conditiomns into
account give at best very crude estimates of factors of safety. Some of
these may grossly overestimate the factors of safeiy on one hand and on
the other cause the owner needless expense. .

' Some excellent and sophisticated methods of analysis have been

2, 4 5)

_developed in recent years and have been made available to the
practicing englneer. However, they tend to be cumbersome and expensive
to use. ' i

.The method discussed in this paper is one that can be used for
rather complicated soil conditions and failure surfaces. It is known and
used by pracfically all soils engineers and the calculations are usually
made by hand or with the aid of the desk calculator. The main contri-

bution of this paper is to generalize the method to allow practically any

* Assistant Professor of Civil Engineering, University of Kentucky,
Lexington, Kentucky. '
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possible failure surface to be analyzed and to extend the method to cover

effective stress conditions where excess pore pressures exist. The method
remains simple, inexpensive, and easy to use particularly if the dlgital

| computer is employed, '

Details of the method are covered and several examples are given.
Finally, some limitations and cautions for use are discussed,

' ' BASIC .SLIDING WEDGE METHOD

In the sliding wedge method, all of the soil that is contained
‘by the failure surface ié divided into wedges or blocks having straight
sideé as shown in Fig. 1. The lower boundary of ‘a wedge or block is a
portion of_the‘failure sufface. If the slope of this 11ne is negativa,
then the wedge is called an active wedge mﬁch the same as for active
~ Rankine conditions. In a similar fashion, if the slope of the boundary
is positive such that the wedge would act to restrain other wedges or -
blocks, the wedge is termed a passive wedge. . Finally, the block of soil
between the active and péssive wedges is referred to as a central block.
In typical problems, there may be a number of each type of wedges or
blocks. . \

The procedure for analysis is relatlvely simple. It varies
somewhat depending on which reference is used. The simplest procedure
involves: (1) determining the active or passive forces associated with
each wedge (usually a handbook or curves are employed) s (2) determining
the driving force associated with the central block, (3) determining the
sliding resistance beneath the central block, and (4) taking the summation
of forces acting on the central block to establish a factor of safety.

A slightly more complicated but more realistic method is recom-
mended in NAVDOCKS(B) where the driving and resisting components of . the
active and passive wedges are considered separately. The factor of
safety is then defined as the summation of the reststlng forces divided
by the summation of the driving forces.

The procedure used by the author is similar to the one des—
cribed in NAVDOCKS with the exception that the active and passive forces
are calculated for more general conditions. 1In doing so, the central
plock can be handled like an active or passive wedge depending on the

slope of the failure surface beneath it,

R
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FIGURE | - BASIC SLIDING WEDGE METHOD



The forces and equations for a genmeralized active wedge arve
shown in Fig. 2. In Fig. 2a pote that the backfill angle, B, and the
failure surface angle, a, are completely general. Also, the angle that
the active pressure, PA’ makes with the horizontal is given by 8. The
force, Wl, applied to the top of the wedge is to account for blocks or
wedges. of soil above the active wedge in questiom.

In Fig. 2b the driving force, DF, is determined from a force
- polygon where no shearing resistance of the soil is assumed to exist.

Finally, in Fig. 2c, the polygon of forces is presénted.where
the soil shearing resistance is considered. The expression for active
earth forces is given by:

p (Wi + W) tan(a - ¢) _ CcH cosB [tan(o - Q)éina + cosal

A" tan(ec ~ ¢)sind + cosé sin(a - B)[tan(o - $)sing + cos§ ] (1?

S8imilar conditions for the passive wedge are pfesénted'in
¥ig. 3, Note in Fig. 3a that the directions of o, 8, 6 and the shearing
‘resistance along the failure surface are reversed. The generalized ex— .

pression for passive earth force is given byi.

P = (Wi + W) tan(o + ¢) + cH cosB {sinc tan(c + ¢) + cosal 2)
P  cosd - s;nﬁ tan{o + ¢) sin(a + B)[cosd - sind tan{o + ¢] ,

If B and 6§ are set to zero and the value of o is set to 45° +
$/2 for the active case or to 45° — $/2 for the passive case, the above
equations give the active and passive earth pressures for Rankine condi-
tions.

In practical problems, there may berone or more central blocks,
The central block shown in Fig. 1 is really an active wedge with a sur-
charge block of soil acting above it. This is shown in Fig. 4 where a
central block is composed of an active wedge and two surcharge blocks.
The surcharge blocks (or wedges) can be used to simulate different soil
layers having different densities or can be used to simulate water table
and excess pore pressure conditions in the case of effective stress

analysis. The latter will be discussed in detail subsequently.
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b) POLYGON OF FORCES ASSUMING NO SHEARING RESISTANCE .
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FIGURE 3 - PASS|VE WEDGE
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With the central blocks defined as above, the procedure for
analysis is greatly simplified. The steps are as follows:
1. A probable failure surface is drawn on the cross section.
2. The failure surface is fitted with straight line segments.
The segments should be chosen such that each segment is
in only one soil type.
3. Active or passive wedges and surcharge wedges or blocks
are then drawm in. Each wedge or block should contain only
one soil type, o : :
4. Surcharge block weights are determ;ned and the sum of these
- above each wedge is calculated to glve Wl
3. For each wedge the driving force, the active or passive
force, and the resisting force are calculated using the
-equations given in Figs. 2 and 3.

6. The factor of safety is then calculated from:

FS = Resisting Force : (3)
Active Driving Forces - Passive Driving Forces

The Above procedure has been progragmed by the author using hoth

FORTRAN and BASIC languages.
 CHOICE OF SOIL AND WEDGE PARAMETERS

In all stability analyses, the proper choice of soil para-
meters is essential for meaningful results. The choice for soil para-
meters depends on whether total stress analysis or effective stress
analysis is desired (see LAMBE and WHITMAN)(l).

For total stress analysis, the total unit weight of the soil
is used and ¢ and ¢ in terms of total stress are used. If unconfined com-
pression tgsts or insitu tests such as vane or penetrometer tests are used
to determine the shear streagth, the shear strength is deflned by ¢ and
¢ is set to zero. This is known as a "¢ = 0 analysis" and is probably the
most common type of analysis made because it simulates the conditions
immediately after construction.

For effective stress analyses, total soil unit weights are used
above the zone of saturation and buoyant unit weights are used in the

zone. Shear strengths are in terms of effective stress, i.e., ¢ = ¢

=g




and ¢ = 4., The water table is taken into account by superimposing on
the soil wedges and blocks, similar wedges and blocks to represent the
water table. (See Fig. 4). In these, the unit weight is set equal to
the unit weight of water and the shear strength parameters are set to
zero. For the water wedges, the active or passive forces are equal to
the driving forces for each wedge. Hence, the water wedges -produce only
values of driving force with the resisting forces all being equal to
zero. Thus, the use of water blocks and wedges takes into aCQdunt seep—
age forces by essentlally con51der1ng the boundary water pressures.

: ' One of the prime’ reasons for u51ng ef fective stress analysis
.for‘stabillty and earth pressure problems is to take into account excess
pore pressures. Excess pore pressures occur during the consolidation
process and as a result of shearing action. Values of excess pore pres-
sure are.either obtained from piezometers placed insitu or are esti-
mated from laboratory test data. Positive excess pore pressure increases
the pore water pressure above that due to hydrostatlc conditions alone.
From the concept of effective stress, the increase in pore pressure must
result in a decrease in effective stress.

Positive excess pore preSSures can ea811y be taken into account
in the sliding wedge analysis described above by adding a surcharge water
block or wedge above each water wedge where excess pore pressures exist.
(See Fig. 4). The ordinates of each block are equal to the excess pore
pressure expressed in terms of pressure head {excess pore pressure/unlt
weight of water). To satisfy the effective stress equation, an identical
surcharge water block having a unit weight equal to minus the unit weight
of wéter is placed above the corresponding soil wedges.

The last item that needs to be specified in the analysis is the
friction angle, &, at the face of the wedge. A value of § = 0 gives the
most conservative results for a given analysis. Terzaghi and Peck(6)
point out that & greater than 6/3 should not be used for passive wedges
as it will introduce considerable error. Until the effect of § is firmly
established, the author recommends that a value of § = 0 be used.

EXAMPLES OF SLOPE STABILITY AMALYSES
_ : ‘The first example is a simple slope in a homogeneous soil as
shown in Fig. 5. The slope angle G is 60° and the failure surface is
circular with center at point 0. If the failure surface is fitted with

straight line segments and the material in the failure zone is fitted
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with wedges and blocks as shown, the generalized wedge wethod can te used
-0 estimate the factor of safety. The computer output for this preblem
is given in Fig. 6. The first portion is simply a printout of the input
data. One line describes each block or wedge giving the coordinates of
each point, the wedge type (type (1) if on failure surface and type {0)
if not), the soil unit weight, the shear strength pafameters, and the
“§" angle (denoted by E(J)). ‘

' Next, the calculated results are printed out, For each block
or wedge, the driving force, the resisting force, the weight and the
a and B angles (denoted by A and B) are given; The values of o and B
are calculated by the program and serve as a check on the accuracy of
the input data. Note that the B angle in wedge 8 should be 60° instead
of 56.3°. ' ' |

'Finally, the sums of the wedge weights, resisting forces,
diiving‘forces, and the factor of safety are calculated. The sums make
it possible to approximately account for earthquake forces, This is
done by multiplying the sum of the weights by aﬁ earthquake coefficient
and then adding this to fhe sum of the driving forces. A new factor of
safety is then_calcglated using Eq. (3)> - It should be emphasized that
the above procedure for earthquake forces is relatively crude and should
only be applied to slopes of minor importance. | '

The factor of safety calculated for this example is 1.10. 1f a
sliding circle analysis were applied to the same failure surface,. the
factor of safety also equals 1.10.

An example where the method is used with an effective stress
analysis is given in Figs. 7 and 8. The example is taken from NAVDOCKS.(S)
The failure surface was fitted with five line segments and a total of 18

blocks and wedges are needed. Note that block and wedge numbers 12
| through 18 are water wedges. The computér output is shown in Fig. 8.
The factor of safety calculated by this method is 1.24 whereas the one
calculated in NAVDOCKS is 1.08. The difference lies in the fact that
boundary water forces are incorrectly handled in the NAVDOCKS example.
The resultant of the net pore water pressure acting on the two ends of

the central wedge should be 6.87 kips instead of 10.54 kips. When this

0] e




DRNEVICH SLOPE STABILITY BY SLIDING WEDGE

NUMBER OF WEDGES OR.BLQCKS = 8 .

WEDGE NO. X(1,J) ¥(1,J) X(2,J) ¥(2,J) X(3,J) ¥(3,0) X(4,0) ¥(4,3) T() GW) C€(I) PHI(I) E(J)
H .._-m H.0.0 H.o@ “_-O'O . u-c HQ-Q w-o N-Q H HOO-Q HWN- Ooo o.o
2 3.0 - 7.0 3.0 10.0 3.6 10.0 5.6 7.0 0 100.0 192. 0.0 0.0
3 3.0 7.0 3.0 7.0 5.6 7.0 5.6 3.8 1 100.0 192. 0.0 0.0
4 3.6 3.8 5.6 ' 10.0 9.0 10.0 9.0 3.8 0 - 100.0 192. 0,0 0.0
5 5.6 3.8 3.6 - 3.8 9.0 3.8 9.0 1.5 1 100.0 192. 0.0 0.0
6 9.0 1.5 9.0 10.0 14.0 1.5 14.0 1.5 0 100.0 192. 0.0 0.0
7 9.0 1.5 9.0 1.5 14.0 1.5 14,0 0.1 1 100.0 192, 0.0 0.0
8 14,0 0.1 14.0 1.5 15,0 0.0 15.0 0.0 1 100.0 192. 0.0 0.0
WEDGE NO. DRIVING FORCE RESIST. FORCE WEIGHT A B
: DEG DEG
1 4., 500E+02 1.503E+03 2.10E+02 65.0 0.0
2 0.000E~99 : 0.000E-99 7.80E+02 0.0 0.0
3 1.472E+03 : 1.255E+03 4,16E+02 20.9 0.0
4 0.000E-99 0.000E-99 2,11E+03 0.0 0.0
3 1.691E+03 9.515E+02 3.91E+02 34,1 0.0
6 0.000E-99 0.000E-99 2.13E+03 0.0 59.5
7 6.930E+02 : . 1.0358+03 3,50E+02 15.6 0.0
8 7.000E+00 0.000E-99 7.00E+01 3.7 36.3

SUM WI = 6.45E+03 SUM RESIST. = 4.75E+03 SUM DRIVE = 4,31E+03 FACTOR OF SAFETY = 1.100

ABOVE RESULTS ARE FOR FAILURE SURFACE SELECTED BY THE USER. THE SURFACE SELECTED MAY NOT BE A
CRITICAL SURFACE. ; :

Fig. 6 Computer Output for Generalized Sliding Wedge
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DRNEVICH SLOPE ma»wwrnq< BY SLIDING WEDGE

NUKBER OF WEDGES OR BLOCKS=18 .
PHI(J) ED)

WEDGE NO. X(1sJ) YC1sd) XC2s) YC2rJd) X(Ied) YCI50) XCArd) YC42d) TCH GG LD
1 0. 40. 0. 40. b 40. . 30. 1 120.0 0. 25.0 0.0
2 6. 30. - A0. 12, 40.. 12. 30. 0 120.0 0. 25.0 0.0
H.m %vt ga -@u uo_n MND MO' Mmt mo“! u. mmao °| ano an
4 12, 30. 12, 40. 24, 40, 24. 30. 0 120.0 0. 2%.0 0.0
S 12, 20. 12, 30, 24, 30. 24, 20, 0 58.0 0. 23,0 0.0
& 12, 20, 12, 20. 24. 20, 24. 8. 1 32,0 400. 0.0 ¢.0
7 24, 30. 24, 40, &6, 20, 66. 20, 0 120.0 0. 25.0 0.0
8 24, 20 .. 24. 30. 66, 20. é. 20, 0 H8.0 0. 25.0 0.0
ﬁ -N&.' ms m&- i NO! mm. i NO. &&u ml - ° n&wno moo.n °.° Ono
Ho m&- ml N#l ml 4 mm: ml &&: b.l W NMNUG mool o-o o-o
13 b, 4. bb. 20. B2. 20. B2, 20. 1 32.0° 600. 0.0 0.0
12 6. 30. 6. 30. 12 30. 12. 20. 1 62.0 0. 0.0 0.0
13 12. 20. 12. 30. 24, 30, Q4. 20. 0 62,0 Qa 0.0 0.0
14 13. 20. 12, 20. 24, 20. 24, - 8. 1. 62,0 C. 0.0 0.0
b 37 24, 20, 24, 30. b6, 20. T bb. 20, o 42.0 0. 0.C 0.0
14 24, 8. . 24. 20, & a 20. -1 8. 0O 2.0 438 0.G 0.0
BV N&l m: Nbl ml &&l ml me b,l M. .wwno o: O-O Oto
18 b6, 4, 64. 20. B2. 20, 82. 20. 1 2.0 0. 0.0 Q.0
WEDRGE NO. BRIVING FORCE RESIST. FORCE WEIGHT A B
DEG DEG
1 6.000E+03" 3.548BE+03 3.60E+03 §9.0 0.0
2 0.000E~9% 0.Q00E~99 7.20E+03 0.0 0.0
3 . 1-4R0E+04 8.862E+03 1.74E+03 59,0 0.0
4 0.000E~99 0.000E-99 - 1.44E404 0.0 0.0
S 0.000E-99 0.000E-99 6.26E+03 0.0 0.0
é 2.366E+04 1.44QE+04 - 2.30E+03 45.0 0.0
7 0.00012-99 - 0.000E-99 2.52E+04 13.4 25.5
8 0.000E~-99 - 0.000E~29 1.22E+404 0.0 13.4
9 0.000E~99 0.000E~99 1.41E+04 0.0 0.0
10 S.352E+03 2.543E+04 2.69E+03 9.4 0.0
11 ~.410E+04 1.920E+04 4.10E4+03 45.0 0.0
12 3.100E+03 0.000E~29 1.86E+03 5%9.0 0.0
13 0.000E-99 £0.000E~99 7.44E+03 0.0 0.0
14 1.190E+04 0.000E~99 4.46E+03 45.0 . 0.0
1S 0.000E~%29 0.000E~-99 1.30E+04 0.0 13.4
14 0.000E-99 0.000E~29 3.12E+04 0.0 0.0
17 4.7132E+03 . 0.000E~-29 G.21E+03 5.4 0,0
18 ~»774E+04 0.000E-99 7.94E4+03 45.0 0.0
SUlt WT = 1.4BE+05 SUM RESIST.=7.15E+04  SUM DRIVE=5.76E+04 FACTOR OF SAFETY = 1.241%

ABOVE RESULTS ARE FOR FAILURE SURFACE SELECTED BY THE USER
THE SURFACE SELECTED MAY NOT BE & CRITICAL BURFACE

Fig. 8 noavanm.u Output for NAVDOCKS Example



correction is made, the factor of safety then becomes 1,24. The system-
atized approach of the generalized wedge method proposed herein would
tend to eliminate errors such as that noted above.
USE OF GENERALIZED WEDGE FOR LATERAL PRESSURE

Because of the general formulation of this method, it can be
used for other related problems such as the stahility'of retaining walls
againat sliding failure and in determining both the magnfthde'énd approxi-
mate distribution of pressure against such walls. For the case of sliding
stability, the wallritself can be simulated by wedges and blocks. The
unit weight is that of the wall construction material and the shear |
strength along the failure surface beneath the wall is given in terms of
adhesion and friction factors associated with the contact of two dis-
similar materials. : iy

This method caﬁ also be used to determine pressures and_pressuré
distributions wherever plastic equilibrium conditions exist. For example,
the force acting on a retaining structure or a wall can be determined with
reasonable consideration given to the zone of excavation, backfill surface, -
and backfill matérials. In simple, nongfitical cases, a triangular pres—
sure distribution can be assumed. For more important and complex situa-
. tions, the method recommended in Article 31 ofy Terzaghi and Peck(ﬁ) may
be used. The method is based on the fact that for a state of plastic
equilibrium, every point on the back of a retaining structure repfesents
a foot of a potential surface of sliding. The generalized wedge method
can be used to obtain the forces for a series of these failure surfaces
and conéequently, the pressure distribution. 7

METHOD LIMITATIONS AND CAUTIONS FOR USE

It would not be fair to continue without pointing out some of
the limitations and deficiencies of the generalized sliding wedge method.
This method considers only the static equilibrium in the vertical and
horizontal directions of the overall system of blocks and wedges. The
overall moment equilibrium as well as the moment equilibrium of the in-
dividual blocks or wedges may not be satisfied. It is assumed that each
surcharge block or wedge transmit forces only to the wedge or block be-
neath it. Consequently, this method is probably best suited to cases
vhere the failure surface is long and rather shallow. The accuracy for

other situations has not yet been fully explored.
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Finally, this method gives driving forces, resisting forces
and factors of safety for failure surfaces chosen by the user., It does
not seek out the most critical surface, However, the computer Program
has been written for conversational mode and the user can quickly change
parameters or coordinates of any or all wedges or blocks as he chooses.

CONCLUSION

A generalized method for determining slope stability and éarth
pressures ﬁased on the sliding wedge conéept has‘been presented, The
procedure is outlined to give a systematized approach. Basic concepts
- are extended to handle the effective stress condition where excess poxe
pressures may exist.r The method appears to giﬁé Teasonable results for
the cases cited.. It should be quite useful for a number of problems
commonly’occuriing to the practicing civil engineer.
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INTRODUCTION

The use of tie-back systems for retaining walls of deep excavations
has been rapidly adopted by American contracters over the past decade,
Originating in Europe for use at sites where conventional internal bracing
was not attractive, the methoé has since emerged im this coﬁntry'as a. rapid,
economical method of providing an uncluttered deep exéavation. Walthe21 ﬁas
described an early application of the concept for a railroad station in
) Germany. In that‘project, two rows cf tie—backs were used to retain a con-
crete wall which was supported vertically on bearlng piles. Nhnes and Cpsgaz have
discussed several applications of tie-back walls uéed'in Brazil dafing.back
as early as 1957. 1In one application, vertical tles were placed at the heel
of a retainlng wall to provide resistance to overturnlng. Nbrdln ‘has dis-
cussed the application in Sweden using hollow ar111 rods as the tie-back
anchors. The system was flrst introduced in thls country by W’hlte4 in 1961,

Projects in Los Angeless, Montrea16 el » Washington, D._C‘g, Ottaya,lq

San FranciSCO,ll: 12, 13, 14, 15 T

Houst:on,16 Boston,17 New York L Pittsburgh
Bﬁffalo,20 and England2 have been reported in more recent llterature, with
the bulk of the discussions being concerned prlmarlly with constructlon
techniques. 7

MbRoétie and Schriever, = who discussed the Ottawa progéct also
" studied the effects of creep and frost pressures on the tie-backs. The ~
various types have included (1) sheet piling, (2) soldier piles with
wood lagging, (3) concrete, and (4) slurry trench walls. The
tie-backs are driven H-piles, grouted tendons, and grouted drill rods.

Stagg and Jame522 have discussed the possible use of cables with packed

granular soils rather than grout. This would be attractive in situations



where it is mandatory to reRove the tie-backs.

D'Appolonia, et al.23 have described the application of the tie-back
system.to retain a slope of colluvial material in Weirton, West Virginia
The methods and results at thé West Virginia site,23 initiated the develop-
ment of a ratiomal design mothod which is discussed herein, along with
applications of the method at two 51tes in Buffa1o New York. In addition
to the usual considerations of cost and ease of c0nstruct10n, movement of
the gréuﬁd surface adgacent to the retaining wall was also of prlmgry con—
cern for both of the reported projects- Qualltlve relatlonshlps between
.applied'prestress tle—back ‘forces and surface deformation have been developed
and substantiated by instrumentation. The method is applicable_to most
tie-back problems, whether ground moveménts‘are a primary or secondary desigﬁ
_concern.

DESIGN CONCEPTS

Cases where movements of the adjacent ground surface are of primary
: édncern pertain to the situations where existing stfuctureé, machinery, etc.,
aré located within a perimeter zone which would be influenced By the deep
excavation. The zone of influence typiéally extends behind the wall a dis-
_ténce equal to 1 to 1.5 times the depth of the excavation as illustrated
in Figure la. Consistent with normal foundation engineering terminology; this ‘
case is referred to herein as the "at-rest" design case as it would be
‘desirable to make the excvation and maintain the soil in an at-rest condition.
In other words, "keeping the soil behind the wall from knowing the excavation
is being made.'" The "active" case, as illustrated in Figure 1b, applies where

the cost and time advantages of the tie-back system are the governing criteria

.
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rather than displacement of the adjacent ground surface, The design procedure
is similar for both cases with the main differences being the design soll
pressures and the magnitude of prestressing force applied to the tie.

"At-Rest" Design Case:- The effect of prestressing en the wall deflec—

tion can be examined by considering the change in the stress state of the
in-situ soil during the entire construction sequence in relation to the stress~
strain characteristics of the soil. ?1gurgs 2a through 2e show typlcal condi—
tions pertinent to a deep excavation in sbil during partiéular étageé of con-
struction. Fach figure includes the stage of excavation and ihe distribqtion'
0of so0il pressures actihg on the wall. Also shown in each figure gre four
elements of soil--Nos. I, 2 and 3 1ocated at various depths outside the excava-
tion and ko. 4 located near the toe in front of the wall.

Figure 3 shows qualitatively using the stress—path method24 he.
stxess changes which occur at the various soil elements durlng the process
of constructlon .for the case when the tie-backs‘are prestressed for at—rest
pressures. The letter designations, A through E, shown on the curves cdrrés—
* pond to the respective ;ohstruction sequence shown in Fig, 2. In determining
the stress pa;hs in Fig. 3, it has been assumed that the Yertical and hori-
zontal directions are the principal directions throughout the construction
_ procedure, This assu@ption is réésonably valid for the at-rest des1gn case
because movements are small, and large friction forces do not develop at the
wall-soil interface. i 3

Point A represents the initial soil stress at each ofrthe elements,
Nos. 1 through No. 4. The initial points for elements No. 3 and No. % are
common as the;e'éléments are at the same depth. During the driving of the

sheet piling, only the horizontal stress acting on each of the elements is
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assumed to increase as indicated by stress path AB. The stress path BC
indicates the reduction in horizontal stress behind the wall due to the initial
excavation stage to the tie-back level. As shown, the magnitude of this
change diminlshes with depth and has practically no effeect on stress condi-
tion at element No. 33 The stress path BC for element No: 4 .reflects the
decrease in vertical stress caused by the excavatlon. In going from C to D,
the tie—back is installed and prestressed resultlng in 1ncreased honizontal
stresses behind the wall. The effect is most pronounced in the area of the

'éie?beck and diminishes quickly with depth.
The 1ast constructlon stage involves the flnel ekcacacion to grade.
During this stage, the flexiblllty of the wall allows an outward movement
which cacses a decrease in the horizontal stress behind the wall as indicated
by the scress path DE for soil elements Nos, 1, 2 and 3, Also during the

' final excavation, the vertical stress in the soil in front of the wall is

decreasing, while the horizontal stress ié-increasing at the embedded portion.

-

of the wall. The stress path for this condltlon is indicated by D4E4 in

Fig. 3.

- "pctive" Design Case: Figures 4a through 4e show the condition at

the wall for particular stages of construction for the active design case.
A single waler system is 41lustrated for which a triangular distribution is
applicable. -Conceivably, a greeter anumber of walers would tend to cause the
pressure distribution to change from triangular to trapezoidal. Figure 5
shows the corresponding changes in the stress state. States A through C

are identical to those previously described for the at-rest case. However,
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in this case, the tie-back is not prestressed* and no appreciable changes
in soil stress occﬁr during its installation. During the final excavation,
the wall deflocts outward from its original location and the horizontal
stxesses behind the wall diminish to the active failure condition as indicated
by stress patﬁ DE in Fig. 4 f;r elements Nos. 1 and 2. Element No, 3 lies
outside of the failﬁre wedge and reduction of stress in this eiement does
not reach the failure condition. As before, the vértical_stress decreéses,
- while the horizontal stress increases in the soil at the toe (Element'No;é)
during final excavation. l

it éhould be noted that two simplifying assumptions were
made in the "active" design case. The change in prin@ipai stress directioﬁs
due to friction‘forces_which ﬁevelop as the actiﬁe soii Qe&ge moves vertiéally-
with respect to the wall is ignoreé. Also the vériatiqn in active pre#sﬁre
distribution caused by arching ofrthe_sﬁil aé the wall deflééts is not taken
into account. Neither of these considerations appear to bé criticél'ﬁo'
S . : _

design, particularly because a prestress load is nbrmally specified

which prevents a full actual failure.

Soil Stress-Strain Characteristics: In order'toArelate the ﬁégnitude
of wall deflection to the stress paths shown in Figs. 3 and 5, it is nécessary
to consider the stress-strain characteristics of the soil. The curves shown
in Figs. 6a'and'65 represént typical sﬁress—strain relationships (plotted as
a#ial strain vs. the deviator stress) for a granular material as obtained
froﬁ drained triaxial tests. The various curveé illustrate the relationship

at different confining pressures. The slope, at any point on the curves,

L)

* - s
.In theory, no prestress force is required, but it is recommended that a nominal
amount of prestress be applied for reasons discussed in the following sections.

i
.

)
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{s the tangent modulus of elasticity, E, for the given stress condition at that
soint in the soil. The important characreristic is the large reduction in the moduli
once a "yielding" strain has been reached. The "KO curve" represents the
initial stress condition in the spil prior to construction.

The shaded area in Fig. 6a representsAthe range of stress conditions
for the "at-rest'’ de51gn case. While the streés con&itions fluctuate to .
either side of the "K " line for thls case, they always remaln at the steep
slope or high modulus pprtlons of the curves and it follows that the strains’
and deflections will be small.. Simllarly, the shaded area in Flg. Gb represents
ﬁhe range SE stress conditions for the "actlve" design case. For thls case,
‘the stress conditions vary over a far greater range into the regions of
relatively small modull. Thus, much larger strains oécur within the soil
resulting in larger deflections of the wall and adjacent soil. Therefore,
the effect of prestressing the tie-back to loads which effectively resist
Mat-rest" soil pressures is to restrict positlvely movement of the grouﬁd
surface adjacent to the expavation. The same qualitative reasoning :
is applicable fo cohesive soils and walls with other types of toe éupyort.
rIn practice, the magnitude of the prestressed—load is taken to 100 percent
of the load required to balance statically an "at-rest' pressure distribu~
tion as shown in Fig. 2e. In additiomn, an overload of 10 percent of the
design load is temporarily applied to assure the tie-back integrity. A
nminimum design safety factor of 1.5 is used for design of the

tie-back, whether it be grouted—in drill rods, driven H-piles, or of

*An overload of ten percent is usually adequate when the retaining wall is
to be used for a short.construction period, and the tie-back properties are
confidently known. For retaining walls required for long periods of comstruc-—
tion or in areas where the tie-back characteristics are varlable, a greater
overstress is recommended.
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otlier type, Normally, repregentative tests to failure are conducted to
verify design parameters.
Theoretically, no prestress load is applied to the wall when
the active design case is used. Significant movements will ocecur
with magnitudes simllar to those assoclated with conventional internal
braclng systems or anchored bulkheads. However, in practice, a
; prestress load of 50 percent of the load required to statlcally balance
an actlve pressure distributlon szmllar to that shown on Flg. be is specified.
‘Laeh tie~back is initially loaded to 110 percent of the requlred design
load and then backed off to 50 percent. The purpose of this procedure is
(1) to check the adequacy of each tie-back and connection, (2) to provide
a more uniform distribution of the 1oad between the tieé, waler -and sheetplle
{or soldier pile) system along the leagth of the excavation and (3) to diminish
to effect of inherent eccentrlcltles in the connectlon system.
Subsequent sections discuss the'application of these design con-
‘cépts to two sites having dlfferent soil conditn.ons° One design utilized -
a soldler-plle, wood-lagging wall with driven H—plles as tle—backs, while
the other used a sheetpile wall with grouted-in drill rods as tie-backs.
The site for the soldier-pile, wood~lagging system consisted of a thick
sand.stratum, while the site for the sheetplle wall system consisted of a

relatively thin stratum of silty clay overlying bedrock.

CASE HISTORY NO. 1
The first case history deals with the excavation for a 28-story
building constructed in the business district of Buffalo, New York in 1968

through silty sands and gravels typical of the Buffalo area. The excavation

i
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reement was obtained between the measured elastic deformation for a triangular
in friction distribution varying from zerc, at the butt, to a maximum at the
.p» Corresponding friction parameters were established based on the triangular
(stribution at the ultimate fallure load.

The second phase of the work consisted of de51gn1ng the soldier—pileé
;cleding their size and depth of embedment. Reasonable spacing and sectioms
ere chosen and analyzed as laterally 1oaded.piles using the work proposed
§ Broms.zs The depth of excavation varied over the site as did the surcharge

cadings. An "at-rest” pressuxe design was adopted only where movements could

ave caused distress to adjacent structures or ut111t1es, The required soldier—

ile embedment length was equal to about 0.3 times the depth of excavation

ut a final design embe&ment of 0.45 times the depth of excavation was uséd

P

n ordexr to prov1de an adequate safety factor, as well as to provide for
;0551b1e overexcavation at spread footing locatlons. In some instances, the
mntractor‘elected'tp maintain only the design embedment when hard driving
:ndicated better than expected soil conditions. The soldler—plle spacing
ras maintained at 6 feet u31ng a 123P53 section for cuts less than 25 feet
}eep and a 143?73 sectlon for deeper cuts.,

All tie-backs were 12BP73 H-piles spaced at 12 foot centers {at
mlternate sold1er~p11es) and designed to be driven at 45 degrees. However ,
fue to mechanical difficulties with the hammer, the contractor was forced to
drive the tie-backs at 50 degrees from the horizontal. The prestress forces
were altered accordingly. The length of the battered tle—back piles were :
determined on the basis that the ultimate skin friction on the portion of

the pile beyond the theoretical active slip plane was equal to 1.5 times the

design load. The length of the tie-back piles varied from 33 fest to about

£

e
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was made to depths varying from 21 feet to 40 feet which were kept open
throughout the construction period. The site was bounded on three sides by
heavily traveled streets. Utility lines were located under the streets and
high-rise buildings existed on opposite sides of thé Streets.

fhe foundation contractor elected to'uéé ; ﬁie-back system, over
conventicnal braclng, in order to permit rapid excavatlon and m1n1ma1 inter—
ference with the construction of spread footings. 'The wall was deszgned
for vertlcal soldder-piles with wood~1agging and battered H-pile t1e~backs.

The initial phase of the work ‘consisted oﬁ obtaining tegt borings
and performing pull-out tests on driven batterad H~plles. Typical soil
conditions, standard penetration blow-counts, pile.driving rgsistance and
the test pile arrangement are shown in Fig.-8. A total of four pu11~§ut'
tests were conducted on driven H-piles and substantial agreement was in
evidence. In each test, the butt movemen§ was measured with dial gages, and

1 N

*he tip movement was measured with tell-tale rods.. The right side of
Fig, 9 shows a typical load-deflection curve for the test plles. The
difference between the butt and tip movements is a measure of the elastic
deformation of the pile as shown on the left of Fig. 9. The distribution _
of skin friction along the piles wa; not measured airectly, therefore, it
was necessary to calculdte the elastic deformation of the pile for several
assumed friction distributions for comparison with the measured values.
The distrlbutlons considered include no frlctlon uniform frictionm, triangular
and parabolic friction distributions. The "no friction" case was considered
a possibility because two of the four test piles had cemént grout plugs at
their tips: The grout plugs were found to contribute a negligible amount Sf

pull-out resistance and vere not adopted in the final design, Satisfactory
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CASE HISTORY NO. 2

The second case history concerns a deep excavation for a series of
nachinas on a rolling mill line at a steel plant in Buffalo, New York. he
excavation, approximately 70 x 150 feet in plan and 21 feet deep was in the
midstlcf existing mill lines where operation could not be
interrupted.  The prOyimity of the existing lines 'ruled.out the poss1b111t§
of an open—cut and a braced excavation would have been both costly and
time—consuming. Also, the,owner had enCOuntered dlfflcultles with prev1ous
braced excavations‘under'similar site conditions in the form of'lateral
and vertical moveﬁent of adjécent_machinery. Therefore,'tﬁe design goals
were to prov1de an excavation that would mlnlmlze ‘movements of surroundlng
machinery and still be attractxve with respect to both cost and time of
construction. ‘

Figure 13 shows the gemeral site conditions and the outline of

the excavation., Fig. 14 is a typical section through the wall. In general,

the excavation extended about 21 feet below floor level. The wall waé designed

using ZP32 sheetpile sections driven to rock with grouted-in high-strength
‘steel drill rods for the tie-backs. Only one row of ties was required with a
horizontal spacing of 3.5 or 5.5 feet, depending on the particular prgssufe"
conditions. An at-rest pressure design, with a 100 percent prestreésing icad,
was used where machinery gbutted thé walls. An active pressure design? with
a 50 pereent pfesfreséiné load, was used at the less critical areas. ©On this
partiéular project, an overload of 50 percent was applied und held for about
five minutes and then reduced to the design pressure .load.

An interesting detail of this particular design was the davelopment
of adequate toe support. The depth ffom the bottom of excavation to top of

rock at aprticular areas around the perimeter of the excavation was only
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60 feet. Two rows of ties spaced at the third poinis on the open face of
the excavation were used on the 37-foot cut along Main Street, as illustrated
in Fig. 10, and along the 20-foot cut adjacent to the existing bank.

Wood-lagging, two inches thick, was 1nit1ally cut in the field to
fit between the webs of adjacent soldier piles. However, durlng the course
of construction, the contractor found it more econemlcal to use .an anchor
system on the flence of the piles and cut all of the lagglng to the same
1ength Archlng of the 3011 between the soldier plles was readily apparent
at the site; and if not for minor sloughing of the sand and gravel no
lagging would ‘have been requlred |

The general constructlan.procedure involved maklng an initial excava-
tion of about 10 feet. At this elevat’on, the soldier p11es were drlvee
around the perlmeter of the excavation and the top row of tie-backs and
wales were installed. The tie-backs were prestressed to 50 percent in active
pressure design areas, and 109 percent of the de51gn load in at rest pressure
design areas, plus a 10 percent temporary overload. The stressed tie;backe
were welded to the wales ehrough a series of cover plates and shims as illus-
trated on Fié, 12. The installation of the lower ties in the areas requiring
two rows Qas similar to that for the upper ties. |

The cost of the wall to the contractor ($8.00 to $10.00 per square
foot in 1966)'was.slightly higher than estimated for a conventional raker
system. However, the excavation schedule was shortened by approx1mate1y thirt

percent and a considerable savings was reallzed in the actual earthwork and

the spread footings.
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srced through the hollow drill rod was used to wash the cuttings from the

ole to the surfece. Upon completion of the hole, the wash water was replaced

irh a 1 to 1 (water to cement) grout mixture which was allowed to flow until
t appeared at the ground surface. The three-inch casing was pulled during
rou;ing operatlons, but the hollow drill rod and the bit were never iemoved
rom the hole once drilling of the rock had commenced Because the drill bits
rere left in place, a less expensive soft rock blt was used in lieu of a more
xpensive bit normally reéuired for a hard shale. The design prestress load
ylus a 50 perceﬁt'pverload‘which waé subsequently released, were appli;d

and locked in the rod using the comnection shown in Fig. 15,

—— v
4

| 74
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about six feet through soft»silty clay, which did not have sufficient streng

to develop the required toe support. Also, past experience at the plant had

shown that seating the sheetpiles into rock was not possible. Therefore, to
support was provided with 10-3/4 inch diameter drilled-in pipe piles spaced
at 9-foot centers;, The addition of these toe piles‘added little to the

cost of the wall because they serve as permanent vertlcal support for the

.rheav1ly loaded concrete perimeter walls of the plt The drllled—ln .pipe
~ piles were constructed in81de a 14 inch diameter ca31ng, which was driven

and seated 1nto rock after the sheet p111ng had been drlven. A 10-3/4 inch

diameter steel casing, 11 feet in length, was dropped and groutad into the

socket as shown in Fig. 14.

The reinforcing steel for the concrete wall was designed to with-

stand the soil pressures with rock ties in-place or cut at some future date,

. The sheetplllng was tied to the concrete with shear studs to permit use of th

‘..

sheetpile wall as tension reinforcing steel in the cantilevered condltlon.
Calculations indicated that, in this instance, this scheme was more economical
than using additional reinforcing bars.

The first phase of construction consisted of a perimeter trench excavat
of 8 feet to gain head room for pile-driving leads. Adjacent foundations
were all founded below this elevation and, therefore, no appreciable movements
occurred., The sheetpiling was driven to rock and the tie-back-waler system
installed. The ties were 1,5-inch 0. D., hlgh~strength steel drill rods having
continuouq external threads and a 0.625-inch center hole. After three inch
casing had been driven at a 45° angle, seated into rock, and washed, a

rotary drill was uscd to advance the hole about 18 feet into the shale. Water
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crease to the design load, First, 1t was not possible to install all of the

1ges prior to jacklng and, theref: ce, an accurate initial reading was not

jailable and the true load in the tle was not knovn. Secondly, the magnitude

id distribution of active earth pressure used in design was different
3 that which actually occurred. A triangular pressure distribution was

ssumed in the analysis. Finally, observation of the in-situ goil

onditions during excavatlon indlcated that in general, the 5011 was denser ;

han indicated by the borings ,and, therefore, the design soil parameters

ere somewhat conservative.

Figure 17 shows similar plots for a 21 foot cut designe& for at-rest’

iarth pressures.

The load in the tiebacks for this portion of the wall tended to .
lecrease asymptot*cally as the excavation proceeded. The decrease in load
ras attributed to the small deflection of the wall toward the ekcavation which

aused the lateral earth pressures to reduce from the K {at rest) to the

K (active) condition. The most interesting observation in Fig. 17 is

the small deflections which occurred for the "at—rest" de31gn case; the

ratio between the deflectlons shown in Figs. 16 and 17 being 5 to 10.

These data from the 1nstrumentation at Case History No. 1 are particularly -

gratifying as they are consistent with what was expected from the deszgn method

‘used. The results illustrate the effect of the two design cases and point

out the value of instrumentation on a project of this type.
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DISCUSSION OF INSTRUMENTATION AND WALL PERFORMANCE

Ins trumentation ‘including slope indicators, vibrating wire
strain gages and offset line surveys were used on the gbgve pProjects to
monitor the movement of the walls and the magntldue of the tieback loads.
These 1nstruments were used to verify the valldlty of the design
dissumptlons as well as to warn of Jmpendlng dangerous condltlons. ‘Bross
movements and/or fallures at either site would hava been extremely costly
to the owners and contractor when compared to the relatlvely small cost of

the instruments.

‘-At'the high rise buildiog site, Case History No. 1, two vibrating wir¢

gages were 1nsta11ed on the web of sgix H—pile tle—backs to'measure

changes in tie-back load which occurred durlng the constructlon period,
Three slope indicators were also installed adjacent to the strain gages to
measure the lateral deformatlon of the wall. The actual location

of these instruments is shown in Fig. 7. Flgure 16 shows the change in

the upper and lower tie-back forces 'and the lateral movement of the wall at
each tleback level for a 37 foot cut designed for active pressures. ‘The

load in both of the ties increased with tlme in-an asymptotic manner, and the
wall defected in the dlrectlon of the excavation. Since the tie-backs for the
active design case were prestressed ‘to about 50 percent of the calculated desi,
load, an increase in load of about another 50 percent should have occurred.
Although this trend is evident, the load increased only about 15 to 25 percent.
The deflections were of the order expecfed for a flexible wall and, as expected,
only minor cracking occurred at the street elevation.

There are several possible explanations why the tie-back did not.appear
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f the wall moved inward. Movements varied from about 0.5 inches at the
ottom of the excavation to about 1.25 inches at the top of rock. As
reviously discussed, toe support for this wall was derlved From drllled~inr
ipe pins. The movements probably stemmed from the deformatlon of the soil
ap bétween the sheetpile wall and the plns caused by misallgnment and the
leforﬁation of the pins. These movemenis were not ‘critical on thlS
yarticular project, but conceivably could cause‘problems elsewhere.

The tleback lcad was not monitored as in Case Hlstory ‘No. 1, but’
7as checked at four ties suspected of fracture due to large eccentrlcltles.
An increasing load was applled to the tie-back with a jack until the
hold—dcwn.nﬁt could be twisted by hand. One of the ﬁies, No. 71, was found
to be fractured immediately, while the remaining three wéfé oﬁserved to

have a load within one ton of the original pres%fess load of 36 toms.
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The instrumentation for the steel mill ercevation, Case History No. 2
consisted of offset survey lines to measure the movement of the top of the
tie-back wall and ten slope indicators. No gages were placed directly on the
tie-backs, but the load was checked on several rods using a jack to relieve
the load on the'bearigg plate.

| Figure 13 shows the location of the survey p01nts and slope
indicators. The survey readings were measured to the nearest 0.01 feet
in ;11 cases, the outward movement decreased after the post—ten81on1ng
bperation. In zones where at-rest pressure designs were used, the data
indicated inward movements ranging from 0. 06 feet to O 12 feet prior to
jacking and outward movements of 0.01 feet to 0.07 feet after jacking and
excavatlon. Slmllar movements occurred for the active design zones, but din
general, were of lower magnitude, All points in at—rest design zones ended up
outside of the original excavation line, while those in aetive zZones tended
to oscillate. | EN

Although it -is not readily apparent, the results are con31stent w1th
those observed Tfor Case History No. 1. In general, the active design zones
had a greater net movement toward the ‘excavation. Overall movements were great
for the at-rest design case,. prlmarlly beczuse of the much greater surcharge
Pressures in these zones.,

'As shown on Fig. 13, the slope indicators wera located on the waii

itself and three to five feet back from the wall. The slope indicator casing

‘and sand filler were inserted into an angle which had been welded to the sheet-

pile prior to driving. Since slope indicators actually measure only a change
in slope, horlental "control" was obtained by survey. The most meaningful

data obtained from the slope indicator'suggested that the embedded portion



SUMMARY AND CONCLUSTONS e

The use of tie-back walls for retaiming deep excavations has been adopted

many American contractors as a means of providing an open excavation, free from

wentional rakers and bracing, The cost of a tie-back wall is about equal to or

:ater than conventional bracing systems, depending on'site conditions, but

)stantial savings are usually realized in excavation ‘and constructlon of

mdations because of the Open,working area. Although numerous articles

7e appeared in the litérature discussing the a?prdaéh; none have suggested

sign methods or techniques and few have given performance data.

This paper presents a rational method for designing tle—back wall

stems for deep excavations with two design cases relating to the sllowable
vement of the soil behind the wall. The method has been applied to two
latively different progects. Quantitative field measﬁremants tend to

pport the design method whlch appears to be adaptable to most soil. conditions

4 construction procedures.
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Detall of Tie-Back to Wale Connection: ‘o detrimental movenents

or distress were in evidence for either of the two case histories, The only
troublesome detail at both Projects was the connection of the tie-back to tht
wale. As 1llustrated in Fig. 11, the H-pile-to-wale commection de51gn provec
to be adequate, but a few isolated welds dld fail during construction. Afte:
modiflcatlon of the field welding procedures by the contractor, no additional
failures occurred At the steel mlll 51te the connection was less.ccﬁplicat
in concept, but more troublesome. As shown in Fig. 15, .one-half of a drill
rod connection sleeve was orlglnally used as the nut for the tle—back to wale
connections. Seven out of a total 91 ties were mlsallgned during 1nstalla—
tion, and a failure of either the drill rod or the nut occurred in each

case. The mlsallgnment caused large secondary bending moments at the t1e—to-
wale connectlon, ‘resulting in tie-back failures, In each of these cases,

the rod and nut were removed and replaced u51ng shims and aligned to

alleviate most of the eccentricities in the system. As pointed out by

Sowers and Sower326 and as illustrated by these two case histories, details

of this type rather than the accuracy of pressure dlstrlbutlons and the like

nay well be the mechanism that eould precipitate a large—scale fallure.
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£1G. 11 - VIEW OF NORTHEAST PORTION OF TIE—BACK WALL
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DESIGN AND CONSTRUCTION OF
SUPPORTED TEMPORARY EXCAVATIONS IN URBAN ENVIRONMENT
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SCOPE

When an’ excavation is required, it is generally
more economical to slope the sides than to support them.
However, if space requirement does not permit the construc-
tion of stable slopes, the sides of the excavation are made
vertical and supported.

This paper presents some of the. problems which
arise during design and construction of deep supported
temporary excavations in urban areas. Such excavations are
often required in conjunction with the construction of sub-
ways, underground garages, and basements of major buildings.
' The most essential requirement during construction of these
excavations is often to avoid objectionable movement of the
adjacent structures. Overall economy generally is attained
by a design which permits efficient excavation of the soil
and practical construction of the permanent structure rather
than by economizing on the materials used to support the
sides of the excavation.

INTRODUCTION

: Earth pressure theories lead to a hydrostatic or
triangular pressure distribution on a vertical plane. How-
ever, field measurements have shown that the distribution is
approximately uniform with depth, with perhaps a reduction
of the magnitude of the pressure near the top and bottom of
the excavation, when the following conditions are fulfilled:
(1) the upper portions of the vertical side walls of the ex-
cavation are supported in stages as the excavation is deep-
ened: (2) the walls of the excavation are pervious enough
so that water pressure does not build up behind them; and
(3) the lateral movements of the walls of the excavation are
kept small; ie, probably smaller than two percent of the

depth of the excavation. However, with time, the approximately




uniform pressure distribution might change into a triangular
distribution; this is the reason why permanent retaining
walls are excluded from this paper. . Conditions (2) and (3)
usually exclude cases such as sheet-pile cofferdams built
in a river bed. Actually, the sheet piles are impervious

- .enough so that water pressures can build up behind them;
also, these cofferdams are often. permitted to deform to .
such an.extent that arching, which is responsible for the
uniform distribution of lateral pressures, is destroyed.

 HISTORY

Although contractors have known for a long time
that the upper sfruts in a sewer excavation carry loads as
great as the lower struts, the first engineer who became
. aware of it was probably J. C. Meem {(Meem 1908), who was
. actively connected with the construction of the New York
~ Subway at the turn of the century. Karl Terzaghi, using

., measurements made by A. Spilker during the construction of
the Berlin Subway in the thirties, developed a rule which
permitted the calculation of the maximum strut loads in
excavations in unsaturated dense sand. During the construc-
+ion of the Chicago Subway, in the early forties, Ralph B.
Peck extended Terzaghi's rule, in a slightly modified form,
for clay. The essential object of.these efforts was to
determine the size of the struts, which is only one of the
many problems which have to be solved during.design and
construction of supported excavations.

During the past years, further work has been
done in England and Chicago in conjunction with the con-
struction of major structures, and in Oslo, Tokyo, Paris,
Toronto, Montreal, San Francisco, and Washington in con-
junction with subway work. It is unlikely that these
studies will result in new design rules. Any improved
rule would have to be limited to narrowly defined soil
and construction conditions which would drastically limit
its application. ' The current studies should change emphasis
from the determination of strut loads to the determination
of the effects of some significant factors such as: se-
quence of excavation and installation of supports, type of
supports, arching, temperature, time, stability number of
excavation in clay (Ng=YH/C). Other factors such as the
time and anisotropy should be considered when selecting
the undrained shear strength of soft clay (Bjerrum 1972).
Also, the depth of soft clay below the bottom of the ex-
cavation should be considered (Henkel 1971). The method
used for these studies should consist of preparing well
documented case histories including the results of mea-
surements obtained by an adequate program of field instru-
mentation.
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DESIGN AND CONSTRUCTION

1. Important Reguirements

Design and construction of supported excavations
are engineering assignments where cooperation between the
owner, engineer, and contractor is of primary importance.

A clear understanding of the many facets of the problem is
needed among all parties. Because the cost of excavations
might be significantly decreased when factors of safety are
decreased or when some movements of the adjacent properties
are tolerated, the engineer should study, then describe to
his client, the possible consequences of failures or partial
failures of portions of the excavation. If the consequences
are bearable, the factors of safety may be decreased; they
should not be decreased in the opposite case. For example,
the only way to assure that a building adjacent to a pro-
‘posed excavation will not suffer structural damage might be’
 to prescribe underpinning. The contractor may decide to save
' the cost of the underpinning. If the building is not damaged
by the construction of the excavation, the saving becomes a
profit. If the building is damaged, the contractor might
buy the building, fix it and sell it, or turn over the prob-
lem to his insurance company. The loss on this operation,
if any, may be much smaller than the cost of underpinning.
This, understandably, is a course of action which cannot

be taken if the building cannot be bought; eg, a school,
museum, or historic building.

In most supported excavations, there is an inter-
relationship between the design assumptions, the construction
procedure and sequence, and the details of the structural
supports. Therefore, the engineer should remain closely asso-
ciated with the project during the construction period. In
' this manner, he can think through the entire problem. Also,
he is in the best position to assess the validity of the de-
sign assumptions and. to request practical modifications of

the design should he discover conditions that he did not ex-
pect. g :

2. Steps of the Work

The design and construction of supported excava-
tions may be divided into several steps.

a. TReconnaissance of existing conditions

Existing structures, such as sewers and adjacent
buildings, considerably affect the magnitude of the earth
pressure. . The designer should inspect, often persocnally,
the adjacent tunnels and basements to assess the hindrance
or help that they may provide.
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b. Subsurface investigation

: ‘Borings, water level determinations, sampling,
and soil testing are required to determine the parameters
from which earth pressures are calculated. :

':.:.= Actual and apparent pressure diagrams

|
i
]

For soft clay or clay when the stability number
(Ng=YH/c) is greater than six, the sum of the actual strut
loads P =£P; is often 10% to 15% greater than the Rankine
- active force. 2. ' '

o For sand, the sum of the actual strut loads ,
P = IP; is often 5% to 10% greater than the Rankine active S ZZ
~ force. | , : ¢

d. Earth pressure . ' . " 4 :]

The total force per unit length of excavation
can be calculated for a given excavation depth by means of . ;
the Rankine theory of active earth pressure. Actually, it ' g}
is believed that the inward movement of the sides of the ex- "
cavations is generally sufficient to create the active state
of stress. The Rankine theory gives a horizontal force.
However, if the supports are inclined, the total force must
be slightly modified on account of the wall friction.

If the supports are horizontal (eg, cross-lot : 5
bracing) and the grouund surface outside the excavation is
horizontal, the Rankine active force is calculated using the

Rankine active earth pressure coefficient: : Z

sand: Kp = tan? (45°-¢/2)

i

Clay: Ky = 1-4c/YH

1f the force is directed upward (eg, rakers sup- o
ported at the bottom of the excavation), the horizontal . &
component of the force is perhaps 0.90 to 0.95 that calcu- i
lated with Ka. If the force is directed downward (eg, tie-
back anchored walls), the force is perhaps 1.1 to 1.2 that
calculated with Ka. These factors for inclined forces are -
given in text books {(eg, Fig. 30.3 Terzaghi and Peck 1967,

Cagquot and Kerisel 1948).

_ The effects of special conditions such as when
the water table is above the bottom of the excavation, sur-
charges are in the vicinity of the excavation, and the ;
ground surface is not horizontal, are shown in Fig. 3. '




e. Design of the Structural Supports

The sum of the actual strut loads, P1 + Pp + P3
in Fig. 1l(a) is roughly equal to the total force Pa given
by the Rankine theory; however, the distribution of the
total force in the three struts depends to a great extent
upon the construction procedures. Therefore, the struts
should be designed for loads Q. Qo, and O3, the sum of
which is often 20% to 50% greater than P. Fig. 2 proposes
rules which are adapted from the rules suggested by R. B.
Peck {Peck 1969). j

 The design of the wales and walls of the exca-
vation is less critical than the design of the struts.
Whereas the latter may fail by buckling with little warn-
ing, the former are stressed in bending; therefore, over-
stressing increases deflection, which leads to arching,
which in turn reduces bending stresses. Until additional
field observations are available, the following approach
may be used to design structural members for excavations
. with depths smaller than about 70 ft.

; struts and Rakers The maximum probable loads in
struts and rakers are calculated from the apparent pressure
diagrams. Failure of struts and rakers occurs by buckling
which is an instability mode of failure taking place sud-
denly. . The designer must answer the question: how should
T design a member against buckling when I know the maximumn
probable load?

The AISC Code uses an allowable stress fa such
that the factor of safety against buckling is at least 1.8.
Such a factor of safety appears to be unnecessarily high.
A factor of safety against buckling of 1.5 or even 1.25
appears to be sufficient. Struts and rakers generally are
assumed to be hinged at the ends. The strut or raker
buckling length is equal to their total length unless they
are adequately restrained at some points along their total
length. '

Tie-Backs Because there is still much uncer-
tainty about the behavior of tie-backs anchored in rock or
soil, good practice dictates that all tie-backs be pretested
to a load equal to 1.25 or even 1.5 times the design load
calculated from the apparent pressure diagram. The tie-back
itself should be designed so that it is stressed below the
elastic limit under the pretest load.

- pje-backs should not be installed too steeply;
near-failures have occurred due to overloading of soldier
beams in end bearing, due to the vertical component of the




tie-back load. For spldiex beamsrnot driven to bedrock
or firm supporting strata, tie-backs should be no steeper
than 15° to 20° from +he horizontal.

Steel Sheet Piles and Soldier Beams Steel sheet
piles and soldier beams may be designed using a pressure
diagram calculated from the apparent pressure diagram by
' decreasing the earth pressure by 20% for sand and 50% for
other soils. AISC allowable stresses for temporary con-—
struction may be used; ije, 1.2 times the allowable stresses
- for permanent construction. - : =

Field experience has shown that steel sheet-pile
“walls performed satisfactorily when designed as explained
above with the modification of the distribution of the
pressure diagram shown in Fig. 4. The modification con-
sists of distributing the 1p0ad between the strut levels

so that it is maximum at the strut levels and zero midway
between the strut levels. Sheet piles and soldier beams

are assumed continuous, as indeed they are.

Wales Wales may be designed by distributing
the loads as shown on Fig. 3b, depending on: = (1) whether
deflections at struts are small, as when struts are pre-
stressed, and (2) whether it is convenient to construct
them as continuous members with full moment splices. AISC
allowable stresses for temporary construction may be used;
je, 1.2 times allowable stresses for permanent construc-
tion. : '

Lagging Lagging may be designed to reflect
arching between soldier beams, except when the lagging is
placed outside the excavation behind the soldier beams;
see Fig. 5a. In the past, this arching has lead to em—
pirical determinations of the thickness of the lagging,
which is then adjusted in the field when bowing of the
lagging boards is observed.

£. Heave and blowout

The possibility of heave or bottom failure of
the excavation should be investigated, The Terzaghi and
Peck method (Terzaghi et al 1967} or the method described
by Bjerrum and Eide (Bjerrum et al 1956) is recommended
for use. -

In clay, a plastic zone forms below the bottom
of the excavation. The depth of the plastic zone depends
upon the height of H and the width B of the excavation.
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The maghitude of the heave is related to the stability number
Ng=YH/c. When Ng is greater than 4, heave should be expected.
Large heave is likely to occur when Ng = 6 to 8.

: Blowouts through openings between soldier beams
or lagging boards should be expected when Ng = 6 to 8 {(Broms
1967). : ' :

g. Estimate of movement

The magnitude of the lateral movement and settle-
ment of the side of an excavation and adjacent properties
cannot be readily calculated. In clay, significant move-
ments usually take place when Ng is greater than 3 or 4. .
When Ng is between 5 and 10, settlements as great as one or
. two percent of the excavation depth cannot be avoided. Set-
tlements are due to two causes: {1) deflection of the wall
of the excavation and heave; and {2) consolidation.. Empiri-
cal estimates of probable settlements are shown on Fig. 6.
Typical movements for average workmanship are shown on Fig. 7.

h. Typé'of supports and construction seguence

The choice of the type of supports and the planning
of the construction seégquence are generally considered to be :
the prerogative of the contractor. This view is sound, but
should not prevent the engineer from preparing a design memo-
randum in which the relative merits of several procedures
are outlined. - Ao :

 Because the magnitude of the movements of the ad-
jacent properties depend upon the length of time during which
the excavation remains open, t+he work schedule should be
arranged so that the length of time the excavation remains
open in the vicinity of sensitive structures is minimum.
Because experience is always acquired during the first stages
of the work, it is recommended that construction be started
in the less critical portions of the excavation to obtain the
maximum profit from the observations made at the beginning
of the project. :

Table 1 gives a list of usual construction proce-
dures.

The following is a list of statements which may
be used as guides when the type of support and construction
sequence is being determined.

_ , (1) Staged construction leads to less movement
of the neighboring properties and is not neecessarily more
expensive than excavating the entire site before starting
construction of the permanent structure.




(2) walls consisting of steel sheet piles or
reinforced concrete piers, which are later used as part of
the permanent wall, are satisfactory; this also applies to
a4 cast-in-place reinforced concrete wall built in a slurry
trench. ] : , ' ;

cases, cast-in-place reinforced concrete piles, are economi ~
cal. They are sometimes necessary when sheet piles cannot
be driven. Timber lagging is installed between the soldiers
as the excavation Proceeds. To permit arching and reduce _
settlement, lagging should not be placed outside the soldier
beams; see Fig, 8. . _ - Kok

: - {(4) Some settlement of the adjacent ground cannot
be avoided because the sides of the excavation have the ten-
dency to move below excavation level; that is, before the
Supports can be ingtalled; see Fig. 9. e ‘ -

. ' (5) To reduce movement to a minimum, the fol-
. lowing steps should be taken. : ; o

- The struts should be prestressed. The
amount of prestressing is not very significant; the struts
are usually prestressed to 50% of their design loads. Often,
. One or two days after prestressing, the load has decreased
to 25% of the design load. In some c¢ases, when the strutg

movement of the wall toward the soil reaches: (a) 1.5 in.
when the upper strut is prestressed, and (b) 0.5 in. when

= _Tie-backs may also be brestressed to 50%
of the design load; however, because their ultimate Capacity
is never known, they should be pretested to 125% or even 150%
of their design loads.

— The vertical Spacing between strut levels
should be minimum, However, when the bottom slab has been
constructed, some intermediate struts may be removed pro-
viding the wall hasg been designed for the greater vertical

cut towards_the center, but this results in a longer time
during whizh the berms and wall Creep inward prior to street
placement. :
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_ (8) Although there is no rule concerning damage
to adjacent property which can reasonably be expected,
Fig. 7 gives values that may be used as a guide.

(7) Unavoidable movement is often sufficient to
Ccreate, or increase, leaks in old utilities such as sewers
and water mains. These leaks considerably facilitate loss
Of soil, which is the major cause of .objectionable movement.
Serious consideration should be given to removing these
‘utilities before they create difficulties, or exposing and
Supporting them on 3 row of deep driven piles,

(8) If cracks develop outside the excavation or
if side slopes start to slough in, they should be sealed or
Covered with tarpaulins, Plastic sheets, or gunite to prewvent
rainfall from entering the cracks and increasing instability.

o (9) 'Bécause clay creeps and'consolidates, its
pPassive resistance should not be used for strut reaction.
Passive resistance of dense sand may be used if the Struts

-are pretested to about design load.

] (11) The Sequence of removal of supports ag re-
lated to backfilling and construction of floor slabs and
Peérmanent supports is significant. Without care, movements
after removal of the supports can be surprisingly large,
greater than those due to all the-preceding operations of
eéxcavation and placement and Stressing of supports. This
is more important for struts than for tie-backs.

- {12) The effect of temperature on strut loads

is small when the wall is flexible because the soil deforms
plastically. If the wall is rigid, a temperature variation
of 100°F may create stress in a long strut on the order of
one kip per degree Fahrenheit. Freezing may cause the for-
mation of ice lenses behind the wall, resulting in movement
and significant increases of the loads in the Supports;
heating of the wall might be hecessary; see Fig. 11 and 12.

S (13) Earth bPressure has the tendency to increase
with time because the strength parameters -of soils have the
tendency to decrease.
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i. .Construction inspection‘and,instrumentation

As mentioned earlier, it is rare that all design
assumptions are correct. Tntelligent inspection during con-
struction permits modification of the pre-established proce-
dures, often in the direction of economy.

Substantial savings may be made by reducing the

" design factors of safety and by watching for the Precursory
signs which, in most soils, precede objectionable deforma-
tion or failure. A well-designed instrumentation program
should provide warning signals which give time to take
corrective steps before catastrophic events occur.

: Reference points for settlement and lateral move~
ment observations should be installed on all adjacent struc-
tures and on the walls of the excavation. Strut loads may )
be measured, although not very conveniently, by means of mech-
anical, electrical, or vibrating wire strain gages. Direct
measurements -of earth pressures (total pressures) are Justi-

fied only for research projects. The same comment applies
to measurements of pore-water pressures in impervious ma-
terials. However, static water levels are important to know
and may be easily measured with standpipes or wellpoints.
Measurements of heave are extremely valuable; although the
measurements are simple, they are often poorly done. Measure-
ments of the lateral movement of the wall along its entire
depth can be made very well with the 'Wilson slope indicator,
which was used to obtain the data in Fig. 9. These measure-
ments are not very difficult, but are expensive in terms of
man-hours. Vi )

In addition to the saving that field instrumenta-
tion usually makes possible in the latter stages of any given

project, the cobservations provide the basis for a better under—

standing of earth pressure phenomena.

CONCLUSIONS

: There is place for much improvement in the design
and construction of supported temporary excavations. It does
not appear that significant progress would be achieved by
better earth pressure theories or even by an improved know-
ledge of the soil properties. Significant savings will come
from a better understanding of the factors which separate the
avoidable from the unavoidable movement of the adjacent soils
and from an acute identification of the precursory signs of
failure. It is not thought that this understanding and know-
ledge can be obtained from model tests. It is believed that
full-scale field measurements and complete construction re-
cords, ie, fully-documented case histories, will help in im-—

proving the design and construction of supported excavations
in urban areas.
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