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ABSTRACT

This dissertation deals with two subject areas, the
first of which is the observation and analysis of foundation
displacements of over-consolidated soils. The second area
is the interaction of structural frames with their foundation
when subjected to differential settlements.

Settlements have been observed on four multi-storey
structures. Two buildings are founded on over-consolidated
sandy clay till, one on spread footings and the other on
Franki end bearing piles. A comparative study of the two
foundation types has shown their settlement behaviours to be
identical and solely a function of soil deformation parameters.
Analysis cf the settlement data has shown that 75% of the
25 year settlement takes place during construction and can
be estimated using elastic theory.

~ The two other buildings are founded on spread footings
on a preglacial sand deposit which is underlain by a heavily
over-consolidated interbedded sandstone and mudstone bedrock
formation. The settlement response varies linearly with
footing contact pressure during construction, indicative of
elastic behaviour. Heave measurements of a 45 foot deep
excavation at this site allowed complete averlap of rebound
and subsequent settlement. Deformation moduli computed from
heave measurements were consistent with those derived from
settlement observations. The ratio of field to laboratory

moduli proved to be large.
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The structural andlysis of one of the four multi-
storey buildings by ICES-STRUDL has shown that the variation
of structural rigidity during construction must be included
in any interaction solution. Reactions as high as 44% of
the self-weight footing load were computed for the observed
differential displacements.

A new "incremental" soil-structure interaction solution
is presented. It is based on assumptions of compatibility
which dictate that footing loads and settlements must be
consistent with the support reactions and disp1acement§ of
the distorted frame. The method is particularly suited for
use in design of moderately stiff, three-dimensional building
frames subjected to substantial construction settlements.

The computer solution takes into account the variation of
structural rigidity during constructicn and allows an approxi-

mation for variation of soil properties over the site.
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CHAPTER 1

INTRODUCTION

1.1 Definition of the Problem
Previous to 1964, the availability of land in the

central business district of the City of Edmonton allowed
economical construction of small storey buildings of re-
latively large gross area. In recent years this practice
has changed to intense land utilization as a result of a
desire towards centralization of business, increasing land
prices and a growing shortage of available ground space.
This trend is not confined to growth in Edmonton and is pre-
valent in other urban centres of Canada.

Intense land utilization implies the construction of
taller and heavier buildings with accompanying secondary
development such as underground and surface parking struc-
tures. For foundation engineers the implications of this
type of construction are deeper and larger excavations, in-
creased footing contact pressures, greater total and differen-
tial settlements and possible increases in structural rigidity
depending on the building design.

Most of the new multi-storey buildings in Edmonton
will be founded on either an over-consolidated and unsatu-
rated sandy clay till stratum, a preglacial sand deposit or
a heavily over-consolidated interbedded sandstone and mud-
stone bedrock formation (Sinclair and Brooker, 1967). Because



the deformation characteristics of these soils were not

known with any degree of certainty, the prediction of settle-
ment and heave due to loading and unloading is difficult.

A further complication is the absence of unanimity of

opinion with respect to the procedures appropriate for cal-
culating the total settlements of buildings founded on over-
consolidated soil. Therefore it is of considerable interest
to determine the particular mechanisms which control the
response of these over-consolidated soils to both loading

and unloading in such a way that the results of the study

will be of general use in foundation engineering.

1.2 Previous Case Histories

Som (1968) prepared an excellent summary of 13 case
historjes of settiement of structures founded on over-
consolidated clays and 9 case histories of structures founded
on normally-consolidated clays.

The progress of settlement, in the synthesis of the
data, was classified ipto three portions. The first is
called the "immediate" settiement and refers to the displace-
ments which take place during construction under conditions
of no volume change. The second portion is the "consolida-
tion" settiement which is a time dependent phenomena caused
by the hydrodynamic time lag which controls thé dissipation
of excess pare pressure originally generated during construc-
tion. The third and final portion is the "secondary" consoli-
dation settiement which is caused by creep of the foundation



soil under conditions of constant load and zero excess pore
pressure. |

Due to the absence of heave measurements Som made the
assumption that the heave and subsequent settlement upon
restoration of the excavation load is small in comparisoﬁ

to the total settlement. This assumption was considered to

be justified where the net foundation pressures are rela-

tively large and where excavations are not left open for too
long a period of time. For those cases where the above
conditions are satisfied only the “immediate" and "“consoli-
dation" settlements under the net foundation load were re-
ported. In light of the experience with excavation heave
reported later in this thesis, the preceding assumption made
by Som may be questionable.

The general observations of the typical behaviour of
over-consolidated clays were as follows.

(1) Structures founded on over-consolidated clays generally
settle much less than those on normally-consolidated
clays. This is attributed to reduction of compressi-
bility due to over-consolidation.

(2) The "immediate" settlement is a much greater proportion
of the final settlement for over-conso]idated sojls.
The average of the 13 cases reported was 57.5 per cent
of the 50 year settlement as compared to only 15.5 per
cent for normally-consolidated clay. It is known that
the "immediate" construction settlement may be influ-
enced by the presence of sand strata, the length of the
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construction period and the ratio of clay stratum thick-
ness to the size of the foundation. However, it is con-
sidered that in spite of these factors, the large
différence in proportion of constructton settliement

to the 50 year settlement is characteristic of the
different response offered by each soil type.

Som attributes this behaviour to the fact that the
pore pressure parameter A (Skempton, 1954) is nearer to
1 for normally-consolidated soils and is considerably
less for over-consolidated soils (Bishop and Henkel,
1962). Therefore the development of excess pore pres-
sure under identical total stress changes will be much
smaller for over-consolidated soil than for normally-
consolidated soil. This means that during undrained
loading the effective stress wil) be greater in over-
consolidated soi] resulting in proportionally more
"immediate" settlement and smaller "consolidation” settie-
ment as Jess excess pore pressure needs to be dissipated.

(3) The progress of "consalidation" settiement is compara-
tively faster for aver-consolidated soils than for
normaljy-caonsolidated soils as the “secondary" settle-
ment was reached hetween 1.5 to 7.5 years while the
correspanding settiement for normally-consolidated clay
was reached between 4 and 25 years. Som attributes
this behaviour to greater overall permeability of the
over-consolidated soi} masévarisinq from fissures and
joints.



(4) “secondary" settlement of structures on over-consolidated
clays is smaller (average 8.8% of the 50 year settle-
ment) than those on normally-consolidated clays (21.6%).

A recent case history reported by Appendino and
samiolkowsky (1969) for the settlement of a 200 m. high
chimney founded on clayey and sandy over-consolidated silt
supports the preceding conclusions. The settlement of the

15 m. radius base during construction took place rapidly

and appeared to be linearly related to footing load. Excess

pore pressures were only recorded during the very rapid load

application when the footing was poured with no excess pore
pressures recorded thereafter. At completion of loading,
settlement appeared to cease.

The definition of "immediate" settlement as used by

Som (1968) is not entirely accurate. This settlement should

not be equated, as is done in his summary of case histories,

with the construction settlement. Conventionally the term

"immediate" settiement refers only to the instantaneous

settlement which takes place under conditions of zero drain-

age upon application of Joad.

The difference between "immediate" settlement and the
construction settiement can be appreciable, particularly

for aver-consolidated soils. As pointed out by Skempton

and Bjerrum (1957) the pore pressure generated in a deep

deposit of over-consolidated soil is considerably smaller

than for normally-consolidated soil and as noted by Bjerrum

(1963), the proportion of primary consolidation occurring



immediately upon Jload application (and during construction)
will be correspondingly greater.

1.3 Methods of Analysis

The earliest method of settlement analysis consisted
of a one-dimensional consolidation theory which was formu-
lated by Terzaghi in 1924 (Terzaghi, 1924). The ultimate
or total settlement (without secondary consolidation) could
be estimated using soil parameters found from the laboratory
oedometer test. Probably due to sample disturbance and non-
representative permeability of the soil mass, this method
frequently over-estimated the settlement and under-estimated
the rate of consolidation. Although used for many years,
and still today, it was recognized that the method was not
generally applicable to over-copsolidated soils (Terzaghi,
1936). It was not until Skempton and Bjerrum's contribution
in 1957 that substantial improvement was achieved (Skempton
and Bjerrum, 1957).

During load application the foundation soi] undergoes
lateral deformation which may result in appreciable immediate
settlements. This three-dimensional settiement, assumed to
take place under undrained conditions, was taken into account
by Skempton and Bjerrum in their approximate procedure. They
postulated that the subsequent consolidation takes place
under canditions of no lateral deformation and is a function
of the excess pore pressure set up in the sail. The pore

pressure change is defined in terms of pore pressure para-



meters which are determined in the triaxial test for appro-
priate stress increments (Skempton, 1954). Although three-
dimensional conditions are partly allowed for by the reason-
able estimate of pore pressure, the use of this estimate for
one-dimensional consolidation is somewhat illogical (Lee,
1968).

For saturated soils the immediate settlement can be
computed by substituting ﬁoisson's ratio p = 0.5 and Eu' the
undrained Young's modulus, into the standard equations of
elasticity (Terzaghi, 1943; Scott, 1963 and Harr, 1966).
These same equations can be used for non-saturated soils,
still with zero drainage. For this case Poisson's ratio
will not equal 0.5 but some lower value. With non-saturation
the immediate settlement will be considerably larger. 1In a
recent review of settlement prediction methods, Pavis and
Poulos (1968) point out that the total settlement (without
secondary consojidation) can be computed using these same
elastic equations, provided the drained Young's modulus, E'
and Poisson's ratio, u' are used.

Since volume change during conso]lidation is generally
not one-dimensional and is often accompanied by significant
lateral strain, Lambe (1964) recommended the "Stress Path
Method" wherein the strain of an "average element” is deter-
mined in the triaxial test under stress conditions which
duplicate those in the field. Extrapolation of the axial
strain in the laboratory, which incjudes the immediate and
consolidation strain, to the thickness of the deposit under-



going deformation yields the total settlement. An obvious
practical difficulty here is the selection of the "average
element". The experimental program to support this type of
analysis is complex and the appropriate stress paths may be
difficult to determine (Lee, 1968). This procedure is per-
haps more suited for use with soft, normally-consolidated
soils which usually undergo large strains rather than with
stiff over-consolidated soils where borehole sampling is more
difficult and strains are generally much smaller.

Settlements of over-consolidated soils during construc-
tion have been reported to be as high as 75 per cent of the
total (Hanna, 1950, 1953). Concern should therefore not
rest, as often appears to be the case, with the time-dependent
consolidation settlement but rather with the greater portion
of the total settlement that takes place during construction.
On the basis of no observed excess pore pressures at the
completion of construction, one could conclude that the con-
solidation settlement appears to be virtually absent for
some over-conso}idated soils. If the over-consolidated soil
is not saturated, as is the case with the Edmonton till
stratum, the settlement during construction to fu]] occupancy
may wel) represent nearly the entire total settiement. If
this can be considered to be true, then three-dimensional
elastic theory with drained parameters accounts for all the
settlement with the exception of foundation creep.



1.4 Building Settlements and Structural Deformations

Although settlements of structures are calculated for
a number of reasons, the primary purpose usually is the
determination of whether or not ground movements will impair
the aesthetic and/or serviceability requirements set for the
building. This includes the performance of special cases,
where an effort may be made to eliminate or reduce differen-
tial settlements of critical structures such as an accelera-
tor (Ward, Burland and Gallois, 1968) and conventional con-
struction such as ordinary apartment or office buildings.

In conventional construction the calculated settlements are
usually compared to allowable or tolerable limits. These
have been deduced from studies on real buildings which per-
formed satisfactorily or have been damaged (Skempton and
MacDonald, 1966).

For most settlement analyses the footing loads which
cause settlement are assumed to remain constant while the
foundation undergoes deformation. The foundation displace-
ments, calculated by means of this implied structurajl flexi-
bility, are subsequently examined in terms of distortions
of individual structural frame members to determine whether
these members have sufficient moment or shear capacity. The
anomaly immediately apparent is that structural members can-
not be subjected to moments or shear forces by foundation
displacements without some alteration of the footing loads
which cause those displacements. This problem has led to
consideration of flexibility or rigidity in a relative sense
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and has resulted i{n the concept of soii-structure interaction
for use with those structures where the assumption of per-
fect flextibiitty departs significantiy from reality.

Meyerhof (1953) and Chameckti (1956) were the first
to publish approximate soil-structure interaction solutions
for frame structures supported on isolated footings. The
work by Meyerhof is based on siope deflection techniques
whereby correction moments due to footing settiements are
distributed to the superstructure using the Hardy Cross
technique. The method does not allow for recalculation of
footing settiements using the altered footing loads. Chamecki
did consider the effect of load transfer due to structura)
distortion but limited the redistribution within the struc-
tural frame to adjacent members. The basis of his solution
was that structural deformations and the footing loads that
produce them must be compatible.

With the introduction of computer techniques, soil-
structure interaction analysas have become much less tedious
and the calculation of stresses in three-dimensional space
frames has been facilitated.

Multi-storey structures may tend towards increased
rigidity due to large huilding height. If founded on over-
consolidated soi), an appreciablie proportion of the total
settiement wil] take place during construction. . An ideal
soil-structure interaction analysis should therefore be
applicable tao a three-dimensional space frame and allow varia-
tion in structural rigidity as the building frame is dis-
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torted by settlement during construction.

1.5 Scope of the Research Program

The three essential elements which make possible the
analysis of any soil mechanics and foundation engineering
problem are simply, factual field data, geotechnical data
and theory. 1In foundation design it is usually the practice
to obtain geotechnical data and utilize this with a theory
which is known to be applicable to the problem. If it is
desirable to check the performance of the foundation or the
accuracy of the design, field observations are usually
undertaken in order to obtain factual field data.

The research program described in this thesis is a
reversal of the above process as the structural performance
was obtained first. At the outset, the mechanisms governing
foundation displacements and the applicability and reliability
of the available geotechnical data were not clearly under-
stood.

Settlement observations were taken on four multi-storey
buildings, all located in the central business district of
the City of Edmonton. Two buildings, the 26 storey CN Tower
(Fig. 1.1) and the 27 storey Avord Arms (Fig. 1.2), are
founded on the over-consolidated sandy clay til]l stratum.
The proximity of these two structures to each other and the
fact that the CN Tower is founded on spread footings and the
Avord Arms on Franki end bearing piles, made it possible to
evajuate in a comparative manner the settlement behaviour of
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Avord Arms - Edmonton, Alberta
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the two foundation types. The other two buildings on which
settiement readings were taken are the 26 storey Oxford
Building and the 34 storey AGT Tower which together make

up the AGT-Oxford Complex (Fig. 1.3). Both of these build-
ings are founded on spread footings in the same till stratum,
but near the underiying preglacial sand deposit and bedrock
formation.

During the excavation for the AGT Tower and the surround-
ing underground parking garage, the rebound of the foundation
soil was monitored. Continuation of rebound measurements
during construction made it possible to overlap these read-
ings with the settlement observations. This constitutes a
unique record of foundation movement.

From the analysis of the foundation displacements the
mechanisms of deformation were determined and representative
parameters of the soil mass were derived. These were com-
pared with relevant values obtained in the laboratory from
tests run on specimens taken at the sites.

Since the rigidity of the building structure can influ-
ence the settlement of its supports, the rigidity of the
CN Tower is examined in considerable detail. Recognition
of the consequence of the combined effects of increasing
settiement with varying structural rigidity has resujted in
the formulation of a new and more realistic approach to soi]-
structure interaction analysis.
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1.6 Organization of the Thesis
The thesis begins with a detailed analysis of the
settiements at the CN Tower and Avord Arms buildings.

Empirical foundation parameters are derived and compared
to values obtained in the laboratory.

An evaluation of the influence of the structural rigi-
dity of the CN Tower on the reactions of the building frame
is given in Chapter 111. The concept of variable structural
rigidity is introduced in an incremental method of struc-
tural analysis. A mathematical description of the new in-
cremental procedure for soil-structure interaction is pre-
sented in Chapter IV with an accompanying sample computer
solution. ‘

The procedure used to measure heave at the AGT excava-
tion is described in Chapter V. The analysis of the rebound
record is outlined in detail and several implications for
construction practice are ndted.

The settlement behaviour of the AGT Tower and the
Oxford Building is described in Chapter VI. The compression
data for the over-consolidated foundation soils fs analyzed
and representative deformation parameters are described.

A summary of the conclusions from the entire research
program and suggestions for further research are given in
Chapter VII.



CHAPTER 11
SETTLEMENTS AT THE CN TOWER AND AVORD ARMS
2.1 Introduction

In this chapter the settliement behaviour of two build-
ings, the CN Tower and Avord Arms, is examined. The geology -

of the site, soil conditions, foundation types and method
of instrumentation are fully described.

The analysis of settlement data has been more extensive
for the CN Tower. The reason for this is partly because of
a more complete settlement load record, readily available
structural information and partly because the analysis of
the spread footing design is more tractable. Wherever possible,
reference to the Avord Arms and comparisons between the two
structures will be made.

Although stil] specific to the area of the two build-
ings, the description of geology found in this chapter has
been expanded to include the entire central area of Edmonton.

This is done for reasons of completeness.

2.2 Building Location and Description

The two buildings under consideration are Jocated on
the northern edge of the central business district in down-
town Edmonton. The specific geographical location is shown
on Fig. 2.17.

Although differing in plan, both the 27 storey Avord
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Arms and the 26 storey CN Tower are reinforced concrete
structures consisting of a small number of floors for park-
ing with the remaining upper floors respectively being
utilized for apartments and office space. 1In the case of
the CN Tower the four parking floors are cantilevered a dis-
tance of 27 feet beyond the west, south and eastern exterior
column lines, thereby inducing an increased built-in struc-
tural rigidity and greater loads at the supporting columns.
An east-west section through this building is shown in
Fig. 2.2.

The primary difference between these two buildings
is their foundations. The Avord Arms is founded on Franki
compacted concrete piles expanded at their base at a depth
of sixteen feet below ground surface. Fig. 2.3 shows the
foundation plan. A tota] of 239 piles were used, most of
which were 24 inches or 20 inches in diameter, and a small
number being 16 inches in diameter.

The CN Tower is founded on spread footings at a depth
varying between 26 feet below ground surface at the core
to about 22 feet at exterior footings. The central core
which contains the elevator shafts and carries the central
floor loads is supported on a single mat footing. The foot-
ings were formed by neat excavation into the til]l and an
average of eight feet of compacted backfill was placed above
the footings to give a net depth of basement of 13 feet below
ground surface. Fig. 2.4 illustrates the footing and founda-
tion plan for this structure as well as for the small parking
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area and terminal extension located immediately to the north.

2.3 Geology
Most of the City of Edmonton is built on a soil profile

in descending order, of lacustrine clays, silty clay tilil,
pre-glacial sand and gravel and soft mudstone and sandstone
bedrock. 1In the area of the two buildings, this same soil
profile is found; Table 2.1 lists the main units with approx-
imate depths. Fig. 2.2 shows the soil strata in relation

to the foundation cross-section. A small amount of fill was
encountered at the CN Tower site but was removgd during

excavation for the basement.

TABLE 2.1

STRATIGRAPHIC SEQUENCE AT THE CN TOWER
AND AVORD ARMS

Geologic Material Approximate

Description Description Depth (ft.)

Lacustrine Clay Silty-Clay, becames 0 to 16
more silty with depth

TiN Sandy or Sijty-Clay 16 to 70
containing sand lenses

Saskatchewan Sands Medium sand, some grave] 70 to 100

and Gravels just above bedrock

Edmonton Formation Interbedded mudstones 100 to ___7

and siltstones
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Bedrock at the site is described as "poorly consoli-
dated materials comprising the Edmonton Formation of late
Cretaceous age" (Carlson, 1966). MWithin the upper part of
the bedrock which might influence the foundation are found
interbedded bentonitic shales and sandstones and sever:i
continuous bentonite and coal seams. The regional dip of
the bedrock surface is about 20 feet to the mile southwest-
ward (Bayrock and Berg, 1966). To the extent that many
samples do not show fissility the shales are probably more
correctly classified as mudstone and many of the sandstones
could more properly be called siltstones. Local usage is to
use either the term shale or clay-shale, the latter because
of the tendency of the shale to weather to a clay-like
material. In its undisturbed state the bedrock is very
dense and is a competent foundation material.

The present bedrock surface has been formed by erosion
followed by glaciation under ice estimated to have been 5000
feet thick (Bayrock and Hughes, 1962). The present maximum
relief in the central Edmonton area is the result of erosion
during Tertiary and Pleistocepe time. The site of the CN
Tower and Avord Arms is located near the valley wall of an
ancient pre-glacial valley which was several miles wide
(carison, 1966). The maximum slope of the bedrock surface
in the general vicinity of the sites is in the order of 1%
to 2%.

During the erosion cycles that formed the bedrock sur-

face a series of sand and gravel layers were deposited as
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valley fill (Bayrock and Berg, 1966). The name Saskatchewan
Sands and Gravels is applied to these deposits; in central
Edmontonsand predominates with some gravel found just above
the bedrock. The sand is characterized by high Standard
Penetration blow counts usually exceeding 110 blows per
foot. Very little sampling or laboratory testing has been
carried out on the Saskatchewan Sands and Gravels, partly
due to the difficulty of obtaining undisturbed samples, but
mainly due to its relatively great depth below most of the
foundations used in the Edmonton area.

Recent work has indicated that there are two distinct
till sheets of Wisconsin age in the Edmonton area (Westgate,
1969). The identification is largely based on pebble
orientationn; there does not appear to be any marked distinc-
tion in engineering properties between the upper and lower
till sheets. Some exposures in central Edmonton show a few
feet of sand between the two tills. Although exposures of
the unweathered till show rusty fractures, usually in a
random orientation, the upper part frequently exhibits a
columnar fracture pattern. The til]l is classified as a
sandy-silty clay and contains stones of a wide range in
sizes, coa) and shale fragments, and sand and silt Jenses.
The silty clay matrix is usually of low to medium plasticity.
The density of the till varies considerably in the Edmonton
area but in central Edmonton the density is high as evidenced
by Standard Penetration blow counts which range from 60 to
160 blows per foot and average 93 blows per foot. These
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values do not include the upper two or three feet in the
t111 which is usually softer and has blow counts in the
order of 18 to 50 blows per foot. The water content of the
ti11 is usually in the range of 10% to 20% averaging 15%.

The till was formed from continental glaciers which
advanced from the northeast. The natural drainage systems
were blocked off during the retreat of the glaciers result-
ing in the formation of a number of proglacial lakes. Lake
Edmonton was one such lake and covered much of the Edmonton
area. During its life, lake sediments were deposited which
ranged from clays of high plasticity at the surface to silts
and sands just above the till. The upper part of the lacu-
strine deposit is highly dessicated. .

2.4 Geotechnical Properties from Laboratory Tests

Both the Avord Arms and the CN Tower are founded on
the ti11 and thus it is the geotechnical properties of this
soil that are of greatest interest. The stress influence
at bedrock elevation is small; the net change in vertical
pressure (Boussinesq) is only 10% of the original tota]
overburden pressure.

A total of five boreholes were drilled at the CN Tower
and two at the Avord Arms during the foundation investigation
at locations as shown in Fig. 2.7. Because of existing
buildings they were drilled around the peripheries of the
site. The logs of several boreholes can be found in Appendix A.

Testholes at the site, and in general in the central
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Edmonton area, do not show a static water table. Perched
water tables are encountered in sand lenses in the till and
occasionally the water is under a substantial hydrostatic
head. The clay till is commonly unsaturated. Degrees of
saturation of 83% and 75% have been found from two tube
;amples taken at depths of 28 feet and 43 feet in a boring
800 feet west of the CN Tower.

Gradation analyses on block samples taken at footing
level at the CN Tower showed an average of 42% sand sizes,
38% silt sizes, and 20% clay sizes (M.I.T. Scale). Consoli-
dated undrained and confined undrained triaxial compression
tests and consolidation tests were run on specimens cut from
the block samples. Due to the hard and dense nature of the
ti11 plus the random occurrence of stones, it was difficult
to trim specimens, particularly in the case of the consolida-
tion test where a close fit in the consolidation ring was
required.

The results of the undrained triaxial tests on three
specimens are summarized in Table 2.2 The tests refject an
uncertain amount of sample disturbance and also the varia-
tion that is commonly found in til] specimens, even when
taken from a single block or tube sample. The tangent modu-
lus of deformation has been determined from the initial
nearly straight portion of the stress-strain curve, corrected
for seating deformation.

Two consolidated undrained compression tests were

carried out at cel) pressures of 76 psi and 140 psi. The
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TABLE 2.2

CONFINED COMPRESSION TESTS
(CELL PRESSURE - 30 psi)

Sample Maximum Strain at Water Initial Tangent
Deviator Failure Content Modulus o
Stress (%) (%) Deformation
(psi) (psi)
A 118 15.4 13.2 1460
B 108 14.1 13.5 1160
c 156 13.1 12.4 1480

stress-strain curves for the tests are shown in Fig. 2.5.
The numerical results are given in Table 2.3.

It can be seen that consolidation has resulted in much

TABLE 2.3

CONSOLIDATED UNDRAINED COMPRESSION TESTS

sample Initial Cell  Maximum Strain @ Secant

Water Pressure Deviator Failure Modulus @
Content (psi)  Stress (%) 0.6% Strain
(%) (psi) (psi)
D 13.3 75  110.5 6.65 14,000

E 13.2 140 197.8 12.3 12,000
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higher moduli of deformation. There was fnsufficient
material to provide three consolidated, undrained triaxial
specimens. On the basis of the two tests the straight line

Mohr Envelope had the following parameters:
Total Stress C =2 psi @ = 24°

The results of three consolidation tests are shown in
Fig. 2.6. The curves shown have been corrected for com-
pressibility of the testing apparatus but otherwise repre-
sent the results of conventional testing methods. Interpre-
tation of the pre-consolidation by accepted methods is
difficult, and it is likely that the maximum load reached
(14.4 ksf) is not on the virgin compression branch. To
give representative numerical results, Table 2.4 has been

prepared from interpretation of the data.

2.5 JInstrumentation and Data Acquisition

When access became possible, special settiement plugs
provided by the Division of Building Research of the National
Research Council were installed in the reinforced concrete
columns at the lowest floor of the CN Tower and Terminal
building.

Three inch ram-set pins were used for reference markers
in the Avord Arms building. As construction proceeded,
problems of access necessitated the termination of readings
on some columns at the CN Tower and installation of a second

set of markers in the Avord Arms. In the latter case, two
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TABLE 2.4

SUMMARY OF CONSOLIDATION TEST DATA

Specimen (1)

F G H
Initial Water Content, W% 11.8 13.0 13.9
initial Void Ratio, e .351 .368 .404
Initial Saturation, S% 90.1 94.7 92.0
Compressive Index, Cc (2)
3.5 ksf to 7.0 ksf .026 .036 .025
7.0 ksf to 14.4 ksf .032 .042 .032
Rebound Index, Cpy (2)
14.4 ksf to 7.0 ksf .006 .006 .011
14.4 ksf to 0.06 ksf .016 .013 .020
Modulus of Volume Comp., m, (ft2/k)
3.5 ksf to 7.0 ksf .0017 .0023 L0017
3.5 ksf to 14.4 ksf .0012 L0017 L0011
Modulus of Deformation, E (psi) (3)
3.5 ksf to 7.0 ksf 1901 1393 1924
3.5 ksf to 14.4 ksf 2632 1909 2996

1.

Test Conditions:

F. Free swell - sample allowed to swell under token

load of 0.16 ksf before consolidation.

G. Natural consolidation - sample not allowed access

to water, drying out prevented.

H. Constant volume swell - sample maintained at con-

stant volume after given access to water.

When

tendency to swell completed consolidation test run.

Compressive index, Cc, and Rebound Index, Cy, are slope
of compression or rebound curves on plot of void ratio

versus logarithm of pressure, between points given.

Cajculated secant modulus of deformation based on an

assumed Poisson's Ratjo, u = 0.4.
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sets of overlapping readings allowed continuation of the
settliement record.

A1l surveying was carried out using a precise level
~and a rod scaled in millimeters; possible error in this sur-
vey might be as much as #1 mm. Survey error at the Avord
Arms would tend to be somewhat greater due to increased
distance from the deep benchmark and greater compIexfty of
the traverse within'the building. Readings were not taken
at equal 1nterva1§ of time, but rather in approximately equal
- intervals of load applicaticn; i.e., whenever four or five
floors were added to either the Avord Arms or the CN  Tower.

Three benchmarks were installed and correlated such
that errors dueftO'unreliabTe benchmarks could be detected.
Their locations are indicated on Fig. 2.7. The benchmarks
consisted of a 3/4 inch steel rod'driven to refusal inside a
cased. auger hole} Stoppers were used to guide the stee] rod
down the casing. Sand was used to backfill the annular space
between the casing and auger hole. A steel threaded cap
served to protect the benchmark at ground level. Benchmark:
numbers 1 and 2 were driven to refusal at depths of 25 and
29.5 feet respectively in the dense glacial til1. Benchmark
number 3 located inside the CN building was driven to re-
fusal in the bedrock shale at a depth of 110 feet. A survey
traverse taken June, 1966 and June, 1970 resulted in elevation
differences of +1.3 mm. and -0.5 mm. respectively, indicating
that the movement of benchmark number 3 was negligible.

2.6 Building Loads

The procedure followed in deriving the footing loads
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at the CN Tower was based on three assumptions:

(1) The actual footing dead loads can be most accurately
calculated using the concrete quantities delivered to
the job.

(2) The proportion of buiilding load carried by a single
footing is in accordance with the distribution calcu-
lated using structural design loads.

(3) The increase in footing pressure due to live load during
the move-in period is equal to the 1live load computed
by the structural designers, the values having been
reduced by appropriate factors as outlined in the

~National Building Code.

Assumptions (1) and (2) had to be made because no
columns were instrumented for the purpose of measuring the
load they carried. The deadloads computed in this manner
nearly equalled the designer's calculated dead load, the
latter being greater by about 10%.

The computed reduced live load comprised only 4% of
total load carried by individual footings and thus assumption
(3) is not critical. The four interior footings are minor
exceptions with the reduced l1ive load contributing approx-
imately 10%.

Tabulation of the pile group loads in accordance with
the procedure outlined above was not possible for the Avord
Arms building as a day to day record of poured concrete
qQuantities was not available. Although the Avord Arms was
designed by a different firm, the close agreement of the CN
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Tower design loads with the derived l1oads is an indication
that this shortcoming is perhaps not serious. The design
pile group loadings were therefore used directly and include
an unknown amount of reduced live load. The loading history
during the Avord Arms construction period was determined
simply by proportioning the total load to the pile group

on the basis of the ratio of constructed to maximum storey

height.

2.7 Settlement Data

The maximum settlement recorded at the CN Tower to

February 25, 1970 is 3.0 cm. The maximum differential
settlement observed between two adjacent columns is 1.1 cm.
over a span of 37.2 feet. A simple calculation yields an
angular distortion value (differential displacement divided
by length of span) of S/L of 0.97 x 10'3 which is well with-
in tolerable limits as defined by Skempton and MacDonald
(1956), Bjerrum (1963) and Feld (1965).

The variation of both contact pressure and settlement
with time for several CN Tower footings is illustrated in
Figs. 2.8, 2.9, 2.10 and 2.11. It is quite obvious that
the settiement response to increases in footing contact
pressure is very rapid and can be termed instantaneous.
Most of the settlement takes place during the construction
period, the settlement taking place thereafter constitutes
less than approximately 13% of the total. Observations
reported by Klohn (1965) on tills in Saskatchewan indicate
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similar behaviour.

This rapid response to loading is shown even more
explicity in Fig. 2.12 where settlement is plotted versus
the log of time since the start of construction. If it
is assumed that the secondary compression continues to be
proportional to the log of time for footing 5, then an
extension of the line predicts only an additional 0.5 cm.
of settlement over the next 25 years. For several footings
this value appears to be even smaller.

For all practical purposes it can be said that settie-
ment virtually ceases approximately one year after completion
of the structure. Several footings did not exhibit any
increase in settlement during the recent April 17, 1969 to
February 25, 1970 survey period. The maximum at footing |
number 14 remained at 3.0 cm.

It is interesting to note the settlement recorded
during the seventy day period of live load application, the
change in load history being clearly reflected by the three
readings taken at that time.

The variation of tota) applied load and settlement
with time for several Avord Arms pile groups is shown in
Figs. 2.13, 2.14 and 2.156. The estimated nominal contact
pPressures are given in brackets. The maximum settlement
recorded to May 29, 1970 is 3.2 cm. for pile groups 8, 9 and
10. Again it is obvious that the settlement response to
increases in foundation Joading is very rapid.

It deserves comment here that despite the similarity
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in the maximum settlement recorded at the CN Tower and
Avord Arms there is an appreciable difference in average
contact pressure; that is, the building load over the total
contact area.

In the case of the CN Tower the footing sizes are
precisely known. For the Franki pile foundation they are
not as the extent of the densified bulb of soil is uncertain.
1f one fakes a particular pile group and encloses the pattern
with straight lines always at a distance of 1.5 times the
pile shaft radius away from pile centers (the area thus
bounded is virtually identical to the pile cap), then one
can calculate the end bearing pressure for the pile group.
Calculation of the nominal pressure by this procedure is
representative as the concrete volumes required to form the
"spherical" pile bulbs indicate that no bulb had a radius
greater than 1.5 the radius of the pile shaft. As well,
for most pile groups the spacing between individual piles
was about 3 to 4 feet or about 2 pile diameters. This pile
spacing is not unusual in pile foundations.

Table 2.5 gives pertinent data for comparison of the
two foundation types. The foundation contact pressures
thus calculated for the Avord Arms vary between 12.0 ksf
and 26.5 ksf, the average being 19.1 ksf. This differs con-
siderably from the footing contact pressures computed for
the CN Tower, the maximum there being 13.0 ksf.

The larger contact pressure variation at the Avord
Arms is indicated in Fig. 2.13, 2.14 where large pile groups
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which carry the greatest load settle the least. Since the
greatest portion of settlement of an individual pile is
generally due to the load carried by th;t pile itself, a
reduced pile group contact pressure usually results in
reduced settlement.

The settlements for four pile groups are plotted in
Fig. 2.16 against the 1og of time. The extrapolated curves
indicate that if the secondary compression continues, most
pile groups will settlie an addition 0.5 cm. over the next
twenty-five years. This corresponds to a slope of .65 cm.
per log cycle of time in days and is the same.as the value
found for some CN Tower footings.

Several case records exist which indicate that the pre-
ceding observations are typical for buildings founded on
over-consolidated soils. A statistical study of case records
by Som (1968) for thirteen structures founded on over-con-
sojidated clays and silty clays, indicated that, on average,
as much as 58% of total settlement occurs during construction.
The percentage for individual cases varied between 31.5 and
80.7 per cent. Since most observations reported in these
records were started after construction had progressed to
a certain extent, the percentages quoted above could actually

be greater.

2.8 Mechanism of Settlement

Since the response to Joading was so rapid it was con-

sidered worthwhile to plot the CN Tower footing contact pres-
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sures against observed settlements. The parallelism of
curves in Fig. 2.17 suggests that there is a relationship
between footing pressure and settlement. The slight curva-
ture evident is thought to be due to the inherent non-linea-
rity of the soil response. However, it must be recognized
that any time dependent settlement taking place concurrently
with the instantaneous response could also produce this
curvature. The curves defined in these diagrams are directly
analogous to a plot of settlement versus load in a plate
bearing test, the only difference being the effect of mul-
tiple adjacent footings.

Corner footings and interior footings would by virtue
of their relative locations undergo different amounts of
settiement. A somewhat superficial method was devised for
assessing the effect of footing position. For particular
increments of loéd following the initial settlement reading,
the average of the vertical stress distribution below a
particular footing, computed using the Boussinesq sojution,
was plotted versus the corresponding settlement. The average
would be greater for interior footings due to the effects
of superposition, the settlement tending to be greater here
as well. Fig. 2.18 shows that al]l the settlement values
fall within a relatively narrow band, illustrating that the
settlement of the building is closely related to the com-
bined effects of footing load and footing location.

To assist in the interpretation for a possible settle-

ment mechanism, normalized plots of the footing pressure and
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settlement record were prepared for the CN Tower construc-
tion period. The example shown in Fig. 2.19 for footings
no. 13 and no. 14 indicates by virtue of the small deviation
about the 1:1 ratio line, that the mechanism of settlement
is one of elastic behaviour.

A relatively high initial settlement at light loads
occurred at several footings. Although some of this may
be due to survey error it is more likely recompression of
soil previously heaved by rebound. This recompression would
perhaps encompass such phenomena as the closing of fissures
opened during excavation. The behaviour is described more

fully in a later chapter dealing with rebound observations

at the AGT Tower site.

2.9 Apalysis of Settlement Data

The equation given by Steinbrenner (1934) and Terzaghi
(1943) for the elastic settlement of the corner of a rect-
angular uniformly-loaded area located on the surface of a

semi-infinite solid was used to determine the foundation
moduli compatible with the observed settlements. The equation,
which is:

_q(1-u?)1,

3 (2.1)

was programmed on a computer.
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A = settlement at the corner

q = uniform footing pressure

u = Poisson's ratio

B = least dimension of rectangular area

I = influence value for settlement; dependent on
footing geometry.

E = modqus'of elasticity.

Equation 2 allows computation for the settlement of
a single point located inside, outside or on the boundary

of a rectangular loaded area (Terzaghi, 1943).

2
a = ﬂléu_l (ByIny + ByIy, + Bylyg + Balyg) (2.2)

The general superposition technique employed here
requires definition of 4 area widths B and 4 influence values
1,- When a foundation is loaded by 21 CN Tower footings,
superposition to include load dispersion effects requires
84 widths, influence values and area Joadings to determine
the settlement at a single point. The task becomes truly
formidable when settlements are desired at all footing centers
and at additional other locations.

The computer solution only requires input of footing
loads and geometry, namely their centroidal coordinates and
dimensions. Computations using a variety of footing load

increments were thus easily performed. The procedure followed
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was to solve for the elastic settlement using values of
Poisson's ratio of u = 0.3, u = 0.4 and p = 0.5 and a series
of elastic moduli E.

Starting at day 225, when the footing contact pressures
first exceeded the original overburden pressure, the load
'increménts used for these calculations varied between day
283 and day 723, thus utilizing only the "net settlement"
that occurred subsequent to the reloading portion of the load
history. For each load increment the calculated settlements
were compared with the actual settIehents. By interpolation
an elastic modulus was obtained for every footing for which
settlement data was available. Three sets of moduli were
derived; one set for each Poisson's ratio. Typical histo-
grams are shown in Fig. 2.20 and illustrate the distribution
of results.

For the settlement increment to the end of construction
and full occupancy, the mean values and standard deviations

are given for thirteen footings in Table 2.6.

TABLE 2.6

DERIVED MODULT - DAY 225 to
DAY 723 - CN TOWER

H E Stnd. Dev
(psi) (psi)
0.3 77,400 + 6800
0.4 71,300 ¥ 6000
0.5 64,600 ¥ 5300
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As might be expected intuitively from observation
of the narrow band of settlement points previously indicated
on Fig. 2.18, the standard deviation is small, being only
about + 9% of the derived moduli.* |

The variation of derived moduli with the total weight
of the CN Tower is shown in Fig. 2.21. For convenience the
applicable dates and storey heights are indicated in the
same diagram. Each plotted point represents the average
of the observed moduli calculated for all the footings for
which settlement data were available, usually thirteen in
total.

The sensitivity of the settlement-load relationship
to slight load variations and survey error, when the loads
and settlements are small, is reflected by the resulting
large standard deviation for the set of derived moduli. This
is illustrated in Fig. 2.21 by the broad band width at Jow
building loads. The small standard deviation shown at full
building height is indicative that the elastic settiement
equation accounts for essentially all the differential
settiements observed at the CN Tower.

Of considerable importance is the reduction in derived

* The moduli calculated at the CN Tower correspond
closely to the initial moduli of elasticity derived from
in-situ plate bearing tests by Klohn (1965) for the case of
w = 0.3. The moduli derived by Klohn from settlement data
using the agproximate sojution for an elastic layer resting
an a rigid base, are approximately doubje the CN Tower moduli.
This difference is perhaps not surprising as_the Edmonton
till has a higher natural meisture content, lower density
and lower unconfined compressive strength.



59

Day {Completed
150 Storey
Height

- }-}4\ 723-

© 125 Q?L\ 632-

x 3 4441 Penthouse
v t 4

a bt

'x L)

100 =S 37121

.- ) \ \ AN

S oy 330+13

- ' \ \

75 NN 290111
[T— -+

2 T e\ 283T 10

2

a 50

_ -~ ¥ 225143

o — * # :

= 25 —Legend

¢ Mean
— Limit of Standard Deviation
p 0.4
0 ! —
0 50 100 150 200

Modulus, E x 109 psi

Note-#% Load Datum Used in Calculations
*+Weight of Excavated Soil (Approximate)

Fig.2.2| Perived Moduli With Increasing
Building Loads CN Tower



60

moduli, considered to represent non-linear elastic behaviour
of the foundation soil with increasing load. The curve is
énaIagous to the secant modulus of a stress strain curve,
the modulus being the slope of a line originating at the
overburden pressure and passing through points of increasing
stress level,

The Avord Arms having no basement, does not undergo
rebound and is thus subjected to "net settliement" only.
Since the pile group loads were not accurately known during
the construction period, only a single set of moduli was
derived for a period ending at approximately the time of
full occupancy of the building.

Utilizing the same computer program as for the CN
Tower analysis, the averages for 17 pile groups are given
in Table 2.7. These moduli are lower than the values com-
puted at the CN Tower.

TABLE 2.7

DERIVED MODULI - DAY 9] to
DAY 632 - AVORD ARMS

v E Stnd. Dev
{psi) (psi)

0.3 43,830 + 9650

0.4 40,590 + 8900

0.5 36,200 + 7920
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With a modulus that is independent of stress level,
it can be shown that for constant load over a given area
the settlement computed by the Steinbrenner (1934) solution
is virtually independent of footing sizes within the area
provided the footings are reasonably close to one another.
However, since real soils generally have moduli which decrease
with increasing stress level, then at constant load a reduc-
tion in footing size results in increased settlement.

This effect is illustrated in Fig. 2.22 where the
derived moduli for both the Avord Arms and CN Tower is
plotted against the foundation contact pressure in excess
of the overburden pressure at footing level. It can be seen
that data for the Avord Arms is consistent with that observed
for the same soil at the CN Tower. The somewhat larger
standard deviation for the Avord Arms average modulus re-
flects the larger variation in pressures acting at the pile
group bases.

The negative pressures represent the difference between
the smaller footing contact pressure and the original over-
burden pressure acting at footing elevation. Although the
data is limited, the large settiements observed at Jow foot-
ing pressures indicate that the compressibility of the
fissured till is greater in recompression until the original

overburden pressure is reached.

2.10 Comparison lLaboratory and Empirical Data
For the loading range 3.6 ksf to 11.3 ksf the derived
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moduli for the CN Tower equals 71,300 psi for u = 0.4. The.

;corresponding laboratory moduli from consolidation tests

show thaf the modulus equals approximately 2500 psi.
Conversion of these results to one-dimensional moduli

of volume compressibility is possible by means of the

relationship:
€
= 1 _1 (1+u)(1-2u)
v T B] TE (T-w) (2.3)

For u = 0.4, the empirical m, value is .000045 ftzlkip
as compared with approximately .0013 ftZ/kip for the labora-
tory data.

The empirical moduli account for approximately 80 pér,
cent of the settlement observed to date at the CN Tower.
For long term conditions this percentage would perhaps be
be somewhat lower to account for the additional 0.5 cm.
average settlement expected over the next 25 yeérs. '

Applying a factor of 0.75 to the derived moduli reduces
the discrepancy between field and laboratory only slightly.
The ratio of field to labaratory moduli is about 28, and
about 271 if the factor 0.75 is applied. |

This ratio would be somewhat different if laboratory
compression results were used. The ratio would be larger
for the confined compression data and equal about 50. The
cell pressures used in the consolidated undrained tests

exceeded overburden pressures apd thus the ratio of field
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to laboratory moduli of 5 is only an approximation.

This complete lack of agreement between field and
laboratory derived compressibilities for the over-consolidated
ti11 clearly demonstrates the need for empirical data to

accurately predict settlements in the field.

2.11 Procedure for Settlement Analysis from Empirical Data

Since the over-consolidated till exists over a great
part of the downtown Edmonton area, the soil properties
derived are directly applicable in design.

Consider a hypothetical building founded on unsaturated
till and possessing a full basement sfxteen feet below ground
surface. The allowable bearing pressure designated by the
soils consultant is 13.0 ksf. The bulk unit weight of the
excavated soil is given as 125 pounds per cubic feet.

Knowing that the water table is at considerable depth
near the bedrock surface, the total stress change at foot-
ing level is .126 x 16 = 2.0 ksf. Since the excavation wil}
heave, resulting in appreciable recompression upon loading,
this portion of settlement is computed by using the modulus
taken from Fig. 2.22 for a pressure of -2.0 ksf.

The curve at -2.0 ksf is fairly flat so interpolation
requires some judgment. If the excavation is open for a
considerable period of time, say four months or more, a
modulus of 20,000 psi could be chosen. If construction is
rapid with no delays, a modulus of 35,000 psi would be rea-
sonaple. Since the till is unsaturated, Poisson's ratio can
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be taken as 0.4, thereby anticipating volume change. Work
by Crawford and Burn (1962) and Kiohn (1965) on tills,
suggests that this value is appropriate. 1In any event,
the computations are not sensitive to the choice of Poisson's
ratio. The choice of modulus will not greatly influence the
final settlement calculated, és this settlement is only a |
small proportion of the total in cases where the excavation
is shallow.

The computer program found in Appendix H can be used
to perform the necessary calculations. The input required
is footing geometry and loads and a soil modulus and Poisson's
ratio. Settlements are generated at all footings, as well
as other specified points.

The contact pressure in excess of the overburden pres-
sure is 13.0 - 2.0 = 11.0 ksf. Again using the data of
Fig. 2.22, the corresponding deformation modulus is 57,000
psi. Specification of Poisson's ratio as 0.4 allows calcu-
lation of the "net immediate settlement". The loads now
used in the analysis are those in excess of the overburden
pressure.

Sybtotalling of the two sets of settlements yields
the "immedijate settlement”" of the structure during its con-
struction period to full occupancy.

Long term settlements can be estimated in two ways.
The 1og of time plots indicate that secondary settlements
take place at a slope of approximately 0.5 cm. per log cycle
of time in days. Referring to the time scale adopted in
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Fig. 2.12 an estimate for the long term movement can be made.

The data from the Avord Arms suggests that the slope
of 0.65 cm. per 1og cycle of time in days is true for larger
footing pressures. The CN Tower data seems to indicate
that several footings have virtually stopped settling. For
this reason the intermediate slope of 0.5 cm. per log cycle
of time in days was adopted. The calculations are not
sensitive to the slope adopted, since the time dependent
movements are only a fraction of the total.

The second procedure is by simply using the observed
construction settlements in terms of the percentage of the
total. For the Avord Arms the value was 80 per cent and
applied to "net settlements”" only. In the preceding section
this value was reduced to 75 per cent. To be conservative,
the calculated "net immediate settlements" are divided by
0.75 and, the results added to the "recompression immediate
settlements" to arrive at the long term footing displacements.

For a building founded on piles and having no basement,
the settiement calculations are simplified, as the applied
Joads are all in excess of the averburden pressure. For
the hypathetical building, a deformation modujus of 50,000
psi from Fig. 2.22 is used corresponding to the allowable
pressure of 13.0 ksf.

2.12 Summar
The preceding analyses can be summarized as follows:
(a) The settlement response to loading is rapid for struc-



(b)

(c)

(d)

(e)

(f)
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tures founded on the over-consolidated till. The
settlements experienced during the construction period
comprise about 75% of the total movements and can be
calculated using elastic theory.

Elastic properties of the foundation soil, as determined
in conventional laboratory tests, give rise to unrea-
listic settlements and thus cannot be used to perform
the required computations. For example, the use of
laboratory consolidation data in the prediction of
settlements at the CN Tower would yield settlements
approximately 25 times greater than those actually
observed; that is, 75 cm. rather than 3.0 cm.

The empirical foundation moduli derived from settlement
observations on two prototype buildings are stress
dependent. The mean empirical elastic moduli derived

from settlement observations vary from 105,000 psi to

- 30,000 psi as contact pressures increase from 2.5 ksf

to 23.5 ksf.

The modulus of recompression to the original overburden
pressure can be less than those for compression beyond
the overburden pressure,

It would appear that the relative merit of end bearing
piles to spread footings for the same till formation

can be determined only on the basis of tolerable settle-
ments, allowable footing pressures and consideration

of the economy of the foundation type.

There is some suggestion that the increment of long term
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settlement may be slightly greater for foundations
with larger contact pressures.

(g) On the basis of experience at the Avord Arms, there
is some suggestion that, especially for confined load
areas such as pile bases, allowable bearing pressures
on the ti11 can be as great as 18.0 ksf without exces-

sive settliement.



CHAPTER I11

THE INFLUENCE OF STRUCTURAL RIGIDITY ON
CN TOWER FOOTING LOADS

3.1 Introduction

The analysis of the CN Tower settlement data, as des-
cribed in an earlier chapter, followed a practice often
adopted in design by assuming that the building is perfectly
flexible. Thus the basic footing loads as calculated from
contributing floor areas are assumed to remain unchanged
regardless of any differential deformations to which the
structure may be subjected. This is to say that the effects
of foundation and structure interaction are ignored.

For many structures perfect flexibility is a reason-
able approximation. This is particularly so with low struc-
tures or flat plate apartment buildings. In contrast, any
frame possessing beams of short span lengths and deep section
could be considered as a stiff structure. The inclusion of
several shear walls throughout the interior of some rein-
forced concrete buildings contributes greatly to the overal]
stiffness.

The CN Tower, described earlier in Chapter II, is a
reinforced concrete building which possesses a relatively
large stiffness. Thick interior walls between the second .
and fifth floors support a parking garage cantilevered beyond

the main tower section. By virtue of being a multi-storeyed
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building, the column loads, particularly at lower levels, are
large. The required column dimensions cause members to
possess great resistance to bending. To a lesser extent,

the many floor slabs and beams contribute further to overall
building stiffness. |

Since the assumption of perfect building flexibility
used in the analysis of Chapter 11 may depart appreciably
from reality, it is desirable to investigate the relative
flexibility of the CN Tower. Of particular interest is the
effect of structural rigidity on the footing loads as the
frame undergoes differential distortion.

In this chapter the footing design loads, as calculated
conventionally from tributary floor areas and column weights,
are termed the basic footing loads. Any change in these
basic footing loads due to redistribution as differential
displacements take place are called footing reactions. The
resulting combination of the basic footing l1oad and the foot-
ing reaction is defined as the net footing load. Unless

otherwise noted all these forces are vertical.

3.2 Analysis of the Structural Frame

Since the members in the CN Tower structure possess
a stiffness of known magnitude, the imposition of any parti-
cular set of observed footing settlements on the structure
will generate reactions solely due to bending of structural
members and thus modify the original estimated basic footing

loads.
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To solve for these reactions, use was made of Struc-
tural Design Language Il known by the acronym STRUDL 11,
developed at the M.1.T. Civil Engineering Systems Laboraﬁory.
STRUDL is a general computer program which operates as a
subsystem of the Integrated Civil Engineering System (ICES).
1t can be described simply as a computer language with which
a structural engineer can describe a problem, specify its
solution procedures and ask for results (Logcher et al.,
1968).

Only those techniques particular to the analysis of
the CN Tower will be mentioned here. Details of the STRUDL
language are described fully in the manuals cited in the
references (Roesset and Efimba, 1968).

The complete building was described to the computer
as a three-dimensional space frame. A1l joints were speci-
fied in a "global" coordinate system with individual members
being defined as a line between any two joints. The CN
Tower core wall is a rigid member relative to the surround-
ing floor slabs, beams and columns. Considering the base of
the rigid core fixed vertically, all joints of members fram-
ing into it were defined as supports. In this way the true
lengths of these members could be maintained. A section
through the CN Tower is shown in Fig. 3.1 and indicates the
manner in which the space frame is defined in ICES-STRUDL.

The properties of individual members were specified
in a "local" coordinate system. For every member type in the

CN Tower, the moments of inertia were calculated about the
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two principal axes and the torsional rigidity of the member
was determined in accordance with the procedure outlined by
Timoshenko (1955). For members which could be classified

as thin-walled open sections, the overall rigidity to tor-
sion was considered to be the sum of the torsional stiffnesses
of the component sections of the beam (Oden, 1967).

Waffle slabs were considered as Beams whose section
extended horizontally over the midspan distance to the adja-
cent beam. Columns or beams framing into walls were con-
sidered to have as their section a portion of wall of length
four times its thickness. (ACI Standard 318-63, Sect. 906).
Non-prismatic members were broken into prismatic segments of
specified length, having individual segment properties.

Fig. 3.2 shows a typical member defined'in both global
coordinates within the frame and individually in local co-
ordinates. The moment of inertia 1Z,as indicated in the dia-
gram, was taken to be one order of magnitude greater than
those about othér axes. Since bending about the Z axis is
virtually zero this simplification was made in order to eli-
minate excessive computation. To eliminate consideration
of axial shortening the section area of members was taken
to be at least an order of magnitude greater than the actual.
This procedure was followed for two reasons, the first being
that the bulk of axial shortening would take place due to the
basic loading, a loading condition not being applied to the
structure in this analysis. The second and more important

reason for preventing axia) shortening was to simplify the
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model1ing of the heavy interior walls.

In the analysis the interior walls were represented
by an equivalent truss which would offer the same resistance
to differential displacements. As shown in Fig. 3.3 the
wall has a diagonal length of dj where

d; = /22 + b2 - 3.1

Application of shear force T gives rise to the shear stress

T where

- T
T_rt' 302

By introducing the shear quulus G the shear strain, v is:

- T
YT G bt G 3.3

and the vertical displacement A at point O as shown in the

figure becomes

Hence, the new length of the diagonal becomes

d, = /12 s (ben)?
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With the application of the identical forces on the
truss the vertical displacement A at 0 must be duplicated.
Only the diagonal has a finite cross-sectional area and
thus undergoes axial shortening.

The tension force P carried by the diagonal is

T _ Ty

cos ¢ b 3.4

P =

Note here that cos ¢ is assumed to remain unchanged. Having
specified that the displacements of the wall and the truss
must be identical, the strain in the diagonal thus equals

Introducing the modulus of elasticity E, yields the required

cross-sectional area A.

e T 4
At e BF T,y 3.6

Since STRUDL requires certain properties for each defined
member the imaginary diagonal was assigned moments of inertia
equal to unity. In this way the diagonal itself could not
offer any appreciable resistance to bending or torsion but
could only act in tension or compression to duplicate wall

action.
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3.3 Definition of Input Displacements

In order to compute reactions due to settlements using
the STRUDL program, it was necessary to input the deflections
of all the supports of the space frame. However, since dis-
placement measurements were unavailable for some footings
they had to be estimated for the purpose of this analysis.

Of the nineteen columns instrumented, readings on five had

to be terminated shortly after completion of the structure.
One column could not be instrumented throughout the entire
construction period and thus settlements were estimated for

it on the basis of the values recorded at three symmetrically
placed positions. Although these estimates were not critical,
the absence of readings on the core was.

Since settlements had to be specified for the STRUDL
program for the core, these were estimated by plotting the
settlement profiles across the core for the footings adjacent
to it. Several of these are shown in Fig. 3.4. In most
cases, the vertical displacements could be estimated quite
easily with an error of about + .15 cm.

The revealing fact as shown in the figure is that there
has likely been a slight tilt of the core in the earl]y stages
of construction, prior to the building of the parking garage
cantilever area with its heavy interior walls. There is some
suggestion that the core tilt of approximately 1/6200 was
subsequently reversed slightly by an unknown amaunt.

Although the estimated tilt is small its effect would

be noticeable. Settlement readings on all four sides of the
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core would have enabled the author to introduce into the
analysis not only vertical displacements but also the hori-
zontal movements at the upper core supports, thus allowing

for core tilt.

3.4 Significance of Variation of Structural Rigidity with

Storey Height

Before discussing the significance of the vertical
reactions generated by STRUDL it is important to realize
that the reactions are a function of the structural framework
analyzed and the displacements imposed upon it. The struc-
tural stiffness of a building increases with the completed
height by virtue of the additional members added to the total
framework as each storey is built.

In Chapter II it was shown that approximately 80 per-
cent of the settlement recorded to February 25, 1970 at the
CN Tower took place during construction. These settlements
have been observed on a structure whose rigidity is not con-
stant but increases with time.

This concept is of great importance in assessing the
sail-structure interaction and it forms the basis for the
discussion of Chapter IV. It is also important in the deter-
mination of vertical reactions in the STRUDL analysis, as
only the observed settlements for a particular portion of
the construction period must be imposed on the partion of
structure existing at the completion of the period. This is

markedly different from conventional soil-structure inter-
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action analyses, which utilize the structural stiffness of
the completed building and assume that at completion of
construction the loads are suddenly applied with consequent
settlements.

The settlement data and the portion of the structure
analyzed is shown in Table 3.1. Thus, for example, the
first sixteen floors of the CN Tower would be subjected to
the observed increments of settlement between May 27th, 1965
and July 6th, 1965. Even this is an approximatibn, as |
ideally increments of settlement for every single storey of
increased building height should be used, thus following
precisely the history of structural stiffness with time.

Note that in trial 8 the increment of settlements,
since the completion of the structure to February 25th, 1970,
represents the time dependent behaviour of the foundation
and structure at constant building height over that period.

Computation time for a sixteen storey CN Tower space
frame by means of ICES STRUDL II on an IBM 360/67 using 500 K

storage, took approximately 4 hours.

3.5 Analysis of Results
The reactions generated by the STRUDL analysis consist

of force components in the three principal (global) directions

as well as moments about all three axes. The significance
of the harizontal forces and moments will be discussed first
before considering in detail the vertical reactions.

In STRUDL the footings were considered as fixed supports



TABLE 3.1

SETTLEMENTS AND COMPLETED STOREY HEIGHT
OF THE CN TOWER

Date Set Nor apd  Cgppleted Therement:
Trial No. Height

Dec. 10, 64 1 Ground Floor Initial to
Mar. 23, 65 2 3 1 to 2
May 20, 65 3 10 2 to 3
May 27, 65 4 11 3 to 4
July 6, 65 5 16 4 to 5
Aug. 16, 65 6 21 5 to 6
Oct. 28, 65 7 Roof 6 to 7
Feb. 25, 70 8 Roof 7 to 8
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capable of generating other than just vertical reactions.
Since the footing sizes of the CN Tower are large, it was
found that the moments could easily be generated without
significant deviation from the assumed condition of support
fixity. For example, the largest moment generated in trial

5 for footing number 3 was 2000 inch-kips about the x "global"
axis. An equal but opposite triangular force distribution

on each of the two halves of the footing can represent the
moment. For the 24 foot by 24 foot support the maximum force
per square foot required at the footing edges was approxi-
mately .08 kip per square foot. This is very small and can
easily be generated without footing rotation.

Since all the input displacements were vertical, the
reactions in the two horizontal directions tended to be much
smaller in comparison with those in the vertical direction.
The footings at the CN Tower are of considerable depth and
were formed by neat hand excavation directly into the dense
ti11. Due to the absence of backfill at the sides the small
horizontal reactions could easily be generated without
significant lateral movements of the footing.

The vertical reactions in terms of the basic loads are
plotted in Fig. 3.5 for footings 3, 14 and 18. Since the
reactions could be either negative or positive, depending
on the relative settlements during the construction increment,
the reactions given in Fig. 3.5 are in terms of the absolute
value as a percent of the basic footing loads. From the

sett)ement data presented in Chapter II it can be shown that
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the difference between the maximum and minimum settlement

never exceeded 0.9 cm. (.35 inches) for any data set. Fig.
3.5 clearly illustrates that the settlement variation over
this 1limited range can generate appreciable footing reactions.

This conclusion was also obtained by Meyerhof (1953)
who observed that structural deformations induced appreci-
able stresses in spandrel beams and in columns, particularly
those in the lower storeys.

The data plotted for footing 18, which is connected to
the rest of the structure by means of a relatively flexible
beam shows that the load redistributions to or from this
footing are small, amounting to only -5.4 per cent at the end
of construction, this being reduced to +2.8 per cent over
the subsequent 43 year time span.

In contrast to this is the column framing into footing
3 which is connected to the core through a relatively rigid
girder and to the cantilever support walls within the park-
ing garage. At the end of construction the reaction by the
incremental procedure is -8.0 per cent, which is increased
to -30.4 per cent during the 4% year time span. A reaction
of -30.4 per cent represents a decrease of in footing load
of 2271 kips at footing 3.

Starting with trial &, the total footing displacements
experienced were applied to the structure completed at that
time. This is parallel with the conventional approach men-
tioned previously.

From the data given in Fig. 3.5 it is immediately
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obvious that there is no resemblance between the non-
incremental (conventional) approach and the more realistic
incremental procedure.

The data presented in Table 3.2 indicates that for
footing No. 5 there is at the end of construction a 299 kip
reduction in the load at footing level which equals a 6.4%
of the basic loading thought to exist on the footing. Using
the identical total settlements and the stiffness of the
complete building, the conventional procedure predicts an
increase in load of 1526 kips which equals 32.6 per cent of
the basic loading. This lack of agreement is characteristic
of the results calculated.

The reduction in load of 738 kips for the time dependent
period is approximately equal to the similar reduction from
15626 to 761 kips for the conventional procedure. This is
to be expected as the structural frame used in both trial 7
and trial 8 remains unchanged.

The magnitudes of reactions indicated for footing 5
can be described as typical. In the case of footings 1 to
4, located on the south side of the CN Tower, the reactions
are considerably larger due to the proximity of the thick
walls required for the support of the overhead cantilever sec-
tion. February 25, 1970 are -30.4% and -658.1% for the incre-
mental and conventional procedures respectively. These per-
centages represent Joads of -2271 and -4339 kips. The values

for footing 2 are +2% and +29.9% for the respective methods of



87

400y 9 b+ 19+ 6°6L- LEOL- 8€L- 0L ‘62 933 8
400y 9°2¢+ 9251+ v 9- 662- 9+ 69 °8Z "190 L
12 p2c+ 082 L+ 2°6- €9¢€- ZLz+ 69 ‘gl bny 9
91 0°62+ 948+ 0" LL- SL§- Log- g9 ‘9 ALnp g
tt ‘Y°N 8" 6- viz- LEL+ 69 ‘L2 Aew ¢
0l "¥°N 6L~ SoY- €26- 69 ‘02 Aey ¢
£ y°N 69+ gLL+ oLL+ 69 °€Z ‘Jew 2
400[ 4 punoug ‘¥°N 8+ 8+ 9 ‘oL ‘o3¢ L

umoys ajeq umoys ajeq

3e Buijoy je buijoy

3ybLay peoq butzooy peoq Bugjooy sdty sd1y
£34038 aLseg ayy sdiy JlLseg 3yj3 |e301-QqnS JUBWIAJUL *ON
paja@|dwo) 4O JU3D 434 uOLJLAY SO JUID U4 uOLjoEIY uoL}deIY ajeq Letay

34Npasndy

[RJUBWAAIUT-UOY [BUOLIUIAUD) 34NP3I0Ad [EFUBWIAIU]

43IM0L NI 3JH1 40 SNOILYWY033Q TWYNLINYLS
01 3ING G "ON ONILOO4 LY QILV¥INID SNOILIVIY¥ TVIILYIA

"t 378Vl



88

calculation. A complete table of results can be found in
Appendix C.

The reactions on the central core were much smaliler
than for most footings. The February 25, 1970 data indicates
that for both the conventional and incremental solutions,
the basic loading of the core would only be altered by +1.8%.
This low redistribution to the core was typical throughout
all eight trials.

As can be observed in Fig. 3.4, the settlement pattern
of the CN Tower did nbt conform to a bowl shaped depression.
In 1light of the analysis presented in Chapter 1I, this is
perhaps not surprising, as the contact pressure of the core
footing was about 1 ksf. lower than the surrounding column
supports.

Because of this somewhat unusual settlement pattern
the positive and negative vertical reactions generated at
the core supports, due to the relative positions of the
surrounding footings, tended to negate one another such that
their sum was small. Had the settlement pattern been typical,
the maximum settlement of the core would have generated a
net negative reaction at the core supports with the adjacent
column supports reflecting a net positive reaction.

The reactiaons induced by the settlements experienced
during the period from October 28, 1965 to February 25, 1970
were such that there was an overall reduction of the vertical
support Joads in the centre of the building with a correspond-
ing increase at the peripheral footings. The settlement of
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the central part of the building is likely due to non-elastic
behaviour of the foundation (creep) and the creep of concrete
members.

The reactions computed were not applied to the basic
footing loads and used to recalculate the derived moduli of
deformation by the procedures outlined in Chapter I1.
Intuitively, the load percentages quoted above would indi-
cate that the altered basic loads would give rise to an in-
creased scatter in the derived moduli, thereby indicating
that perhaps local "soft" or "firm" foundation areas exist
within the confines of the building perimeter. However, since
the sum of the vertical reactions generated by STRUDL would
always equal zero, the effects of load dispersion would cause
the average of all the derived moduli to change little from
the value previously calculated. For these reasons the

reactions were not used for further calculation.

3.6 Some Factors Affecting Interaction Results

The assessment of building rigidity is not a simple
task. Deviations from rigid joint action and cracking of
members make the structure less stiff than analysis would
indicate. In contrast to this tendency towards flexibility,
1light internal partitioning, architectura)l facings, mechani-
cal piping, etc. all tend to increase overal] stiffness.

To take these effects into account is an impossible task.

For long term considerations, yielding of the steel

reinforcement and creep of concrete leads to an overall
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reduction in stress concentrations introduced by differential
movements of supports (Neville, 1963). This effect can be
approximated by a reduction in the modulus of elasticity

used in the structural analysis or by applying a judgment
factor to the results. Throughout the entire STRUDL analysis
a modulus of elasticity of 3150 kips per square inch was
used. No reduction or judgment factor was applied in trial
no. 8 to allow for creep effects.

Based on the results of long term deflection tests,
the ACI Building Code Requirements for Reinforced Concrete
(ACI 318-63, Sect. 909) suggest that multipliers acting on
immediate deflections be used to estimate long-time deflec-
tions of flexural members under sustained loads. This is
comparable to allowing a reduction in loading to maintain
a8 sustained deflection. Thus the use of a multiplier of
2.0 to compute the additional sustained load deflections for
the case of no steel compressive reinforcement is similar to
a reduction of 2/3 in reactions generated by differential
building deflections. This reduction is somewhat severe and
perhaps reflects the discrepancy between ultra-conservative
conventional approaches to soil structure interaction which
predict high support reactions and member stresses and the
behaviour of real buildings which do not appear to exhibit
signs of distress under these conditions.

Because the mechanism of creep is as yet not fully
understood and since the above stated multipliers refer to

simply supported beams, considerable judgment must be exer-
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cised in applying factors to the results obtained from the
analysis of a building frame.

Recent work by Ghali, Dilger and Neville (1969) indi-
cates that the effect of creep on a continuous beam sub-
jected to an u1t1ﬁate settlement of 0.92 inches occurring
in one year results in an induced support reaction approxi-
mately 1/2 of the value without creep relief. Although
this factor is derived for the case of time dependent settle-
ment it would likely also be applicable to any lower storey
beam in the CN Tower which undergoes deflection due to
immediate settlements induced by further loading of the sup-

ports during construction of the building.

3.7 General Observations and Summary

An analysis of this type wherein the variation in
structural rigidity is taken into account becomes particularly
attractive where design criteria are critical and where dis-
placements must be controlled. An example of this is per-
haps a nuclear reactor installation where differential
displacements and cracking of the structure must be strictly
limited,

Upon imposition of a shock wave due to earthquake or
blast, the behaviour of the structure will be affected by
the stresses induced by foundation settiement. To perform
the dynamic analysis the effect of differential displacements
already existing in the building must be assessed by either

the incremental method or the ultra-conservative conventional
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method of analysis. Where the bulk of settlement takes
place during the construction period the incremental proce-
dure would be more appropriate.

The usual structural design practice is to take the
settlement pattern estimated from the basic footing loads
and calculate the moments generated in individual members
due to the differential displacements. 1If the shear or
moment capacity is exceeded, additional reinforcing may be
used to satisfy design requirements.

Generally, the axial loads generated by individual
beam shear reactions are not computed or used to recalculate
new footing loads and therefore a new estimate of settliement.
This procedure is conservative, as the new settlement pattern
Will possess smaller differentials at the supports due to
the effect of soil-structure interaction.

The overall factor of safety in a structural frame is
Probably about 2.0 at the full design load. This means that
even if signs of distress were evident, collapse would not
occur unless the building was subjected to about twice the
design load. \Undoubtedly many secondary effects and unknowns
can be accommodated by this factor of safety.

From the point of view of axial ]oadingnat the supports
it would appear that a major component of these unknowns
could consist of the reactions generated by differential
displacements. This is verified by the support reactions
at the CN Tower which were computed to be as high as 40 per
cent of the basic footing load. The conventional method of
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analysis predicts values even greater than these.

Implementation of techniques to compute soil structure

interaction effects could lead to a reduction of the amount

of "extra building" presently built into structures.

(a)

(b)

(c)

To summarize, the following points can be made:

In performing a soil-structure interaction analysis,
the variation in structural rigidity with storey height
cannot be ignored, particularly when the displacements
during the construction period dominate the settlement
history of the building.

The incremental method of analysis, which allows for
the variation in structural rigidity, is less conserva-
tive but more realistic than conventional approaches.
The two methods bear 1ittle relation to one another.
For example, in some instances the incremental method
predicts a negative support reaction whereas the conven-
tional procedure predicts a positive quantity.

The distortions of a real structural frame, induced by
small differential settlements at its supports, can
generate reactions of appreciable magnitude. The maxi-
mum settiement reaction calculated by the incremental
method for the CN Tower is +1920 kips at footing number
4 and represents 39.4% of the basic Joad acting at that
footing. The difference between the maximum and minimum
settlement which generated these reactions never ex-

ceeded 0.9 cm.
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(d) Techniques are now available for a complete frame
analysis; the reactions can be determined for any set
of known displacements imposed at the supports.



CHAPTER 1V
SOIL STRUCTURE INTERACTION WITH VARYING

STRUCTURAL RIGIDITY

4.1 Introduction

The purpose of this chapter is to introduce the con-

cept of varying structural rigidity into a simple method
for the analysis of soil structure interaction which will
be useful in design.

The method outlined deals only with the effect of
differential settlements of isolated footings on the struc-
tural frame. In calculating settlements the variation in
rigidity of the structural frame both in plan and in height
is taken into account. Variation of soil properties over
the site, a major cause of differential displacements, is
allowed for in the method. The effect of load dispersion
from one footing influencing the settlement of another is
included by superposition techniques. '

4.2 Previous Work
One of the earliest attempts to depart from the simplify-

ing assumptions of perfect flexibility or rigidity was a
study of the rigidity of a circular foundation resting on
an elastic medium (Borowicka, 1936). He illustrated that
the distribution of the contact soil pressure is a function

of Young's modulus and Poisson's ratio of both the circular
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btate and the underlying foundation soil.

Subsequent work for the case of multi-loaded, semi-
flexible rafts, resting on a Winkler medium, neglected the
redistribution of moments and loads in the supersfructure
due to differential settlements (Hetenyi, 1946; Vesic, 1961).

Grasshoff (1957) examined the influence of super-
structure rigidity on the contact pressure and bending
moments of a combined footing, taking into account the
settlement of the raft. His idealizations were perfect
flexibility and perfect rigidity of the superstructure, with
supports to the foundation being either hinged or fixed-end
rigid columns. Many structures do not possess either of
these two degrees of rigidity and are not supported by
fixed-end rigid columns to the foundation.

" For intermediate cases of superstructure rigidity.Sommer
(1965) presented a method based on elastic behaviour of both
the structure and soil for analysis of foundation beams and
slabs, flexible only in one direction.

More recent work by Lee and Harrison (1970) gives
solutions based on a Winkler model for combined or two-
dimensional raft foundations. The final stress state within
the foundation and structure takes into account the combined
effects of superstructure and foundation flexibilities.

Meyerhof (1953) and Chamecki (1956) have produced
approximate solutions for frame structures supported on
isolated footings. The work by Meyerhof is based on slope
deflection techniques and follows a procedure whereby correc-
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tion moments due to footing settlements are distributed to
the superstructure by the Hardy Cross technique. The settle-
ments are calculated from structural self-weight loads,
neglecting immediate settlement.

Chamecki (1956) considered only the effect of load
transfer as a result of soil-structure interaction. Utiliz-
ing the fact that footing pressures and the resulting
settlements must be compatible, he used an iterative proce-
dure to arrive at final footing loads and final settlements.
Simplified structural components were used in the analysis,

load transfer being limited only to adjacent columns.

4.3 General Observations

The work of other authors indicate that the areas of
concern varied greatly. Some were interested in specific
solutions for superstructure bending moments resulting
from a particular foundation type. Others were solely
interested in settlements. The simplifying assumptions and
models used to arrive at specific solutions varied as well.
Several conditions of fixity were often investigated and
often a variety of "equivalent" beams were used to repre-
sent the superstructure.

One concept not recognized in previous work is that
the rigidity of any building frame not only varies due to
differing assumptions of fixity but also due to the jnherent
variation caused by the addition of members as the structure

increases in height. 1In fact, the observation can be made
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that any soil-structure interaction solution which adopts

a specific structural model to represent the entire build-
ing, and thereafter seeks to utilize elastic theory or a
Winkler model to calculate soil settlements, must be in
error. Although possibly appropriate when consolidation
dominates the settlement response to loading, such a solution
must assume that gravity does not act and thus immediate
settlements do not take place until the building is struc-
turally complete.

It has been shown in a previous chapter that the settle-
ment behaviour of buildings founded on over-consolidated
soils is dominated by the settlements which take place dur-
ing the construction period. Available solutions to repre-
sent soil structure interaction during this period appear

inadequate.

4.4 Scoge of Soil Structure Interaction Solution

The solution presented here is for the immediate
settlement of a multi-storey frame of finite rigidity and
founded aon a series of rectangular spread footings. The
rigidity of the structural frame will vary with height and
will depend partially on the conditions of support fixity
chosen. The frame may be non-uniform in plan with increasing
storey height and may contain a rigid core wall. Variations
in soil properties over the site, which lead to larger
differential displacements, can be incorporated into the

solution.
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Most structural design procedures would follow the
format of initial sizing of component members as a function
of building self-weight and reduced live-load due to occu-
pancy. This first phase would be followed by a check on the
tolerance of the structure to wind loading and differential
settiement. A proportion of the forces and moments generated
by these checks would be added to those calculated in the
initial design stage, thus perhaps necessitating re-sizing
of some components of the structural frame.

The soil-structure solution given here would require
lTittle or no alteration in the procedures presently employed
by itructural engineers but would greatly facilitate execu-

tion of the check for structural behaviour due to settiements.

4.5 The Solution

(a) Foundation Displacements

Foundation displacements during the construction period
are termed immedijate and can be calculated using elastic
theaory. The procedure adopted here assumes that the foundation
is a homogeneous, linearly elastic medium of semi-infinite
extent. For a uniformly distributed vertical load acting
on a finite area, the solution for the settlement of a

caorner of the area as given by Steinbrenner (1934) is

2
a = q(lztyer, 4.1



100

where A = vertical displacement of the corner
u = Poisson's ratio
E = modulus of elasticity of medium
B = width of rectangular footing
I, = influence value dependent on ratio of footing

length to width.

To allow for the effect of load dispersion, super-
position can be used for a group of adjacent footings
(Terzaghi, 1943). Thus for N footings subjected to verti-
cal loads Rj the settlement of a particular footing at its

centroid can be expressed as:

j=N R
Ay = K J N 4.2
L 3= “? 7
where K = (1 - u?)/E
I\‘j = area of footing J

* %
Nii = Bityi

Nji is the contribution of footing j to the settliement at
i. Since by superposition we normally deal with 4 rectangles,

the term Nji

* _* %<4
MiioT Bty Tk Bt 4.3
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For simplification we put the preceding equation into
matrix form.

Ry R2 Ry
A1 = K[IT N11 + I;'N21 + ... + KK NN1]

4.4

Ry R2 Ry
AN = K[KT N1N + N; N2N + ...+ Ki NNN]

KN
By letting 'K%l = Mn we can reduce the matrix still

further. Thus,
A] = R]M]] + R2M2] t e RN"N]

8 = RyMyp + RoMapp RaMn2
etc.

Since the right side of these equations is the product
of two matrices we can write:

Ay | = | My My M3y e My Ry
4, M2 Ra
R3 4.6
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and thus | (Al = [M] [R] 4.7

The matrix [M] is symmetrical about the diagonal, the
non-diagonal terms generally being an order of magnitude
smaller. This dominance of the diagonal indicates that the
gkeatest proportion of settlement at a particular footing
is due to the load acting at that footing.

This fact makes possible the approximation for vari-
able site conditions. Rather than using a single E and u
value over the entire site, only those pertinent to a parti-
cular footing location can be employed. The matrix now
becomes non-symmetrical. To avoid gross error large varia-
tions in moduli should not be used. An upper limit of two
is suggested for the ratio of largest to smallest E values.

For cohesionless soils Standard Penetration Tests may
be used to give the required data (Terzaghi and Peck, 1948).
Such a procedure has been used to predict elastic properties
over the site for cases where load intensities did not
exceed one-third of the ultimate (Farrent, 1963; Webb, 1969).
Values of elastic modulus E derived from plate tests can also
be used (Burland and Lord, 1970).

(b) Structural Displacements

The procedure used here for relating structural behaviour
to suppart movements is similar to that suggested by Chamecki
(1956). A change has been introduced in that load transfer
throughout the entire structure is possible and is not limited
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to immediately adjacent members.

Any structural frame will generate positive or nega-
tive vertical reactions at all supports where any single
support is displaced downward by a unit amount. These reac-
tions are called reaction coefficients. The subscripts of
the reaction coefficient jS then refers to reaction at
footing support i due to a unit displacement at footing j. -

Thus for N footings, subjected to an arbitrary settle-
ment pattern, the net reaction at footing i after displace-

ments take place, is
Ry = R%; + ) jSAj 4.8

where jS = Reaction Coefficient

R°i = vertical load due to self-weight and no
differential settiement of supports
by = settiement of footing Jj

Thus we get for N footings

R] = R°] + A]Q]] + AZQZ] + ... ANQN]
Ry = R°2 + A2Q12 t 805, + .. ANQNZ 4.9
Ry = RO + 840y * - AnnN



This can also be expressed in the form

Ry 1= | @1 @y oo0 Oy
P
RN QIN . - 'y . 'Y QNN

or

[R] = [Q] [al + [R°]

This equation thus states that the vertical reaction
at a particular footing is the sum of self weight loads,
assuming no structural distortions, and the load transfer
generated by distortion of the frame as differential settle-

ments take place.

Pue to the theorem of reciprocity it will be found

R®,

R®N

that the [Q] matrix is symmetrical about the diagonal.

statics must be satisfied the expansion of [Q) [A] and addi-
tion of all resulting terms wil)l yield the quantity zero.
This in effect states that the net farce acting on the frame
must remain unchanged and equal to its self-weight. Thus
if the sum of the terms in any column or row of the [Q]
matrix does not equal zero, an error has been made.

It can also be shown that the load transfer to or from

a footing will remain unchanged when an arbitrary frame dis-

4.

4.11

10

Since
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tortion is altered by an equal amount of settlement to all

footings.

"(c) Compatibility
From consideration of foundation settlement and struc-

tural load transfer, equations 4.7 and 4.11 were derived,
both in matrix form.

Compatibility dictates that:
(a) the foundation settlements must equal the structural

displacements of the supports and
(b) the vertical foundation loadings must equal the verti-

cal reactions at frame supports.
- We can thus combine the equations to arrive at mathematical
solutions for final settlements and footing loads.

Substituting equation 4.7 into equation 4.11 yields
[R] = [Q] [M] [R] + [R°] 4.12

Reducing to isolate [R] we get

([11 - [Q] (M1} [R] = [R°] 4.13
and thus [R] = [S] [R°] 4.14
where [s) = €[J1 - ra] (M1} | 4.15

with [R] known we can go back to equation 4.7 to solve for
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settlements.

[a] = [M] [R] 4.7

Note here that we have arrived at a solution for a structure
of specified but arbitrary rigidity undergoing arbitrary
settlement of its supports due to the imposition of a set

of self-weight loads.

Use of reaction coefficients for the entire structure
as well as the total design self-weight loads would corres-
pond to the conventional soil-structure procedures outlined
in the earlier discussion.

The solution, taking into account varying structural
rigidity, would be identical but only for a single increment
of storey height. The settlements would be those generated
by the addition of a single storey. The structure under-
going the distortion would be the frame existing at the time
of the storey addition.

Repeated use of the solution with increasing magnitudes
of reaction coefficients would thus reproduce a realistic
variation in rigidity as construction progresses. The addi-
tion of increments of storey load would finally yield the
correct settlements and load transfers for the end of con-

struction condition.

4.6 Variation of Structural Rigidity with Height

It is time consuming to compute new reaction coeffi-
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cients every time a building frame increases in height by
an additional storey.

For any particular structure or portion thereof, that
maintains constant geometry in plan and in height, the reac-
tion coefficients are a linear function of storey height.
This can be illustrated by visualizing a single beam of
finite stiffness supported at both ends and at midspan.
Depending on the support conditions assumed, a forced verti-
cal unit displacement of only the midspan support requires
particular positive or negative vertical reactions at each
of the three supports. The addition of four beams identical
with the first, followed by the same deformation condition
will generate vertical reactions exactly five times greater
than before at the three supports.

In most structural frames this linearization is nearly
rigorously true as spandrel beams, floor slabs, and floor
beams are usually typical with height. A slight deviation
may result with decreasing column sizes at higher elevations.

Skempton and MacDonald (1956) attempted to relate
angular distortions and maximum settiements to maximum storey
height, the latter parameter assumed to be indicative of
structural rigidity. No pattern was found to exist for the
data available. This is likely attributable to the over-
simplified assumptions used. Buildings of equal storey
height can possess markedly different structural stiffnesses.
Furthermore they can exhibit markedly different settiement
patterns during construction and afterwards due to differences
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in foundation types.

Reaction coefficients are computed separately from
the soil-structure interaction solution. If the frame is
simple, they can be computed by hand. For larger frames
it is suggested thatthe ICES-STRUDL Il program, available
from IBM for use on an IBM 360/67 computer, be used. This
method is very simple in that in-depth knowledge of struc-
tural engineering or computer programming is not required

for derivation of the coefficients.

4.7 Computer Solution

The direct mathematical solution for incremental inter-
action given in equation 4.14 does not lend itself to use
within a computer program. For buildings with say, twenty
footings and having a similar number of storeys, the reac-
tion coefficient matrices become unwieldly and the required
amount of computer time for matrix inversion becomes pro-
hibitive for commercial purposes.

The iterative technique adopted in the computer program
converges quite rapidly to the solution and decreases the
storage that would otherwise be required. A brief summary
of the iterative procedure follows.

(1) As a first approximation the incremental design loads
R°i, when going from storey height Sz-] to S,, are used
to compute a set of A, vajues. Equation 4.7 yields
the results.
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(2) sSubstitution of the set of 4, values into the struc-
tural relation yields a series of load transfers. The
reaction coefficients jS are those for a structural
frame S, storeys high.

(3) As indicated by equation 4.11 the load transfers are
added to the R°,i values, the new loads being used to
recompute a new set of footing settlements by.

(4) Steps 2 and 3 are repeated until the R, values repeat
themselves within the limits specified by the conver-
gence criteria. The rate of convergence is influenced
by the relaxation factor. The number of iterations
required to satisfy the convergence criteria is smallest
when the relaxation factor equals 0.5. The final A,
and R, values computed are the solution for this parti-
cular storey increment.

(5) For increasing storey heights, steps 1 through 4 are
repeated and the final settlements and total loads

then are
S=H
Ay final = sgl As 4.16
S=H
Ry final = 551 R, 4.17

where H equals building's maximum storey height.
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4.8 1Input for the Computer Program

The computer program requires five types of informa-

tion as input.

(1) Statistics for Program Control
Here the total number of footings, storeys, and soil
types, are specified. The number of iterations and conver-

gence criteria are listed here as well.

(2) Footing Loads
The total design loads acting on a particular footing
for a particular storey height are listed. Omitted values

are found by interpolation.

(3) Footing Geometry
Footing dimensions and coordinates of the centroid of

the footing are specified.

(4) Reaction Coefficients
For a particular storey height a complete square matrix
of reaction coefficients will be required. Omitted matrices

will be interpolated on the basis of starey height.

(6) Foundatiaon Properties and Locations
The dimensions and coordinates of the centroid of rec-
tangular areas are specified with the accompanying moduli

and Poisson's ratio.

Rules for preparing input data can be found in the
detailed description accompanying the program in Appendix F.
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A 1isting of all input data is given in the program
output.

Output of results is given for each footing and for
both the conventional and new incremental procedures. The

loads and settlements for each completed storey are specified.

4.9 Example Solution

An example solution of the soil structure interaction
problem using computer techniques was carried out by analyz-
ing a semi-rigid structural frame of non-uniform geometry
with height. To accentuate soil-structure behaviour five
soil zones were specified such that differential displace-
ments would be maximized.

Convergence criteria specified that all the vertical
reactions during the iteration process must repeat themselves
with less than 0.05 kip variation before going on to the
next storey.

The model frame and location of soil zones is shown
in Figure 4.1. We can see that footings )1 and & are located
on a "soft" and "stiff" soil zone respectively. Hence the
relative differential displacement between these two points
will tend to be the maximum. For this reason considerable
load will be redistributed from footing 1 to footing 5.

The tabulated results for these two footings are shown
in Table 4.1. For the case of no soi] structure interaction
and uniform load increases up to the 5th floor, we have uni-
form settlement increases of .095 inches per storey. This
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Soil Zone Assigned

Modulus
1 3600 kst
B 3 4320 kst
4 4320 kst.
S 5760kst.
75 F ©:04 all
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accumulates to .473 inches at the 5th floor. Although the
load increments remain the same beyond the 5th floor, the
absence of l1oad dispersion from footings 13, 14 and 15
results in a uniform reduction in settlements to 0.089
inches per storey with the final settlement accumulating
to 1.006 inches. The incremental storey load accumulates
to 2750 kips with the completion of the 11th storey. The
sel f-weight footing loading undergoes no change as the struc-
ture is considered to be perfectly flexible.

The structural stiffness is taken into account in
the incremental soil structure solution. We have at the
completion of the first floor a slight reduction in settle-
ment from 0.095 to .092 inches and a reduction in the vertical
footing load from 250 kips to 235.4 kips. This reduction
is due to the stiffness of a single storey frame causing
load to be transferred from footing 1 to adjacent footings.
As the frame increases in height and thereby in rigidity,
the decrease in settlement per storey becomes greater as
does the magnitude of load transfer per storey. The 5th
floor increment causes the self weight loading to be reduced
from 250 kips to a net footing load increment of 196 kips.
Proceeding to the 11th storey the reductions in load carried
by footing 1 increase until finally the rigidity of the
fréme causes only 154.9 kips to be transferred at that floor
to the footing. The accumulated footing load equals 2097.6
kips. This represents a 24 per cent reduction of the self
weight loading due to the load transfer caused by the
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differential displacements of the structural supports.

The calculation for the conventional procedure is
presented as well. If the entire 11 storey frame could be
built as a weightless but semi-rigid structure, the "appli-
cation" of gravity would cause a much greater amount of load
redistribution. The footing load indicated in Table 4.1
has been reduced by 38 per cent from its initial self-weight
loading.

The data shown in Table 4.1 for footing 5 is generally
similar to that described for footing 1. The footing load
increase, instead of reduction, is the result of differential
displacements induced by the tendency toward less settlement
at the periphery of loaded areas as well as the founding of
footing 5 over the "stiff" soil zone.

At footing 5 the incremental procedure predicts an
increase in footing load of 17.5 per cent of self-weight
loading to 1938.8 kips. The conventional procedure is again
more conservative when it predicts the final footing loading
of 2121.4 kips.

From this table it is obvious that small differential
settlemeﬁts can give rise to appreciable load transfers when
the frame or structure undergoing the distortion is stiff
or semi-rigid. The summation of all the final accumulated
footing loads will of course equal the total weight of the
eptire building frame.

Having solved for the support settlements of the semi-
rigid frame, it is now possible to compute the effects of
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differential distortions on indtvidual members. 1f ICES-
STRUDL 11 was used to derive the reaction coefficient mat-
rices, component members of the frame can be analyzed simply
by introducing the support settlements into the already
available structural model.

The incremental solution solves the soil-structure
interaction problem of moderately rigid structures which
settle during construction. It is a considerable improvement
over the conventional technique and can be readily applied

to design practice.



CHAPTER V
MEASUREMENT AND ANALYSIS OF HEAVE AT THE
ALBERTA GOVERNMENT TELEPHONES (AGT) TOWER SITE

5.1 1Introduction
One of the questions that had to be answered in the

design of the AGT-Oxford Complex was related to the magni-
tude of foundation displacements which could be expected

d@s a result of excavation at the site and subsequent reload-
ing as construction progressed.

From preliminary examination of the settlement records
of the CN Tower located one-half mile to the north it was
anticipated that the movements would be dominated by the
elastic response of the foundation. However, due to some
variation of site stratigraphy between the CN Tower and
AGT Tower locations and the absence of any field records
on other buildings in the area, there was considerable
hesitation in arriving at some representative field modulus
~ Which could be used in the analysis. Some laboratory moduli
were available and eventually a decision was made such that
the analysis could proceed.

Several factors made it desirable to monitor and analyze
the rebound during excavation as well as the settlement of
the 26 storey Oxford Building and the 34 storey AGT Tawer.
These include, the unknown reliability of the lahoratory
derived moduli of deformation, the proximity of existing and
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to be constructed buildings, the presence of nearby under-
lying coal workings and the relatively new practice of
multi-storey construction on the foundation soil found in
the City of Edmonton.

The rebound aspect of the study is presented in this
chapter. The observed heaves, their analysis and their
implications to design practice are outlined. The instru-
mentation used and the method of data acquisition are fully
described. A discussion of the foundation stratigraphy of
the AGT-Oxford Complex site and a description of laboratory

derived geotechnical data is included.

5.2 Site Description
The geographical location of the central area of

Edmonton within which the AGT Tower excavation is Jocated
was shown in an earlier chapter in Figure 2.1. Detail map
B shown in Figure 5.1 indicates the location of the AGT-
Oxford site, an outline of the excavation, the location of
adjacent buildings and the location of the reference bench-
mark. At the time excavation commenced at the AGT site,
the superstructure of the adjacent Oxford Building was
nearly complete.

The maximum depth of excavation in the AGT Tower care
footing area is 46 feet from the original ground surface.
The southern portion of the underground parking area is the
shallowest excavation with a depth of 37 feet.

The overall dimensions of the base of the final excava-
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tion are approximately 330 by 330 feet with construction
side slopes of 1 1/2 vertical to 1 horizontal. A1though
at some locations the side slopes were cut even steeper all

stood without cof1apse over a one year period.

5.3 Site Geology and Stratigraphy
The geology of the central business area in Edmonton

was described in some detail in an earlier chapter. The
stratigraphic profile at the excavation site remains un-
canged in sequence but varies considerably in depth to in-
dividual strata. | ' .

With the exception of a small number of dry auger test
holes, an extensive program of wet-drilling by means of a- 5
-Failing 1500 drill was carried out by the foundation con-
sultants. Pitcher tube sampling was carried out wherever
possible. Several bedrock and til] samples were obtained:
for laboratory testing. The locations of drill holes and
stratigraphic sections are shown in Figure 6.2, Several
representative borehole logs pertinent to the Site are given
in Appendix B.

It should be pointed out that the.large number of hore-
holes drilled were put'down in an effort to locate an
abandoned coal mine thought to exist beneath the building
site. Cavities at depths consistent with the coal seams were
found but were proved to terminate well away from the tower
lacation. |

Borehole resistivity surveys made it possjb]é to deter-



121

TN =m0
rOxford\ I .g'l
| Annex | | gl
L, 0 ¥
b ¥ N
I & 11 osord LW Ve
| J | Building 2/
L 7 "
— L f?
% " eis"
r— ==/
i | | e
: AGT : 8
Building
280 02
: 7‘ !63"
25
' ’ioﬁ F
| V™ —————
| % ’4/ 2 )
v ¥ FTepaEe | oael |
’ //// ¥9 ?:ga? '] { J
ATEVIRVvv gy ‘——/
\/' /,& o Extent of U.nssorqvound Parking Garage
3 ; 3

Scale

8 v
0 50 100
feet

Fig.- 52 Location of Boreholes and Stratigraphic
Section, AGT-Oxford Complex



122

mine precisely the elevations of specific coal seams and
proved to be much more reliable than the determination of
elevations from wash borings. i

The stratigraphy at the site could be determined with
accuracy. The profile consists of strata of surface fill,
lacustrine deposit, clay till, Saskatchewan Sands and Gravels
and bedrock, the latter locally known as the Edmonton Forma-
tion. Cross-section E-E through the site, shown in Figure
5.3, gives the stratigraphic sequence.

The till deposit at the site has an average top surface
elevation of 2213 feet (City of Edmonton) and an average
thickness of 32 feet. The till matrix consists of a stiff,
silty or sandy clay, which contains pockets and lenses of
silt and sand, pebbles, stones, coal specks and streaks of
iron rust. During excavation some discontinuous sand lenses
2 to 3 feet thick were observed in the till sheet. The
colour of the till is usually dark grey-brown, with light
Prown pockets of sand and silt. The till is extensively
fissured throughout the stratum, with a thin layer of iron
rust and other minerals deposited within the fissures. The
density of till is high, as evidenced by Standard Penetration
blow counts at the AGT site varying between 23 to +100 blows
per foot, and averaging 80 blows per foot. The lower blow
counts occur in the upper portion of the til]l sheet, the
higher values generally occurring at lower elevations and
at the location of the AGT Tower footings. The natural water
content varies between 7 per cent and 23 per cent and the
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average is usually about413 per ceht. This illustrates the
heterogeneity of the deposit.

The Saskatchewan Sands and Gravels is a dense
granular deposit with a surface elevation of about 2181
feet (City of Edmonton) and an average thickness of approxi-
mately 15 feet at the AGT site. The stratum is mainly dense,
medium to fine grained sand, with gravels and rocks found
only near the contact with underlying bedrock. Standard
Penetration blow counts in the material range from 80 blows
per foot to values in excess of 100 blows per foot. The
natural moisture content ranges from 4 per cent to 16 per
cent, with an average of about 5 per cent. As is typical of
dense sand deposits, the stratum at the site is a very com-
petent bearing material.

The bedrock formation consists of interbedded bentoni-
tic mudstones and silty sandstones with some seams of lignite
coal. The upper 10 feet of the formation is weathered.
Drilling at the site indicated that shattered zones exist
deeper within the bedrock mass, probably the result of ice
movements during the Pleistocene. Standard Penetration blow
counts which range from a low of 16 per foot in a coa] seam
to 75 to 100 per foot elsewhere, as well as relatigely high
sample recovery ratios, indicate that competent bedrock exists
at the site.

During the extensive drilling program no permanent
water table was observed. Some free water was encountered

within sand and silt lenses in the til] at the AGT-Oxford
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site, but in quantity often proved to be small. The water
used in the installation of instrumentation drained into

the formation over a period of a single day, likely through
the fissures in the till. During the excavation at the site,
no free water was encountered in the excavation or in the
Saskatchewaﬁ Sands and Gravel deposit. As is often the

case in Western Canada, the free water table is difficult to
determine and at the site is thought to exist somewhere in
the bedrock formation. The presence of dry cavities within
the coal seams suggests that it might be found at depths at

least 120 feet below ground surface.

5.4 Geotechnical Properties from Laboratory Tests

From the point of view of computation of heave and
settlement, the only property of interest for the upper
lacustrine silty clay stratum is its in-situ bulk unit weight.
This value used in computing the AGT excavation unloading
pressure, varied between 126 pcf and 111 pcf, with an average
of 119 pcf. The natural moisture contents of this deposit
range from 39% to 16%, averaging between 25 to 30%.

The underlying till deposit is very dense with an in-
situ bulk density varying between 135 pcf and 124 pcf and
averaging 131 pcf. The heterogeneity of the deposit is
reflected in the grading analyses run on samples taken at
different elevations. The per cent of sand sizes (M.I.T.
Scale) varied betﬁeen 34% and 73%, silt sizes between 15%
and 45% and clay sizes between 12% and 21%. Although some-
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what speculative, the till1 at the AGT site is considered
to be somewhat sandier than tills found elsewhere in the
Edmonton area. Atterberg 1imit tests of the till matrix
indicated a high and Tow liquid 1imit of 38.6% and 22.4%
respectively and a high and low plastic 1imit of 20.5% and
15.1%. The average plasticity index is 10.4%.

Six consolidation tests were run on till samples taken
at elevation 2188 feet (City of Edmonton). This elevation
is approximately the elevation of the rebound points and
the AGT footings. The computed void ratio at a 2 ksf oedo-
meter loading varied between 0.454 and 0.356. By averaging
the oedometer deflections subsequent to this load and using
the corresponding average void ratio of 0.394, the composite
plot shown in Fig. 5.4 was prepared. All data used is
corrected for compression of the testing apparatus. Numeri-
cal results are given in Table 5.1 for the composite con-.
solidation curve of the six specimens.

The results of 4 unconfined compression tests run on
till and pitcher tube samples of bedrock are shown in
Table 5.2.

A summary of caonsolidation test results for bedrock
samples is given in Table 5.3. The intermediate rebound
and reloading cycle approximately reproduces the vertical
stress variation experienced at the sample depths shown due
to excavation and reloading. The moduli of deformation over
this intermediate reloading range would be approximately
twice the values shown at the bottom of the Table for initial
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TABLE 5.1

SUMMARY OF CONSOLIDATION TEST DATA ON TILL

Initial Void Ratio .382
Void Ratio at end rebound at 0.5 ksf .403
Original overburden pressure 5.40

Compressive Index, Cc

0.5 ksf to 2.0 ksf .013
2.0 ksf to 5.4 ksf ' .030
5.4 kst to 13.0 ksf .044
Rebound Index, Cr
5.4 ksf to 0.5 ksf .028
Modujus of Volume Comp., m,
Rebound 6.4 ksf to 2.0 ksf .0027
5.4 ksf to 0.5 ksf .0043
Modulus of Volume Comp., m,
Compression 0.5 ksf to 5.4 ksf .0031
2.0 ksf to 5.4 ksf .0026
5.4 ksf to 13.0 ksf .0016
Modulus of Defarmation, E, u = 0.4
Rebound 5.4 ksf to 2.0 ksf 1200
5.4 ksf to 0.5 ksf 752
Modulus of Deformation, E, u = 0.4
Compression 0.5 ksf to 5.4 ksf 1044
2.0 ksf to 6.4 ksf 1245
5.4 ksf to 13.0 ksf 2022

ksf

ft/k
ft2/k

ft/k
ft/k
ft2/k

psi

psi

psi
psi
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loading.

One interesting feature of the tests run on these bed-
rock specimens is that the immediate oedometer deflection
upon application of the new load increment varied approxi-
mately betwen 20 and 40 per cent of the total. 1In the case
of specimen 13-C, primary consolidation was complete in 1
minute with secondary consolidation or creep taking place
thereafter. Although influenced by the degree of sample
disturbance and fit of the specimen in the oedometer ring,
as well as creep of the testing apparatus with time, this
rapid response reflects the corresponding behaviour in the
field.

Three small 1.5 inch diameter specimens were cut from
a block sample of preglacial alluvial Saskatchewan Sands
obtained at elevation 2182 feet (City of Edmonton). The
samples were backpressured and consolidated anisotropically
to an effective axial pressure of 20.25 psi, with respective
lateral pressures corresponding to K, values of 0.6, 0.5 and
0.37. After the application of a further deviator stress,
the specimens were allowed to creep with time. The first
recorded strain at one minute can be used to estimate a modu-
lus of deformation. The derived moduli of the same order
noted above are 9500 psi, 14,000 psi and 7,700 psi respectively.
Long term creep beyond the one minute strain was small, the
maximum recorded was 0.07% for a 5 day period and for the
sample subjected to the greatest increment in deviator stress.

At the completion of the creep tests the effective
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lateral stresses were 29.0 psi, 27.0 psi and 24.0 psi
respectively. Maintaining these lateral pressures, the
deviator stresses were increased to failure, the resulting
angle of internal friction averaging 41.5°. The tangent
moduli for the three tests at 1/2 (04-0
15,000 psi, 26,600 psi and 31,000 psi.

3)max are respectively

The results of a consolidated undrained compression
test run on a 2.8 inch diameter Saskatchewan Sands specimen
cut out of a block sample are shown in Fig. 5.5. The iso-
tropic stress path of consolidation and the paths of varfous
loading cycles are indicated. The sample was not back
pressured and no pore pressures were recorded at the attached
pore pressure transducer. The observed angle of internal
friction was 40.4°,

Three compressive strength tests were run on 1.5 inch
diameter specimens cut from bedrock core samples taken at
elevation 2164 feet (City of Edmonton). The specimens of
interbedded mudstone and soft sandstone were conso]idated
at lateral pressures of 21.0 psi, 29.0 psi and 22.0 psi and
taken to failure under fully drained conditions. The maximum
observed tangent modulus at 1/2 (°i'°§)max was approximately
5000 psi with peak strengths occurring at strains of about
2.2%. The average effective angle of internal friction
observed was 41.5° with no cohesion.

Two consolidated undrained tests with pore pressure
measurements were performed on specimens cut from pitcher
tube samples of silty soft sandstone taken at elevation 2169
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feet and 2167 feet (City of Edmonton. Specimens were aniso-
tropically consolidated under a back pressure of 20 psi with
Ko assumed at 0.6. The applied axial pressures were 65.7
psi and 57.8 psi, the latter value corresponding to the
estimated in-situ overburden pressure at elevation 2167
feet. The plotted effective stress paths are characteristic
of over-consolidated soil. The tangent moduli at 1/3
(ci'cé)max for the two samples are 14,800 psi and 10,450
psi. The effective angle of internal friction was 37° for
both samples, the first specimen showing a cohesion inter-

cept of 13 psi.

5.5 Instrumentation: Installation and Data Acquisition

To record heave within the confines of the excavation
area ten rebound points (floating benchmarks) were installed
in boreholes at an elevation below the bottom of the excava-
tion and at Jocations where they would remain accessible as
construction progressed. Four settlement pins were installed
on the Alberta College buildings located immediately adjacent
to the excavation.

These points allowed direct measurement of heave. The
settiement pins installed on the south column line of the
Oxford Building were used to record approximate or indirect
heaves.

The rebound points consisted of a 12 inch high vane
possessing 4 flanges made from 1/4 inch steel plate and
sharpened at their base. Attached to the flanges at the
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top was a 3/8 inch circular plate, 3 inches in diameter,
which served as a horizontal reference elevation. Fig. 5.6
shows a typical vane and the driving tool used in the
instaltation.

After the boreholes were wet drilled with a Failing
1500 rig to the desired elevation, the vane was lowered to
the bottom and pressed into the ground by hydraulically load-
ing the vane with the weight of the truck and drill rig.

This usually resulted in 2 or 3 inches of penetration. Using
the Standard Penetration Hammer the vane could usually be
driven an additional 5 to 6 inches into the dense bedrock

or till. Rotation of the driving tool allowed it to be
disengaged from the vane,

Each borehole was then backfilled with a bentonite
slurry (drilling mud), the copsistency of the mixture depen-
dent on the capability of the mud pump to handle the fluid
mass. Subsequent examination of the boreholes from the
ground surface revealed that excess water had escaped into
the til1l formation, with the remaining bentonite adhering
to the borehole walls. Additional slurry was then mixed by
hand to a much thicker consistency and poured down the stil]
open boreholes.

As the colour of the slurry was not unlike the dominant
colour of the till sheet, it became desirable to use a dye
with the bentonite to facilitate relocation of horeholes at
a later date. Initial attempts showed that methyl-blue dye
was unsuitable. An intense red dye (Erythrosine Dye - colour
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FIG. 5.6 TYPICAL REBOUND VANE WITH
ATTACHED PRIVING TOOL
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index 773) was added to the bentonite during hand mixing
and proved to be very satisfactory. It coléured the slurry
a bright pink and stained any soil with which it came into
contact.

When some of the small buildings originally on the
site were removed, the precise locations of all but two bore-
holes were determined by triangulation. These two boreholes
were referenced to sidewalks and other objects just outside
the excavation. The loéation of all 10 rebound points are
shown in Fig. 5.7.

From this diagram it is evident that rebound points
3 and 5 are located directly beneath the exterior footings
of the AGT Tower. Rebound points 4 and 7 were positioned
a horizontal distance only 5 feet apart approximately on -the
north-south centre line of the AGT Tower. Rebound point 4
was located just below the elevation of the central core
footings while point number 7 was located 22.5 feet deeper.
The purpose of this was to record the vertical expansion of
the 22.5 foot zone as well as its subsequent recompression
as construction progressed.

A1l other points were located within the confines of
the lower parking garage outside of the AGT Tower area.
Rebound point number 8 was purposely placed near a corner
of the excavation. Rebound point 7 was Jocated in the upper
bedrock surface, point 4 in the upper few feet of the
Saskatchewan Sands and Gravels, and al]l other points at

various Jevels in the till stratum near its base.
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Prior to any excavation the elevations of all the vane
plates were determined as accurately as possible and refer-
enced to the 60 foot deep benchmark (DBM #1) 10cated as shown
earlier in Fig. 5.1. This surveying was done by a somewhat
unusual procedure which at times was difficult to perform.
The record of benchmark control is given in Appendix D. Ele-
vations were taken by using a high pfecision level (Wild N-3)
and reading directly onto a steel tape subjected to a stan-
dard 10 pounds of tension and suspended within a 3/4 inch
diameter pipe. Fig. 5.8 shows a typical assembly of the
apparatus.

The tape was connected to a machined conical probe
which fitted the pipe. Individual lengths of pipe were
threaded over the tape as the pipe was lowered through the
- bentonite slurry. Fig. 5.9 shows the operatiob of pipe
coupling and the slotted steel plate holding the pipe in
place to prevent it from falling down the hole through the
slurry under its own weight. A distinct metallic ring was
carried upward through the 3/4 inch piping to the ground sur-
face when contact was made with the reference plate of the
rebound point vane. Fig. 5.10 shows a typical rebound plate
at the bottom of a borehole at the completion of a 40 foot
excavation. Any twist in the tape would be removed, and
the tape would then be tensioned.

A reading on the "rod" thus created would be taken to
the nearest .001 foot. The pipe assembly would then be
listed, rotated and reprobed until three readings were obtained.

These would usually repeat themselves with variations rarely
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FIG. 5.8 SURVEY APPARATUS
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FIG. 5.9 INSERTION PROCEDURE

FIG. 5.70 EXPOSED REBOUND PLATE
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exceeding + .001 foot. The overall accuracy of the traverse
was considered to be about 0.005 feet with the error of
closure rarely exceeding 0.010 feet. The reprobing opera-
tion at rebound point 3 is shown in Fig. 5.11. Here about
40-feet of pipe was 1ifted and reprobed. Immediately behind
the technician is the partially constructed underground
parking garage located in the N.E. excavation quadrant.

The maximum depth of hole probed was about 75 feet,
this being approximately the limiting depth that the pipe
could be pushed by hand through the slurry. Removal of the
assembly from this depth was difficult, as the pipe had to
be held in place and cleaned as individual pieces were dis-
connected.

As the coefficient of expansion for the steel tape
was known, the level readings were corrected for temperature
effects. This correction was generally very small but could
be significant where the holes were deep or the temperature
differentials were severe. Ground temperatures were of the
order of 40°F, the standard tape temperature being 68°F. For
a 75 foot length of tape suspended in a borehole the Jeve]
correction would be about .015 foot.

These corrections had to be made as at completion of
excavation, a 45 foot distance could now be surveyed in air
temperatures, these varying between about 80°F in summer to
-10°F in winter.

Some rebound points could not be read in winter as

the bentonite slurry and ground was frozen to about a & foot
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REPROBING PROCEDURE AT
GROUND SURFACE
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depth. From the method of excavation and subsequent con-
struction followed by the contractor, no vanes were subjected
to frost actioﬁ. as partially constructed areas were en-
closed and heated. _

Excavation at the site was carried out in 4 stages and
the quadrant areas involved are as shown in Fig. 5.7.
‘E1evation'changes during the excavation period were recorded
by relocating the boreholes and reprobing to the rebound points
Rebound points 1 and 9 were lost as the boreholes could
not be found. Efforts to find these at the completion of
excavation by electronic metal detectors were unsuccessful.
The process of relocation and measurement of elevations of
the 8 remaining rebound points took two days and was‘usually
done on weekends when excavation equipment was idle. The
dimensions and depths of excavation zones corresponding to
each heave set were recorded.

At completion, all rebound points except numbers 7 |
and 8 were located a few feet below the bottom of the excava-
tion and thus probing was now a much simpler task. 'Rebound
point 8 was excavated due to a 1 foot elevation error made
during its installation. Access to al) remaining points
was maintained by sleeving through concrete footings and
ground slabs such that data acquisition could continue as
construction progressed.

In the case of rebound points 3, 4 and 6 complete over-
laps between heave and subsequent foundation settlements was

possible, thus providing a continuous record of ground mave-
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ments at the site.

To reduce survey error, a vertical pipe was installed
along a wall such that surveying from the benchmark at
ground surface to the underground parking area could be
accomplished by means of a single turning point.

A second 100 foot deep benchmark (DBM #2) located in
the parking garage basement was included in the rebound
point survey traverse to check migration of elevation of
this new benchmark. Benchmark #1 has been referenced to a
point (BM #3) on a relatively large building located a short
distance away. This building is more than 50 years old and
thus the reference point is considered to be reliable.

The pins installed in the adjacent Alberta College
buildings are called settlement plugs as they are identical
to the settlement plugs in the AGT Tower. The instailation
and recording procedure is described in a later chapter
dealing with movements observed there. The elevations of
the Alberta College buildings relative to deep benchmark #]

were taken periodically as excavation progressed.

5.6 Observed Foundation Rebound
Excavation work commenced on September 19, 1968 and

was completed on August 14, 1969. The heaves measured dur-
ing the sequence of unloading and partial reloading of the
foundation soil are shown in Fig. 5.12.

The real data as obtained in the field has been plotted

as distinct points. The lines drawn through these points
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were not drawn simply from point to point but were often
extended to reflect the real history of unloading. For
example, the parallelism of several lines as given by three
rebound sets in Fig. 5.12 was continued beyond the day 101
to day 232 period. During this period and prior to day 260
there was no unloading until the start of excavation of the
S.W. quadrant.

One interesting observation that can be made is that
the heave at rebound point 7 at day 368 is still 81 per cent
of the 2.27 inches recorded for point 4 located 22.5 feet
above it.

This means that the bulk of the heave at the AGT site
takes place in the bedrock formation. Furthermore, it means
that the 22.5 foot zone, essentially the Saskatchewan Sands
and Gravels stratum, expanded about 0.42 inches during un-
loading, as indicated by the gradual separation of plotted
data in Fig. 5.12 for points 4 and 7.

The downward movement of rebound points 3, 4, 5 and 7
after day 410 reflects the increasing foundation loading as
construction progresses at the AGT site.

Rebound point 10 Jocated within the N.E. quadrant,
(see Fig. 5.7) responded very rapidly to the removal of
overburden. Rapid response of this type has also been experi-
enced by Bara and Hill, (1967) and Serota and Jennings,
(1969). The subsequent 1 inch upward movement of point 2
during the excavation of the S.E. quadrant again reflected

this rapid foundation response.



. 148

During the seven month winter period prior to excava-
tion of the S.W. quadrant, appreciable time dependent rebound
took place at points 2 and 10. The magnitude of this move-
ment equalled the earlier heave recorded during the period
of load relief. Similar response has been observed by Endo
(1969) for the expansion of a very stiff clay strata due to
the excavation of overlying soil. The heave observations
at the AGT site are consistent with those reported by Chang
and Duncan (1970) for a 200 foot deep excavation in California.
Here a deposit of interbedded clays, silts and sands under-
lain by highly consolidated siltstone and dense silt rebounded
as much as 1/3 of the total measured after excavation was
completed.

At the completion of the S.E. quadrant the borehole
in which rebound point 3 was located, surfaced only about 4
feet from the edge of the 40 foot deep excavation. Probing
to this point became difficult at this time. To make proper
contact, the piping had to be held against the borehole side
and even then the conical probe often slid beside the
circular plate that capped the vane. It is considered
possible that some latera) distortion of the ground caused
the slight out of vertical alignment and hence the difficulty.

The maximum heave recorded at the site after completion
of excavation in all four quadrants was 2.7 inches for re-
bound point 2. Although more centrally located, rebound
point 3 heaved a Jesser amount of 2.3 inches as extensive

time dependent movement was prevented due to reloading by
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the footing above it.

In general the movements followed the expected theo-
retical pattern; i.e., the greatest heaves occurring in
the centre of the excavation and the least at rebound point
8 located in an excavation corner. An intermediate value
would be for rebound point 6, located approximately at the
centre line of the excavation but at the side.

The foundation soil at rebound points 2, 6 and 10 is
only, if at all, slightly reloaded. These points are located
within the underground parking garage area well away from
the AGT Tower. Of these three points, point 6 heaved the
least because it was closest to the side of the excavation.

Time dependent heave virtually ceased at these points
2 to 3 months after completion of excavation of the over-
lying soil. This type of movement has also been observed by
Bara and Hill (1967), as a result of the 115 foot excavation
for the Dos Amigos Pumping Plant foundation in California.

The movements experienced at the Alberta College
buildings are shown in Fig. 5.13. The southernmost building
Paralleled the excavation with the cut exposing the sides of
of the foundation. An access ramp located at a depth of 15
feet was supported by vertical sheet piles spaced at 5 foot
centres. At a 20 foot disfance from the building the cut
was vertical to the AGT basement elevation.

The maximum heave experienced by the southernmost
building is 0.35 inches. The northernmost building also
paralleled the edge of the excavation, but at a distance of



150

UCI}DADIXT |9V
0y ang ab9jj0) Dpii8qly 40 punoqay ¢|'G Gig

4 ¢0-
sAop ‘sun) X
0SS 00§ oSy oov 0s€ 00t 0se 00¢ ost m.v
j‘.’lu ]
. T Jq‘. J ! v m
—o \ 3
+ v 8961 ‘0L ideg =
#3usnbeg uouDADIXY 4¢o W
— 5
iusipon@  JUDIpONG N e— '
‘MmN M'S o NN o
o SN
uoloABIX] |9V e NS 101
(8)03s 04 joN) v S§§iwog
suping B2 Buipjing
Yi4oN yinog

s8s)j0) oleq)y



151

about 15 feet, the excavation side slope was 1 1/2 vertical
to 1 horizontal to the bottom of the excavation. The maxi-
mum heave recorded at this building was .25 inches and due
to later backfilling came down to .12 inches of rebound.

An east west heave profile as well as the correspond-
ing excavation section is shown in Fig. 5.14. The profile
indicates that the maximum heave was at the centre of the
excavation. The curvesillustrate the sequence of excavation,
as the rapid rebound at point 10 was not repeated at points
4 and 7 until excavation of the N.W. quadrant. The data for
the Alberta College buildings is included in the figure
although the dates of recording do not correspond exactly.
The dashed line indicates the hypothetical heave which may
have taken place in the area where no rebound points are
located.

From these observations on buildings located immediately
adjacent to the excavation it is obvious that heave effects
are minimal and tend to decrease rapidly with distance away
from the excavation. The northernmost Alberta College build-
ing is only several feet further from the excavation edge
and only undergoes about one-third the heave experienced
at the southernmost building.

An indirect indication of heave of areas outside the
excavation can be obtained by examining the settiement record
of the southernmost Oxford Building footings. The settlement
data for settlement plugs 2, 3 and 4 is shown in Fig. 6.16.

The heaves recorded at these three locations correspond to
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the onset of excavation at the AGT site. This heave is not
discernible at footings located a distance of 40 feet away
from the excavation boundary. This again indicates the
rapid decay of heave effects at distances away from the
excavation boundary. The settlements experienced after day
26 at footing 27, located approximately symmetrically oppo-
site footing 3, is appended to the settliement record of
footing 3. The dashed line indicates that approximately

0.6 cm. (.24 inches) heave occurred.

5.7 Mechanism of Heave Response

The response to unloading by excavation is characterized
by an immediate upward movement of rebound points which in
magnitude usually exceeds 50 per cent of the total heave
experienced. For example, rebound point 10 heaved 1.4
inches which is about 60 per cent of the total heave recorded
nearly two years later.

After cessation of excavation from a particular quad-
rant, the time delay to reach approximately 80 per cent of
the two year heave is about 2 months. Hence the total rebound
response can be termed instantaneous for most practical
purposes.

The relative displacements of particular rebound points
follow the pattern predicted by elastic behaviour. If the
final excavation is assumed to be square with constant depth,
then the rebounds experienced at a corner (rebound point 8),
at a side (rebound point 6) and at the centre (average rebound
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of points 2 and 3) can be related simply by means of the
theoretical influence values and area widths.
The equation given by Steinbrenner (1934) for the

settiement at a corner of a rectangular area is

2
a = qs(lgi) 1, 5.

The theoretical ratio of settlement at the centre of the

excavation to a corner becomes

A centre _ :
A corner _ 2.0 (theoretical)

The ratio for the observed data yields

Acentre . 5 »

ACorTer (observed)

Using a similar relationship between the centre and a Joca-
tion on a centre line but at an excavation side, yields a
theoretical centre to side rebound ratio of

_%ggggng = 1.5 (theoretical)

The ratio for observed heave is

1
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%—%%géig = 1.25 (observed)

The agreement here between the theoretical heave given
by elastic theory and the observed heave indicates that the
adoption of an elastic mechanism for analysis is appropriate.
The rapid response to unloading noted earlier supports this
conclusion. This approach to analysis of heave phenomena
is not new and has been used by Bozozuk (1963) and Serota
and Jennings (1959).

5.8 Method of Heave Analysis

Equation 5.1 allows calculation for heave at the sur-
face of a semi-infinite solid due to a negative vertical
load acting upon a finite area. At the completion of excava-
tion when most rebound points are located a few feet from
the bottom excavation surface, the solution given by this
equation would be applicable. However since the rebounds
measured at intermediate stages of excavation correspond to
heaves of points Jocated within the elastic body, a different
solution must be adopted.

A second equation given by Steinbrenner (1934) can be
used to solve for the vertical displacement of a point at
any depth beneath a corner of a rectangular area (Harr, 1966).

a.(z) = %% (1-u¥)(A - }{—3“- B) 5.2
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where a = width of rectangular area
b = length of rectangular area

z = depth of point below semi-infinite surface

Since superposition is valid, the vertical displace-
ment of any point within the mass can be obtained by a
summation process. For cases where z = 0 equation 5.2 reverts
to equation §5.1.

The correction for settliements (or heaves) for areas
at depths below the ground surface, as given by Fox (1948),
is not incorporated intq the solution. For a 330 x 330 foot
excavation about 40 fe::\ibepi the correction ratio of mean
settlement (heave) of an area at depth C to that Jocated at
the surface is 0.985, This means that boundary restraint
is small when the overal]l excavation area is large.

To analyze the rebound at the AGT excavation it is
necessary to dea)l with a large number of excavation areas,
each possessing a different bottom elevation. Differences
in unit weights of excavated soil, as wel]l as depths, give
rise to variations in unloading pressures. Since all rebound
points are not at the same elevation, a further complication
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is introduced. To facititate analysis of heaves at all
rebound points for several excavation configurations a com-
puter solution of equation 5.2 was written.

To solve for the rebound moduli of the AGT foundation,
the rebounds at the specific locations of the rebound points
were calculated using an arbitrary series of elastic moduli
and Poisson's ratios. Interpolation using the observed
rebound with the computer derived theoretical rebound set

yielded the desired foundation modulus.

5.9 Computer Solution

The computer program, called hereafter the Steinbrenner

computer solution, requires four specific sets of information.

i) Soil Profile Data
The elevation of the upper stratum boundary, the
stratum thickness and its total unit weight are specified.

i) Rebound Point Data
Here the X and Y coordinates are specified as well as

the rebound point elevations.

ii1) Excavation Pata

An entire excavation is defined as a number of component
blocks, each having a specified length, width, centroidal
location and bottom elevation.

iv) Statistics
These control the computer solution. The most important
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parameter specified is DEL, the depth of 1ndividual excava-
tion layers.

The excavation as it appeared on November 6, 1968
is shown in Fig. 5.16. A typical description of the
December 20, 1968 excavation in terms of its 8 component
excavation blocks is given in Fig. 5.17.

Starting at the ground surface, each excavation block
is broken into slabs which possess the same horizontal
configuration as their parent block, but are DEL feet thick.
An exception is at the base of the block, where due to
elevation specifications, the slab may be less than DEL
feet thick. Depending on the location of the slab within
the soil profile, each slab is assigned a specific weight
per square foot, representative of the force it exerts on
the next Jower slab. If a particular block is shallow, such
that an excavation slab at Jower elevations is non-existent,
an imaginary slab is defined with the assigned unlioad pres-
sure specified as zero. Thus the entire excavation is
defined as a two-dimensional matrix, with each term repre-
senting the unload in kips per square foot of a particular
campanent slab.

A test trial run of the solution with variation of
PEL between 0.5 and 3.0 feet, indicated that the computed
elastic heave over this range was quite insensitive to the
value used. A difference of only .02 inches occurred.
Throughout the analysis of the AGT excavation the value of
DEL was maintained at 1.0 feet.
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FIG. 5.16 AGT EXCAVATION, NOVEMBER 6, 1968
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Superposition techniquescan now be used to compute
rebound. Rewriting equption 5.2 in a different form, the -
contribution to rebound at a specific point due to the
removal of M excavation slabs can be writtén as shown in

- equation 5.3.

2 i=M i=M
aylzg) = 1pi- L2 294441 - (=2 (1) [2 249480 5.3

Starting with the excavation slabs in the uppermost layer

at the surface, the rebound A due to slabs in layer j

J
is then simply a function of z.,, the depth of layer j to

the rebound point, and the geo;etric distribution of the
contributing slabs. The'qi surchargé in .the equation is the
unload pressure of an individual excavation slab and equals
a specific term in the previously deséribed excavation matrix.
Using a summation process, the removal of succeeding
layers yields the total heave due to the entire excavation
configuration. Thus the final heave at a single rebound

point is:
J=N

where N is the total number of layers required to define
the eptire excavation. Thus, if the maximum excavation
block is 40 feet deep and DEL is defined as 2 feet, twenty
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layers will be required.

To solve for rebounds at other locations, this proce-
dure was repeated using the same excavation matrix but re-
defining Zg values consistent with the depths of the rebound
points.

5.10 Comparison of Solutions

Two alternate finite element solutions were available
for comparison with the Steinbrenner solution. For the
special case of rebound displacements of an axi-symmetric
solid, Wilson's (1965) solution was used.

Fig. 5.18 shows the 38.5 foot deep and the 180.0 foot
radius circular excavation used in the axi-symmetric finite
element solution. Superimposed on the circular area are
twenty one excavation blocks, each 38.5 feet deep, needed
for the Steinbrenner solution. Along one radius, points 33
to 45 define locations which were used in the comparison.

Using an elastic modulus of 90,000 psi and a Poisson's
ratio of 0.4, the ratio of axi-symmetric finite element heave
to the Steinbrenner computer solution heave was 0.80. An
exception was point 45 where the ratio was 0.70 due to the
imposed boundary conditions existing at that location.

The reasons for the different heave results are due
to the following factors.

(a) The Steinbrenner solution assumes a surface plane of
infinite extent. The stiffness of the 38.5 foot deep

surrounding soil mass in the axi-symmetric finite element
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solution will tend to reduce heave.

(b) The use of radial stress release along the vertical
wall would tend to decrease the heave of the axi-
symmetric solid, particularly for the excavation bottom
near the side of the excavation. The input radial
force was calculated using the relation Ky = T%F for
a perfectly elastic medium.

(c) The axi-symmetric solution must be consistent with the
boundary constrafnts of the cylindrical solid under-
going deformation. At a radius of 900 feet the boundary
was prevented from undergoing radial distortion. At
a depth of 1000 feet the cylindrical bottom was defined
as a fixed rigid base. Although this cylinder was
large, the use of a stratum of limited thickness and
radial extent would give rise to smaller heaves than
those calculated in the Steinbrenner solution using
a semi-infinite solid.

The influence of the rigid base can be observed by
computing the closed form solution for the displacement of

a circular area founded on the surface of a layer of infinite

lateral extent underlain by a rigid base. Using the influ-

ence values computed by Egorov (1958), the displacement at
the centre of the circular area is 1.25 inches for a fixed
base at 1000 feet. The axi-symmetric finite element solu-
tion predicts 1.07 inches, the ratio of axi-symmetric finite
element heave to the Steinbrenner computer solution heave
is then 0.86. The ratio of 0.86, as compared with 0.80
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found earlier, reflects the influence of the rigid base
assumption.

The Steinbrenner computer solution which uses super-
position of rectangles is compared to the closed form solu-
tion also given by Steinbrenner (1934) for the displacement
of a circular area founded on a semi-infinite elastic solid.
For the centre point, again using a modulus of 90,000 psi
and Poisson's ratio of 0.4, the respective heaves were 1.36
and 1.40. This close agreement verifies the Steinbrenner
computer solution which was described earlier in this
chapter.

A comparison of the Steinbrenner computer solution to
Wilson's (1963) two-dimensional finite element plane strain
solution was carried out using the real AGT excavation.

This will be discussed in a subsequent section.

5.11 Foundation Moduli from Field Excavations
In an earlier section dealing with heave observations,

it was noted that heave at points outside the excavation
decreased rapidly with distance. This effect can be observed
in Fig. 5.14, where rebound point 10, Jocated about 100 feet
east of the Jarge N.W. quadrant, did not undergo any appreci-
able additiaonal heave as this quadrant was excavated.

The Steinbrenner computer solution, as do the finite
element soljutions, predict appreciable heaves at these
"exterior" Jocations, even though they are not observed in
the field. The field moduli, derived from the aobserved heave



167

response at these locations, are therefore increased.

This effect is indicated in Fig. 5.19, where at the
completion of excavation of the N.E. quadrant, the derived
foundation modulus for rebound point 10 is about 45,000 psi.
The time dependent heave without any change in excavation
dimensions, causes the field modulus to decrease to about
35,000 psi. No further heave takes place during excavation
of the S.W. and N.W. quadrants. This is immediately reflected
in an 1hcreased field modulus for rebound point 10, as pre-
dicted by the Steinbrenner solution.

The curve shown in Fig. 5.19 for rebound point 10 is
very similar to the curve of derived Young's moduli plotted
against time, as given by Serota and Jennings (1959) for
heave in stiff fissured London Blue Clay. The variation in
Young's modulus was attributed to swelling and consolidation,
although undoubtedly a great deal was due to the above men-
tioned effect as excavation progressed at other than the
location of the rebound markers. The interpretation and
observation of this "artificial" increase in moduli, was
greatly simplified at the AGT excavation site due to the
greater number of rebound points available.

This same effect can be observed for rebound points
2 and 6, but to a much lesser extent. This is so because
both points do undergo some additional heave because of
their proximity to the S.W. and N.W. excavation quadrants.

Points 2, 6 and 10 are not subjected to reloading as
they are Jocated within the parking garage area. Point 2
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is centrally located, point 6 is near a side and point 10

is located off centre, towards an excavation corner. It

is interesting to note that movements at all three points
are such that within 60 days after completion of excavation,
a uniform prediction of the foundation rebound modulus of
about 47,000 psi is indicated.

The complication of the time effect and rapid decrease
in heave outside excavation areas has made it necessary to
carry out the analysis using two sets of observed rebounds.

The first set of rebounds is the accumulated observed
heaves that take place during the excavation periods. This
rebound is called "immediate rebound” and is delineated from
the total observed rebound by the start and finish dates of
quadrant excavations.

Using these rebound values with their corresponding
excavation dimensions, the Steinbrenner solution allows the
derivation of foundation rebound moduli as shown in Fig.
6§.20a. The histogram shows the Jlarge standard deviation
and reflects the effect of reduced observed rebound of
points outside excavation zones.

Since the dates at which the excavation bottom nears
the rebound points were known, it was possible to plot the
histogram of only those moduli obtained from heave data
taken subsequent to these dates. This effectively eliminates
the inclusion of "artifically” high moduli computed for
heave data obtained from exterior located points. The derived
moduli for these computations are shown in Fig. 5.20b. Hence



170

UOIDADIXT | OV

‘SjUBWSINSDAN PpuUNCqaYy

_jDipaww|, W04 PIALSQ NNPOWN jo swoibioisit 0Z'G D4

99t
1443
61t
99T
L 72/
101
41

£

»oa

JsquinN uiod
69, €1 08
69 81 By
69 92 Anr
69, ET &unf
69, EL eunf
9. 0z
89, (E O
89. Il 0
a0Q

(9) (o)
1sd 09Z'£ | =A@ 'PS 158 0QE'EZF=A®Q 'PIS
15d Op | 'TL =UPOW 1sd 06£'78 =uooW
vo=" vo:7
15d . Olx3 !"POW 1sd. Olx3 !POW
ovi__00L 09 0T ot 001 09 O
[] ~m m ot 0l L T S & ¢ o
el = = e
T35 9 J¢ 9 v ¢ o {¢
N ST &5 o
T 9 v £ ¢ §
ol E T 9 9
=< T tu ¢
ol g ¢
= 1o Ve ol 1o
v T T ¢
N T X
= v
v i1 o 151
=
[ 4
Joz Jo0z
( wonoq

UOYDADIX® 8Yi MO|0q $38] 10
198§¢ Ajejowixosddo peod0|
sjuiod puUNOGes WON HNPOW)

(tnpow peauep ||v)

s@uauINRQ 4o JQqWﬂN



171

the "{mmediate" heave that can be expected during an excava-
tion period and within the zone of excavation may be com-
puted using a foundation modulus of 72,100 psi, and
Poisson's ratio of 0.4, the accuracy of calculation being
approximately + 25 per cent.

The second set of rebounds which can be used in the
analysis is the total observed rebound. These heaves in-
clude a1l the time dependent movement recorded during the
period of investigation. Data taken subsequent to day 410
for rebound points subjected to reloading were not used in
the analysis.

Using the Steinbrenner solution, the computed founda-
tion rebound moduli are as shown in Fig. 5.2la. The removal
of the high moduli computed for exterior located points
yields the histogram shown in Fig. 5.21b.

From this data it can be concluded that heaves for
excavations open for a considerable length of time, say to
6 months or more, can be computed using a foundation modulus
of 50,300 psi and a Poisson's ratio of 0.4. This calculation
would only be true for locations not subjected to reloading
during the period of consideration. The accuracy of this
calculation will be about * 20 per cent.

The excavation on day 368 (September 13, 1969) was
nearly complete and approximated a square. A section through
the centre, including points 4, &, 6 and 7, was analyzed
by means of the finite element plane strain solution. Al-
though the excavation was about 3 feet deeper at its north
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end, averaging of excavation depth and conversion of the
square to an equivalent circular area, allowed analysis by
the axi-symmetric solution. Using the total displacements
for day 368, the moduli computed by the three available
methods could be tabulated as shown in Table 5.4.

The elastic solid used in calculating the moduli by
means of the axi-symmetric solution is virtually identical
to the body used in the comparison described in an earlier
section. Factors giving rise to differences in computed
moduli are described in that section and will not be repeated
here.

The close agreement between the Steinbrenner derived
mbduli and those from the plane strain solution is likely
fortuitous. The section used in the plane strain finite
element solution had a rigid base at a depth of 1000 feet
with lateral movements restricted at boundaries located at
least 200 feet away from the sides of the excavation.

Because the plane strain solution predicts an infinite
heave if an infinitely deep section is defined, the computed
derived moduli for a rigid base section will be dependent
on the chosen depth of the rigid base. Hence, if section
depths substantially greater than 1000 feet were used, in-
put of specific rebounds would result in derived moduli of
increased magnitude.

One further observation that can be made from the
co}lected rebound moduli is that the modulus of the bedrock
formation is likely greater than the modulus of a homogeneous



TABLE 5.4

DERIVED MODULI FOR HEAVE AT DAY 368
BY THREE METHODS
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Modu1li
Point Observed Steinbrenner Plain Strain Axi-symmetric
Total Heave Solution Fin., Element Fin. Element
in. psi psi psi
2 2.70 44,100 N.A. 35,000
3 2.16 55,900 N.A. 44,300
4 2.27 52,500 56,000 41,200
5 2.29 49,800 £3,700 41,000
6 .97 46,100 47,700 35,000
7 1.856 61,300 66,100 48,100
8 1.07 71,000 N.A. N.A.
10 2.29 53,300 N.A. 33,800

Avg. 54,250 Avg. 55,875

Avg. 39,770
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"equivalent" foundation which will also include the Saskat-
chewan Sands and Gravels. This can be seen by comparing the
moduli computed from data collected on rebound points 7 and
4, the difference usually being at least 5,000 psi. Al-
though this evidence is only from a single rebound point,
the fact that this difference is not greater makes analysis

using a single Young's modulus reasonable.

5.12 Comparison of Field and Laboratory Results

The average moduli of "immediate" and "total" rebound
can be compared to the moduli obtained in the laboratory
~from tests run on specimens taken at the AGT-Oxford complex
site.

Ratios of field to laboratory moduli are given in
Table 5.5 for 4 foundation soil types. The laboratory
moduli presented in the table are the largest derived for
the soil and test types quoted. As laboratory rebound data
was not available for all specimens some moduli were cal-
culated from compression data as indicated.

From the extreme variation it would appear that there
is 1ittle or no comparison between laboratory or field
moduli. The range of ratios is not only an expression of
differences in soil type and test type but probably is also
a reflection of the variation induced by differences in
stress Jevels, consolidation procedures, sample types, sample
disturbance, specimen sizes etc. Work by Ladd (1964) has
illustrated that these factors are the primary cause of



TABLE 5.5
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COMPARISON FIELD AND LABORATORY MODULI

Empirically derived field moduli

(5}

“Immediate” rebound 72,140 psi
“Total" rebound 50,290 psi

Sotl Type Laboratory Laboratory Ratio Field
Modulus Test to Laboratory
psi (a) (b)
TiN 1200 Rebound Oedometer 60 42
752 Rebound Oedometer 96 67
9100 Comp. Unconfined 8 5.5
Compression
Bedrock
(Mudstone) 3500 Comp. Unconfined 21 14
Compression
3410 Comp. Oedometer 21 15
(Sandstone) 8000 Comp. Unconfined 9 6.3
Compression
2090 Comp. Oedometer 35 24
41800 Comp. Consolidated 5 3.4
Undrained '
Triaxial
5000 Comp. Consolidated 14 10
Prained
Saskatchewan
Sands 31000 Comp. Consolidated 2.3 1.6
Prained
90000 Rebound Consolidated 0.8 0.6
Undrained
Phase II,
Cycle 1
78300 Rebound Phase II, 0.9 0.6
Cycle 2
250000 Rebound Phase III, 0.3 0.2
Cycle ]
38200 Rebound Phase ]V, 1.9 1.3

Cycle 1
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differences between field and laboratory moduii.

From the data given in Table 5.5 it is obvious that
the use of laboratory moduli would lead to a large over
estimate of field rebound. For the case of moduli obtained
from unconfined compression tests, this observation was
also made by Fadum (1948), where variations of field to
laboratory results were reported .in excess of 10.

An exception were the laboratory results derived from
the cyclic consolidated undrained compression test run on
the Saskatchewan Sands. 1In several instances the laboratory
moduli exceeded the field value. Accompanied by great care
in sampling and specimen Preparation, the field to labora-
tory moduli ratio close to unity indicates that derivation
of representative laboratory moduli is possible. However,
any conclusive observation to this effect can only be made
after an extensive program of laboratory testing and analy-
sis of results.

One further observation that must be made is the
apparent contradiction evident between the relative moduli
of deformation obtained for the bedrock and sands in the
laboratory and in the field. On the basis of laboratory
data it is obvious that the Saskatchewan Sands passess a
modulus of deformation at Jeast 2 or more times greater than
the values recorded for bedrock specimens. Yet on the basis
of actual field behaviour the rebound at peint 7 is such that
it represents a bedrock rebound modulus about 5000 psi
greater than the value recorded at point 4 above it. This
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means, in effect, that the Saskatchewan Sands possess a
real deformation modulus somewhat lower than the bedrock.
For the "total" rebound strain between rebound points 4
and 7 at day 342, an approximate estimate of the modulus
of deformation of the Saskatchewan Sand deposit is 30,000
psi. However, this result cannot be considered as conclu-
sive because it is based on a single set of horizontally
coincident rebound points.

Since this difference in derived moduli becomes more
apparent as the excavation approache§ rebound point 4, per-
haps it can also be attributed to a stress dépendent modulus
of deformation. At lower stress reductions, the sand and
bedrock heave with similar rebound moduli. However, at a
greater depth of excavation, the higher elevation of rebound
point 4 gives rise to greater stress reduction near that
location, thereby causing the relative reduction of field
modulus in comparison with the values derived at the deeper
rebound point 7. ”

This anomaly again points out the inconsistency of
laboratory and field moduli of these overconsolidated soils
and indicates the need for empirical data in solving for

real heave response.

5.13 Procedure for Analysis of Heave Using Empirically
Perived Moduli
As any deep excavation in the southern portion of the

downtown Edmonton area (see Fig. 2.1) will approach the
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Saskatchewan Sands deposit and bedrock, the heavé response
can be expected to be similar to that observed at the AGT-
Oxford site. Therefore, the results of the analysis given
in this chapter are applicable to practice.

From exploration at any site the stratigraphy can be
determined. Samples taken during drilling can be used to
derive the total unit weight of the soil to be excavated.
From dimensions of the required basement, the excavation can
be described in terms of component blocks as outlined earlier
in section 5.9. Rebound points can be defined in terms of
an arbitrary coordinate system wherever it is necessary
or desirable to know the heave. Points inside and outside
the excavation boundaries may be specified.

The computer solution as given in Appendix G can be
used directly, since heaves are calculated for a specified
variation of rebound moduli and Poisson's ratios. Computer
output will consist of a listing of all input parameters,
a8 listing of the two-dimensional excavation matrix, and
tables of results. For each rebound point, a table of heaves
is given with column and row headings correspanding respec-
tively to foundation rebound moduli and Poisson's ratio.

As for the analysis, a variation of E from 30,000 psi to
170,000 psi in increments of 10,000 psi is convenient. Be-
cause the solution is not very sensitive to variation in
Poisson's ratio, specification of Poisson's ratio as 0.3,

0.4 and 0.5 is usually adequate. With this type of output
the greatest amount of flexibility is achieved as no decision
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as yet is required regarding the foundation rebound modulus
representative of the location. '

For points located at an elevation near the bottom
of the excavation and within its boundaries, there are two
moduli that can be used to enter the tables. These are
approximately 72,000 psi and 50,000 psi respectively for
the "immediate" and "total" or relatively long term heave.
If the excavation is open for a short period of time and
the bottom is loaded rapidly, it will experience heave in
accordance with the higher modulus, probably about 70,000
psi. 1If the excavation is to be left open for, say 6 months
or more, or is lightly loaded, the lower modulus of 50,000
psi may be used. For intermediate situations, a modulus
between these two values can be chosen to compute the exca-
vation rebound.

If it is desirable to know the rebound at depths con-
siderably deeper, say at maore than 1/3 the excavation depth
beyond the excavation bottom, then a somewhat higher modulus
should be chosen. 1In the case of "immediate" rebound, an
increase of 5,000 psi to 75,000 psi would be representative
of field behaviour. For excavations open for a considerable
period of time, the increase can be greater, say from 50,000
psi to 60,000 psi.

The greatest need for exercise of judgment is for
determining heave of points located outside excavation boun-
daries. At points outside the excavation, boundary restraint
influences heave such that it is much less than computed us-
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ing the previously given moduli. Several methods can be
used to estimate the heave.

The heaves for excavations 45 feet deep seem to de-
crease very rapidly to near zero at a distance equal to
approximately the depth of excavation away from the
sides. Using this observation, a linear distribution can
be assumed from zero heave to the value calculated for a
point located opposite at the excavation boundary. A1lthough
somewhat arbitrary, this approximation should be representa-
tive of the behaviour of the downtown Edmonton soils.

A second procedure for estimating heaves at these
exterior points is to enter the heave table with an "arti-
ficially" high modulus. Since time dependent heave at
these points appears to be small, differentiation between
"immediate" and "total" rebound can be neglected. 0On the
basis of the AGT data, the heave at exterior points takes
place with field moduli approximately equal to 120,000 psi
or greater. One drawback to this procedure is that heaves
Will still be specified at distances greater than the
depth of excavation, even though they are negligible at
these points.

5.14 General Observations and Summary
From the work outlined in this chapter there are
severa) implications of importance to construction practice

which should be recognized.
(a) Sequentia) excavation of specific zones within an
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excavation boundary implies sequential heave. Although

the reduction in heave away from an excavation zone is
rapid, concrete structures located immediately adjacent to

a zone are subject to heave. At the AGT site this effect

is 11lustrated in Fig. 5.12 at rebound point 2, located
about 10 feet away from the toe of the N.W. quadrant excava-
tion zone. The heave there was about 0.3 inches.

Readings taken by the contractor's surveyor on columns
placed in cuts in the N.W. quadrant side slope indicated a
heave of approximately 3/4 inch. As no effort was made
to establish precise control at the survey locations, the
reliability of these readings is not known. A slight open-
ing of a construction joint, which disappeared at a distance
away from the N.W. quadrant, indicates that this phenomenon
definitely takes place.

In order to minimize this effect phased construction
should be discouraged at locations at distances less than
1/2 the depth of excavation away from a zone which is to be
excavated at a later date.

(b) The occurrence of rapid but still time dependent
heave suggests that 1ightly loaded areas should be can-
structed as late as possible. This means that slabs on
grade should not be poured within two or three months of
excavation, as immediate placement will result in heaves
which could exceed 1.0 inch.

(c) Points located at or uutside the excavation boun-

dary will be subject to heave. This effect should be under-
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stood by designers of any project.

(d) 1If a tower structure and 1ightly loaded structure
are both located within the same excavation, the effect of
long term heave of the lightly loaded structure will accen-
tuate the differential displacement between the two as the
tower structure settles.

The effect of long term heave will also be observed
in the 1ightly loaded structure as minor fluctuations and
variations of elevations. Although not leading to structural
distress they should be recognized for what they are.

From the analysis outlined in this chapter the follow-
ing aspects are the most important and are summarized below.

(a) The heave response due to excavation is rapid.

The "immediate" rebound taking place during the excavation
period constitutes approximately 60 per cent of the "total"
rebound measured over approximately a 1 1/2 year period.

This response can be computed for downtown Edmonton locations
using elastic theory and the moduli given in the chapter.

(b) Time dependent heave is evident at the AGT-Oxford
site and in calculation is included in the "total" rebound
quantity. This component of the response is rapid and
virtually ceases 2 to 3 months after excavation. At loca-
tions well below the bottom of the excavation the time de-
pendent heave is much smaller than that observed near the
excavation surface.

(c) Elastic properties as determined in the laboratory
differ greatly from field moduli and therefore cannot be
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used to predict heave movements. There is some indication
that cyclic consolidated undrained compression tests may
yield realistic data, but additional study is required for
confirmation.

(d) The response of structures located at distances
away from the excavation is considerably less than predicted
from elastic theory. At distances greater than the depth
of excavation the rebound response appears to be virtually
non-existent.

(e) The greatest portion of the heave recorded at
the AGT-Oxford site takes place within the bedrock stratum.
The expansion of the Saskatchewan Sands deposit is measur-

able and cannot be considered to equal zero.



CHAPTER vi

SETTLEMENTS AT THE OXFORD BUILDING
AND THE AGT TOWER

6.1 Introduction _
In this chapter, the settlement behaviour of the two
buildings which comprise the AGT-Oxford Complex will be

examined.

The geology of the downtown. Edmonton location was des-
cribed earlier in Chapter Il and is therefore not dealt with
in this chapter. Discussion of the stratigraphy at the
AGT-0xford Complex site and the relevant geotechnical pro-
perties of individual component strata have been given in

Chapter V.

6.2 Location and Description of Buildings

The specific Jocation of the AGT-Oxford Complex was
shown in Fig. §.1. The AGT Tower is sbmewhat the larger of
the two with a gross floor area of 21,900 square feet as com-
pared to 17,820 square feet for the Oxford Building.

Although very similar in external architectura] appear-
ance the buildings differ structurally. The 26 storey Oxford
Building is entirely constructed of reinforced concrete with
a centrally located core. Both internal and external columns
rise the full height of the building. By external columns
are meant all those located at the building perimeter and
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connected to one another by a 2' - 7" deep by 8" wide spandrel
beam. Typical floors consist of a two-way 7" slab with drop
panels at all internal and external columns.

The foundation plan of the Oxford Building is shown
in Fig. 6.1. The external columns along the south side of
the building are supported on a strip foofing. The core
is founded on a single pad in the centre of the building.

Due to legal difficulties in site procurement the northern
half of the columns located at the east side of the building
were founded on bored piles, hand excavated to a rectangular
shape at their base. All other columns were founded on
individual spread footings as shown.

The 34 storey AGT Tower possesses only externally loc-
ated columns connected to one another by a 2' - 7" deep and
1' - 4" wide spandre] beam. As shown in Fig. 6.2 each column
is supported by individual footings most of which were poured
one immediately adjacent to the next. The rigid core located
in the building centre is made up of four units each founded
on its own footing pad which is 6 feet thick. The core sec-
tions are connected to one another by deep reinforced con-
crete beams thus essentially resulting in a single rigid
monalithic core unit.

The absence of internal columns resulted in a clear
span distance of about 39 feet between the core walls and the
spandre] beam. For typical floors this distance was hridged
by 2' - 2" deep stee] frame joists Jocated at 4' - 9" centers.
These were covered by metal decking and in turn cavered by
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a 2 1/2" layer of concrete. The resulting floor system
makes the AGT Tower relatively lighter and flexible in com-
parison with the Oxford Building.

A north-south section through the AGT-Oxford complex
is shown in Fig. 6.3. The Oxford Building is complete and
has been occupied since January 1, 1970. As of September
22, 1970 construction of the superstructure of the AGT Tower
had progressed to the 29th floor.

As shown in the section the elevation of the Oxford
footings vary considerably in contrast tb the relatively
uniform elevation of the AGT Tower foundation system. Because
the till stratum is a competent bearing material throughout
most of its depth and since the proximity of adjacent struc-
tures and roads made it undesirable to locate a deep basement
under the entire Oxford Building, the south-north transition
from the 45 foot deep underground parking garage to the con-
course floor was adopted.

The AGT Tower core footings and some exterior cojumn
footings were constructed on the Saskatchewan Sands and
Gravels. The balance of the footings were excavated entirely
in the ti1] usually with only a few feet remaining over the
Saskatchewan Sands and Gravel stratum.

For both the Oxford Building and the AGT Tower, foot-
ing excavation was carried out by machine with final trimming
and cleanup of disturbed soi] done by hand. The excavations
were not Jeft open for more than one day and were poured
neat. An exception to this were the core footings which



190

(-4 s
E e gg W a 1 ' ' '
s s . = 427
- 5000
x 3 r = g |
O m : 's
Z 4
'
"o - NN EEE RN NS SN S| D D O i;;
Y Y YVYVYPPPY V- VRV VPP PY VYV VT iz
| 471
] £
E 7
¢
DS IS et P
la g
I 9% 962 5
L T 4
-2 3
= - = A il
- Py v —
+H
INININININIEIRINIEINININ]EEE DR S
IRIRINIEIRINEIBIRIRININIEIEININININIRINININIRININIRINININI 6N B N R R
INSHINIBIREIRE IRISINIEINIEBINININISIEIG SN e as
Moo oooooooOn T T T0TCH
. v “[
[ 1 -

q
Ygoal

Alberto

Fig. 63 Section Through the AGT-Oxford Complex

100} 3oy
>
c w
-
Eo -
3 v
£ £ . 3] 3
o 8 o ° H
> 2 3 -6 5
Qo @ o =S
O F F E;- ﬁ
=¥
o
»
K4
w

2180-
2110-



191

were formed at the sides.

6.3 Instrumentation and Data Acquisition
Settlements at the Oxford Building were obtained by

measuring the change in elevation of 28 settliement plugs
placed in columns at the concourse floor. Their locations
are shown in Fig. 6.1.

The installation of settiement plugs made use of com-
mercially available tools and supplies. Upon removal of
column forms an impact hammer was used to drill a 5/8" dia-
meter hole into the concrete sufficiently far to ensure that
a high strength steel tubular insert would be flush with the
concrete surface. A conical expansion slug was used to
expand the slotted tube upon insertion so that it became com-
pletely immavable relative to the concrete. To obtain ele-
vations a 3/4" diameter stainless steel pin was threaded
into the settlement plug and tightened thus allowing a rod
to be set on the pin. Upon removal of the steel pin an oiled
bolt was used to sea] the settlement plug.

Settlement readings on the Oxford Building were re-
ferenced to benchmark no. 3 Jocated on the Macdanald Hote]
about 220 feet away as shown in Fig. 5.1. Because it is
necessary to cross a street and enter the concourse at a
lower level in the Oxford Building the survey traverse is
complex. Although the traverse usually closed within .1 cm.
the error in the survey could exceed this value. Readings
were taken by precise level and a rod scaled in millimeters
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whenever a further four or five floors were added.

At the AGT Tower a total of ninety settlement plugs
identical to those at the Oxford Building were located in
the lower parking floor of the AGT-Oxford complex. As shown
in Fig. 6.2 they were installed in all exterior columns and
at several locations in the AGT Tower core area. Settlement
plugs were also installed in columns located in the under-
ground parking garage as shown in Fig. 6.4. This allowed
observation of settlement differentials between the AGT
Tower and the surrounding parking garage. To facilitate
surveying all settlement plugs were located on column sides
directly visible from a particular instrument location.

Elevations at the AGT Tower were determined by precise
levelling techniques making use of a Wild N-3 instrument
and a rod scaled in millimeters. Prior to pouring of the
slab on grade, survey turning points consisted of 1/2" steel
pins driven into the ground. Subsequent turning points
cansisted of a heavy 5" diameter steel plate which acted as
a 1 1/2 inch high tripod and could be Jocated anywhere on
the concrete floor slab.

The tota] length of traverse around the AGT Tower is
approximately 800 feet and requires about twelve turning
points with foresights and backsights balanced as clasely as
possibje. Readings were visually estimated to the nearest
.01 cm. in order to reduce the total traverse error, usually
less than + 0.7 cm.

Elevations for the traverse were referenced to DBM #2
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located as shown in Fig. 6.4, approximately 120 feet. from

the AGT Tower. The record of benchmark control is given

in Appendix D. The 100 foot deep benchmark was installed -

at the completion of excavation of the S.E. quadrant (see

Fig. 5.7). It consists of a cased 3/4" pipe which tapers

to a 1/2" pipe and rises to just below the slab on grade in
the lower parking garage. The installation procedure essenti-
ally followed that outlined in Chapter II for the deep
benchmarks located at the CN Tewer.

The initial set of elevations were taken on the AGT
Tower columns prior to construction of the first upper park-
ing level floor. Hence the only load acting at the soil
footing contact at that time was the weight of the footing
itself and the first column or wall resting on it. Subse-
quent readings were taken at-approximately'equal intervals
of load application; i.e., whenever four or five floors were
added to the AGT Tower. Several sets of elevations could
therefore be obtained for the 34 storey building during‘its
canstruction. -

As indicated in Fig. 6.2 one piezometer was installed
in the lower pérkihg core area between the SS core and SN
core footings. The piezometer tip was set in the bedrock
formation about 9 feet below the bedrock surface. The piezo-
meter is the University of Alberta transducer type (Brooker
et al., 1968) and has been in operation continuously since
the start of construction. Readihgs were taken apprdximately
once every week throughout the period of construction.
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6.4 Building Loads
Because no columns were instrumented to provide data

regarding the load they carried, the procedure for determin-

ing the loading history at the Oxford Building was based on

the following three assumptions. ’

(1) The proportion of building load carried by a single
footing is in accordance with the distribution calcu-
lated using structural design loads.

(2) Concrete quantities and weight of precast exterior cladd-
ing can be used for footing load determination.

(3) The reduced 1ive load acting on specific footings equals
20% of the total dead load carried by the footing.

Use of assumptions 1 and 2 allowed prorationing of
building loads in accordance with the percentage carried by
an individual footing to the total. Records of concrete
volumes and placing of precast were used to provide the total
building load at a particular date. Assumption 3 is based
on personal communication with the structural consultant
and allows for an estimate of the Jive load at the completion
of construction,

A more precise procedure was followed at the AGT Tower
since the construction of this building coincided with the
period wherein this analysis was undertaken. Day to day
records of volumes of concrete and location of placement
were available such that loads could be accurately distri-
buted to the appropriate supports. Measurements of brick
walls and weights of beams, joists, decking and precast cladd-
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ing were used to calculate footing loads at particular in-
stances of time. Miscellaneous items such as exterior glass,
heavy mechanical equipment and mechanical pads were included
upon installation in the building. Of necessity electrical
wiring and piping had to be excluded as detailed tabulation
of these minor weight components would be a near impossible
task. It is considered that the procedure outlined here has
allowed the most precise calculation of footing loads poss-

ible under conditions of actual construction practice.

6.5 Settlement Observations

The maximum settlement recorded to November 4, 1969
at the Oxford Building was 2.8 cm. for settlement plug 13.
The maximum differential settlement of 0.9 cm. over a 25
foot span, at the south-east corner of the building, is con-
sidered to be within acceptable limits for a building of this
type (Feld, 1965). Since settlements readings were taken
on only one-half of the Oxford Building footings it is poss-
ible that the maximum settlement and differential settiement
is greater than that noted above.

The Joad and settlement histories for twenty-eight
Oxford Building footings during the construction period to
completion and full occupancy are illustrated in Figures»6-5.
6.6, 6.7, 6.8 and 6.9. The initia)l settlement reading was
taken on April 2, 1968 with the main floor sjab at ground
level complete at that time.

The settlement record is similar to that observed at
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the CN Tower described earlier in Chapter 11. The settle-
ment response of the foundation appears to be related to
the footing contact pressure and is quite rapid. This is
particularly evident in Figs. 6.8 and 6.9 for footings
located in the interior of the building. Although the
settliements measured were limited to the construction period
there is some evidence of time dependent settlement behaviour.
Even though construction ceased during a 29 day strike which
started at day 46, settlement continued albeit at a decreased
rate. This can be seen in Figﬁ. 6.7 and 6.8 for footings
21, 22, 26 and 27 and is indicative that some time dependent
settlement will take place subsequent to full occupancy.
Due to the effect of the adjacent excavation for the AGT
underground parking garage, which started about 3 weeks
prior to the strike, the slight decrease in rate of settle-
ment is completely masked by heave at footings located at
the south end of the Oxford Building. The heave of these
footings is readily evident in Figs. 6.5 and 6.6 and was
described earlier in Chapter V. The north-south settjement
profiles through the Oxford Building shown in Fig 6.10 indi-
cate that the settlement pattern is typically "bow] shaped”
with some distortion due to heave as shown for the February
14, 1969 data.

The settlement record for the AGT Tower to September
22, 1970 is limited to that occurring during construction
up to the 29th floor. Because of the quantity of data, the
settlements shown in Figs. 6.11, 6.12, 6.13, 6.14 and 6.15
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are presented in terms of settlement profiles along the four
exterior column lines and three interior core lines. The
time scale used in the accompanying typical loading his-
tories is the same as that used for the Oxford Building.

The maximum settlement observed to September 22, 1970
is 3.2 cm. in the interior core area. The differential
settlement between the core and the exterior columns is
about 1.4 cm. (0.55 inches) and takes place over a span of
39 feet. As the AGT Towgr is a flexible building this dif-
ferential settlement is quite tolerable although it has
caused some difficulty during construction in the determina-
tion of ceiling elevations.

As evident in Figs. 6.16 and 6.17 the exterior columns
of the buyilding are subjected to time dependent heave of the
foundation. This is because of the sequence by which con-
struction took place, the manner by which the initial settie-
ment readings were taken and the geometry of the AGT Tower
foundation plan. Upon completion of the excavation of the
N.W. quadrant (Fig. 5.7) there was a 2 month delay before
all the footings and first columns were poured. At the re-
moval of column forms the settlement plugs were installed
and an initial elevation was taken. This results in record-
ing a variable amount of time dependent heave depending upon
the date of the settlement plug installation during the 2
month period.

Because the initially lightly loaded exterior footings

were surrounded by an expanse of open underground parking
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area, the footings were subjected to rebound as the founda-
tion underwent time dependent heave at the completion of
excavation of the N.W. quadrant. This is particularly true
at the location of the larger corner footings as evident in
the settlement profiles of Figs. 6.11 and 6.14. As indicated
in Figs. 6.16 and 6.17 the time dependent foundation heave
is suppressed at the much larger massive interior core foot-
ings. The diagrams indicate that at day 620, which corres-
ponds approximately to the start of installation of the
exterior precast concrete facing, the settlement rate in-
creased until closely corresponding the response observed
for the interior core footings. The excavation of the con-
struction ramp near the west side of the AGT Tower probably
is the cause ¢f the greater heave indicated for footing 51
in Fig. 6.17.

The settlement profiles of Figs. 6.11, 6.12, 6.13,
- 6.14 and 6.15 show that the settiement pattern of the AGT
Tower foundation is typically "bowl shaped" with the maximum
displacement occurring at the center. This is shown expli-
citly in Fig. 6.18 where the settiement profiles along the
two building center lines are drawn using the September 22,
1970 settlement record. The effect of time dependent heave
is indicated by the 0.2 cm. uplift of footings 8 and 5 located
in the lightly loaded underground parking garage. This is
not evident at footings 26 and 25 because the heave was
suppressed by the addition of the plaza floor slab after the
initial settlement reading. The center line profiles support
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the observation made earlier in Chapter V that the differen-
tial settlement between a heavily and lightly loaded area,
both in the same excavation, will be accentuated by the
effect of time dependent heave of the latter.

The overlap of rebound observations on rebound points
and settlements on settlement plugs is shown in Fig. 6.19.
In the case of rebound point no. 4 the overlap is not per-
fect as this point is located between the SS and SN core
footings (Fig. 6.2). Since this rebound point will not
settle quite as much as the adjacent footings, the difference
in elevation as given by the two surveying procedures is
about 0.5 cm. Rebound points 3 and 5 are located directly
under footings 34 and 45 respectively in a small cavity.
The differences in elevation by the two procedures are 0.3
cm. and 0.2 cm. respectively. These errors can likely be-
attributed to a slight variation in elevations between the
September 13, 1969 heave readings and the September 30, 1969
initial settlement readings. Some soi] intrusion into the
small cavity at the base of the footing as the footing is
loaded would give rise to additional deviation. Although
the overlap at these three locations is not perfect the
relatively small differences in elevations at day 710 and
the parallelism of the settlement curves after Jay 650
suggests that complete continuity of foundation displacements

has been achieved.
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6.6 Piezometer Observations

The piezometer installed directly between the SS and
SN core footings indicated that no noticeable excess pore
pressure was generated in the bedrock formation at the ele-
vation of the piezometer tip throughout construction of the
AGT Tower. The transducer type of piezometer, which is cap-
able of measuring small changes in porewater pressure,
recorded only minor fluctuations in water pressure as shown
in Fig. 6.20. These fluctuations did not exceed + 2 feet
of head from the average for the construction period.

From Fig. 6.20 it is apparent that there is little
correlation between precipitation and fluctuations in water
pressure. This is perhaps not surprising as after day 425
the entire AGT Tower site was covered by the construction
of the first floor slab. Much of the surface runoff from
the vicinity thereafter was likely intercepted by the
weeping tile installed at the basement elevation.

There is some evidence that the 2.66 inch rainfall at about
day 356 on the unprotected site did register at the piezo-
meter tip as approximately 2 feet of excess head 10 days
after the period of rainfall.

The absence of measurement of excess pore pressure
can be attributed to the following causes.

(a) As noted earlier in Chapter V, there is evidence that
the bedrock, at least in the upper portion, is exten-
sively shattered. The presence of fractures in this

region would greatly enhance the ability of the bedrock
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mass to dissipate excess pore pressure by virtue of

the increased permeabtility.

The proximity of the Saskatchewan Sands and Gravels

and an underlying thin coal seam provide an upper and
lower drainage surface within nine feet of the piezo-
meter tip. The drainage path is therefore small and
excess pore pressure can dissipate rapidly. From the
section drawn in Fig. 6.3 it is obvious that to avoid
the proximity of coal seams the piezometer tip would
have to be at least 100 feet below the building founda-
tion elevation. Deeper boreholes could perhaps indicate
that even this depth is insufficient.

The rate of load application during construction is in-
sufficient to generate measurable excess pore pressure.
The possibility exists that the upper portion of the
bedrock is not fully saturated because as was noted
earlier in Chapter V, the free water table is likely
well below the bedrock surface.

No case records of the measurement of excess pore pressuyres

in the Edmonton bedrock formation due to surface Joading

have been found.

6.7 Mechanism of Settlement

In Chapter V it was shown that the heave phenomena

due to excavation at the AGT-Oxford Complex site can be
attributed almost in its entirety to a relatively rapid
elastic response of the foundation. The same conclusion
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can be drawn from the settlement response of the underlying
sand and bedrock strata to loading during construction of
the AGT Tower. This is shown in Figs. 6.21a and b where

the contact pressure of several footings are pfotted versus
the settlement. 1t is evident fron the linearity of the
pIotted data in Fig. 6.21a that the settlement of the mas-
sive interior core footings is directly related to the foot-
ing contact pressure. The somewhat flatter slope for the
exterior footingas in Fig. 6.21b reflects the influence of
footing geometry and relative location within the entire
foundation plan. A factor here aiso is the time dependenf
heave noted earlier which takes place initially under light
footing loads. If both settlement and contact pressure were
normalized the data would obviously plot on or near to the

1:1 ratio line indicative of the linearity of the response.

6.8 Analysis of Settlement Data, Oxford Building

The solution given by Steinbrenner (1934) for the -
elastic settlement of the corner of a rectangular uniformly-
loaded area located on the surface of a semi-infinite solid
was used to determine the foundation moduli at the AGT-Oxford
Complex site. The method of analysis as wel] as the applic-
able equations, equations 2.1 and 2.2, were previously given
in Chapter II.

In the case of the Oxford Building the date at which
the average footing pressure first exceeded the original
averburden pressure was August 15, 1968 which corresponds
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to day -26 on the numerical time scale adopted for the

entire AGT-Oxford Complex project. The overburden pressure

of 4.3 kst was computed at the contact elevation of the
interior core footing. With the footing settlements and
loads at day -26 as a reference, the settlement and load

| increments prior to and after this day were used to compute

the foundation moduli.

The settlements observed at the Oxford Building were
difficult to analyze because of two factors.

(1) The elevations of the footings were not constant but
varied between 2186.5 feet at the south end of the build-
ing to 2205.0 feet at the north end. This meant that
for some footings the reference average footing pres-
sure at day -26 was above and for others below the
actual original overburden pressures. The variation
from the average can be as great as 1.2 ksf.

Another aspect of concern here is that the southern
footings are in til] but only a few feet from the upper
surface of the Saskatchewan Sands and Gravel deposit
whereas the distance to the sand deposit is consider-
ably greater for several of the footings located at the
northern end of the Oxford Building.

(2) The settlements at the Oxford Building after September
10, 1968 were affected by the 40 foot deep AGT excava-
tion immediately adjacent to the south. Correction of
these readings for heave is difficult as the Oxford
Building is outside the excavation perimeter and is
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located at the corner of the excavation area where
boundary restraint is maximum.

The first factor represents a deviation from the assump -
tion of loading on a semi-infinite plane. For the purpose
of this analysis the variation in footing elevation was not
taken into account. The second factor, the fluctuation of
settlement due to an external influence, can be taken into
account with application of appropriate heave corrections to
the settlement data.

The corrections applied to the settlement data taken
after September 10, 1968 were computed using the foundation
moduli derived from the rebound data and the Steinbrenner
computer sojution described in Chapter V. The heaves were
calculated at specific locations at the Oxford Building and
varied in accordance with the changing size of the excavation
as construction progressed. Adjustments were made to the
calculated heaves by means of the procedures outlined in
Chapter V for points located outside the excavation area.

The application of corrections to the footing displace-
ments observed at the Oxford Building after September 10,
1968 resulted in four types of settlement data.

Type 1 - Corrected settlements using adjusted com-

puted heave values.

Type II - Corrected settlements using adjusted com-

puted heave values; the adjustment different
from that of settlement Type I.
Type 11T - Corrected settlements using the heaves com-
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puted from the Steinbrenner solution with
no adjustment.

Type 1V - Uncorrected settlements.

By means of these four settlement data types the affect
of heave at the Oxford Building was bounded the minimum and
maximum amount by the application respectively of no correc-
tion and an unadjusted correction. Settlement data Types I
and 1I represent two intermediate cases. Fig. 6.22 shows
the typical heave corrections and the resultant north-south
settlement profiles through the Oxford Building for the
settlements observed on day 46, October 25, 1968. Since
settlements were recorded at 28 locations, five diagrams
similar to Fig. 6.22 were required to correct a single settle-
ment data set.

The uncorrected settlement profile, Type IV, in Fig.
6.22b clearly shows the effect of heave at footings 2 and 9
located at the south end of the symmetrical Oxford Building.
Settlement profile Type JII infers that 0.17 inches of heave
occurred at footing 27, 170 feet'from the AGT excavation.
This is excessive in light of the small rebounds observed
at the Alberta College buildings, described earlier in
Chapter V.

Settlement profile Type Il represents a linear varia-
tion between profiles Type IV and Type III by assuming the
heave at footing 27 as zero and the heave at footing 2 as
equal to the unadjusted value computed by the Steinbrenner
computer solution. The Type Il settlement profile seems to
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indicate that the applied heave correction is perhaps too
severe as the resulting settlement at the south end of the
building is considerably greater than at the north end.

The Type 1 settlement profile appears to be more rea-
sonable. No heave is assumed to take place at footing 27
and the balance of the profile appears to be approximately
symmetrical about the east-west center line of the Oxford
Building. The slightly greater settlement at footing 27 as
cdmpared with that measured at footing 2 can probably be
attributed to the resistance to bending offered by the strip
footing and basement wall located at the south end of the
building. ' | | |

The difficulty in analysis of the sett]lement daté is
apparent in Fig. 6.22b where-some_of the heave corrections
exceed the measured footing settlements. The fact that
" heave corrections must be applied to the data is apparent
in Fig. 6.23 where the histogfams of the computed foundation
moduli are given as derived from the four settlement data
types for the October 25, 1968 settlement set. The hisfogram
of Fig. 6.23d indicates that there is Jittle relationship
between the uncorrected measured settlements, Type IV, and
footing loads.

The foundation moduli computed from settlements ob-
served at the Oxford Building at 28 Jocations between Apri)
2, 1968 to November 4, 1969 are shown in Figs. 6.24 a, b, ¢
and d. The reference datum used in the computations is the
‘August 15, 1968 settlement and Joad set. The plotted-Standard'
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deviations indicate the variation in the derived moduli.
Two derived modulti, computed from settlements observed at
the start and finish of the 29 day strike, are given at the
average footing contact pressure of 6.3 ksf and represent
the varifation due to time dependent settlement. _

A composite diagram of the variation of moduli with
footing contact pressure for the 4 settlement data types is
given in Fig. 6.25. Since the Oxford Building is adjacent
to the AGT Tower, an indication of the computed foundation
moduli obtained from settlement observations in this latter
building are given for comparison. From the data shown and
the previous discussion of settlement profiles it would
appear that the curves for settlement data Types I and II
are most representative of the variation of foundation modu-
lus with footing contact pressure. The curve labelled I
implies that recompression of the foundation to the original
overburden pressure takes place at a relatively constant
foundation modulus of about 65,000 psi with subsequent load-
ing resulting in settlement which takes place with a pro-

gressively decreasing modulus of deformation.

6.9 Analysis of Settlement Data, AGT Tower
The AGT Tawer footings were all located at approximately

the same elevation with deviation from the average less than

+ 2 1/2 feet. The average footing pressure of 5.8 ksf approxi-
mately represents the original average overburden pressure

over the site on August 26, 1970; day 714. The settlements
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and loads at this day were used as the reference datum for
computing the foundation moduli. The settlements observed
at the exterior columns were not corrected for time depen-
dent heave as this effect became negligible at higher foot-
ing loads as indicated earlier in Fig. 6.21. The procedure
for the derivation of foundation moduli is therefore identi-
cal to that outlined in Chapter Il for the CN Tower.

Typical histograms of foundation moduli obtained from
settlements observed on the AGT Tower core and exterior
column footings are given in Fig. 6.26. The precision used
in the measurement of settlements and tabulation of load data
throughout the entire construction period is evident in the
small standard deviation of the derived moduli.

The moduli obtained from the analysis of the entire
settlement and load record up to day 741, September 22, 1970
are given in Fig. 6.27. The data indicate that the settlement
response of the massive interior core, founded on the 15
foot sand deposit and the underlying over-consolidated bed-
rock formation, is in accordance with a virtually constant
modulus of deformation of about 42,000 psi. The modulus of
50,000 psi obtained from "total" rebound observations at
the AGT excavation is given in Fig. 6.27 for comparison.

As evident, the agreement is good. This suggests that the
monitoring of heave displacements during excavation is an

appropriate method for determining the deformation modulus
of an over-consolidated foundation soil for which previous

construction experience is lacking.
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At footing pressures dreater than the previous equili-
brium overburden pressure the foundation modulus begins to
decrease and at a footing contact pressure of 7.3 ksf equals
34,000 psi. The effect of time dependent heave on the settle-
ment of the smaller exterior column footings at light loads
is made evident by the higher derived moduli. As footing
contact pressures increase the computed modulus of founda-
tion deformation decreases and at the original overburden
pressure approximately equals the value given by the core
settiement data of 42,000 psi.

6.10 Comparison Laboratory and Empirical Modul i

The modulus of deformation of the foundation at the
AGT-0xford Complex site is about 34,000 psi for footing con-
tact pressures in excess of the original overburden pressure.
Although applicable primarily to the Saskatchewan Sand
deposit and the bedrock formation, the ratio of field to
laboratory moduli is given for 4 foundation soils in Table
6.1 because the Oxford Building is partially founded on the
overlying till stratum. The Jaboratory meduli used in the
comparison are the largest derived for the soil and test
types quoted. |

The variation between laboratory and field moduli is
large. As has been noted in Chapters II and V the use of
laboratory moduli would lead to a large over estimate of
 field displacements. The tests run on Saskatchewan Sands
are the only exception as the laboratory moduli exceeded the
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TABLE 6.1
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Empirically derived field modulus is 34,000 psi

Soil Type Laboratory Laboratory Ratio Field
Modulus Test to Laboratory
psi
Till 2,022 Oedometer 17.0
9,100 Unconfined 3.7
Compression
Bedrock 3,500 Unconfined 9.7
(Mudstone) Compression
3,410 Oedometer 10.0
(Sandstone) 8,000 Unconfined 4.3
Compression
2,090 Oedometer 16.3
14,800 Consolidated 2.3
Undrained
Triaxial
5,000 Consolidated 6.8
Prained
Saskatchewan 31,000 Consolidated 1.1
Sands Drained
36,700 Consolidated .9
Undrained*
Phase 11,
Cycle 1
47 ,400 Phase 11, .7
Cycle 2
100,000 Phase III, .3
Cycle 1
21,000 Phase 1V, 1.6
Cycle 1

* See Fig. 5.5 for reference.
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field values in several instances. The discussion relating
to this observation was given earlier in Section 5.12 and

is applicable here as well.

6.11 Procedure for Estimating Settlements from Empirical Data

For buildings founded on the Saskatchewan Sands deposit
and the underlying bedrock formation the empirical foundation
moduli obtained from the AGT Tower can be used directly for
computation of the expected settlements. The procedure is
virtually identical to that outlined previously for till in
Chapter 11, Section 2.11, with the exception that the founda-
tion moduli used are thosé given in Fig. 6.27.

For structures located in excavations of the same size
as the gross area of the building the foundation modulus of
42,000 psi can be used to compute the recompression settle-
ment to the original overburden pressure for all footings
within the excavation.

If the structure is located within a significantly
larger excavation some judgment must be used. For example,
the recompression settlement of rapidly loaded massive core
footings can be computed using a deformation modulus of
about 42,000 psi. However, relatively lightly loaded and
smaller isolated footings may be subjected to time dependent
heave and will settle with an "apparent" recompression modu-
Jus which varies as shown in Fig. 6.27. The choice of
foundation modulus from the diagram of Fig. 6.27 for exterior
footings should be made in conjunction with the choice of a
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heave modulus required in calculating excavation rebound

by the procedure outlined in Chapter V. 1In this manner cog-
nizance 1is taken of the sequence and rate at which con-
struction progresses from excavation to erection of the
structure.

For footing contact pressures greater than the original
overburden pressure settlements will take place with a de-
creasing deformation modulus as shown in Fig. 6.27. At 1.5
ksf in excess of overburden pressure the approximate modulus
of deformation is 34,000 psi. Using the footing loads
corresponding to the 6verburden pressure as a reference
datum, both the recompression settlement and the settiement
at contact pressures exceeding the overburden pressure can
be calculated using the computer program given in Appendix E.
If footing loads are given simply as a load increment it may
be more convenient to use the computer program given in
Appendix H where the reference loading is assumed to equal
zero.

The moduli of deformation presented in this chapter
were derived by assuming Poisson's ratio equal to 0.4. This
was considered to be a reasonable vajue for the sand deposit
and the underlying bedrock formation as the settjiements re-
present relatively drained phenomena wherein some volume change

undoubted)y takes place. Poisson's ratio of u = 0.5 is there-

fore inadmissible. The use of Poisson's ratio u = 0.3 would
yield moduli only 8 per cent different from those computed
with u = 0.4, Since the quantity (1-u2)/5 is constant for
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a specified settlement data set, a choice of up = 0.3 in the
derivation of field moduli would yield identical settlements
"to those predicted with p = 0.4 and the moduli given in this
chapter. |

Although the available settlement data on the AGT
‘Tower and Oxford Building are inadequate for estimating the
long term movements at constant load, the time dependent
heaves experienced at the AGT site suggest that at the com-
pletion of constructipn and full occupancy at least 75% of
the total settlement will have taken place. The accuracy of
this estimate can only be assessed when additional settlement
readings are obtained at the AGT Tower and Oxford Building

in the near future.

6.12 General Observations and Summary

Work by Gibson (1967) showed that the surface displace-
ments of a loaded elastic half-space are appreciably altered
from the simpler homogeneous case when the modulus of elas-
ticity is increased with depth. For an incompressible
medium Gibsaon indicated that the settlements of the surface
are concentrated under the loaded area. Surface displace-
ments at distances away from the loaded area will be much
smaller than those predicted for a homogeneous half-space.
Hith an increasing modulus of elasticity with depth, the
surface settlements were also found to be directly propor-
tional to faoting pressure and independent of footing size.

The field data presented in this thesis indicates
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that non-homogeneity is evident but ¢oes not dominate the

settlement behaviour of the foundation soil. The evidence

for this is as follows.

(a) The deep benchmark at the CN Tower did not appear to
be influenced by the building footing loads even though
it was in the Boussinesq pressure bulb as mentioned in
Chapter II.. This observation can be attribhted to in-
creasing rigidity of the foundation with depth as this
tends to reduce the settlement of depth beneath the
loaded area.

(b) Tﬁe ianuenée of excavation on heave decreased more
rapidiy with distance away from the excavated area than
bredicteﬂ by the Steinbfenner solution. This also points

, to some non-homageneijty.

(c) As shown in this chapter, the AGT Tower core footings
settlied more than the exterior column footings. The
smaller settlement at peripheral core footings was less
than that which could be attributed by elastic theory
tb relative footing sizes, locations and loadings and
is therefore further evidence of some non-homogeneity
of the foundation soil.

From abservation of the settlement response of the AGT

Tower and the Oxford Building there are severa]l 1mp11cations

of importance to construction practice and design. |

(a) When a heavily loaded tower area is surrounded by a
1ightly loaded building, both within the same excavatian, '
the differential displacements between the two may be



(b)

(c)
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intolerable and provision must be made to prevent struc-
tural distress. At the AGT Tower the differential between
the exterior tower columns and the surrounding parking
garage is about 1 cm. to September 22, 1970 and will
likely be greater at full occupancy of the building.

The differential between the two structures in this case
is not critical as a simply supported fioating slab
allows this movement.

Wwhenever practical, the application of load should be
retlatively uniform to all loading areas during construc-
tion. At the AGT Tower an initially lighter loading

was induced at the exterior footings due to the absence
of exterior precast concrete cladding until construction
of the structural frame had progressed to about the 12th
floor. Excessive delay in placing precast of this. type
tends to accentuate differential settlement between the .
interior core and the exterior column line. It is
therefore desirable to have thé height of precast appli-
cation follow the construction of the upper floors as
closely as possible. Needless to say, any heavy exteriaor
precast cladding should be placed around the structure
at a uniform storey height if possible, to prevent
excessive loading of one side of a building.

Provided the standard deviation of the field moduli caj}-
culated from the settlement response observed on proto-
type buildings is small, it now becomes possible to
"tune" the foundation; that is, to adjust footing sizes
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such that the differential displacements become minimail.
This can eastly be accomplished with the combuter prd-
grams given in Appendix G for the heave response of the
excavation and in Appendix E or Appendix H for building
settlement.
(d) From the point of view of accurate settiement predictfon.
a spread footing foundation p1&n where footings vary
‘wideiyrin elevation is less tractable to anqusis.
The important aspects of the analysis presented in -
this chapter are summarized below. |
(a) The settlement response of the Saskatchewan Sands deposif
~ .and the underlying over-consolidated bedrock formation
to loading is rapid. Settlements during construction
can be predicted for all practical purposes by meéns of
elastic theory as the time dependent response of the
‘foundation soil during this period appears to be small.
(b) The derived moduli of the sand deposit and bedrock forma-
tion possess a modulus of deformation which is virtually
constant at footing pressures less than the overburden
pressure. At greater pressures the deformation modulus
decreases and therefore appears to be stress dependent.
(c) The elastic properties as determined in conventional
Taboratory tests deviate appreciably with test type and
sample quality and are unsuitable for use in settlement
prediction. There is evidence that carefully run cyclic
Toading tests may yield labaratory maoduli which approxi-
mate those calculated from settlement observations.
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(e)

240

Time dependent heave of Iightiy.1oaded areas wbich

.surround a heavily loaded interior area will accentuate

differential displacements between the two. This was
implied earlier in the discussion of heave phenomena
given in Chapter V and is confirmed from settlement
observations reported in this chapter. |

No excess pore pressure was measured in the bedrock
formation as a result of the application of a surcharge
in the form of a building. This can be attributed to
the depth of the water table, permeabiIity of the bed-
rock mass and stratigraphic detail which provides local

drainage surfaces.



CHAPTER VIl

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER RESEARCH

7.1 Conclusions

The analysis and discussion presented in the preceding
chapters have dealt with two research topics. The first is
the settlement behaviour of multi-storey buildings founded
on over-consolidated soils. The second topic is the influ-
ence of the interaction of foundation displacements and
structural frame distortions on settlement and structural
analysis. Only the more important conclusions which relate
to these two aspects of the research work will be given here
to avoid repetition of detail particular to a specific build-
ing or site.

The foundation contact pressures varied considerably
for the four buildings studied from a\jow of about 7 ksf at
the Oxford Building to a maximum of about 26 ksf calculated
for one pile base at the Avord Arms. With allowable anguiar
distortions noted in the Jiterature as the criteria of
acceptance, no observed differential settiements were found
to be excessive. Al] the measured total settlements were
relatively small in comparison with those usually observed
for deep deposits of normally-consolidated soils subjected
to similar loads.

The proximity of end bearing Franki piles at the Avord
Arms to the spread footings at the CN Tower, both on the
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same till stratum, allowed comparison of the settlement be-
haviour of the two foundation types. 1t was shown that for
identical contact pressures in excess of the original over-
burden pressure, the settlement behaviour of piles and spread
footings is approximately the same and is solely a function
of the deformation properties of the till for that increment
of contact pressure.

The settlement during construction of the Avord Arms
and the CN Tower is known to dominate the settlement history
of these two buildings and constitutes about 75 per cent of
the 25 year settlement. The construction displacements of
buildings founded on this till stratum can be computed using
the equations of the theory of elasticity and the deformation
moduli deduced in this thesis. The relationship found for
the variation of derived moduli with footing contact pres-
sure indicates that the deformation properties of the til]
are stress dependent.

In contrast to the recompression modulus of til] which
varies appreciably with footing contact pressure, the re-
compression modulus of the Saskatchewan Sand and Gravels
and the underlying over-consolidated bedrock formation at
the AGT-0xford Complex site is essentially constant at 42,000
psi. However, at footing pressures in excess of the original
averburden pressure, the derived moduli also begin to decrease
indicating stress dependence. The foundation moduli derived
from heave measurements at the same site are shown to be
consistent with those obtained from settiement observations.
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The deformation moduli obtained from conventional laboratory
tests proved to be unreliable when compared to the field
moduli. The ratios of field to laboratory moduli are large
indicating that the use of laboratory modutli will lead to
gross over-estimates of settlement.

At the overburden pressure the modulus of deformation
of the till is about 100,000 psi which is appreciably greater
than that obtained for the combihed sand deposit and bedrock
formation. This contrast was not recogniied at the time
settlements were predicted for the AGT-Oxford Complex and
is therefore of considerable interest. _

The heave of the sand deposit and the underlying bed-
rock formation takes place rapidly and can be estimated for
excavations at other sites in Edmonton. The displacements
can be computed using elastic theory and the parameters given
for the over-consolidated soils in Chapter V. For computa-
tion of heave outside the excavation, approximate procedures
can be used to allow for the effect of boundary restraint.

The role of site investigation for the purpose of
settlement prediction of buildings founded on the over-
consolidated till, sand deposit and bedrock formation must
be modified. The practice of sampling and identification
of soil stratigraphy should be extended to include in-situy
testing such as plate bearing tests. As wel], good samples
should be obtained at the sites and should be subjected in
the laboratory to the appropriate tests run at stresses re-
presentative of those which occur in the field. Although
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monitoring of heave during excavation can be useful to deter-
mine foundation moduli, this procedure shouild only be used
for verification of field parameters as it is 1ikely to be
impractical from the viewpoint of scheduling foundation
design and construction.

The four multi-storey structures discussed here varied
in rigidity; the most inflexible building is thought to be
the CN Tower. Analysis of the effect of relatively small
differential footing displacements on the structural frame
of this building has shown that support loads are altered by
as much as 44 per cent at the end of construction as a result
of redistribution caused by frame distortion. It has been
shown that when the construction settlement dominates the
settiement history of a building, the procédures for computa-
tion of interaction effects must allow variation of structural
rigidity during construction if the results are to be meaning-
ful. “"Conventional" methods of computing soil-structure
interaction effects, which utilize the entire building in
analysis and generally preclude differentiél displacements
during construction, were found to be inadequate and yielded
totally different support reactions. The new incremental
method of soil-structure interaction analysis presented in
this thesis allows variation of structural rigidity during
construction and is a considerable improvement over "conven-
tional" techniques. Buildings of moderate rigidity and
founded on soils which are conducive to differential con-

struction settlements, should be analyzed using incremental
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soil-structure interaction techniques. The incremental

procedure in design practice will be useful in order to

assess the probability of incipient structural distress of

individual members within the distorted structural space

frame.

7.2

Suggestions for Further Research

From the work described in this thesis it appears that

there are several subjects for which further research is

appropriate. These are:

(a)

(b)

(c)

(d)

the precise determination of heave with distance away
from an excavation boundary. This subject is of con-
siderable interest (Peck, 1969) and will allow evalua-
tion of the accuracy of the approximate procedure pre-
sented in Chapter V.

the measurement of rebound with depth. At the AGT site
only two rebound points were horizontally coincident

and further examination of the depth affected in relation
to the depth of excavation would be desirable.

The evaluation of in-situ tests for determination of
field deformation moduli for sites where previous experi-
ence is lacking. Since the settlement behaviour of
prototype buildings on the til}] deposit or sand stratum
and bedrock formation are now known, an investigation

of the suitability of plate bearing and pressuremeter
tests on these soils will be of great value.

the correlation of Jaboratory deformation moduli with



(e)
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field moduli. The relevance of cyclic consolidated
drained tests, or other tests, run on tiili and bedrock
should be investigated. This program should be exten-
sive and include testing of specimens obtained at differ-
ent depths by pitcher tube sampling, block sampling or
other means.

the combination of the analysis of structural stiffness
with the incremental soil-structure interaction program.
Presently structural stiffness, in terms of reaction
coefficients, must be assessed by say ICES-STRUDL and
converted to cards for use in the interaction solution.

This step can be tedious for multi-footing structures

and should be eliminated.
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APPENDIX B

TYPICAL BOREHOLE LOGS
AGT-0XFORD COMPLEX SITE

Note - The typical borehole logs presented in this Appendix
were selected to urovide a distribution of the drill-
ing record over the entire AGT-Oxford Complex sijte.
These Jogs have been printed directly from the drill-
ing technicians notes and therefore include some
errors in description (e.g., clay stratum under sandy
clay till, page B-18). The logs were not used in
this thesis except to provide a broad definition of
stratigraphic units and interface elevations.



[ '8 .w
ASSOCIATES LHATED

In.

B-1

v

RULE, WYNN ,

PORBES, LORD & PARTNERS
A.0.T.-OXFORD COMPLEX, EDMONTON, ALBERTA.

CMONTON _ —  MatATA
= = MY U L B CL—
MOMTURE  COMDITIONS &  ATTERGENG LTS | | SOL__ PROPLE L LA

e SO DESCRAPTION
—t—tr—t—r—t—r—t—r—t -ttt ] CIT OTHER TESTS
-uln;;_?uu-v-g »-0 ’: -0 .-4 _J ugr-
FitL: Gn».-.n..
L Lmretod , SLANELY
— 2
e S "'_'539_&___
> 4
. . Ty L/
3\ 6 F") :E\é‘.‘:‘.\égg‘?\.&s{\c é Z
3 T ¢ = ;”"
pow ey S RN JE0) -t . p
: - 10 TEF os|is S04 ® o.os
> 12 1) pe 2.3 o0,
.44.-0.6 Br.
Y s {&V - Pty
NE@®N T BT — onl V5
16 o)y L7 mwen moTTvess
" + 18 15.L;%LS oy o A . FE = 2.2 1%3'; ﬁié,ZI
. L]

' 20 ¢ Lol M rowm vil 9| 7 20w

— o2 EEL ;Q"(.;,"':S" y l ~Fsageoll /.

.. = [S T .= 25 ° - 25,7

24 “:f;:g‘.‘; QT.‘:.%H’I ua ':z;}BISQz-
D AR - e |7 e s B L A M A
, 26 RXY2T § o v pass i
28 V) med. PuaSTie T T/
g ) VEEN sAGn . T T o180
<} 30 P9 waw eLaaTe /
32| aneTiE "
- 2 [ s TRl el
@ 36 4
4 4
38 2* =wno Laps 'v!. =
40 Geeq BRown ,’H
42 y
¥ ) .
B e Teme e K
46 Ty A
b 48 Grel WEROwWN P
’ = i ‘Yo Allvs|6t
5 ("’15 Banoe ¢ Gmwn:J
> 52 F‘, MEDIV SR, .'--
s - 3T To thow\ [ 4 7
—1® 54 R Y rec ™ 8’“ a0 ‘:’,E‘? c.09 4.
[~ o
2D
—- 8
5 *fostes| |noves:
- 60 "y FRopE™ To oX’
b 62 -]
64 Q;”Q TR, S 4;,- byt M.
66 |cRAVEL i
52 END OF HOLE -f
T0

PLAYE




|

M. HMARDY & ASSOCIATES LTO.

SUMMARY OF SAMPLI NG

4 LABORATORY TiSTS

_1

a. .
CONBULT!ING Civii ENGINEENS

LOMUNION

sLbebtA

*80.0C?

RULE, WYNN , FORBES, LORD & PARTNZ
A.G,T, OXFORD COMPLEX, EIMONTON JALTA,

own G M

lc-'u

UN 57

AR qu!

i-A [non L)

C 15 I 4

Toiere

WATER CONTINT

S0t PROVILE

S0IL  SAMPLES

304 30828101100 |

+ e + BATUS C1TY P REFAOBTRN

r—t—r—t—y—
WATIS COnramt =%
)

2

-4 44 1-3-4-

ORGQ’-IC

rTem

i

CLASMS.

»

§ otnis

riere

Cl‘ Y, RUSY LFNS
L

N

i

AnD

C LAY - SiLTY

NNONNNNNWNY
*

RCcag

MO RO P 2

Q_

W wwww

&
[1%]

y

SANDY ( CLAY
C3AL SPECKS

’
DARK SarY emewn

(rwy)

£

<

IS
AR R ANANNY

clay

GRAVE

ROUNDET '«4 v

COAL SPECA s

EL

SHALE §etoance)

it rt ittt

+

+
o e -

+ +
- oo

PLATE




B-3

SUMMARY OF SAMPLING 4 LABORATOANY TisTS

A.M HARDY & ASSOCIATES LTOD. ———
RIS mamer e oo “vawesss  [*"OCRULE, WYNN , FORBES, LORD & PARTHERS

toaomion eeara A.G.T. OXFCRD COMPLEX, EDMONTON, ALBERTA
swe. G M. fero W3 5 {oare JUN G7 Jnowe J-A Jicsmo CISOQAF |riare
WATIR CONTINT $01L  sROFILE SOIL  SAMPLES

S04 DESIIHION

otuen L{13)

nrcovie %

e jl;! il i ; g!

LI7Y]] Avay

MEDWWM PLASTIC

&
sToNes <%0y

74 COAL

4 LVA L

SHATTERED
BlUi— SUT LToNE_ SIRINGER

4

LGL | SLOUGHING
R

HARD CLAY SHALE ———eee

f bttty

ST STONE STPINGERS =autnd

Rec| me

CARBONACFOUT wvlel
MBI TL b D LiAa

Tt

CLAYEY SKNDLTING _—
é CARBONACEZuS ALK STANCERS
92 T UAMIALINE PuartS o F

o

c!as

fajsure

ALr_LREL.

"

, \
I A 2 o B oo CLAY SHALE 2\
A
A
I

SANDSTONE

SAREONACEGUS S<ALE STRINGERE

3T STINE STRNGER ——an RG [72

LAY SHALE STRMGERS — o Q

T+

BENTONITIC

SHEAR PIANE 30°
SANDITCNE TTRGERS £5°. —qpl/ )
N CAROONACEOVS sHALE £

> o 2

no kL., BECDING ?

=

on
1T

[
n
By
]

SHALE - cannouncracs R

SHATTERED - SOFT —tpg'y g |7
ST STONE ——.//
BENTONITE A

HARS b
RAP K BROWN AN {J 3
SANOsTONE

ST STenE

- o

3
1y

1
1Bl

. ab |

y -~
+

CLnYy sSHALE s

Coar

"
1Y

RG 130

HARD - SHATTERED

Y

TANDY CARQONACEOVS SIALE

N

1+

4
1T

i ool BENTONITE AN J L ]
S Y e —T Y] " '

A\
hed CLAY SWALE N\ el (7]

HIGH PIASTIC &

FRACTURED, pPARs GREY

SOFT, yERY SANY

2 €iT 'STONE STRNSIRS — i/,
CASRCNACEOVS SHALE
STRINGRPS 5

2 ST STone &* — T
£ T STUNE STRINGEPRS

CAFPRONAZECLS

SrALE STRINGERS

+—~

3+

rt
+—r

)
\é"
=

P

-+

3
+—~r

Si.T  STONES A

-+
4+

L

RY |16

+

+
S+ttt

CARRONACFOUS SeaLe
BOFL DAps pRraWN

c.ay sTaINGER -]
LVATIMAYL

2
3
3
M coan
3
3
4

EENTON TE STie €06 —
.y PLATE




B-4

M. M. HARDY & ASSOCIATES LTD SUMMARY Of SAMPLING & LABORATONY TISTS
Weon.u;v-no CiviL ENGINERRS secitc E ] 3 ’ & TNER
asacwion aiseara A.G.T, OXFORD COMPLEX, EDMONTON, ALEBERTA
swwm {ceo Joare JUN ﬁ? "ot |- A J:es ~o g[fo 4 Jeiare
WATAR CONTINTY 3014 PROMILE $0IL  SABPLIS
304 BESCHINTION | ] »
—t—r—t—Tr—t—r—f——r——t—y— ey sarva ,'»g!l
oy - oraee  tesrs
wares con’n-v-l -,‘-a 2'-0" \q..A . ‘!! !g i - !!g
2 N R LN \(
14 CANDZTNE s‘n:netl'T\__J J
. SANDSTONE - Rci 19
N 144 CAFGON:ZEOVS :nALE
CIPINGEES
. 14 § mARO
y== X siLr STowE sTaivaErs TV Rc! 9@
15 END GF HOLE
152
4

PLATE




B-5

— TURMAT G AN § CABORATORY —TiET

RULE, WYNN , FORBES, LORD % PARTNERS
A.Q.T.-OXFORD COMPLEX, EDMONTON, ALBERTA.

Y=Y e 61 lwu L
LTS 1 SOIL__ PROFLE Il SAWRES
SOIL___ DESCRIPTION t
wm'aﬁ
> =—_ [ N e 4
= wntr !]5 ii g OTHER TESTS
A S BTN 22918, 4

it 2 Asenacr, W7

LDNCEE TR 1" e

SILTY CuLAY

TMEC Ut P LATNG

MED. BWH MOTTLED

ATA LAGHRT RRows

2
i
6 e .;‘:lfl-'
8

T POk T

10

12

L A eALES ZOAC, YRYE €0, = 0097

[yat
[*= 1

16/ch vervy LT

\ 1P

MG - PLATTT

18[CAYEY SiLy

ME TeTO WAGHT altuun‘k

QOiCl 52-':.' , TRES wArgR |

22FLAYEY ANQ(T'LLH: ¢ .

BAND LENT

alisc VESY DeNze

DROWN § GLEN
26 com. t PRIBLET

TETHE

M. A,
. SAND L.E-N" - -
?8 _"‘4)\\_5-\ e 5100)
30 I GHT cl.v\ ¢ Bxown '_-
32
$ 31‘ ST, unﬂ-\ cUANRY 100
vaRy ‘'OE NSG
PERBLe s ‘Qh\m
36 MEDIUM BROWN
LOw P mTic
3 RUSYT POCWKGTS
Q | LM >100] M.
b 100
Vi
L4
SAND b
- (SASw. s»mes(! QRAVEL)
CIinNE To MEDIUM .
WvERY  Dun s ] 2 iy
- TR ACH oF TiwT |-
> RGE N Covz Ay AN
_# CoORL =pgc WS o
O'.O
et ool gy M.0.

o,

At

A ..‘pr g
S

\=1-15110Y M.

BEPIBEap

5>
4 EnG oF WOLw SI

PLATE




B-6

R. & .w
ASSOCIATES LuuTED
SoMmmToN

iy & Sawoe_ 8

CABORATORY _ TRETS

MOACT

A.G.T.-OXFORD COMPLEX,

RULE, WYNN , FORBES, LORD & PARTNERS
EDMONTON, ALBERTA.

= Agtera
Rk . R O IM" M‘\‘-‘L—S—‘ rm. 3 4_4.—;:;=‘==“_
A ATTERSERS LOATS 1 SO0 ProFAt 1 SOIL __ SAMALES {
SO OESCRIPTION
o™
ettty =IO !g OTHER TESTS
MOTURL CONIENT - 9 .0 -0 --4 -tre ‘ l
L 30 R, - e Ctaton 22 S1. 9
R 5:“.\_‘ Sranen 11\
TN, w <>
2 DecARy cc::omn:b;:;:
DILT N Cuny
u gu) WMIGULY P AATC /
6 Orem QALY L Rusr 1rnu/
KT, PUAe T IC /
8 et GRHNT RO W,
. W morrieo ., Salvs, / ( P®: 2.5 v/q°
'— NUGOE T sfcu;vm/ pal 14
10 TleT LEénzR3 /
"Meo. EIOWN w i TH ¢
12 ) B MIAT TLING, / 'L (Yis BS.2mec.r.
- 14 mes e mgu_puanre Ry F ™« 8O T/a
LRSS g T R S
w - -
16 L A %u - T/
W) SILY H L
£ 3 18 L:-...,;?'\:..R““nm* -‘ i Uy {::‘- .41.-5‘ rlg""‘
L P, : 3 oD r
20 |53\ H\ftg JAND (‘T\L °ﬂ46 Pheve T 200e b
SANG LENS ,MED.
22 ) MED. | Bwu ,:o~. 'shmiun .
- v
24 e Vo::: %'&":fn o3 AL ® 200: 7200
9' 26 oW P ITC
28 3" WET SAND & GLAE ot bioo
30 DAR K GREN BROWN
32
R e Pl i
el 36 HANG CE NS
e 38|ge oo vens | —eelospred lraen *zoo . 4n v,
4o OrRd GREN
42 Ve @ Tenod
Y CINGE AN —nt
ﬁ 4y MANY  Swmauk BT oNED g L
46 RWUBTY LEMBES
L ot 48 £
SAND - ANOSpuo
- 50| (Srsk. Sanos & GRAVEL s} .
MEOIVM GRANED
52 sw) Vey Duwn=g
bl T 3T 83 @REN Ww N
: CORe BrEo WS
- 54 Sobt LENDES « A" oslvan
56 THRACE ©OF WLy
f—
58 VPN
60 BENDO OF woLg
62 L3 AN 2
kv s ingute TREERE
64 VINTRWE FRom 2@,
VUt INBFFICIuNT
< -
66| YymS.TtSTe
68 Zevol G Com pma
h; LN A Ar.r:: b
70 [P Ptutiagitte- 4
2 EFERDZEN vo g PLAYE




MEL. Yo Ox. BRMOW N

LENSED , URRN DE NSE w

66 |1 LT ¢ CLINY
( Waworw O B g Ceoc K
p 58 META 7O WGW PLasTiC| .
VEWR Y Wy e o .
y 60 | SANOCSTONE —~
(ETMonNTEN FORMAT 0
62 CLHOTNIATE | Gy~
LA TR R w
6“’ END oF [LX- 2" -3
66 NO FRAE WATER
58 FROZTEMN To V'
70

R, M, HARDY !__',T _ & ToRY V&S
as ".. LTeD RULE, WYNN , FORBES, LORD & PARTNERS
Afsocurts Luattd A.G.T.-OXFORD COMPLEX, EDMONTON, ALBERTA.
oo, 3 = cno, J08 0. AT O4 [ MAAKW 1 [wk g Latg -
= 5 - i 2 s e e —
MOMTURE  COMDITIONS & ATTERBENS LTS [N 1 SO, SAMALYS
SO OESCRIPTION
. oM CRPTION
AT CORNT % D o .-a oy SN ‘lsfg l OTHER TESTS
P 3, 39 g teven 2 2 A .0
L T
s 2 ¢" TomaaiL ?
18 STy LAy .
u Z2° TaPIoiw pre WA
SILTY CLAY 7 Nesl20
- 6 2 SAND LENSE —alsf] D4 s S0 A
! sfen SR |
2 BOT e TS, e PCREYS]
10 u.'\‘.‘;:.‘nt \, MO, sz§§u5 17
- -~ s TILT Yy
12 FED. To WiGH nasnc?
1 B0 PSS IR s, e = 3.0 T/ar
BETSNE el
16 - -
> SANOY CLAY (Tl
183 e Lomie T
TR = ka TAss * Ta
20 cL LIRS UTESGSS §=a 23| |The2T200: 38 %
MEQ To DARYK Prewd
22 oy TSWLES Com Zhcs g
. 13
1 :g 'e‘::r':t_n.n =c Zgnw MLB.
28 et /_-g UG U i mer
30 " Linc wand , ibﬂ ™
__4 32 P 2ANS CENE — T 7
oL T Raad 8 -
34 ConT o s, wern \os Pass Ygoo = 34 7
36 l;M wu-\-.: :nf: Ve P -
: 38 RS T S w3E |
)lo T OCARw GRevY wmeown o
“ MED. LA BT C
-1&2 3::\;« Suny (fieln)
AL 44 ’ Ol 20|
— 4 SAN .
"5_ }“&A‘.ﬂt. SANOn ¢ G¢Avt$
138 €D., comrL TPRCrA¢

PLATE




B-8

& ASSOCIATES LTO.

R M. +ARDY
COMNBULTIINA CiVIL ENaGINaRLRS

*ed,4¢

SUNMMARY OF SANPLING 4 LAGORATORNY TEsTS

L
A.0,T, OXFORD COMPLEX, EDMONTON, ALBERTA,

AOmMONMION ALSfiNYa
swn 4. %A |cro Toars ,JUN (T [ronn A Jios wo e oh  fe.are
WATIR CONTRNT S0IL PROFILE SOIL SAMPLES
3014 S48CHIPTION | [ ,i »
—t —t — PaE A TY oF Romouton L gles! sz |28 &
watee con’unv -$' wy -0 w0 w -4 e !! ig ; s =§ ; ormee  rsn
of » i v _1 !‘ 4
2
4 ;
REFER To
6 HOLE & T
8 H
10 i
12 {
14 1
16 1
—18 !
i 20, SANDY -CLAY TiLL // 1
22| MEDIUM BROWN [ I
LOW PLASTIC H
24 _LOOSE ,/' ~ 1
26 1 e ]
; 28 sawor sur ; <] oy 1
L_ 30| HARD }j/ Okue 4
+ 32 /] 4
; DARK GREY BROWwN [/ H
» 34 low pLasTic '/ Njoe 4
36 HARD /l ‘:
38 /] Su‘, *;
4o[ SANDY SILT CLAY ’/ ]
¢ hal ROCKS 4 v i
k| e - 4
» bt SAND (sase., |4 Nve 4
4 46 SALD § GRAVEL) 1 s {
Il SILTY (w) 1
2 4 NCNE PLASTIC 4
— & MEDIUM SREEN AROWN |:™ Lo u
= 50 FINE GRAIN o on 1
e 52|GTRA VEL H®) L
: sh  ESAVSLAMES 14 b ]
\ 156 a o {
58 2 (3.1 ]
!
= 60 CLA SHALE ZR=" 4
BFDROCHK =
q 62 LSS’PTD'L; o, DARK /b!) 1
64 GREY ¢ amown i Rqd [99 4
p MECILM B .87 TIC
o) ] 66 COAL SPEax . {
- H
: 68 SANDSTONE 4
f 0 ;zAr:‘rooutnc ’ c 14 H
(o] 7 rl'.wr TIFAM GREY oL ave




B-9

A. M. <ARDY

& ASSOCIATES LTO

SUNSARY OF SAMPLING & LABORATORY TIiSTS

RiTH

COMBPULTING CIVIL ENUGINETRS

"o 'RULE, WYNN , FORBES, IORD & PARTNERS

A.G,T. OXFORD COMPLEX, EDMONTON, ALBERTA,

(XL - AN-T) aLSg0 s
swn. 3 M. fcen [sare JUuN &7 ot ®A Ji0e w0 C 150 {orare
WATIR CONTENT $0IL  PROMILE $01L  SANPLIS
01 SAICHINTION i ! !‘ :
X » ¢ : X - X : - a—— > » & » o ) pu— eatun 3 ' L] L]
WATES CONTENT -% wy, =0 we0 we=a v i! g! : s !§ § ormee e
> ) 3 p » o sace '] 1
= 72| GSAIEILTANRITNG. Sac hod !
n GREY. L
] T4 F
ql\ ’ 76 ?::':;?{h%zous 52F !
- 78 BENTONITE . q
a0 CRFAM coLoRr H
g CARBoONACEOUS ¢l f[rn :
A 82 CoAL Ssrers H
84 g;:n sPowN = . H
r SHALE SR KPR
/& 86 CLAYEY ,CARBONACEOUVS RC 47 b
T ————— M
= 88 i
. - Q 4
. 90|  sauesTzng, !
< 92 FINE GRAIN Rd ”? i
4 1 bt
96| END OF HOLE 1
4 H
98 Bi
1 f
104 {
(o] 1
fo l
FO 4
tu !
1! I
- 1
21 Jl
h1 h
2 i
2 H
2 {
H
2 {
2 4
3 L
3 e
3 H
3 1"
3 H
F"’ vLave




B-10

RITH

. M. HARDY & ASSOCIATES LTD.

CONBULTING CiviL ENGINERNS

LMo NTION LI AX]

’R0s40C s

SUMBARY OF SAMPLING & LABORATOAY TESTS

(4]
A.G.T, OXFORD COMPLEX, EIMONTON, ALBERTA

WATER CONTENT

A

] ceo. foare F;ﬁ? 742t 2 Js00 wo
S00L PROFILE

-8 O

I Prarg

$0IL  SAMPLES

N

ATeS

wares eon'n-v -8

9

o O

Y

Lo

AW OO N E

S0I1L  SESLRIPHION
1TY OoF EOMonmToM

2228.9

fl

I

ormie

L1

b= clay mattied Lant

L4k brOwLN . sancl
fenses ~adt. ®agticiry

darX vrown

brsement Plcar 4

CLAY- (TiLL

«Sandy, )cu olatg
LaM \rowa

casd ey

Coal tpochs

drk qfcy ~3IOVs caal

Sandy
Moree < %° ¢

.

N NN\

B

SAND - med brewn

ME

“hentomre

CLAY- ’""‘1'\::.3' Pletic

stong e
)

)ity esrengs wV ¢
lows PIOONC

SAND = smv. 3aum Loamme

= Conl pieces
weathe
med. y‘ghc

dark arey

STONE  bentrnine
ligar grey . cl‘:,.’

Biif stone PRLLy

[IYX1]




B-11

.M. HARDY & ASSOCIATES LTO.

RIMH

COMBULTING Cervii ENUINAERS

10MONTO N arbteva

SUMMARY OF SAMPLING & LABORATOARY TisTrs

*TSTTRULE, WYNN

A.0.T.OXFORD COMPLEX, EDMONTON, ALBERTA

FORBES, LORD & PARTINERS |

own A S0

l.lll

l cr’e

26/l T

noie -y

l:o. o

L —fe 3dd Innn

WATIR CONTINY

son PROFILE

$01L.  SAmPLes

SONL  BEECRINTION

bl

==

X v o

wATES COMTANT -
2

-,‘-D -0 -n,-.A

72

T4

76

-+

78

[satve

SAND STONEK,
SHALE - cray, dark Sroen
3r¢3

cdern g¢
fsandstone
Sobr

sACs 41 gway,

i

ornee a8

Teos

» Bott ond etone
‘oo - badding ~L48°

‘,lfrmsc."

nord , Sdbstone Y4

82

COoAL
SARPONACEAUS SuALR

86

[o]
[o2]

CMAINACEOVE SnAaLl - dork,
Orw *

__Sodi wiringecs

90/CoAL
\".Kemmﬂ—w*_
SANDSTONE

SMALE - cl..!,

-, Go

Sondstore lans

!
!
X L d (13 [

Rc 7|

+

Tt tryt i+t

o

EE8RE

10

SANDSTONE - <3rmensceons
—— SnpiC Jens_.
SHALE

SAND STONE - ciay Shate,
f;ﬂTLE Sl icdark geey,
DY sanoeiUs = = - — -~

CARRONACROUS —dlurk “brgurn -~

SANOSTONE CAreenitn grey |

| CARBONALEOUS o4,
®rown, haerd

Sivtsrones v, 9

slgrin grey
carBonasceous o'r-:;crt
sard otone. l~e’n_‘.:l.,,_-:

$oft clark grey
hwrd siftatone SMmagery

MO ANRRNRRNE

N\

74| H

4
+

’C|

"
+—r

Ctrritrd,gcedn arey,

NI\

14—

hans areengh qrey

derk berown Nal LY

"

4

AN R

RC

SRERNE

END ~f HOWLE

-
> avn i e o o 2 4

PLATE




B-12

8. M ~ARDY & ASBOCIATES LTO

SUMMARY OF SANPLING & LABORATOAY TIESTS

RITH

CONBULTING Civii E%QaiNEeNg

te020C”

RULE, WYNN, FORBES, LORD & PARTNERS
10MONTON ALOEBTA A £~ T [ let
owi M. o, [cro W e € Joare M4 G fwone 108 WO o VD 2o aae | eiara
WATIR CONTENT $01L PROMILE 20I1L SAMPLAS
301 B43CAITION | [ s 'i »
Tt t—y—p—y—t—y 7 AT IR -
waATRS CONTINY - w -0 =0 weA e — ! li! ig i 3 gs ! Otmge  sesvs
] 2, 3 40 30 Ll 70 APACE (LEVAY ’;’-'2?0‘9 :. =
FilLL-Topsoc:L. &
2
C LAY ~masiwuem
4| eoown, siLry |
6 L~
L~
8 1)
10
12
14
16| Sane kNS
T - 18
o0 ] CLLAY (TilL)
* BTONES < YV2"¢
122! coaL, ieT L,
T SAanc e sas
24
26 g
28 Low PLASTIC [, It o &' RECcOVERY
30 S rpy s¢ r F
< 32 \ P |ed|26"Recover
(2 ’ \
o )2 &
| R - ]
3 e (]
2> SAarn LE”J"ST 7 fet \a €0 T
H 38 /]
- AR SREY A
—1 - #10| muweTy PockuTs L
ot N\ vEaEaY @STIise / ey 95"
pi2 7B
9 gt P [EAOD (5. 5.5 €9 [0
&S MED TE ORwe. BRoWN o5
Y 6| NoL vLasTIC ol |47
M TFiodll Codiiaf.D .
];8 MEDIWM PO WS 50
WITH DK Bl . LENSES|
N v) ) PY] {70
© ar4 v;uc O wEES. uo».‘
e STiir DEWNS SPT-
Y Sgtpuing Al Bt dnbybadll ‘4
P T GRAVEL ]
6| Panv To Mo & aowe -
8
PO [ECAY SHALE
2 DA< .Y
- HOQUMTONT AL BAND
P4 eSS Loy Pl foc
6| PrLSE, clmRby
8 P11 s
—-6HT aa.EY
yO ! s Toric PLavy




B-13

ﬂ.';iHAﬂDY & ASSOCIATES LTO. SUMMARY OF SAMPLING & LABORATOAY TISTS
R’W‘ho..“...o cived enarmeens PO puyLE, WYNN, FORBES, LORD & PARTNERS

AOMONTION atbgesa A G
own ™M ILL l:.o = lg.u NN @1l aod 3O 100 o VS O A= siare
WATER COMTENT - SO PROFILE S0I1L SAMPLES
10 SHICHINTION ] 3 T
HETHE R
r—t—r—t—r—t—y—t—vr——r—t—y—tr veey .:i : () & orues  reses
WATER CONTENT - X wy =3 w-~0 wy~A tH “ i - ‘g 8
° 3 3 . .0 70 > ¥l
race L AVAY K 8
CLAY SHALE NP i
{2 MED. GR &Y, MED,To c 4
- HioHLY PLaSTIC - I
T4 seAacTUCE H
by PT i
76 I
< Lay =uale ]
—t SLIGHTLY catacn , 1
i BO | meoium geay T o 1
v MNEDOIWM PLASTIC .
P2| oeaw crmy __ _ _| H
' HIGHLY PLASTIC H
+ ) PACTIIKLED AR Gl 1o +H
T SO AL Sorc H
; B6 = - H
* 8 PAED I M s o v H
. HomZowTAL BHIDOING 4
T 1-1- ~{—1t- t PlAnES , SILTIER / a1 o H
o 1
o [BANB STSOE Zi 5y V] i
Five qralves 2] 1
)} ) Cabd T c.a.ay,t-‘aor\/ T 4
90'- 9L IVTER.AEDLW 1
6| SrHare 4 sawc afou:/ 4
VAT L DTIARILIG H
81 _ “--:°_~,s_~el-_*_"_‘3l'_/ T (9 !
oc,_ch‘&i éHALL—_/ H
RN = |
< MED H
t— o E»Q.GZVN, MEDS 1M, 4 al 7il- © 1
O eLAsTic 4

10§ COAL  rasaLy
[J Y W= ™7 ¥l

'10 SAalLE 1T e SEE
1 WITH c<oatl.

et + —
Tt 11t

Lt t+rt1+tr

3 3
17—t 4+

+

+

O . e e ¢

o Pl fioa
i W SHALCE
o t o — .
19 Tlefty Soeaen gt \frf o
11§ wee ‘ceey wow. [
Sy =Tk 7Y TP
120 END of HOLE
2
12
12
12
3
13
13
13
-] 13
1 14 viavi




B-15

A M HARDY & ASSOCIATES LTD SUBMMARY OF SAMPLING & LABORATOAY TESTS
mmTo..u.v.uc Civie rMG wrems *tost<'RULE, WYNN, FORBES, LORD & PARTNERS
A.G.T. OXFORD COMPLEX, EDMONTON, ALBERTA.

(Y Y- L AN-T ) aLétara
swe g - 3. bee . Jcuo =3 J? l---ll3901'67 woit L\ {100 w0 L VG o foiant
WATER conTINT $0iL  PROFILE S0IL  SAMPLLS
1018 DEICHI0110M | ] »
— Tttt pré i!g-sggs cIned  resrs
wath comremt -% -0 ~-0, -a ! i = g
I aufrace LAVAY ‘ -
CARBONACEDLS <SHA o'~ 80" SLow |
72 5 AW, K gs;a:/ S PT ke toss OF WATER,]
MEDILM PLAMTIG ]
74 Sy 7= ~
76 _(-lLAY SHALE | ual ;
. [=acaLC o
ca..sona.c.zbo_s_ N
80 | <L AY suatLe -
eSS LeyT e :
a2 ) . ; ]
. B b lBOMmACEODS | StovGHIBG T
a6 Y - Y-Uh. PT! hod i
: LAY SHALE 7]
1 88 | SANDSTONE P o -
N - N 3 -
20 [SAVDY SHALE N
g2 | BUNGHTLY <cacn. by
MofTLEs Mmee. G5y ]
4 log- 2
6 e
BILYSTOOE ST RINGS |
98| runium eegy T s
OaA Oy, carmon . D8 d
100 smale ‘LeEnces -~
4 Eiem .
104 4 .
104 T log N
106 Z0AT . o >
10 ®aLBo, S .Lc{ o -
11 - - -
11 Tl b N
SANDsSTOLE o
113 mep. G REY / ~
<LaNEY -
114 / o ]
11y -
124 CAREBOD sHZFE—-‘/ h
MESIM BEowIn / PT g R
123 S~voy = -
21 END of HOLE -
12 5
124 -
134 ]
134 2
138 ]
13 ,c
s
13 e
1 Pt avt




R.M HARDY & ASSOCIATES LTD. SUMMARY Of SAMPLING & LAOGORATORY TISTS
mm-{conlutv|uu Civel EnGiNErmS sttt QULE, WYNN, FORBES, LORD & PARTNERS

1omonton aserera A.G.T. NDXFORD COMPLEX, EODMONTON, ALBERTA.
own P g . |ceo [oare k|01é'7 nout 42 [ios vo CVEDA Teiars

WATER CONTENT

soIn PROFILL

$0I1L  SAMPLIS

-

t—r—t—y—t
wATS COMTENT -
2

- -Q w -0 -4
o 78

300 ORICHINION

ATUS < T\

i d
L
LY

s

tomsace gitvavign =2\ 9. o

i

il ]
RN TRATION

ormee Teery

erconm B

C LAY siwry

Y/
2| ey, RuasTY /
BOAOWI N A DD
4 Lenscs /
6 € A (fn.a.) [) XETN I/
o /]
10 Sov— 1
12 S\\.TY ﬁ,-”“‘ '/
4 O - PLASTIC, STIER A
28 STOVES |, 5A°D /
CTILL) AT 12 ma..
16| Fo Mmeo caey /
R Firaas cR AIdan /

L L1 ~ 18 *"Cwules, stouss v
/
22 /
4| e AR el /,
LSV f X%}
6| Ty e .,._..;//
E -3 X
8 . ,
30| coay eTemxs //
- L 1-1. 13 PI—A.vcg.
32 ' A
34 [SA [XY>Y ‘h‘ﬁ& v.mpg.:’.',
36 ¢ w-5) e
38
Y2 "
: GRAVEL ‘E
C LAY sHALE
48| mMeo GREY, MEoam
_ PLASTIC , O G ZoMTA
50| rRecTuESS
52

€= A Bty e RO

COAL.

E - AY mHALE
ED GAREY Bgoww
iy PLoeTIo
pr Yy A Q.y Cal B -

oAl

cERLRBERYE

CARBOD SuALE

> -

Tt r ittt t-rt<x

"N 3 M +
Y4+ttt 1tT

3 S
1ttty

+
-

PLATE




B-17

& ASSOQOCIATES LTD

A. M HaRrOY
CONBPULTING rrvail

SUMMARY OF SAMPLING & LABORATORY TESTS

IBMONTON

aLgtAta

ENGINCENS

LT T

RULE, WYNN,
A.G.T. OXFORD COMPLEX,

FORBES ,

LORD & PARTNERS,
EDMONTON, ALBERTS,

luul Noey 6!

4 9

l‘oo o {_\2] D) Ly

&
E

own AL . _l:-a woL Io.nl
WATER CONTENT R 1119 PROFILE SOIL  SAMPLLS
$O1L  DRICHIP1ION | ] ;i :
t——r—t——t—rt—r——t— $ he I I1FREH -
waATES CONTENT -R w, -0 w-0 -8 e ‘!g §! ; - ;g H atnre  sears
= . . . a . a SURLACE tievation e I &l &
CARBOLN . SHMAL H
%—[{2 MEo 2&:1 XSHQow% / T > H
> 4 MEO PuLAaAstic /
<Ay EtTA—LE?"'“/ PT| Joa. 1
6| Mmes camy |
MEDIwmM PLAGTIG H
8l o JEFtees 5 S pr| !
o A o . b‘v :
o ——— g, : i
f z END of" HOLE 1
lT .16 4:
T 1 - +—B8 H
0 i
2 i
4 ]
6 i
8
.00 1
ho i
10 4
h.0 ji
.08 H
11 {
114 d
114 b
H
116 h
118 4
H
124 -
124 ]
24 4
126 §
H
1.2 4
y 1
34 1
132 4
134 H
13 §
1 h
4

PLATE




B-18

A. M. HARDY & ASSOCIATES LTO. SUMMARY OF SAMPLING 4 LABORATORY TisTs
CONBULTING CIviL (SN NN N thosect

A.G,T, OXFORD COMPLEX, EDMONTON, ALBZRT

tomONION ALbiN TS
v G M Jeao Jeare DUN 67| 68 [i2s w0 C 15 O [ocare
WATER CONTINT $01L  smOPILE S0IL  SAMPLES
Q1L DESCHIPTON 'l »
e e T T T S— <ITY oF esouton |f|ag )5z 3l 8
warts conrant R w0 w=-0 w~a fanid !! ;! i 14 5 ormer  resvs
: £ ¥ Msact tLEvATION 2230.3 8 g' s
TFILL = CLRYEY CRAVEL
2 AS PUALT , TOR sOIL 1
M =l Sty ’/ 1
LIGHT GRETISH BROwWN / h
6 MEOD. FIASTIC / 1
-
8 é h
10| ¢q 1% ;
y g
12 RuUsST 1 FN" / +
CONCRETION /
3 MEDIUM PLASTIC / ;
: <
16 /| 4
18| — I
5 0 =11 0 SANDY CLAY (TiLL)p H
RUST 1ENS // :
oo COAL <SLEECKS L/
PEGBLES H
u SANGY Ties ——.I/’ ;
L 1
26 %A;; ens /’ -
v ¢
8 SAvD 1FNS // 1
S T 7 T
N
321 ®viT dews /, i
3 % {
36 VERY NARD Y, H
SALT 4 i
2 RyZds EVEares /] 1
38 GRAVEL 1 T
401 _CLAY STy g 1
42| Peasiss / 1
Fe ) N tESa iTie / 1
hh GREY p 4
ha gn 4 Y 1
46 < i
48 % 1
Ry ;-
50 4
52 il
&l 1
2% 1
56 d
&R i
58 4
0 4 }
(3] R ) ]
_SAND.SID_%L 7] 1
64| CEEDROCK ] i
LIGHT GREY /
66| sTowEs 445y / 4
MECILM PLAST G
X 68| FiwE Gcaam / Jl
(4 SHNAT TP arp — - - e H
1t fO| Farasy uwarc A YT




& ASSOCIATES LTO

18mONION

A. M HARDY
ComMSULIING CivIL

EtNGINLERS

st01tcC

SUNMAAY OF SAMPLING 4 LABORATORY TeisTS

A.G.T. OXFORD COMPLEX s EDMONTON >

swn (G M. l:-‘o

7 |noe & 8 Jiot wo C IS O

Ia;.vl

CLAY SHALE

N

?— SOFT
2 COA L 9
é.‘ BENTONITF STRINGERS ,’
l BENTONITIC LAY
W g SHALE SHAANTTPFPED
+ WIGH PLASTIC ~af'
3 6 WATER TASLE — ¥ |
R 8 SAND..T@:-: STRINGERS
< COAnL Spraixs
—t t P11 CAREONAC!OD' SHALE /
2 0 CAPK BrROWMN /
7 bo sorr ’/

L
—

B

o d

STRIMNGFERS

STONFE
_E'AA-%‘E%ACEGUS SHALE I

HARD LIGNT GREY
FIMF CRAIN

\)

3y

,OT

WATER CONTENTY 0L PROFILE S$0IL
1018 0ESCHIPIION 1 »
s e S SO S G — patua § 2y z £
watih comttmt -8 wy =0 w-0 ! - 3
" ) 49 -
»_ - vace pitvay ol
CLAYET SANOSTONE ? s
e GREY +
+ / P4 ]
ERACTUPIY ——— e
CARPONACEOUS 1
. ANAL S / 1
o1 BENTONITE STRINOGERS H
coaL :
~+ be H

1+ T4+ 113t

-+ + +
1t rtrtit1

ﬁ SANDSTANF f‘ H
q\ 8 CARNINACKOUS sNALE { 1
£ CTRINGERS 7 Y} 1
B oq CLAYEY SANDSTONE / 1
'\ O SHATTERED CARNONAZEOWS —/ 57 +
- SHALF, HARD, sare srow / T
; (o] CLAYEY CANDZTON e b
B bWl o ]
1
- o Lf‘h' W wn 3 " ] .5 .t‘
\n cAhDON‘C'oUS SHALE — — 4 “
P O SHATTERED, DARK SROWN P i
To BiAcCK. 92| 1
10—<5ar !
7 1 MARD - CLEAN 1
1 . | dd 4
} 1 CLAYEY SANDSTONE R 1
RO A i
1 CARBONACEOVS SHALE I:/ yoi 1
STRINGE RS f H
P 2 TRACE oF BENTNITE / <
RVST LENS / 1
NiGN PLASTIC / le2 4
L CARBONAZEOUS SWNALE / 1
a 2 STRINGE RS A 4
B CARSONACEOUS Sunig / I
] 2 gLRAY SHALE ] ‘o9 1
c 2 on " plAST r/ B
N 1 S T SToONE snzmet H
) 30 Sorr % a0 i
32] oanx smown / 1
3 NisH piasTic / - H
COA L STRINGE /4 H
2G| Teace 07 seaTo wire }:r/ 4
/ & & H
CLAY SNALE
‘P L340 339 sne e LA I I_/ 1
ST s ~N (L1
1 2 / P




B-20

R M. HARDY & ASSOCIATES LTD.
ENGINEERDS

COMBULTYING CiviL

LLE-YX])

SUMBARY OF SAMPLI NG

2 -
LEX, EDMONTON, ALBERTA

ULE, s

FO]
A.,G.T, OXFORD COMP

L LABORATORY TiSTS

'152

COMONTION asbeeta
Swwn QM | ceo Jears SUN G 7 [wore 4@_ oo wo ¢ /5 O [ouare
WATER CONTENT S0IL  pROMILE $01L _ SAMPLLS
3018 DAICEINTION 1 »
—t—r—t—r—t—rp—y r—t t— parva e'gxg!‘
wATES COmTONT -R wp -0 w-0 "o e i! i’ : R E § Otwae  resry
2, 3, 0 g ;I H
T arace_gueya
CARBON oV
142 SRl AcEoUs ]
148 oArx Smew i
0 SAND STONE LFNS 1
h) -
4 — 21AcCK R -
SANDSTONE 1
. —R4 DA R & Bo:owsur meens RC] FG 1
) ] B, BRewh i
> END OF HOLE i

+

+ "
b A che e

1-r

PLATE




B-21

SUMMARY OF SAMPLING & LASORATYORY TESTS

EOMONTION ardiata

R’-‘H R M HARDY & ASSOCIATES LTO _
CONBULTING ClIvVii EnO ' NETAS ‘.""'RULE' mm' FORBES' LORD & PARTNERS

Swe. AL,

A.G, T, OXFORD COMPLEX, EDM%!ON. ALBERTA
lu'u. l-ul‘!gf[& B wo.s T3 l:ot ~O C_\?QA.A srarve

WATER CONTEINT

T Tt =

T » —

watlt cOmtEnt -
- 3, p)

';.-Q w-0 - -5

S0IL PROFILE S0IL  SANOLLS
SOIL  BISCEIPTION ! ‘ ”»
Batee < \ T N IEIFRH K]
£} 3 = {a ; ormes  vesvy
s * |33
EX+ ;] H

swasscs_sevares 2BV, o

|
if
cLAY SIGY 2 Uple was_
2 MEDIUM Sowses / LT Oriviad 4
R MEDIUM PLaABTi / *< Lhuoc‘ o e
~Locets -
6 ; 2
8 / J
10 L/ N
12 L/ N
—t 14 ] -
116 MEDWM  GatY ; ]
= ]
- — et . 20 / H
CLASY (TILLY L H
—t22 DA KK CRRY /
T MBIV PLasTie A I
t 24 C . WPECKS /
RUBY Laws /
f 26 sronaes € Ja s p E
1 /
. 280
20 4 i
32 / F
34 S 0d O L4 TV ’/
b
36 Lx“: "?ouc.t // I
[ y
13 % !
4o ,’ os (A
L2 / os e
A .
WY P 05|80 for o
vl 2AND (5.5 (&) i R[] |Fer @7
48 ';}
50 | ] |7s| |For o
52 o
® A Vel T W
L3N 6&*VG‘— v’ -z 2 Fw.’ 6"
56 7 b
N Leoosine Weit
5 ¥ LoeT x 240 GUS,
60 X

62
64
66
68
70

PLATE

CLAY SHALE : 1
BERSRer !




B-22

RITH

A. M. HAROY & ASSBOCIATES LTO

CONBULTING Civii SNOGINEEZRS

SUMMARY OFf SAMPLING & LABORATORY TISTS

*tosect RULE, WYNN, FORBES, LORD & PARTNERS
A.G.T. OXFORD COMPLEX, EDMONTON ,ALBERTA.

XL LAX-1] arbtera
swn ML {cao Joare 20"&&]&&-0.0 T3 ]:a. w C1504 A lnnl
WATIR CONTENT soIL  PROFILE ] T $0I1L SAMPLES
011 BASCAINTION I ! ' :
—t—r—t—r—t———t—r—t—r—t—y—t patvs sl stz |%
watts courint % w, -0 w-0 - D baid 1;! ig ; § !g g ormes  ress
. - SuArACE aitvavign “
LAY sSHALE a
72 VERY Sauoy
74 5
76 ’
7 |
[P a T,
8dcaceo A cEoLSs | F
84 S HaLe - _-
Clar( oW ALe y
84 9\5‘\( 7
86 “
-t
CLAN SsHhALE a
9 O v @AY
Siuey ’
97 ?/
94 ’
94 ’
94 '
100 ’ {
07 ' ~
104 ’
106 g
104§ é
: (== F Y.
1 1S AREONACEDNS SHALE f
11 =S4 — H
1§ &> syonE , E
124 H'OMT eeey // H
12 3 / %
124
% |
L]
H
12§ - e ]
iy Syl 4 BRIt
BELCLE A PO
Hor® Was NeT)
134 (=2 1.3 1- X J
13 {
134 H
144 FLave 4




B-23

A.M HARDY & ASSOCIATES LTD. SUMMARY OF SAMPLING & LABORATOAY TisTS
mm-lﬁnnu\.'unq Civit ENGINLLAS "5”"RULE, WYNN, FORBES' LORD & PARTNERS

tpmoNtaN aLbenta A.G.T. OXFORD COMPLEX, EDMONTON, ALBERTA
ewn. WA L ]c-'n loul'“F:B 6@ -0t T4 |'°‘ wo CA\SO4 A |-..n
WATER CONTINT . son PROFILE SOIL  SAMPLES
— ::‘ SLICRIPTION J‘ . g . gi :
r—t—r—t—r—t—r—t ettt !t-!izzsi ormes  vepsy
wat1g ¢on’"m-a;rJ w0  w-0Q = wm-A g ;a {: -
. *L SUAIACE gLivaripn 22 3‘- .‘
FILL curay ,swory Hole Was |
2 e ICKS Wer Daswien 4
av
4 X - \_oc:f.zn d
CLAY, iy . -
6 MEDIUM ey / 1
8 / ps
10 / 1
12 / H
vERY STy .
14 G EEC I GomEY 5 i
16 / 4
18 / §
g 1
20 -~
CLAY (TiLL) Y A 1
22 cCosL SrEcxe // H
MO PLASTIC A |
24 v -:
26 K 4
28 SAND LEDS ::'_’? i
30 B O OY ,/ 4:
Dkt Y / 1
32 Ot BPELCS p 1
'-\-w: LENIES // |
3y STmetn » /’ h
36 // 1
38 ’// H
40 ‘/ ':
w2 L4 . 1
N / ps|es| |For © I
TsanD (s - §a.) b psfico| |First o H
46 : ¢ § “'v DS{6S for & I
“e ": , .:
50 .'-:' i
52 o {
[ A
- Sh . .:’; u ]
Sl o e — oshoa  |First <
R AVEL
‘o }
60 4%
c-bY SnaLE
62 DAaRY G REY ;
H
64 ?
66 f
68 0
BAMOHETONGE 96Y f
T 70 PLaTE




B-24

R.M. HARDY & ASSOCIATES LTD

RIMH

CONBULTING Crvii CNOQINEENS

SUNMMARY OF SAMPLING & LADORATORY TESTS

$eot! RULE, WYNN, FORBES, LORD & PARTNERS
A.G.T. OXFORD COMPLEX, EDMONTON, ALBERTA

40MONTON AL TA
W beA fesn Voars BV FEB/68] noir T4 Jios wo C 150 A ]nu-
P R
WATIR CONTENT 0L PROFILE S01L  SAMPLES
104 DESCAINTIOn | [ " ”»
+ " sarue L4 les] = = £
watte counn:-; .u,l-a, .--.o 3 1.\:A' e I!! ia ; § =§ g oraee  resrs
= . e 2 9 SURIALE _$LAVATIRN . ® !.

SANDSTONE {
72 MED . BRARY 4
74 / !
— 7 // :
7 — /] 4
— ,J CARBOLACET ?Tuus 1
— . = H
I C AR 2o NALESVS SUaALE ji
; 8 NED— DALY Ba oM H
= Cea™T SV Ty H
i = {
- - i 4 9 LAY SHALE i
r STy i
9 H
9 {
9 Il
" savpeTaNE 1
1 0 B
0 i
ho J
10§ cLaNy sHALE it
Lo oaey i

1100 bm m

Lidca monacucus 2 1
i Com b ™ ( ?Hh.\s 1
BT prapmyigrn Jl

1 T:
11§€lay SHALE dl
CoO ra> 1

2( Potw Coagy 4
122 / i
h2y DR TON TIC / it
126§ HER: “aey / dl
12 7 4
13— — — {
Ene a{ Hole t

Y. 1
1 34 {

1 EY: {l
134 [
A |

“ PLaTY




B-25

.M HARDY & ASSOCIATES LTO SUMMARY OF SAMPLING & LABORATORY TESTS
Wtou.umv-uu crvie tnaimcens [**2'<" RULE, WYNN, FORBES, LORD & PARTNERS |

tomomron alseara A.G.T. OXF'ORD COMPLEX, EDMONTON, ALBERTA
own. M.\ . Jeoo 3 Josrs 22JAN(EB] o 200 I:oo wo C 1504 [ecare
———————————— e
WATER CONTENY $0IL  sROFILE S0 sAMPLas
01 BHSCE11100 ] [] M0
r—t——y 1 Tyt pates T e 1A R 1
warie m"“'_’ -0 -0 ey nev i! g! g H ;! § orwes  resrs
s . AsAct_guivar 2 T ':52 . !‘ -
s [Fllle Sivry cLavy X-LoGED {
< DARK BROWN 1
4 M‘Dlgﬂ PLAST O
CLAY siuvry, ur. o
6 MED. PLABTIC

VEAY Diry

Y WAttt Dot
| uED. TOo Low fLAATIC

X vRAY BILTY D

+ " N +
I trritrtrtrt

LIGHT aQown

}SLOUGH\ NG

+ 4
111t

a 18 MEOIUM BROMN "

R 20 ]
7 oo | CLAY (TILL) sanoyr H
(4 ’A”°__-'-— < Es
LT. TO D anv. Swuws "]
Y 24 COAL BPELWRS ) 4
- RLeT BPOTS ¢ H
T - 26 HamD, aTones /, 1
28 VBRY Samoy 20'29 // 1
30 A J
$ )4 1
T 32 // 4
: 34 r {
36 # J:

3 Y\ || fos

1-—t-1

42 i3 b
441 SAND (S S 5 G.) P${77 [—rorn o i
46 o3| & A

>
o
HURNANNN

3~

48 3

50 Eut *
52 F Z oA | |je— For o b
o Z 5 B‘Si o FOoR  &" :
‘:: EE—AVE:——-—- =2l O%]18) le— FOR CimaT o

d } SLow Nh"".ts

LOLS

PLATE

0
2| CLAY SHALE 4
4 Dot camy H
Wramly PLadTic. ) ]
6 lad (-] 1
8 H
70 I




B-26

A M. HARDY & ASSOCIATES LTO | SUMMARY OF SAMPLING & LABORATOAY TESTS
m‘:ouloullno CrviL LmoeimECus *eortc! RULE, WYNN, FORBES, LORD & PARTNERS

ssmonton aietara A.G.T, OXFORD COMPLEX, EDMONTON, ALBERTA
swn G. M. [ces R _)\E, [osre 2 230N Lm0t 2o [:08 wo (.',\594- [ocars
WATIR CONTENT soiL  PROFILE 30I1L  SAMPLAS
S0t SAICRIPTION || ! 3 ”»
ratve :"::!'
watts cOnTemt <% w0 w-0 -2 e Ii! iz g LR E] ; ornes  reare

2 £ a - JuarACE ¢LAVATIQS * E‘ &

CLAY sHALE 1

72| meo ocarv ~ Tl o4 +

74 o1l lod ]

- 76! 1

| eFnTomitTE A 1

18— KL 4

80| SARBoOnAcEOUS 7 eY] 93 h

HIGN PLASTIC A

82 uro arev 1

84 FAACTVRED PT Iz +

H

86 QSQA\_ -~

88l CLAY SHALE 4 P1l lad ‘t

90 L

92 br \ 4

94 " i

SreT sTome I

9¢1 SANDSTONE %oyl lioa 1

98 wEilL CEMENTED k1

T GREY U

00 CLAY SHALE J!

02 mro srey PT| Voo H

04 MEO PLASTIC +H

06] CAREONACEOVUS rT 102 .:

08 coar T

10 CARBONACEOVS +

D _GCREY s

12 - | {23 il

coas H

14 FTFOUVY “C

'd SANDSTONE T re 1

18 LT GREY H

2. G RN H

2 STy , Me w - ]

23 4

24 CLAY SHALE -

MEO GARY . PT yod T

2 meEn MmasTie 1

2 B

3 SANDSTONE LENSED 6 Fr B2 I

377 END of HOLE i

3 bt

3 !

3 1:

14 X¥3]




APPENDIX C

INTERACTION CHART - RESULTS OF THE
STRUCTURAL ANALYSIS OF THE CN TOWER
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bato
No. of Storeys
Trial f%o.

Column
1

o 0 N O 0 & LN

N ol ad wt el wd wt wd wd - -
D 0 B N e W N - DO

27 Core

NON-INCREMENTAL PROCEDURE

Oct. 28, 1985

26 + Roof Load Transfer

as Percent
7 of Bastc
Loads
kips 4
-1028 -21.)
+1983 +26.1
-2666 -35.7
887 -18.2
+1526 +29.3
-1801 -40.5
+2533 +56.9
+692 +13.3
+36 +0.6
-1304 -23.3
+392 +7.2
-545 -10.6
-9223 -20.5
-1286 -28.6
-560 -10.8
+552 +2.9
+1265 +22.4
+275 +5.9
-964 ~20.8
1492 +32.9
+1332 +4.6

Total

Feb. 25, 1970
26 + Roof

kips
-2288
+2232
-4339
+384
+781
+817
+1493
+1745
+82
-j02
+282
-1318
-640
-1839
~64
+537
e
+679
-506
+1683
+He

Total

Basic
Loads

3
~46.9
+29.9
-58.1

+7.3
+14.6
+18.4
+33.6
+33.5
+1.5
-1.8
+5.2
-26.3
-14.2
-40.9
1.2
+a.5
+0.
+14.6
-10.9
+39.3
+7.6

C-2

Load Transfer
Percent



APPENDIX D

~ BENCHMARK CONTROL AND AGT TOWER
SETTLEMENT DATA



b-1

Banchmark .Control

AGT-Oxford Complex

Date | EieQation
, Di fference
. _ cm. _ .
sept. 10, 1968  40.7 DBM #1 s higher than
oct. 18, 1968 40.3 BM #3 by these eleva-
Nov. -12, 1968 - 40.6 | tion differences -
~ Mar. 4, 1969 . 40.5 Estimated survey accur-
Apr. 9, 1969  40.7 acy in this traverse is
May 8, 1969  40.6 '+ 0.2 cm. |
June 17, 1969 40.7
Nov. 4,1969 40.8
Détej~ ..Elevation
pifference
June 23, 1969 37.576 PBM #2 is lower than
July 26, 1969 137.572 PBM #1 by these eleva-
Aug. 18, 1969  37.566  tion differences -
Oct. 26, 1969 37.580 Estimated survey accur-
Mar. 16,1970 37.678  acy in this traverse is

+ 0.010 f¢t.
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APPENDIX E

ELASTIC SETTLEMENTS OF UNIFORMLY LOADED
RECTANGULAR FOOTINGS ON A HOMOGENEOUS,
ISOTROPIC, SEMI-INFINITE BODY



E-1

Solution Description

The solution presented here is based on the standard
equations of elasticity for the settlement of a corner of
a rectangular, flexible, uniformly loaded area. The soil
medium is considered to be a homogeneous, isotropic, semi-
infinite mass. Superposition techniques are used to enable
computation of settlements at footing centroids due to multi-
ple footing foundation systems.

The settlement of a specific point k due to N rectangular

areas, each with a different uniform load, is given by the

equation
E Z 9 2 BijkTaijk !
where &y = Settlement of point k
u = Poisson's ratio
E = Young's modulus

9 = Contact pressure of the jth footing

Bijk = Short dimension of a rectangular area

Influence value which is a function of the
ratio of the long to short dimensions of a

rectangular area.

The expression



E-2
i=4
iZI BijkIAijk 2

represents the contribution of footing j to the settlement
at point k. Repetition of four such calculations are neces-
sary for superposition.

The influence value for the settlement of a corner of

a single rectangle is given by

I, =

(o 1n LR o qne + AZA)) 3

Hj=

where % denotes the ratio of Jength to width, % » for the
rectangle.

This computer program calculates settlements for an
increment of footing load which is determined by subtraction
of two sets of input load data. The order of footing identi-
fication numbers must be identical. Settlements are
computed at the centroids of all input footings. If settie-
ments are desired at other Jocations, these are specified
as "dummy" footings which have a precise coordinate Jocation
but have unit length and width and zero load. These "dummy"
footings are included at the end of the second data set.

The location of the coordinate axes is arbitrary. To
avoid negative and positive reference coordinates it is
usually conpvenient to place the X and Y axes outside the
footing system. The only restriction is that the orientation
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of the axes must be such, that each footing side is paraillel
to an axis. In other words, the center lines of each footing
must be either parallel or perpendicular to a particular axis.
Settlements are computed for a specified variation of
Young's modulus and Poisson's ratio and are presented in
tabular form for each footing centroid. The variation of
the above elastic parameters is defined with three numbers.
For example, settlements may be computed for a series of
foundation moduli which starts at a particular value and is

incremented by a particular value a specified number of times.

Operational Characteristics

- Maximum number of footings for each data set is 90.

- Maximum number of moduli for which settiements may
be given is 15,

- Required computer storage = 50 K.

Input
Card (A) Varijation of Elastic Parameters.
(F10.0,2%,F8.0,7%,13,5X,F5.3,56X,F5.3,7X,13)

Cojumns .
1-10 Young's modulus in psi at which computations start
13-20 Increment of Young's modulus in psi
28-30 Number of increments < 15
36-40 Pojsson's ratio at which computations start
46-50 Increment of Poisson's ratio
58-60 Number of increments - quantity not Jlimited.
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Card (B) Title Card of First Load Set.
(17A4)

Card (C) Number of Footings in First Load Set.
(2x,13)

Columns
3-5 Number of footings in first load set.
Card (D) Footing Load Cards - must equal number of footings
- specified on Card C.
(13,29x,F7.1) - note - format of second load set can also
be used.
Columns
1-3 Footing identification no. - can be in any order
33-39 Footing load in kips.

Card (E) Title Card of Second Load Set.
(17A4)

Card (F) Number of Footings in Second Load Set.
(2x,13)

Columns
3-5 Number of footings defined in second Joad set - must
be equal or greater than number of footings at first
load set specified on Card C.
Card (6) Footing Load Cards - must equal number of footings
specified on Card F.
(13,1X,5F7.1)
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Columns
1-3 Footing identification no.
5-11 X -~ coordinate of footing in feet
12-18 Y - coordinate of footing in feet
19-25 Length of footing in x-direction in feet
26-32 Length of footing in y-direction in feet
33-39 Footing load in kips.

Note - The footing identification numbers of the second
load set must be in same order to those specified in the
first load set. The "dummy" footings which are added at the

end can be in any order.

Output
Input data is printed out immediately following read

in settlements.
Settlements ai< printed out in tabular form for each

footing specified.

Additional Remarks
(A) Because of the manner in which the influence value

is computed error messages may occasionally be given indicat-
ing that division by zero has been attempted. This results
with footing geometry shown below.



X-Ax1is

. ) J 8
i
+ /
Point K at which settle-
ments are desired

|

Footing Centroid

Y-Axis

Note that the distance B is very small which when divided
into L results in the above error message. If such a condi-
tion is observed a slight shift in position of point K, which

will make B larger, solves the problem.

(B) The increment of footing load must be either posi-
tive for all footings or negative for all footings. Therefore
if the first load set has larger footing loads than the second
load set, the increments of computed loads must all be negative.

If for some reason a footing is subjected to less
load at some later date, the statement card with address 46
must be changed to read 46 PINC=P(J)-PI(J). The second load
set must have the larger footing loads for this special case

in order to avoid output of negative settjements.
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' 6 LEVEL 1y MOD 4 MAIN DATE = 70310 o0s23/15
(o
c SEERRAELERERERRRRAARE RS EERR A RS NSRS A A AR SEER SRS AXEERAEE S SRR R RS
Cc ELASTIC SETTLEMENT OF RECCTANGULAR FNOTINGS ON A SEMI-INFINITE
c PLANE -REQUIRFS- THO LOAD SETS AND SET UF SPECIFICATIONS FOR
c VARTIATION OF YNUNGS MODULUS AND POISSOMS RATIN: J. DEJONG
c L2 R P T R Ty Y Ty P P P Y PP YT Y ]
Cc
DIMENS ION TREDC) ¢ XU9C 14 Y190) s AL90) s BIIC) +PLO0) ¢ QU909 SET1(90) ,QINL
190) ¢EVI30) s TITLELLT) o TLE(L7) 11 (60) 9 PLL6D)
Cc
c SEEXBREERT EXREEREREERASARRERER SR RS RS AR OISR LA KA ER AR RS AR SRS RS -
[4 READ AND PKINT DATA .
c SLERERERSR AL RSE ERKAR R SAE AR EASR ERARARAA R ARE AR EEADR A SRS A SRS SRS &4
c
READISs12VELAS DELASyNEL ¢y PRyDPRyNPR
READIS 40 TITLEC(I) y1=1,17)
READ{S5,10)K
READIS 90 (11031 ,PILIY o I=1,K)
REAN(S,40)(TLEUIN1=1,17)
READ(S,10)IN
READ(So L1 CIR(I) ¢ XD o YOI o ALI) 9BLID o PUID =1y N)
WRITE(6,41)
WRITE(O942V(TITLE(J) 9J=1,1T7)
WRITE(6943)
WRITE(6944 0 TIEIN9 A1) oBIIIaXEI)2Y(ID)sPICI)9d=14K)
WRITE(6437)
WRITE(6445)(TLE(J)9d=1417)
WRITE(6443)
WRITE(6 944 CTR(IIA(INoBII) o XEJD) oY (I)gPLI)od=1yN)
WRITE(6437)
9 FORMAT(13429%X4FTel)
10 FORMAT(2X,]13)
11 FORMAT(I3,1X45FT.1)
12 FORMATIF10e0942XyFBe09TX 13 ¢45X¢FS¢315X¢F5:347Xy13)
37 FORMAT(31Xy*'NOTE ~ ALL UNITS ARE IN TERMS OF KIPS AND FEET',/)
4C FORMAT{(17A4)
41 FORMAT({1HL 20X4*FOOTING SETTLEMENT ON ELASTIC SOLIDY,//)
42 FORMAT(23X417A4,4/) ‘
43 FORMAT(2SX,'FTGe, LENGTH WIDTH X COORD. Y CONPN. LOAD?,7/)
44 FORMAT (24X ¢ 1391 XoFTol o IXgFTel g1 XoFTel 12X pFTel92X9FTel)
45 FORMAT(//7+23X41T7A44/)
c
c L2 22222 22 222 T2 1T 222222 22222 R 2 A P A R R e T
c CHECK QgDER OF FOOTINGS AND COMPUTE JNCREMENT OF FOOTING COGNTACY
c PRESSURE .
c SEEEEEBRRSRSREEE S EE PSS E S AR SESE PSR XS EE XS SESSSH X LSS SRR ES S EE ¢SS
c

46

WRITE(6449)

PO 30 J=1,K
IFEEI0J).EQ.TRIJN) GO TO 46
WRITE{6447)

CALL EXIT
PINC=ARS(PEII-PI(4))
QEII=PINC/(ALI)*B(I))
WRITE(6,48) 1164)oPINC 1 QI4)
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G LEVEL 1y MOD 4 MAIN DATE = 7¢310 02723715

[aXaNaNely

(s algXalal

30 CONTINUE
WRITE(637)

47 FORMAT(10X,* FOOT ING IDENTIFICATION NUMBERS DO NOT MATCH. *9 /910X *C
1ARDS ARE NOT {N ORDER.'}

48 FORMATI264Xy1342XeFTel43X9F542)

49 ENRMATU//423X o LOADING INCREMENT *4/7025Xs*FTGe INCR. PRESSe %9 /)

‘.t“““#‘t.“‘ﬁ““‘.t“““".t.t“t““‘l‘tt#“.“‘t“‘t..“‘

COMPUTE SETTLEMENT MATRIX (INCLUDE QU1) TN MATRIX)
P o e P T e e T P DT P L A Bl 2 A Lt il Edd et d i

DO 29 J=1i,N
QIN{J)I=0.0

29 CONTINUE
D0321=1,K
RR=Al1)/72.,0
SS=B(13/2.0
0N31J=1,4N
DAz ABSIXUI)=-X{J))
DB=ABSIY{1)=-Y{J})
FI1=FE (RR¢SS9DA,DB)
QIN(J)I=QIN(JII+(Q(I)/0C.012)%F]

31 CUNTINUE

32 CONTINUE

““‘.‘.‘#“‘.“*“‘#‘t‘ttt‘t‘t‘t“f‘t..tt“.t"“#‘#*‘tt‘*“‘.“

COMPUTE SETTLEMENT FOR COMPUTED VARJATION CF ELASTIC PARAMETVERS
SERSESEESSESERER S AR S S S S AR S S S SRS RFSSEFEEEREAB TS EHEX SHH SR 459

DO 22 L=l4N
WRITE(6¢23)IR(L)
DD 20 J=1,NPR
Co=J~1
POR=PR+CD*DPR
DO 21 [I=1,NEL
CEL=|-]
EVEI)=ELAS+CEL$DELAS
SETI(YI)I=QINILI*( (). O-PORS*2)/EV(]))
21 CONTINUE
IF{JeNE.1) GO TO 25
WRITF(6024)(EV(I)I=]4NEL)
25 WRITE(6926)PORy§SETI( )¢ I=1gNEL)
20 CONT INUE
WRITE(6¢38)
22 CUONTINUE
23 fORNlT(/I"x"SETTLENENt POINT Yy 149 /741X, PO IS, PATIOY 30X, "MODUL]

1)

24 FORMAT(11X+15{1XsFT7.00)

26 FORMAT‘3X'F5o2'2X.15(31.F5.3))

38 2?3:“‘(71Q'NUTE ~ MODULY IN PSTe3 SETTLEMENT IN INCHES')
END
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16

LEVEL
c
c
c
c
c

1

2

3

4

5

6

12

7
(4
c

9
c

10
c

8

11

LEVEL
c
c
c
c
c

1, MOD & FE
FUNCTION FE (XeYoAyB)

DATE = 7¢310
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00723715

S22 AR PERERE R ERER A AL ARLERARERR 2N EE S R CR K RAE R R NAERRR A SRR S A RS SR RS S

CALCULATE INFLUENCE COEFFICIENT COMPONENTS
I IR R e P T e R YT S R R T A g P AL R DA e Sl R Lt g il

DIMENSIONRF{4)
DOTM=1,4
GOTOU(192¢394) M
HWzA4+X

\'23:23 4

GOTOS
W=ABS{A-X}
GUTOS
v=ABS{B-Y)
GOTOS

W=A+X

IFIW.EQe0e0.0RVEQeG.0)IGOTOL2

IFtN.LT.VIGDTOS

R=W/Y

RFIM)=VEFG (R}

GOtTO0?

R=V/H

RFIM)=H*FG- (R)

GoTo?

RF{M)=0,0

CONTINUE
IF(A,LE.X.AND,B.LE.Y)}GOTOB
IF(ALLE.X)GOTO9
IF(B,LEL.Y)GOTOL10

CASE 1
FE=RF(L1)}=RF(2)+RF{3)=RF (&)
607011

CASE 2
FE=RF{1LI+RF(2)=RF(3)=-RF (4)
G0OT011 .

CASE 3
FE=RF(1L)~-RF(2)-RF(3)+RF(4)
Gavol}

CASE 4
FE=RF{1}+RF(2)+RF(3)+RF(4)
RETURN

ENOD

le MOD 4 FG
FUNCTION FG (R)

DATE = 7G310

0C/23/15

“‘#O“‘..tt**t“t“.“#‘#“‘.‘..‘.00#‘tt‘t.t‘v“.#““.““ﬁ‘.'.

ARJTHMET IC FUNCTION

SEFEESE L EPSRE S F SRR ESCESE SRS S SRS ESFF RS SEE A XSRS S EE SES S SIS SF ¥ S

A=SQRT(R#¥2+41,0)
B=R¥ALOG((1.0¢A)/R)
C=ALOG(R+A) .
FG=(B4C)/3,1416
RETURN

END
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APPENDIX F

SOIL STRUCTURE INTERACTION COMPUTER PROGRAM
"INCREMENTAL" AND "CONVENTIONAL" SOLUTIONS
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Description

The computer solution given here solves for the support
settiements of a three-dimensional space frame taking into
account the influence of structural rigidity. Since footing
settlements are computed using elastic theory, including the
effect of load dispersion in the foundation, settlements
during construction will be immediate as will be the differen-
tial displacements of the frame's supports. The rigidity of
the frame will therefore not be constant but will vary with
storey height. Distortions of the structural frame are
assumed to take place elastically.

This method is based on compatibility requirements
which dictate that foundation settlements must equal the
support displacements of the structural frame. As well, the
vertical footing loads must equal the vertical'reactions at
the frame's supports. To account for the influence of vari-
able site conditions, an approximation is used for calculat-
ing foundation settlements whenever different foundation
deformation parameters are specified.

The "incremental" solution given here takes into
account the variation of structural rigidity during construc-
tion. The "conventional" solution is also given and assumes
the entire building is distorted immediately upon completion
of construction. No support settlements are assumed to
occur during this period.

Support settiements can be expressed in matrix form

as



where

[a]
[M]

[R]

F-2

[a1 = [MI[R] 1

denotes the column matrix of support settlements

denotes a square matrix which includes the
elastic foundation parameters, footing areas,
the influence of load dispersion, and the approxi-

mation for variable site conditions

denotes a column matrix of resultant footing loads.

For an arbitrary frame distortion the influence of

structural rigidity is taken into account in the expression

where

[al

[R°]

[(R] = [Ql[a] + [R°] 2

denotes a square matrix which specifies the
vertical frame reactions at N supports for a

unit displacement of a single support

denotes a column matrix of the footing loads

due to the self-weight of the structural frame
under conditions of zero differential settlement.

Program Subroutines

The flow chart indicates the sequence of subroutines

and functions which are used in the computer sojution. Sub-
routine "INPUT" inputs the required data and prints it
immediately thereafter. The input data is described in a
later section. Subroutine "SETMAT" computes the square matrix



Soll Structure Interaction

Flow Chart
(MMN Al A2,A3,A4,AB,All ~—— COMMON BLOCKS
— INPUT
Al,A3,AB,A8
Function] _|Function
SETMA "IFE FG

Al,A2,AT,AB,AIQ
SOLVE Al A2,A7
DELTAP

Al,AG,AB
—SETT

A:.M.Acl.aa,mo,m Al,A9,A12

. JINTAGT ——REAGT

Au.ul,auz

GENMA

END
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[M] for the case of rectangular spread footings located on
the surface of a semi-infinite, homogeneous, isotropic,
elastic body. This matrix is stored in common block A6.
Subroutine "SOLVE" controls the "incremental" and “"conven-
tional" soil-structure interaction techniques by performing
the calculations storey by storey. The self-weight struc-
tural load per storey is computed by “DELTAP". The resulting
column matrix [R°] is stored in common block A7. Subroutine
"SETT" computes the settlement in accordance with equation 1
for any specified set of footing loads. The results of this
calculation are stored in common block A8. Subroutine "GENMAT"
generates the square matrix of reaction coefficients [Q] from
the input data for a particular structural frame of specified
storey height. The matrix is stored in common block AlZ2.
Subroutine "REACT" computes the vertical reactions generated
at the supports due to distortion of the structura] frame.
This corresponds to multiplication of [Q][A] as indicated
earlier in equation 2. The results are stored in common
block A9. The iterative computations are carried out in
subroutine "INTACT". The maximum number of iterations can

be cantrolled and the rate of convergence can he altered by
means of the relaxation factor used in this subroutine. The
convergence criteria is specified by the program user for
flexibility. At completion of iteration the final footing
loads and settlements for a particular storey are stored in
common block A10. The number of iterations required to satisfy

the convergence criteria is stored here as well.



Operational Characteristics

Number of footings < 30.

Number of storeys < 30.
Number of input footing loads with height of building

per footing < 7.

Number of input reaction coefficient matrices with
height of building < 10.

Number of different soil zones < 10.

Total storage requirement = 150 K.

Input

Card (A) Control Cards.
(18A4/315/F5.2,15,F6.4)

(i) Column
1-72

(ii) Column
1-6

6-10

11-15

(ii1) cColumn
1-5

6-10

11-16

Heading or title.

Number of footings
Number of storeys

Number of soi]l zanes.

Relaxation factor (e.g., 0.5 gives good rate
of convergence)

Maximum number of iterations allowed (e.g.,
30 for large space frame)

Convergence criteria in kips (e.g., .05 kip;
footing loads must be repeated within this
limit of variation).
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Card (B) Footing Load Cards - number of cards must equal
the number of footings and
be in order of footing identi-
fication numbers.

(1x,13,1x,7(12,F8.0))

Column
2-4 Footing identification number
6-7 Storey height
8-15 Total Footing Load of the building with construction
complete to the specified storey height
16-17 Storey height
18-25 Total Footing Load of the building with construction
complete to the specified storey height.

etc.

Note - Although 7 footing loads may be specified to de-
fine the curve of self-weight footing load with storey height,
a lesser number can also be used. The last footing load
specified must always equal the footing load corresponding
to the maximum height of building. At footings located under
a part of the structure which is smaller in height (e.g., a
lower wing), the maximum footing load at the upper storey
height of the wing must be duplicated to correspond to the
maximum storey height of the entire frame.

Card (C) Footing Geometry and Coordinate Cards - number of
cards must equal the number
of footings and be in aorder
of footing identification
number.

(2x,13,4F10.1)
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Column
3-5 Footing identification number
6-15 X - coorindate of the footing centroid
16-25 Y - coordinate of the footing centroid
26-35 Footing length in X direction
36-45 Footing length in Y direction.

Note - Coordinate axes must be parallel or perpendicular
to all footing sides.
Card (D) Stgrﬁy height of first input reactions coefficient
matrix
(2X,13)

Column
3-5 Storey height.

Card (E) Reaction Coefficients - first matrix
(8F10.1)

Cotumn
1-10 Reaction at footing 1 due to a unit displacement
at footing 1
11-20 Reaction at footing 2 due to a unit displacement
at footing 1
21-30 Reaction at footing 3 due to a unit displacement
at footing 1
71-80 Reaction of footing 8 due to a unit displacement
at footing 1
1-10  (Next card). Reaction at footing 9 due to a unit

displacement at footing 1



F-8

etc. Unit reaction at last footing is specified for the
unit displacement at footing 1

1-10 Reaction at footing 1 due to a unit displacement
at footing 2

etc. As for unit displacement of footing 1.

Note - For a structure with 25 footings the reaction
coefficient matrix will be specified on 3 x 25 = 75 cards.
Note - The sign of the reactions must be included as
the sum of any column or row in the matrix must equal zero.
Note - Reaction coefficients are in kips for unit
displacements of 1 inch.
Card (F) ;22??{ height of second input reaction coefficient
(2x,13)
Card (G) Reaction Coefficients - second matrix
(8F10.1)

Note - Cards F and G correspond to Cards D and E
respectively.

Note - A maximum of 10 reaction coefficient matrices
may be entered. Because of the volume of cards required it
is desirable to keep the number of matrices as small as
possible.

Note - The last matrix entered must be the matrix for
the maximum building height.
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Card (H) Soil Parameters - number of cards must equal the
specified number of soil zones.

(3x,13,1X,5F10.1,3X,F5.3)

Column

4-6 Soil zone identification number

8-17 X - coordinate of soil zone centroid
18-27 Y - coordinate of soil zone centroid
28-37 Soil zone length in X direction
38-47 Soil zone length in Y direction
48-57 Soil zone Young's modulus in psi

61-65 Poisson's ratio of soil zone.

Note - Soil zones mﬁst be rectangular with sides parallel
or perpendicular to coordinate axes. The perimeters of soil
zones must not overlap. A1l footings must be enclosed by a
soil zone or a number of soil zones. The perimeter of a
soil zone must not fall on the centroid of a footing. The
ratio of elastic moduli of two adjacent soil zones should
not exceed 2.0. If the approximation for variable soil condi-
tions is not used a single soil zone enclosing al] footings

must be specified.

Special Options

The approximation for variahle site conditions may be
used without taking into account the rigidity of the struc-
ture. For this case, no reaction coefficients need be speci-
fied as the structure is assumed to be perfectly flexible.
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Card D, the input storey hetght, must read zero. The cards
which must follow are those described by Card H. The {in

between cards, Cards E, F, G, are omitted.
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COMPUTER PROGRAM LISTING

-

G LEVEL 1, MOD & MAIN DATE = 70311 03721741
c SDIL STRUCTUPE INTERACTIOM: Jeo DEJONG
C “INCREMENT AL® METHUD INCLUDES VARIATION OF FRAME RIGLOITY DURING
c .CONSTRUCT 10N,
c SETTLEMENTS ARE COMPUTED FOR THE CASE OF RECTANGULAR FOOTINGS
c LOCATED ON AN ELASTIC, HOMOGENEQUS, I1SOTROPIC, SEMI-INFINITE
c FOUNDAT SON«
c :g?kg;;MaT{DN FOR VARIATION OF FOUNDATION PROPERTIES OVER THE SLTE
c OPTIONAL .
c SETTLEMENT COMPUTATION WITH THE ASSUMPTION OF PERFECT STRUCTURAL
c FLEXIBILITY |S OPTIONAL.

CALL INPUT
CALL SETMAT
CALL SOLVE
stap

END
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G LEVEL 1, MOD & INPUT DATE = 70311 03/721/41

(2 XaNalalel

o000

oMo nn

©on

10

SUBROUT INE INPUT

COMMON/ AL ZNUMCOL o NUMS TR NUMF PR
1/7A2/NCOLL30) » 1STOR(I3CyT1,DLOADL30+7)
1/7A3/NETGL30) ¢ XCOOR{30) YCOOR (30D DX (300 ,DYL30)
1/7A4/QCOEFL10930,30), 1ST(10)
1/7A5/NUMEL10) » X20N{109 Y2ONL 100 4 XDZ0OU10) ¢ YDZOt 109 42MONL10),POLISEL0)
1/7A01/7RELAX IToCRET .

DIMENSION HED(18)

1FLAG=0 ’

READ (541000 ) HEDs NUMCOL s NUMS TRy NUMFPRyREL AXs EToCRET

WRITE(59200CIHED ¢ NUMC OL s NUMSTR ¢ NUMFPR yRELAX o IToCRIT

S84SR R R ASARRR R R AR SR LA SERERRR SR SRS R KRS0 2 4802200 EEEE

READ AND PRINT LODAD DATA
PRy rY PP Y P 2 R A AT S P LTS LA R L D PR L S LR L Ll L e Ll

WRITE(6,2002)

DO 1 =19 NUMCOL

READ{54 1001 INCOLLSI o LISTORIJ9 11 oDLDADLI 9 1) 41217}
HRI;%(bEZOOl)NCOL(J)o!!STOR(Jol’oDLOAD(JoI)01'107'
CONTINY

CEBEESEREEE R E LS EEREE A ERE R LA EEE RS E SR S SRS R SEE SR X RS EU S SR EE SRS S $S

READ AMD PR INT FOOTING GEOMETRY
SEESFFPEREEL LS RSB E SRS AR EESE SRR SESE SRS SS S SRS SR E S SSF SR E S0

READ(S.lOGZ)(NFTG(J’vXCODRCJ)oYCOORkJ)vDX(J’vDY(J’vJ'loNUHCO&.
WRITE( 642003}
WRITE(692004) ENFTGEJ) ¢ XCOOR(J) o YCOORED) oDX( D) DY (4D o d =1y NUNCOL)

SESPESRE SRS S S 3 SESF S RSP S SRS SESESE RS SS S SEL S S SV S SESEFES S S 05505008

READ AND PRINT REACTION COEFFICIENTS
FEESEEEHSS LS SEE SRR EE ST SRS SRS FS S SRS S RIS EE S SRS S ES PSS 4008

PO 3 JJ=1,410

READ(5,1003)1STEJY)

CHECK FOR OPTIDON OF SETTLEMENT COMPUTATION ASSUMING PERFECY
STRUCTURAL FLEXIBILITY.

IFLISTEJJ)0EQ.0) GO TO 14

WRITE( 6¢2005) : ‘
WRITE(6,2006)IST(Jd)y (Jdod=]loNUNCOL )

pe 2 J=1 ,NUNCOL

REAN(541004) (QCOEFIJdodo ) o I=1y NUNCOL)
WRITE{Gy20CT VN (QCOEF(ddode ) o F=1 o NUMCOL)
CONTINUE

00 T Jd=]NUMNCOL

TO¥=0,0

ND 8 I=1,NUMNCOL

TOT=TOT+NCOEF({ o de § )

CONT INUE

TOT=ABS{TOT}

IF(TOT=1.0) TeTe10

WRITE(692011) Jyd

IFLAG=]
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G LEVEL 1, MOD & INPUT DATE = 70311 03721741

T CONTEINUE
DO 9 1=1,NUMCOL
70710.0
DD 11 J=1,NUMCOL
TOTeTOT4+QCOEFLUI9 01}

11 CONTINUE
TOT=ABSt{TOT)
IFITOT-1.0) 9,9,12

12 WREITE(6,42012) 1yJdd
IFLAG=1

9 CONTINUE
IFLISTUIJI-NUMSTR) 394,55

3 CONTINVE
GO 1O &

14 DO 15 J=1,NUMCOL
DO 16 1=1,NUMCOL
QCOEF(14J¢1)=0.00000000000

16 CONTINUE

15 CONTINUE
ISTI1)=NUMSTR

4 COUNTINUE

EREEBRERRBEARSERRESE R RRA R AR RS RA SR RASE RS S R 4RSS EEE SRS R SRR R 000

READ AMD PPINT FOUNDATION PROPERTIES
SERERRRARRECEEL AL ERERXNEE S LA SAERRRASEE AR ESRRAAL AR S22 E0ES4S

aAOOON

WRITE(642008)
READ(592009) (INONEL J) s XZON(I) o YZON{S) 9 XDZO(J) s YDZOL ) ZMOD LI ) o PO ST
1J) 9J=1 9 NUMFPR)
WRITE (692009 ) (NONE(J) ¢ XZON(J) ¢ YZON{ J) ¢ XDZO(J) y YDZO( J) ¢ZMOD(J) 4 POIS
10J) o I=1 9y NUMFPRY)
IF(IFLAG.EQ.1) GD TO 13
GO TO 6
S WRITE(6,2010)
13 CALL EXIT
1000 FORMAT (18A4/315/F5.2¢15¢F6.4)
1001 FORMAT(1XeI3,1Xy T{12,F8.0))
1002 FORMAT(2Xy13¢4F10.1)
1003 FORMAT(2X 413)
1004 FORMAT{B8F10.})
2000 FORMAT({1Hl,18A47/7

13X 'NUMARER OF COLUMNS =ty 140/
23X 9 "NUMBER OF STOREYS =%y 147/
33Xy 'NUMBER OF DIFF. SOILS =%,14//
43X, "RELAXATION FACTOR =V,F5,27/

53Xy 'NUMBER OF JTERATIONS =%,14//
63Xy "CONVERGENCE CRITERJA =',FbHhe4)
2001 FORMAT(5X¢1243Xy 7{J44F9.0))
2002 FORMAT (1H) ¢3Xo'LOAD DATA® 4//43X, 'COLUMN STOREY LOAD STOREY LOAD
}/§¥0REY LOAD SYOREY LOAD STOREY LOAD STYOREY LOAD STORFY LOADY,
2003 FORMAT{1HY3X'"FOOTING GEOMETRYY ¢// 43Xy *FTGo X 0ORD. Y ORD.
IWINTH X LENGTH Y*y//)
2004 FORMAT(IX¢[344F10e1)
2005 FORMAT(1H13X'REACTION COEFFICIENT MATRIX®¢//)
2006 FORMAT(3X,'SYOREY HEIGHT=%,13,/,(10X,12110}}
2007 FORMAT(5Xe13¢2Xy12F10e)9/7¢(10X412F10420)
2008 FORMAT{1HL 3X*FOUNDATION PROPEPTIES'y/ /42Xy *ZONE X ORD. Y
10RD, WIDTH X LENGYH Y MODULUS POJS. RAT./)
2009 FORMAT(3X ¢I341Xy5F10e193X¢F543)
2C10 FORMAT(3X ¢*ERROR = LAST STURFY READ EXCEEDS BLDG. HEIGHT')
2011 FORMAT(3Xy'POWY,J3,* IN PEACTION COEFFICIENT MATRIX',I3,' DOES NOT
1 HAVE A SUM EQUAL TO ZERD')
2012 FORMATI3Xo'COLUMNY ¢J3,¢ IN REACTION COEFFICIENT MATRIX'y[3,* DDES
INOT HAVE A SUM EQUAL TO ZERO'} .
6 RETURN
€END



G LEVEL 1, MOD & SETMAT DATE = 70311 037271/41

(s XadaKaly)

OO0

2001

13
2002

12

SUBROUTINE SETMAT

COMMON/AL 7 NUMCOL ¢« NUMS TR  NUMFPR

1/A3/NFTIG(30) 4XCONR(30),YCOOR{30),DX {309 ,DY{30)

L/AS/NONEC10) ¢ XZON{L1C) yYZUN(10) yXDZOL10),YD20{10),2M0D¢10),POLSE10)
1/A6/CNt30,30}

‘t.t““.‘0.&““““‘#“‘t‘#t‘t“#..“#‘t“t.‘.ttt“‘t#"‘.‘.‘.“

CALCULATE INFLUENCE VALUES FOR. SETTLEMENT
ttttttt‘t‘tt#tt‘t‘#ttOtttttt#tttttttttt‘0“tt‘ttt#t‘tttt‘ttt‘.“t‘

00 1 t=1,NUMCOL
RR=2DX{11/72.0
$S=DY{1)/72.0

DD 2 J=1,NUMCOL

DA=ABS {XCOOR{ 1)-XCODREJ )}
DB=ABS{YCONR{1)-YCOOR{J )
Fi=FE (RRySSeDA,DB)
CNUL,SI=FIZ7tDXLEV*DYLLY)
CONT INUE

CONTINUE

ERELRRRERARAREEARRRE RRK SRR RES A ARER R ARRECRER IS 2 RR SRR SRS E SRR e A0S A S

FIND SUIL MONULUS PERTINENT TO FOOT ING
L s ol S S a2t S ot S T D Sl P AT Pt R e ey e P P R T T P P

JF{NUMFPP.NE.1) GO TO S5

DO 7 J=1,NUNCOL

DO 8 I=]1,NUMCOL
CNEToJ)=(CNET,4J)}*%)1COC.0%(1.0-POIS(1)**2))/ZM0D(1)
CONT INUE

CONTINUE

6D 70 12

NCOUNT=0

DO 4 LL=1,NUMFPR

RR=XDZO(LLI/2.0

SS=YDZO(LL)/2.0

DO 9 J=1,NUMCOL

DA=ABS (XZON(LL)-XCOOR({J))
DB=ABS{YZON(LL)-YCOOR{J})
IF(RRLEQO.NA.DR.SS.EQ.DR) GO TO )}
IF(DAGT+RReNRs DB GT+$S) GO TO 9

NCOUNT=NCOUNT+)

DO 10 I=1,NUMCOL
CNETod)=(CNET¢J)%1000.0%¢1.0-POISILL)**2))/ZMODILL)
CONT INUE

CONYINUE

CONT INUE

IF(NCOUNT.LT.NUMCOL) GO TO 13

60 70 12

WRITE(6y2001)0LLyd

FORMAT (3X, * ERROR - BOUNDARY OF SOJL ZONE'y14,* LOCATED ON CENTER D
1F FOOTING'¢ &)

CALL EXIY

WRITE(642002)

FORMAT (3X¢*ERRNR ~ ONF OR MORE FOOT ING CENTERS ARE NOT LOCATED WIT
1HIN A SDIL ZONE*)

caLL exyy

RETURN

END
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G LEVEL 1y MOD » FE DATE = 70311 03/721/41
FUNCTION FE (XoYoeAoB)

DIMENSIONRF(4)

S0 8204 002884 2SR SRS R EEREREERARESE 0042 E 4820424408848 448¢

CALCULATE INFLUENCE COEFFICIENT COMPONENTS
SESER AR AR SR E A EEAE R A AR ARE AL KA EAAERE R 2S840 88 44088008040 044 0444

OO0 O

DOTM=144 ‘
GOTO(1424304) oM
1 W=A+X
vafiey
GOTOS
W=ABS{A-X})
GOTOS
v=ABS{B-Y}
GOT0S
H=A+X
IF{N.EQeCe0.O0R.YV.EQ.0,016G0TO12
1FtW.LT.V)IGOTOG
R=W/V
RF{M)=VE&FG (R)
GotTo7?
6 R=V/M
RF{M)=WeFG (R)
GOTO07
12 RF(M)=0,0
7 CONTINUE
IF(ALLE.XeAND.B.LE.Y)GOTOS
IF{A.LE.X)GOTO9
IF({B.LE.Y)GOTO10
c CASE )
FE=RF{1)=-RF({21+RF(I}-RF(4)}
GOTOML
c CASE 2
9 FE=RF{1)+RF{2)=-RF{3)-RF (&)
GOTO31
c CASE 23
10 FE=RFI1)=RF(2)-RF(3)+RF(4)
GOTO1}
[4 CASE &
8 FE=RF(1L)+RF(2)+RF(II+RF(4)
11 RETURN
END

we w N

G LEVEL )}, MOD & F6 DATE = 70311 0372774}
FUNCTION FG (R)
P TR R R R L 2 R AT 2L A S A AL AL A d i ddd il d il iddddddds

ARTTHMEY IC FUNCTION
e e It 2 T ST LDl 2 il Sl gt d il add il i ddcddddad

aonnNn

A=SQRT(R®*2+].0)
R=R*ALOGI (1. 0¢A)/R)
CsALOGIR®A) .
FG={BeC) /3.1 406
RETURN

END
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G LEVEL 1y MOD 4 SOLVE DATE = 70311 03721741
SUBROUTINE SOLVE

COMMUN/ A1 /NUMCOL ¢ NUNS TRy NUMFPR
1/7A2/7KCOL{30) ¢ 1STOR(30,7) yDLOAD{30,7)

1/7AT/DELP{30)

1/7A8/SETL130)

1/7A10/7PDE30) 4SEL30), 1 TRIAL

DIMENSION CONLCU(30+30),CONLIN{3C»3C) +CONDCULIC,30)+CONDINI30,430),
15SILCUE30430),SSILINI304300,SSIDCUL30+30),SSIDINI30,30),1IR{30)
DIMENSION CONSET (30}

2620 AR RRRE R RS ER R AR SRR R R AR AR RS SR 4R S 4R R A SR AR S SRR KA 2R E SR ESEE SR

INITIALIZATION FOR FIRST STOREY
SR SR RRREFRRRREELRR AR LR REEEARRE R EXE A RRRE LSRR LR SRR RS LS04

JSTOR=1
CALL DELTAP (JSTOR)
CALL SETT (DELP)
DD 1 L=1,NUMCOL
CONLCULL,1)=DELP(L)
CONLINUT,19=DELPIL)
CONDCUL1,1)=SET(1)212.0
CONDIN(I,1)=SETI1)#12,0
1 CONTINUE
CALL INTACT (JSTOR)
00 2 I=1,NUMCOL
SSILCU(T 1 )=PD(])
SSILINUT 1 )=PD{]})
SSIDCU(I41)=SE(I)*12,0
SSIDIN(141)=SE{1)#*12,0
IR(JSTOR)I=ITRIAL
2 CONTINUE

P22 2R3 22 22222 2222 2 2222 2222222 a2 21222222 2 dddd it dddddd

SOIL STRUCTURE INTERACTION (INCREMENTAL METHOD) TO FULL BLDG., HGT.
SESSSEEESEERERIRSTEF SRS S S ST SEF B L XS S SSF S S S SHES S E 08

00 3 JSTOR=2,NUMSTR
CALL DELTAP (JSTOR}
CALL SETY (DELP)
00 4 F=1,NUNCOL
CONL IN( 1 ,JSTOR)=DELP(T)
CORLCUS T JSTOP )=CONLCU{ 1+ JSTOR-1)I+CONLIN(T,JSTOR)
CONDIN{ I JSTORI=SET(])#%12,0
CONDCUS [y JSTOR)=CONDCU( 19 JSTOR=1}+CONDIN{ J,JSTOR)
4 CONTINUE
CALL INTACT (JSTOR)
PO 5 F=1,NUMCOL
SSILIN(IJSTOR)=PD{T)
SSILCUCT ¢ JSTOR)=SSILCUIT 4 ISTOR=-L)+SSTLIN( I+ JSTOR)
SSIDING Ly JSTORI=SE(])*]2.0
SSIDCUS [y ISTORI=SSIDCUL Ty ISTOR=1I+SSIDINS 14 JSTOR)
TREJSTOR )= JTRIAL
S CONTINUE
3 CONTINUE

c

(e XalaNalal

aonnno
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G LEVEL 1, KOD & SOLVE DATE = 70311 03727/41
c
c SRS AR ALEEE SR A SR SRR EE RS0S40 0048882888880 04¢ 2080040048
c CHECK SOfL STRUCTURE INTERACTION (CONVENTIONAL METHOD)
c P T P T ey e P R P R S TP R R PR P T S PR P LR L L D L 2L
c

00 6 1=1,NUMCOL
00 7 J=1,NUMSTR
IFUISTORIL 9 4) oNE.NUMSTRY GO TO 7
DELP(1)=DLOAD L, J)
7 CONTINUE
6 CONTINUE
CALL SETT (DELP)
DD 8 1=1,NUMCOL
CONSETU(1)=SET{11%12.0
8 CONTINUE
CALL INTACT (NUMSTR)

2ERE R ERE R AR AR LS AL EL R A AR R LS AL R R R EEE R EE SRR SRR AR AN R KO R S S SRR EESS

OUTPUT RESULTS
SRESAERR RS SRR RREE AR ERERAREERESEER LS SRASESRESAESA SRR AL ISR EEAS

(s XaXaXala)

00 10 I=1,NUMCOL

SE(1)=SE(1)*12.0

WRITE(6,2001)1

WRITE(6420C210Jy CONLCULT4J)sCONLINIT ¢J) o CONDCUIT¢J) oCONDINIT 904 SS
LILCUCT o) 9SSTLINET¢J) ¢SSIDCULT 4 I)oSSTIDINCT9d) 9 IR(J} o d=] 9 NUMSTR)
WRITE({642003)

WRITE(642C04 INUMSTRyDELPII)oCONSETII 1 +PDII)oSE(T)o ITRIAL
WRITE(642005)

10 CONTINUE
2001 FORMAT{1H1 10X, FONTING NUMBER® ¢134//422X,*LOANS AND SETTLEMENTS®,

121Xy *LOADS AND SETTLEMENTS WITH'4/, 19X, *NO SOfL STRUCTURE INTERACT
2JON? 413X, " INCREMENTAL SOTL STRUCTURE INTERACTION'y/ 96Xyt o-omm—omee
3

95X,y ? .
4 Vo /48%X, *STOREY CUMUL . INCREM, [
SUMUL INCRFM, 0%, 'CUMUL o INCREM CUMUL . INCREM, NO. O
6F Y9/ 48Xy *HEIGHT LOAD LOAD SETT. SETTe%910X,LOAD
T LOAD SETT, . SETT. ITERATIONS? o /7) .
2002 FORMAT (99X 913 ¢3X o Fel o lXoFQe1 92X eF0e3 94X oFOe398X9Fe1y1XeFe192XyFb
1e394X s F6e346Xe13}

2003 FORMAT(1Xy /961X, "CONVENTIONAL SOIL STRUCTURE INTERACTION'y/)
2004 FORMAT(9X 13 ¢3XeFelyl2XoF6e3918XeF9ely12X¢F6e3916Xy13¢7)
2005 FORMAT(9XotALL RESULTS IN UNITS OF KIPS AND INCHES')

=
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G LEVEL 14 MOD & GENMAT DATE = 70311 03727741
SUBRDUTINE GENMAT (JSTOR)

COMMON/AL/NUMCOL y NUMS TRy NUMFPR
1/A4/QCOEF(10430+0301, 1ST{10}
1/A12/QCOFt 30,30)

taaa d ol LT R T I I P I ST Py Y Y T

GENERATE REACTION COEFFICIENT MATRIX
SRR ERERL AL SR AL LS SR ERRRRALEEANNEEEAREREST AR SRS RE0 422040044

c

(aXaNaNal,]

DO 1 K=1,10
IF(JSTOP-1ISTIK)I3,2,1

3 IF(K.EQ.1) GO TO %
RAT=FLOAT({ JSTOR=-ISTIK=13)/7LISTIK)=1STE{R=1))
DO 5 1=1,NUMCOL
DO 6 J=1,NUMCOL
DCOEF=QCOEF{K s 19J)=-QCOEFIK~1,1,J)
QCOFL19J)=QCOEFIK=1y1,J)+RAT*DCOEF

6 CONTINUE

5 CONTINUE
GO TO0 7

4 RAT=FLOAT{JSTOR/ISTI1))
DO 8 1=1,NUMCOL
00 9 J=1,NUMCOL
QCOF(1,J)=RATSQCNEFI1,1,J)

9 CONTINUE

8 CONTINUE
GO YO 7

2 DO 10 I=]1,NUMCOL
00 11 J=),NUMCOL
QCOF(1¢J)=QCOEFIKy 19S)

11 CONTINUE

10 CONTINUE
GO 7O 7

1 CONTINUE

7 RETURN
END

G LEVEL 1, NOD ¢ DELTAP DATE = 7031} 03/27/4)
SUBRQUT INE DELTAP (JSTOR)

COMMON/AL/NUMCOL s NUNS TRy NUMFPR
L/A2/7NCOL (30) o ISTORE304T) ¢DLOADE 30, T)
M/AT/DELP(30)

bbbttt bbbbbbbbbbbdttttiddisdas s I TIT T T T2 T P TP TT

COMPUTFE STOREY LOAD
hidadadadd il el it e cdadd a2 222 T i Tt I I e T T T 1)

c

laBalaRalal

D0 1 I=1,NUNCOL

00 2 J=1,7

Jd=J

JTFIJSTORGLE.ISTORIN,J)) GO VO 3
2 CONT INUE
3 IF(JJI.NE.1) GO TO &

ggL:éli'DLOAD(leJ)IlSTOR(leJ’
4 DELPEII=(DLOADEEydd)-NLOADIF4Jd=20 )/ ¢ FSTORE By d)=FSTOR( T 9 dd=1})
1 CONTINUE

REVURN

END
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G LEVEL 1, MOD 4 INTACT DATE = 70311 03/727/41
SUBROUTINE INTACT (JSTOR)

COMMON/ AL/NUMCOL ¢ NUMS TRy NUMFPR
1/AT/DELPL30)

17A8/SET(30)

L/A9/015P(30)
1/7A107PD1 301, SEL30) I TRIAL
17A11/7RELAX s 1 ToCRIT

DIMENSION PLDI30)

CALL GENMAT (JSTOR)

SEESRESRASAEARERRLEEARAERRERL R AR AR AR RS L SREBEAS AE AR RS A RS 422 A R4S

ITERATE TO CONVERGE UPON REPEATING LOADS
SRR AL A EAERRRS KRS K ERER EE SR SRSACEAREAARAE AR AAIR AR S SRR ER SR04

CAONO

00 9 1I=1,NUMCOL
PLDITI)=DELPLL)
9 CONTINUE
00 1 1TR=1,1T
ITRIAL=ITR
1FLAG=0
CALL REACT (SET)
00 2 I=1,NUMCOL
SE(13=SET{1)
PD(L)=DELPLI}+DISPIL)
DIFF=ABS(PLOL 1) -PDITY)
IF{DIFF.GT .CRITIIFLAG= 1
2 CONTINUE
IF(IFLAG.EQ.0) GO TO §
CALL SETT (POD)
DO 4 1=1,NUMCOL
SET(I)=SE(I)+RELAX*(SET(1)=-SELI))
PLO(T)=PD(])
CONT INUE
CONT INUE
D0 8 I=1,NUMCOL
SECI)=(SE(I)+SET(]})/2,0
CONT INUE
IF(ITRIAL.EQ.IT) GO TO 6
GO TQ 7
€ WRITE(6,2001) JSTOR
200) FORMAT (3X,*THE SOLUTION FOR SOIL STRUCTURE INTERACTION REQUIRED TH
1E MAXIMUM NUMBER OF ITERATIONS SPECIFIED FOR STOREY?,14)
7 gE;URN
N

® Vep

G LEVEL 1, MOD 4 REACY DATE = 70311 03/727/41
SUPRROUTINE REACT {S)

COMMON/ALZNUMCOL s NUMSTR NUMFPR
1/7A9/015P(30)

1/7A12/70COF(30,430)

DIMENSION S¢30)

TR T P e TP R A PR L S S DL 2 2 RS2 2L 24 2222 A2 2 dd Ll i dddd

CALCULATF REDISTRIBUTED LOAD .
e R L RS T PR R LR A RS d A dd R Lt Ll dd 2l diddddddds

[s322aRalal

DO 1 I=1,NUMCOL

PISP(I)=0,0

pa 2 J=1,NUMCOL

DISPIII=QCOF(T+J)*5(I1¥12,04+DISPIT)
2 CONTINUE
1 CONTINUE

RETURN

END
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G LEVEL 1, MOD & SETT DATE = 70311 03721741
SUBROUTEINE SETT (P)

COMMONZAL/NUMCOL o NUMS TRy NUMFPR
1/7A6/CN{30430)

1/7A8/7SET(30)

DIMENS 10N Pt30)

SO SR EARS LR RS A AR AR S AR SRS AA R AR R ARE L L0404 4004400448

CALCULATE SETTLEMENT
SEEELARREAAARAREEEAE AL S ERERAN LSRR AR S EARAEER S L0224 0404040404

c

[aXaleNakal

0D 1 J=1,NUMCOL

SETLJ)=0.0

0D 2 1=1,NUMCOL

SET{JII=(CNIT,3)PU1))/1000.0+SETLI)
2 CONTINUE
1 CONTINUE

RETURN

END



APPENDIX G

ELASTIC REBOUNDS DUE TO EXCAVATION
OF RECTANGULAR BLOCKS



Solution Description

the solution presented here is based on the standard
equations of elasticity for the settlement of a point located
within an elastic body below a corner of a rectangular, flex-
ible, uniformly loaded area. The soil body is considered
to be homogeneous and isotropic. For heave computations
the direction of the loads are simply reversed. Due to the
complex shapes of some excavations, excavations are defined
in terms of a number of component blocks, each having a
specific length, width, centroidal location and bottom ele-
vétion. superposition techniques are used to compute heave
at any point within the elastic body.

The computer solution takes the excavation blocks and
divides them into a series of slabs, the thickness of which
is controlled by the program user. As each s]éb is located
at a different elevation, and therefore in different strata,
the force per square foot and the vertical distance to a
specified rebound point will be different for each slab.
superposition within the computer solution wijl therefore
not only be in the usual horizontal sense but ajso in the
vertical.

The location of the reference coordinate axes must be
outside the entire excavation area. Their aorientation should
be such that they paralle) the exterior boundary of the ex-
cavation. The sides of the rectangular excavation blocks
must be either parallel or perpendicular to a particular

axis.
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The contribution to rebound at a specific point due
to the removal of M excavation slabs, all at the same eleva-
tion, can be written as

2 i=M (12 (1) =M

where Z‘,j = the depth of the point below the bottom of the
excavation slab
a = width of the rectangular excavation slab
b = length of the rectangular excavation slab
q = unload of slgp in kips per square foot
A = f(m,n)
B = f(m,n)

The removal of succeeding excavation slabhs yields the
total heave.

J=N

where N = the tota] number of excavation layers,
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Rebound points at which heaves are computed can be
at any location. However, the method of computation {is
dependent on this location of the rebound point. 1f the
point is located at the ground surface, the contribution
to heave from all excavation slabs is computed with Z = 0.0.
1f the point is located within the soil body but above the
maximum depth of excavation, the contribution of the slabs
above the point will be computed with a variable depth Z.
The contribution to heave of slabs lower than the point will
be calculated with Z = 0. 1If the rebound point is located
below the maximum depth of excavation, the contribution from
all slabs will be calculated with a variable depth Z.

Settiements are computed for a specified variation of
Young's modulus and Poisson's ratio and are presented in
tabular form for each footing centroid. The variation of
the above elastic parameters is defined with three numbers.
For example, settlements may be computed for a series of foun-
dation moduli which starts at a particular value and is in-
cremented by a particular value a specified number of times.

Operational Characteristics
Maximum number of soil types < 10.
Maximum number of rebound points < 50.
Maximum number of excavation blocks < 100.

Required computer storage = 100 K.
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Input

Card (A) Variation of Elastic Parameters.
(F10.0,ZX.F8.0.7X,I3.5X,F5.3.5X,F5.3,7X,I3)

Columns
1-10 Young's modulus in psi at which computations start
13-20 1Increment of Yound's modulus in psi
28-30 Number of increments < 15
36-40 Poisson's ratio at which computations start
46-50 Increment of Poisson's ratio

58-60 Number of increments - quantity not limited.

Card (B) Depth of Excavation Layers.
(6X,F4.1)

Columns
7-10 Excavation layer depth in feet (e.g., 1.0 foot).

Card (C) Number of Soil Types in Stratigraphic Profile.
(3x,12)

Columns |
4-5 Number of soil types; < 10.

card (D) Soil Types - Number of cards must equal value indi-
cated on Card C. Cards must be in
order of increasing depth bejow ground
surface.

(A4,6X,F6.1,4X,F5.1,5X,30X,F5.3)



-5
Columns
1-4  Alphanumeric name of soi} type
11-16 Elevation of upper surface of stratum; in feet
21-25 Thickness of stratum; in feet

61-65 Total unit weight of excavated soil; in kips per
cubic foot.

Note - Only the strata in which excavation takes place

need be entered. 1If the thickness of the lowest stratum is
not known an arbitrary value can be specified. The resulting
bottom elevation of the stratum must be below the bottom

elevation of the deepest excavation block.

Card (E) Number of Rebound Points.
(3x,12)

Columns
4-5  Total number of points at which rebounds are to
be calculated; < 60,

Card (F) Rebound Point Locations.
(12.3X.F6.1,4X.F6-1.4X.F6.1)

Columns
1-2  Rebound point identification number
6-11 X - coordinate of point; in feet
16-21 Y - coordinate of point; in feet
26-31 FElevation of paint; in feet.



Card (G) Title of Excavation Data.
(17A4)

Card (H) Number of Excavation Blocks.
(3x,12)

Columns
4-5  Number of excavation blocks; < 100.

Card (I) Excavation Block Data.
(F5.1,5x,F5.1,5X,F6.1,4X,F6.1,4X,F6.1)

Columns
1-5 Length of block in X-direction; in feet
11-15 Length of block in Y-direction; in feet
21-26 X - coordinate of excavation block centroid; in feet
31-36 Y - coordinate of excavation block centroid; in feet
41-46 Elevation of bottom of excavation block; in feet.
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COMPUTER PROGRAM LISTING

" 6 LEVEL 1, HOD & MALN DATE = 70316 18/743/%1
c
c SA40 SRR RRERREEREEERERRAREARALRA SRR R 404402 E 240 4402400 4088400
c ELASTIC REBOUND OF THE FOUMDATION DUE TO EXCAVATION: J. DEJONG
C THIS APPROXIMATE SOLUTION IS BASED ON THE ASSUMPTION THAT THE B80DY
c UNDER?OXNG REBOUND 1S HOMOGENCOUS,1SOTROPIC AND OF SEMI-INFINITE
c EXTEN
c S2940000200A4EEEEEEEARRERERREREIREERA SERREIIEEESE ARSI 404004
c

OO AOO OO0 0N

M0 DDHDON

“aAnonn

3

DIMENSTON NAMEU10),TITLE(17),QCOMPL100),REBIL3001,EV{30)
COMMON/SOIL/ELEVI10),TL10).GL10)
CCYMON/RAPD/IRBIS0) 4 XRUS0) s YRISO)4RBISO)
COMMON/LOAD/DAL100) DBL100)+X{100),Y{1L0)EEXCL100)
COMMON/LOLAZBOT{10G) »CALC{ 100, 100) s MiNUMB

KL RE SRR RER R R R AR R AL R AELRRRSERSERRE SRR EREL SR LA 40 E 02400404

READ AND PRINT INPUT DATA
AR SR RESR SRS RARRARER AR ARE AR AR R ER R AR S AR SRR R4 LSRR SRS LS00 004

READ VARTAT1ON OF ELASTIC PARAMETERS.
READUS ,12)ELASs DELAS s NEL, PRoOPRy NPR
READ DEPTH OF EXCAVATION SLAB.

READ(5,+2)DEL
FORMAT(6XyF4hel)
FORMAT(F10.092XsFBe09TX o I395X9F5e3¢5X¢F5e3¢TXe 13}

12223 22122 R 22 222 22222222 2202 dd 22 222l 22 il idldadddadd ]

READ SOIL DATA
P22 PR 222 222 22 222 222 2222 d 2 2 22l 2t R it il i dddl sl g idddiddddsd g

REAN{S,3)L

READ (594 Y (NAME(I) oELEVIUIoTEI) oG lI) g d=10L)
FORMAT(3X,]2)

FORMAT (A4 6XoFBeloéXoF5.195X930X4FS5.3)

P22 3222232 2222222222022 22222 222 222222 222 Q2 22 22222 ddsddddd

*EAD REBOUMD POINT DATA.
SEESEFSEREEEESE S S LRSS S S S IRES S SIS RSP SIS EELE S S LSS S SHESSS$ES4 488

READ{S5,3)K
READ REBOUND PNINTY LOCATIONS.

REAP(SILVCIRBEJ Vo XRES) 9y YRID)¢RBII) =1 ¢K)
FORMAT (1 293X sFOe)o@XyFOel 14XyoFbel)

L2 ST D Dl L g i dd il il it g addd i i il iddd s adaddid
READP FXCAVATION BLOCK DATA.
L2 T LIS LRI 2 R 2 R Rl iR Rl d il d i il 2 dd i dddddadsddd

READIS30)(TITLECI) o U=}y T)
READ(Sy3 )M



"G LEVEL 1, MOD o MAIN DATE = 70316 18743751

[aXalalaly

oontan

ot anonn

READ(5032)‘DA‘J’oDB(J'tX(J’.Y(J’.EElC(J’OJ'lo"’
30 FORMAT(17AA)
32 FOR“Af‘F5olO5!0F5o‘05X.F6o1941.F6.1'4XOF60"

#“0““.‘000.‘0“‘..‘0“.0.“‘“.‘.‘.‘tt““‘t‘.‘.“.“0“‘..‘.‘.

OUTPUT SOIL AND REBOUND POINT DATA.
S00400 2084080000000 0080 0040004680400 84 0000048020 0008044050040 0 048

WRITECLOE 3N TITLELLY oi=1401 )
HRITE(6,330L
WRITELS,35)
BRITEL 6036 INAMELID o ELEVES) oTUI) 4Gl I) o d=lpt )
WRITE(6,37)
WRITE(6,38)
WRITE(6439)
WRITEL6,40CIRBIII o XRLI) oYRIJI 9RBIJI) 3 I=1,K)
WRITE(O 01V TITLELT) o1=6,17)
33 FORMATI28X,*SOIL PROFILE -~ %,12,¢ LAYER SYSTEM¢,/)
34 FORMAT(1H1,25X017A%077/)
35 FORMATIIOX*STRATUM ELEVATION DEPTH UNIT®,/,38X,*TOP BOUND.
1 WEIGHT ¢, /)
36 FORMATI31X A% e4XoF6.194XeFSale3XeF5,.3)
37 FORMAT{31X,*NOTF ~ ALL UNITS ARE [N TERMS OF KIPS AND FEET*,77)
38 FORMAT{28X,*REBOUND POINT DATA®,/)
29 FORMAT(30X,*POINT X COORD. Y COORD. ELEVATION?,/)
4C FORMAT (31X 412 ¢5%X¢F6e1¢3XyFbe1lebXy9Fbol)
41 FORMAT (/728X 4 EXCAVATION DATA® ,12A4,//4 30X, 'EXCAV. LENGTH WIOTH
1 X CODRD, Y COORD. B80T. ELEV. LOAD'/)

SFL LRI EEISIEIR SRS EES SEESR SR S RU SIS SEF S SERF S S SRS NS S OISSS 44
COMPUTE THE REDUCTJON IN VERTICAL STRESS QCOMP AT ELEVATION
EEXC DUE TO EXCAVATION TO THIS ELEVATION.

hasdabdadaeaddddd sl o i d i g dd i i T T I

0O 10 I=1,M
QCOMP{ 11=0,0
00 11 J=l4t
EL=ELEV(J)=TEd)
TFIEEXCI [).LT.EL) 6O TO 11
D0 21 Ki=1,d
IFIKT.NE.J) GO VO 13
OCOHP(‘)!OCOHP(l’*G(Kl"(ELEV(Kl"EEXC(l”
GO 70 10

13 CCOMP{T)=QCOMPII)+GIKI}ISTIKE)

21 CONTINUE

11 CONTINUE

10 CONTINUE

MAAAACE IO AD b itittbibbtbbhtithibsds s T TTE T T PP R I Ty
OUTPUT EXCAVATION DATA.

hadadddadad addddd il i dd i a2l il 2l T T e T T T T
WRITE(6142) 009 DALI) oDBIID o XDV oY 1I) ¢ EEXCES )9 QCOMPI ) g d=]) o M)

FIND EMAX AND EMINy RESPECTIVELY THE ELEVATION OF THE



o0

oo0O0On

OO~ o

T2

70
73

7%

76
74

SHALLOWEST AND THE DEEPEST EXCAVATION.

EMIN=EEXC(1)
EMAXsEEXCIY)

D0 9 KK=lM
IFLEMIN-EEXCIKK]) 7,9,8
EMIN=EEXC {KRK)

GO 10 9
IFLEMAX-EEXCIKK)) 69949
EMAX=EEXC (KK Y

CONT INUE

WRITE(6,1DEMAX
WRITE(6,S0VEMIN
WRITE(6,44)DEL
FORMAT (/7 428Xs *MIN. DEPTH OF EXCo *¢Fb.1)

FORMATU31X91244XeFS5.193X9FS54192X9F66103X9sF6e195X9F64103XsF5.2)

FORMAT /928X *IN THIS RUN DEL=*,F4.1)
FORMAT (28X 'MAX, DEPTH OF EXCs ¢,F6.1)

G-9

SEERRRERRBERERR AR RS R AR EERE SRS RS BR KR RER SRS R SRS AR RS RS AR R 0 20204204

OETERMINE EXCAVATION UNLOAD MATRIX AND OUTPUT EXCAVATION LOAD

CONF IGURATION.

SEEEEE SRR EER AEREEEL S RRE RAEB AL AR KR AR EERE LR RS2 AR LGS RS SRS 022240 E

WRITE(6918)(Jed=)y M)
DAT=ELEV(])

RMEM=0 .0

D0 80 IN=1,100

XYZ1=0.,0

DAT=DAT-DEL

BOT( IN)=DAT

00 79 J=1,L

EL=ELEV(J)~-T(J)
IFIDAT.LT.EL) GO TO 70

0D 71 Ki=1,e4

IF(KI.NE.J) GO YO 72
XYZ=XYZ+GIKIV*(ELEVIK] )-DAT)
GO TQ 73

XYZ=XYZI+GIKI V*TI(K])

CONT INUE

CONT INUE

POT=DAT +DEL.

00 T4 [=1.M
IF(EEXC{1Y.LT.POT) GO TO 75
CALCIIN, T )=0.,0000

GN TO T4

IFIEEXC{ J).LE.DAT) GO TO T6
FRAC={POT-EEXCII) }/DEL
CALC{INy [ 1=(XYZ=-RMEM)} SFRAC
GO TO 74
CALC{INy I 1=XYZ-RMEM

CONT INUE
WRITE(OsTTIBOTIINY o (CALCEINsT) o T=)oM)
NUMB=IN

RMEM=XYZ



aoanon

ano

Nt

80
18
17

18

28

17

23
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IFINDAT.LE.EMIN) GO TO 78

CONT INUE

FORMAT{1H1,28X,¢ LOAD conrtcuaAtloN°.//.zx.'LAvea-.zattx.ls.tx)t
FORMATILX oF6.1,24F5.,21)

AASEAERER S SRR SR ASERAE LR AEER SRBE R SR AR SRR SR MR ES A SR L0 k00444004
COMPUTE CONTRIBUTION OF ALL EXCAVATION BLOCKS TO REBOUND AT POINT

“fRALLTIY®,
S22 020420 REL A 0208008040044 08 800006 2440842082044 424 $044400 043

HRITEL6,S)

D0 14 Li=l,K
WRITE(G6,23)IRBILE)

CA=0,0

C8=C.0

IFIRBILI).LT.ELEVIL}) GD TO 28
RBILII=ELEVIL)

CONTINUE

CALL RBNOC (CA,CB,LID

COMPUTE HEAVE FOR VARATION OF ELASTIC PARAMETERS.

00 20 J=1,NPR

CO=4~-1

POR=PR+COSDPR

APOR=] ,0~-PORS$2
BPOR=(1,0-2,0%POR)*(1 .0+PDR)

00 17 I=1,NEL

CEL={~-]

EVEI1=ELAS+CEL*DELAS

REBI (1 )=({APQR*CA)-{ BPORSCB) )/EV(])
CONT INUE

IFIJ.NE.1) GO TO 25

FORMAT(1H1,1X)
FORMAT(//7+1Xo'REBOUND POINT*9134//41X'POISe RATIO? 30X, *MODULT?)

La ol 22l 22 22222 a2 o 2 il iRl 2 22 a2 2222222222242 224232 2

OUTPUYT REBCUND RESULTS FOR POIMY "IRBILII".
SEEF I EBEEE PSSR EEEFEEBEE SRR ST ESEESEFESF LSS IS ESSEE S HEIIF S

WRITE(6¢24)(EVIT) o I=1,NEL)
WRITE(6926)POR(REBI(T)y I=14NEL)

CONT INUE

WRITE(6y29)

CONT INUE

FORMAT(11X,15¢(1XeF7.0))

FORMAT (3Xy F5.242Xy 15§ 3XyF5,3))

;gg:av(1x'vNOT5 = MODWLY IN PSI.3 SETVLEHENV IN INCHES®)
END
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SUBRNDUTINE RBNDC (CACB.INY

‘0‘#.‘0.‘0..tt‘t‘tt“‘.‘.‘t‘t."0“0.‘0‘0.‘0“0““‘..“‘O‘.“‘..‘

COMPUTE ELASTIC HEAVE FOR REBOUND POINT “IN®,
O e D O Y P P T T T R R T D L L VLR L Ll Dl

DIMENSION RF (&) 4RGL&)

COMMON /lﬂADIA(lOO)oﬂ‘lOO’oC(ioo’oo(lOO'05'100.

COMMON ZRABPD/ZERISN) 4FL50)9GL50)yHI50}

COMMON ZLOLAZAAL100),8B1100,1G0) ¢ MMy NN

00 16 J=1,.MM

RR=ALJIZ72.0

§S=81J1/72.0

DA=ABSICLJII-FLIND)

NB=ABSID{JI=GLIN})

DO 18 NUOT=1,NN
DETERMINE WHETHER THE EXCAVATION OF EXC.o AREA J AND
SPECIFICALLY 1TS NTH SOIL LAYER CONTRIBUTES TO THE TOTAL
REBOUND.

IFIBBINDTJ).LT.0.0001) GO TO 16

2=AAUNDTI=HL IN)

1IFL2314415,15

2=0,00000

CONTENUE

DO 7 MR=1,4

GO TO (1,2,3,4)9MR

W=DA+RR

v=DB+SS

GOTOS

W=ABS {DA-RR)

GOT0S%

Vv=ARS{DB-SS)

GOTQS .

W=DA+RR

IFIWN.EQeDNeORVEQ.0,0)1GOTOL2

IFiW.LT,VIGOTO . .

R=W/V . . .

T=I/¥

Ssvy

GO 70 17

ReV/IW

T=I/W

S=W

GO 70 17

RF(MR)=0.0

RGIMR)=0,0

GO YO 7

Q=SQRT(R**24+To¢2+]1.0)

QA=ALOGI (Q+R)/7({Q=-R})

QR=REALDG({Q+1.0171Q-1.0))

RFIMR)=S*(QA+QB)

1F{Z.€6Q.0.,0) GO TO 13

VAL=R/(T*Q)}

RGIMR)=Z¢ATAN(VAL)

GO 1O 7



RGIMR )=0,.0

7 CONTINUE

10

11

1e
16

IF{DALE.RR, AND, DB & LE.SS) GO 1o 8

lF(DA.LE.RR) GO 10
IFIOR.LE.SS) GO TO 10

CASE 1
FE=RF{1)-RF{2)4RF{3}=-RF (&)
FG=RG{1)-RGI2)+RGI3)-RG(A)
coroit

CASE 2
FE=RFULII4RFI2)-RF (3 )=-RF(4)
FG=RG( 1} +RGL2)-RGI3)-RG(s)
Goto1}

CASE 3
FE=RFI1)-RF(2)1=-RF({3)+RF(4)
FG=RGI1)-RGL2}=RG{3)+RGLA)
Goroil

CASE o
FEsRFU1V4RFL2)4RF(3)+RF LAY
FG=RGL1)+RGL2I+RG(3 ) +RGIAY
CA=CA+RBINOT, J)*FE
CB=CB+BBINOT » JI*FG

CONT INUE

CONT INUE
CA={CA/3.14159)%(1000.0/24,.0)
CB=(CB/3.14159)%({1000,0/24.0)
RETURN

END

G-12
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COMPUTER RESULTS

REBOUND COMPUTATION — EXCAVATION AGT - SEPT, 13,1989

SOtL PROFILE ~ & LAYER SYSTEM
STRATUM ELEVATION DEPTH UNST

TOP ROUND. WE IGHT
LEC 2231.0 18.0 0.119
TiLL 2213.0 32.0 0.131
SSLG 2181.0 10.0 0.12%

BEDR 2171.0 500.0 0.138
NOTE ~ ALL UNITS ARE IN TERMS OF KIPS AND FEET

REBOUND POINT DATA
POINT X COORD. Y COORD. ELEVAYION

1 358.0 239.9 2186.5
2 351.8 255.3 2186.5
3 351.8 283,68 2186.5
L3 351.8 312.3 2186.5
5 358.0 342.0 2186.5
[ 372.6 324,2 2196.0
7 372.6 300.4 2196.0
8 372.6 281.4 2196.0
9 37246 257.7 2196.0
10 38404 239,.9 219%.0

11 391.6 2716.7 2197.7
12 391.6 315,2 2197.7
13 427.2 324.2 2200.0
14 410.6 257.7 2198.5
15 412.9 239.9 2201.0
16 “bh)eb 239,.9 2205,0
17 45841 2577 2198,5
18 458,11 32402 2198.9%
19 77,1 315,2 2197.7
20 4T7.1 276.7 2197.7
21 469,.,9 236,9 2205%,0
22 €98, 4 2369 220%.0
23 496.1} 257.7 21968.5
26 4©%,} 300.4 2198,.5
25 4©9%.1 324,2 2196.9
26 516.8 312.3 2202.9%
F44 516.8 269.,6 220%.0
28 Sl4e8 239.9 2205.0

EXCAVATION DATA- EXCAVATION AGY - SEPT. 1341969
EXCAVe LENGTH WIDTH X CODRD. V CODRD. BOV. ELEV. LOAD

1 196 210.0 310.2 261.0 ©190.0 Se)9
2 855 170.0 227.7 261.0 2192.0 4. 89
3 100.0 170.0 13649 261.0 2194.0 463
4 6500 26600 52+ 4 164.C 2196.,0 4.63
’ 52.0 68.0 5609 29"0 2‘9600 6063
] 2408 250 T2e5 327.5 2194.0 4e60}
7 10.0 181.0 14e9 174.0 2213.0 2414
.4 65.0 3.0 52¢4 15.5 222860 0036
L T2.0 34.0 123.0 7.0 2225.0 0.7}
10 32.0 26,0 173.0 21.0 2221.0 319
1n 32.0 26,0 20%.0 21.0 2213.0 216
12 32.0 2640 2370 21e0 2205.0 3.9
13 32.0 260 269.0 21.0 2197.0 4 26
14 2640 26,0 298,0 21.0 2200,0 3. 84
1% 39.0 2640 330.% 2}.0 2210.0 2053
lé 5640 102.0 298.0 85,0 2190.0 Se15
17 264.0 192.0 338,0 85.0 2221.0 1e)9
18 5T7.5 141.0 113.3 105.5 2194.0 4,63
19 4245 54,0 163.5 62.0 2194.0 4e63
20 85,5 54.0 2277 6200 2192.0 4.089
2} 128.0 aT.0 206.0 132.9% 2190.0 Sel8

MINe NEPTH OF FXCo, 2228,0
MAX. DEPTH OF EXC. 2190.0

IN THIS RUN DELs 1,0
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€1°0
€1°0
€10
€10
€10
€1°0
€10
€1°0
€1°0
€1°0
€1°9
€10
€1°0
(1 80)]
€t°o
€10
€1°0
€1°0
€10
€1°o0
€1°o
€t
€1°0
Z1°0
Zr°o
10
o
210
o
210
o
210
210
Z1°0
210
4 8dv}
4 8]
Z1°0
10
210
210
12

0°0
0°0
€1°0
€10
€10
€1°0
€10
€1°0
€1°0
€1°0
€10
€10
€1°0
€10
€10
€1°0
€1°0
€1°0
€1 o
€10
€10
€10
€10
210
o
[4 84
210
rA84]
o
210
FA8d)]
[4 8
21°0
[458Y)
ten
o
21°o
210
210
210
21*d
0z

0°0
0°0
0°0
0°0
€1°0
€10
el°o
€1°0
€1°0
€1°0
€1°0
c€1°0
€10
€1°0
€10
€1°0
€10
€1°0
€1°0
€1°o
€1°0
€10
(3 )
210
10
210
10
2o
10
210
210
210
21°0
1o
210
[4
Z1°0
[4 88
21°0
21°0
1o
61

0°0
0°¢C
0°0
0°0
€1°0
€10
€1°0
€1°0
€1°0
€1°0
€1°0
€10
€1°0
€1°0
€1°0
€1°0
€10
€1°0
€1°0
€1°0
€1°0
€10
€1°0
21°0
210
210
r4 84"
210
Zt°0
210
210
21°0
21°0
10
210
a0
210
r4 &l
210
ra 8}
F488
sl

0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°9
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
210
4 8!
210
1o
210
zuee
2o
2i*n
210
4 8Y
n

£1°0
€1°0
€1°0
€1°0
€1°o0
€1°0
(A84]
€1°0
€1°0
€1°0
€1°0
€10
€1°0
€1°0
€10
€1°0
€1°0
€1°0
€1°0
€1°0
€1°0
€1°0
€1°0
21°0
21°0
210
Z1°0
210
rA8d ]
Zi°0
210
210
rA S0
1o
210
210
P4 0]
21°0
21°0
210
210
91

[1¢

0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
€10
€10
€10
€1°0
€1°0
€10
€10
€1°0
€1°0
€1°0
€1°0
€10
€10
21°0
t°o
[484¢
210
210
210
o
r49d]
210
210
'4 8]
210
eteo
21°0
[4 844
210
t4A B
acg
»1

0°0
0°0
0°0
0°0
0°0
0°0
0°0
€10
€1°0
€1°0
€1°0
€1°)
€10
€10
€1°0
€1°o
€10
€10
€1°0
€10
€1°0
€0
€10
210
210
21D
210
21°0
210
2o
1)
21°0
21°0
210
1)
4 ak]
21°0
1)
210
o
T4 8]
el

0°0

-X-X-X-]
e * o o
(- X

e« o o s &
0COO0000000000

- - E-X-N-N-E-N-R-N-}

Lol W]
- -
.

oo

[,
-t

(3
o

€1°0
€1°0
€1°0
€1%0
21°0
210
21°0
21°0
2iee
210
[4 8]
21°0
1o
210
484"
21°0
f2 %4 Y]
Zio
210
21°0
210
210
et

0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°0
0°9
0°0
0°0
0°0
0°0
0°0
0°0
%0
0°0
0°0
30
0°0
0°0
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APPENDIX H

ELASTIC SETTLEMENTS OF UNIFORMLY LOADED
RECTANGULAR FOOTINGS ON A HOMOGENEOUS,
ISOTROPIC, SEMI-INFINITE BODY
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Solution Description

The solution presented here is based on ;he $tandard
equations of elasticity for the settlement of a corner of
a rectangular, flexible, uniformly loaded area. The soil
medium is considered to be a homogeneous, isotropic, semi-
infinite mass. Superposition techniques are used to enable
computation of settlements at footing centroids due to multiple
footing foundation systems.

The equations used in the solution are identical with
those described earlier in Appendix E. This computer pro-
gram uses a single load set and calculates settlements for
a single value of Young's modulus and Poisson's ratio.
Settlements are computed at the centroids of all input foot-
ings. If settlements are desired at other locations, these
are specified as "dummy” footings which have a precise
coordinate location but have unit length and width and zero
load. These "dummy" footings are included at the end of
the footing load data set.

The restrictions given in Appendix E for definition
of coordinate axes relative to footings are applicable here

as well.

Operational Characteristics

e

Maximum number of footings < 60.
Required computer storage = 100 K.
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Input

Card (A) Deformation Parameters.
(1X,4X,F10.0,F5.2)

Columns
6-15 Young's modulus in psi

16-20 Poisson's ratio.

Card (B) Title, Load Data Set.
(17A4)

Card (C) Number of Footings.
(2x,13)

Columns
3-5 Number of footings.
Card (D) Footing Load Data - number of cards must egual the
value specified on Card C.
(13,1X,5F7.1)

Columns
1-3 Footing identification number
5-11 X - coordinate of footing in feet
12-18 Y - coordinate of footing in feet
19-25 Length of footing in x-direction in feet
26-32 Length of footing in y-direction in feet
33-39 Footing load in kips.
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Output
The input data and the results of the calculation

are printed out on a single table as shown in the accompany-

ing program listing.

Additional Remarks

For a specific geometric configuration of footings

and points at which settlements are computed, there is the
possibility that error messages may be given. The method

for correcting this situation was presented in Appendix E.



NOV 68)
CMPILER OPTIONS = NAMEx MAIN,OPT=02,LINFCNT=59,SOURCE+ERCDIC+NOLIST,NODECK oL

[ 2aXaNaXaNaly

aoaOn

onoan

oon0n

“onon

10
11
15
90

30

32

0S/360 FORTRAN H

P P 22 22 R TR P2 22T YR 222 P2 2 I R R Y I R R Y Y I R P PY R Y Y Y P YT Y]
ELASTIC SETTLEMENT OF RECTANGULAR FOOTINGS ON A SEMI-INFINLITE
PLANE -REQUIRES- SINGLE LOAD SET, YOUNGS MODULUS AND PDISSONS

RAT1O
SRER R A SR AR RRE R ARE SR AE L BERR SR RERERE LR R EAR S RE LS AR S22 G2 A S S 0044 S

l?l?EN?!DN XE500 s YL50),AL50)+BL50),P150) QU500 ,SETIIS50),TITLELLT),
RUS50

SR e 0% KA EEE S AER R AR R EE RS SR EERE AR SRR RS K SRS AR R S S E E SRR 2 0SS RS0 EAE

READ DATA
SERREEAE AR R CREER SR AR AR SRS RS AR AR SR AR R SRR KL S AR FR SR RSB E S SRS S0 20

READ(S¢15)E U

READ(Se90)ITITLELL) o1=1,17)

READIS, 100N
READ(So11VCIRLII o XU oY I o ALINoBLIIsPLIYeI=19N)
FORMAT{1Xe1X,13)

FORMAT(I3,1X¢5FTa1)

FORMAT{1X94X4F10.00F5.2)

FORMAT(17A4)

SRS RSB E SRS S F R ER SR SR SR AR S B LSS S SRS XSS XS SE S S S S S S S S SS S

INITIALIZE AND COMPUTE FOOTING CONTACT PRESSURE
SEESEERTHSE AR ERRE SR SS SR NN RS SRR LRSS SEEFESLAEBER S SRS A ENFSE S S S

D030J=1,N
SETI(J4)=0,0

QI J=PIJIZ(ALII*BLI))
CONTINUE

L2 22222 X222 222 S22 222222222 S22 222 S22 22 22l it sl 2]

COMPUTE SETTLEMENT
Ladd gl L il Rl I Sl d S22 At S dd 222 iR 222222222 112

pPN327=1,N
IF(P(1).£0.0.0)6GOTO32
RR=A(])/2.0
SS=B(§)/2.0
pPO31J=1,N
DA=ABSEX({Y)=-X(
DB=ARS(Y(])-V{
FI=FE (RRySS,D
SETI(JI=SETI(J
CANT INUE
CONTINUE

LAA R A A dd il d i d Sl 22222 S a2 22 2222422222012 2242 2222222222212
QUTPUT INPUT DATA AND RESIATS
Lddddaddddd i d i ol 22 a2 2l 2 2R 2242222 222 d2d 2222222222222 22

WRITE(641TIE U

WRITECOH9O)ITITLECI Do )=1,41T7)

WRITE(Oy14)

WRITE(6413)

WRITE(Oo 1220 IRIDDIeX(IIo VIS ALY oBESIoP (I )9 QII)oSETTI () od=1oeN)

110/0:144)%((1.0-Uss2)/EV*FI*]2,0
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lztiﬂzgﬂgg1X.6X.'292X¢F7olgiX'F701oZX.F?.1.lXoF?oloaloF7o‘95X0F5020‘~
oFSe
13 FORMATILIX THY (FTod o XoTHY (FTa) 02X o 7THA (FTo) 42X THB (FTo) o2Xo8HP

1 (KIPS) 43Xy BHQ (KSF. )yt INCHESy /)
14 FORMAT(/¢6X4*FTG. COORDINATES OIMENS IONS LOAD PRE
1SSURE SETTLEMENT?)

17 FORMATUILIHL 16X *MODULUS OF ELASTICITY =¢ ,F10.041X,*PSH. POLSSONS
IRATIO = *,F5.24//)
stop
END

: COMPILATION #%s4se

NOV 68) 057360 FORTRAN H

IMPILER OPTIONS - NAME= MAIN,0OPT=02,LINECNT=59, SOURCE+EBCDIC NOL E1SToNODECK L

[ Xz X ol g Xq]

FUNCTION FE (XoVY3A0B)

SEERE S RERRR AR LSS R AR E SRR L RS RN S S S 02 R SRS 0 000 S80S0 E0ES2 462

CALCULATE INFLUENCE COEFFICIENT COMPONENTS
200402442 E SR E AL ELRERERE A2 A0 20 AE S 2GS 22240004004 0080483

DIMENS [ONRF { &)
DOTM=] .4
GOTO(142¢394)o M
1 W=A+X
vV=0+Y
(ol g}
W=ARS(A-X)
GOTOS
V=ABS(B-Y)}
GOYTOS
W=A+X
JIFIH.EQQ.NORV.EQ.0,0)60TO12
IFIH.LT.VIGOTOS
R=W/V
RF{M)=VEFG (R}
GoTn7
& R=V/W
RFIM)=WEFG {R)
GOTO7

12 RF(M)=0.0

T CONTINUE
TF(A.LE.X,AND.B.LE.Y)GOTOR
IFLALE.X)GOTO9
1F(B.LE.YIGNTO}IO
CASE 1
FE=RF(1)1=RF(2)+RF(3)=-RF (4}
GOT0}1
CASE 2

9 FE=RF(})+RF{2)-RF(3)=RF 4}
GOTO1}
CASE 3

10 FE=RF(})-RF{2)-RF{3)+RF(4)
607011
CASE 4

8 FE=RF(1)#RF(2)+RFI3) +RF (4}

11 RETURN
END

e woN

P COMPILATION #$%ess
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OMPILER OPTIONS = NAME=

FUNCTION FG (R)

DD ROttt tinddstdsd st LT Y Y T T T yvvrores

ARTTHMET IC FUNCTION
BESRRRRAEREEAEEME R0 SRR AR SR ER AR S A 0S4 0 RIRENESAE R L0040 000 00

[aXaXalaNe]

A=SQRTIR##241,0)
B=R*ALOGIIL .0¢A)/R)
C=ALOGIR+A)

FG={B4C)/3.1416

RETURN

END

IF COMPILATION #stsse

MNDULUS OF ELASTICITY =

057360 FORTRAN H
MAIN,OPT=02 oL INECNT=59, SOURCE 4EBCDICyNOL I ST, NODECK oL

40590, PSl..

POISSONS RATIO =

LOAD DATA ~ AVORD ARMS BLDG. CONSTRUCTION COMPLETE

FTG. CONRDINATES
X (FTe) Y (FT.)
1 201.5 46,5
2 159.0 50,0
3 138.0 $0.0
4 5.0 $0.0
s 12.0 4.0
6 33,0 68.0
7 %4 0 65.5
8 75.0 68.0
9 106.5 63.0
10 159.0 65.5
11 - 180,0 80.0
32 138.0 80,0
13 117.0 82.5
14 %, 3 82.6
15 75.0 80,0
16 7%.0 98.0
1" 117.0 98,0
18 159.0 8.0
19 180,0 98.0
20 261.5 §6.5
21 180.0 50.0
22 17.0 50.0
23 96.0 50,0
24 54,0 50.0
2% 33.0 50,0
26 12.0 56,5
27 9%.0 67.0
28 119.0 67.0
29 138.0 68.0
10 182.0 68,0
1) 4.0 70.5
32 129.0 70.5
1 33.0 80.0
36 Sée0 82.5
3s 159.0 82.5
16 12.0 9.5
37 12,0  104.5
18 33,0 9,0
39 S6e0 98.0
%0 9.0 98.0
4] 138.0 90.0
©2 201.5 9).%
3 201.5  10).5

DIMENSIONS
A (FT.) B (FT,)
16,0 8.0
8,0 8.0
8.0 8.0
8.0 8.0
8.0 13.0
T.0 5.5
8.0 8,0
7.0 55
7.0 245
9.0 9.0
T.0 7.0
".o 800
8,0 8,0
8.0 8.0
T.0 T.0
8.0 8,0
A.0 8.0
8.0 8.0
10,0 t0.0
A.0 8.0
10.0 10.0
T.0 7.0
7.0 T.0
8.0 8.0
8,0 8.0
8,0 8.0
TeS 1.0
TS 11.0
T«0 55
7.0 Te0
8,0 R.0
f.0 8.0
T.0 55
R.0 8.0
A0 8.0
8,0 13.0
"o "o
A, 0 8.0
Te0 Te 0
8.0 8.0
f.0 8.0
l6.0 8.0

LOAD
P (K1PS)

1942,0
1496.0
1376.0
1276.,0
1900,.C
1017.0
1336,0
1017.0
454,0
1440,0
1100,0
1376.,0
1172.0
1200,0
1156,0
1300,0
1292,.0
1496.,0
14%0.0
30%6,0
1450.C
1132.0
1120.0
1212.0
1344%,0
1016,0
984,.,0
984 .0
1017.0
1100.0
1298,0
1294,0
j017.0
1336,0
1440.0
1018.0
1900.,0
1344,0
121240
1152.0
137640
1056,0
1962.0

PRESSURE
Q (KSF,.)

15,17
23,38
21.50
19.94
18.27
2h. 42
20,48
26442
25,94
17,78
2245
21.50
19,31
18.7S
23,59
20,31
20.19
23,238
14.50
16,50
14.50
23,10
22.86
18.94
21.00
15.91
1193
11.93
26,42
22445
20,28
20,28
26042
20,88
17.78
15.91
tH.27
2100
18,94
23.51
2)+%0
1650
15,17

0440

0.74
0.92
0.91
0.87
O.74
C.a7
0.92
1.02
0,90
0,94
0.89
1.02
0.96
0,96
1.00
0.88
Ge90
0092
0s79
0.74
0.79
0.91
0.90
0.83

0.9

074
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SETTLEMENT
INCHES



