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Summary

When constructing a building, manufactured materéak used. That is the
reason of their excellent material properties. Irhe t case
of the foundation, the natural condition of thelsoinust be almost
respected. The geostatical stress plays a signifioale on the subsoil
behavior because it is the de facto natural forrthefsoil compaction. The
soil has a memory of the highest stress that has beer loaded. The soll
can be considered incompressible if the magnitdde surcharge is lower.
In engineering practice the construction of higheildings is founded
in a deeper hole so that the depth of the influezoae achieves
an acceptable value for the future surcharge ofughmer structure. For
extremely tall buildings, the deep hole foundationst be prolonged by the
piles. In particular, this article deals with labtory testing that provides
the preconsolidation. In Czech, we use the stratstrength of soil. The
test provides the initial void ratio and the initaefficient of fully saturated
hydraulic conductivity, as well. The isotropic cofidation test in triaxial
test apparatus and consequent knowledge of the gressure course was
chosen to determine the initial soil properties, cluding
the preconsolidation level. Derived theory togetheith the genetic
algorithms provides an efficient tool for the detéring parameters. Good
knowledge of the influence zone is crucial whenvisg soil structure
interaction. The progress of the influence zone wassidered from the
extensive research carried out in the UnB Brasilidus, using
the measurements, the preconsolidation and itsteffere verified in situ.
The derived formulas and presented graphs for entte zone depth
estimation have considerable importance for civibieeering practice.
The Kantorovich method together with the stratefgamvolution was used
to reach dimensional reduction when deriving amzdyt formulas.
Recommended results and formulas were verified &l code ADINA.



Souhrn

Pti realizaci vrchnich staveb jsou zejména pouZivaraterialy speciak
vyradbiné pro tyto dely, cemuz odpovidaji i jejich vyborné materialové
vlastnosti. V pipad spodni stavby se tyto materidly daji vyuZzit jen
omeze®l. Musime se smit stim, Ze o chovani podlozi a jeho
materialovych vlastnostech jiztide rozhodla firoda. Vlastnosti podlozi
jsou zcela neodmyslitedrovlivnény geostatickou napjatosti, coz je de facto
forma girodniho huttni. Jestlize zatizeni dosahuje menSich hodnothaez
které byla struktura zeminy zhuime, gedkonsolidovana, ¥eském jazyce
se vzil termin strukturni pevnost zeminy, je jegfatmace prakticky
zanedbatelnd. V inZenyrské praxi se toho vyuzikad#e i stavie vySSich
objekti zakladame v hlubSich jamach tak, aby defé@mhadna dosahovala
piipustné hloubky a deformace podlozi vliveritipeni byla pro vrchni
stavbu pijatelnd. Pro mimtadre vysoké budovy, kdy stavebni jamy by
byly v danych hloubkach nerealizovatelné, se ,spme&' k nejunosgsim
vrstvam prosednictvim pilot. Pedkladany fispsvek se zabyva mimo jiné
laboratornim stanovenim strukturni pevnosti zemipjedkonsolidace,
stanovenim peateEniho ¢isla porovitosti a ptateini nasycené hydraulické
vodivosti. Ke stanoveni gateinich vlastnosti zeminy byl pouzita znalost
vyvoje poérovych tlak v pribéhu isotropni konsolidace v triaxialnim
pristroji. Odvozena teorie spolu s technikou gengtibk algoritmi
poskytuje dinny sofistikovany aparat k &mvani zmignych skuténosti.

Pti reSeni problematiky interakce vrchni stavba - pdde#ilezitad znalost
hloubky deformani zény pod zakladem. K &keni vyvoje hloubky
deforma&ni zény byly vyuZity rozsahlé vyzkumy provedené baB
Brasilia. Na zakla#l odvozenych teorii byly strukturni pevnost zeminy a
vliv deformani zény validovany in situ. Zgay vyznam pro stavebni praxi
maji odvozené vzorce a grafy slouzici k rychlémbaatll deforméni zény.

Pfi odvozovani analytickych vzolchyla k dimensionalni redukci pouzita
Kantorovitova metoda posilena a strategii konvoluci. Odvozergrce
byly verifikovany prostednictvim MKP kddem ADINA.
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1 Introduction

It has been experimentally confirmed that a sollssantially changes its
material properties when subjected to external ifmpdApart from that,
the soil, when subjected to a certain loading hjstdhas the ability
to memorize the highest level of loading mathenadiiic represented
by the over-consolidation ratio, and initial voidtio. In its virgin state,
the soil deformability is relatively high. On theordrary, following
the unloading/reloading path shows almost negkgibbeformation until
the highest stress state the soil has experiensadbefore is reached [1],
[2], and [21]. To study this behavior of soil, werfprmed several small
laboratory tests. Transport processes were obseramgling out isotropic
consolidation in triaxial test apparatus. Employgenetics algorithms, sail
parameters were determined comparing the poreyeessurse (measured
and calculated) [9], [17]. In large scale, the efffef over consolidation was
simultaneously investigated by way of rigid platadapiles working
diagrams analysis. Both the finite element techmiguod elastic layer theory
were employed in back analysis of the measured. ddta great effect
of overburden was observed on the depth of theénite zone in deep hole
foundations [12], [13]. This study is in generatdsed on the description
of preconsolidation effects by self weight of ouwerden and on selection
of the main parameters characterizing this memétii@subsoil.

2 Preconsolidation, structural strength, in laboatory testing

The test was arranged in two runs, loading/relgadReadings were taken
of the highest level of effective mean stress. Rafg to experimental

measurements carried out in the triaxial apparatime isotropic

consolidation can be viewed as one phase flow ifully saturated

deforming medium undergoing small deformation. Wheeglecting

the body forces, the hydrostatic state of stressntamed during

the experimental measurement gives

o,(xy.zt) = 0,(x y,zt) = 7,(x y,2t) = 0, (t). (1)

where g, is the total mean stress. Following the Terzaghi-Fijjer
concept of effective stresses, this quantity canekpressed in terms
of the pore pressung® and the effective stresses between graﬂféf
as

0,= 05" p° 2)(
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Figure 1: Bilinear form of the normal consolidatibme

Assuming full saturation(S, = 1) the pore pressur@® equals
the pressure in the liquid phag® Referring to experimental conditions,
the total mean stress remains constant throughlo@it consolidation
process. The assumed stress homogeneity togethhrBg. (2) then
provide

o = 0~.eff_ pw= 0, (3)

ul
where () represents the time derivati\é( )/at. Transport of the

liquid phase throughout the soil sample can be desd by the
following set of equations:

Transport equation

J" =—K’€ rad p*, (4)
Yy

where J" is the mass flux of pore watey” = gp" is the specific

weight of water, 0" is the intrinsic mass density ar¢ represents
an instantaneous coefficient of permeability.

Balance equatiomeads
p"E, +divd¥=0. )

v



The volumetric strairg, follows from the

Constitutive equation

_e-g _ K ef f
& = = -——1n{-c2"@®) .
I e T 0)
O.Eff > a.eff: _pc , (6)
_e-g - 4  eff
& Lie, 1+e0|n( g, (t)),
a.sqff < a.eff_ _pc , (7)

they were derived for the case of the modified Caay model from

the bilinear consolidation line, Fig. 1. The initanch, often referred to
as K - line, gives evidence of the previous stress hjstnd represents
the effect of preconsolidation. The slope discantin between thekK

and A - lines can be identified with the structural sigénof the soil
given in terms of a certain level of the effectireean stressae”—
- p. ( p, is termed the preconsolidation pressure).

Differentiating Eq. (7) with respect to time givethe rate
of volumetric strain in the form

_ &) A p'()
‘9 (t) l+e0 l+eoa.eff() (8)

Substituting Eqgs. (4) and (8) into Eq. (5) and ngkinto account the
actual triaxial set-up, in which only the bottoncéaof the cylinder is
drained, lead to

1;? eff(t)[K(t) “’J ") =0. (@

It has been validated experimentally that in theecaf isotropic
consolidation a mere power law written as (morgs]n[9], and [11])
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represents the soil behavior fairly well. The dagente of the actual
void ratioe on the effective mean stress, Eq. (7), togethdr #g. (10)
provide

OK() _ _ mK®A ap*(t) (11)
0z e(t)o, '(t) 0z

Introducing Eq. (11) into Eq. (9) finally yields.

p"(1)=
__K@®(+e) [_ m/ [a pW(t)]Z o aZpW(t)} 12
07

VYA eit)l o0z "
a similar equation can be derived for the unloadingnch when
replacingA by K and €, by & in Eq. (12)

p*(t) =

__KOAre) | _me(0p0)), et PO | (13
V'K e()| oz " 02

The main objective of these steps is to introduserple yet accurate
numerical technique for extracting material pararebf clayey soils that
behave according to the Cam clay model, from a krmpe-dimensional
consolidation test. To introduce this task, rettat reproducing laboratory

data requires supplying the structural strengtrapeater p_, the initial

void ratio g, the initial coefficient of permeabilityK,, the swelling

index k and the compression inded. The last two material
parameters and the starting value of preconsobdagtressure could
be specified from the steady state response coorglpg to the
diagram shown in Fig. 1. This however, would requiarrying out a

number of isotropic



consolidation tests for several predefined levdlssotropic pressures
attained at the end of the consolidation procesiewheasuring at the
same time the change in volumetric strafyg, . Such an approach

would become not only time consuming but also wolbéd burdened
by an additional experimental error associated with difficulty of
measuring Ag,, and the determination of, and K, would require

additional laboratory tests. In addition a trialdaarror method would
have to be used to determine the remaining pammet

A simple solution avoiding such difficulties is efed by following
the steps of mixed experimental and numerical nmathén such a case,
combining the experimental measurements and nualer@mputations
in a suitable optimization environment provides efficient tool
for inferring the desired parameters from a sin¢gddoratory test.
In particular, matching experimentally obtainedadafith those derived
numerically might be the simplest view at a compleptimization
procedure that provides the desired results.

To that end, recall Eq. (12) describing the excpsee pressure
variation during consolidation. In view of the aptzation problem,
the used material and structural strength param€gt K,,«,A.p,,m)

now become the search variables to be found by munimg the
following function

F =3 (p"(0)-P"(t) -

In keeping up with the general scheme of the pamar,will
limit our attention to two essential parameters,maly the
preconsolidation pressung. representing the loading history and the
exponent m affecting the time variation of the coefficient of
permeability, Eq. (10) (details in [11], [17]).

To derive a robust numerical procedure, the optipsthmeters were
sought comparing numerical data with measured satifepore pressure.
Example of result is listed bellow in Tab. 1.

Table 1: Optimal material parameters

K[kPa] | A[kPa] € Ko pc [kPa] m
0.012 0.074 0.56 1.53% 28.45 4.7
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Figure 2: Time variation of pore pressure

An influence of the preconsolidatiop, and influence of the
parameterm, describing the change of the permeability coédfit,
are clearly presented in Fig. 2

Finally, the proposed theory is highlighted in F8y.lt is seen, that
theoretical and measured loading/reloading curvegafrly well (all
details in [9]).
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Figure 3: Time variation of pore pressure
3 Validation of preconsolidation in situ and itstesting
The pre-designed Brazilian capital Brasilia, lodaie the Federal

District of Brazil, was designed to house only tmain Governmental
administrative institutions and its public emploge&levertheless, it has
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increased four times more than what was initiablyetasted and is still
expanding. Construction is advancing through dist{geological) zones of
this same district, and allowing the use of digtitechniques for deep
foundation deployment and design.

Hence in 1995, the University of Brasilia startedmajor research
project, in order to enhance the knowledge on thleabior of the typical
deep foundations that are founded in the stratifitexpical subsoil of the
Federal District. It was decided to carry out honital and vertical field
loading tests on locally used foundation types. sEhéoundations had
full-scale dimensions and were placed within theiversity of Brasilia
campus at the experimental research site of theteGlwoical Post-
Graduation Program. The geotechnical profile o #ampus is composed
by the typical unsaturated “porous” clay of Brasilin addition, field
loading tests on full-scale instrumented foundationitside campus were
also carried out. In all cases, the tests wereopadd with the cooperation
of local engineering companies and University staff

=10 km

Sites: (1) UnB, (2] 212N, [2] Taguatinga

Figure 4: Location of the Studied Sites.

A mechanically bored pile founded in the UniversifyBrasilia campus
(UnB research site) is analyzed together with umgnted piles from two
other engineering sites within this same Distri€ine of them is a
continuous flight auger type pile located in thertNowing of Brasilia
(212N site), close to the University Campus, andnfted in the same
geological material. The other is a mechanicallyedopile excavated
with bentonite mud, located in a site around 25 fkom the University

12



Campus (Taguatinga site), and founded in a foliated! stratified material
which originates from slate decomposition.

The experimental curves of pile load versus dispiaent, structural
load transfer along the pile’'s shaft, and averakjae fiction and base
pressure versus loading level are presented ancamh to numerical
predictions from a semi-analytical procedure. Thiscedure is coded in the
industrial software denominated GEO4 Pile moduhst twas developed
in cooperation between the Department of Mecharfieggulty of Civil
Engineering, CTU in Prague and Fine Ltd. Softwanenany.

Table 2: General Geotechnical Parameters of the Bit® (Cunha et al.
1999).

Parameter Unit Range
Sand percentage % 12-27
Silt percentage % 8-36
Clay percentage % 80-37
Dry unit weight kN/mM  10-17
Natural unit weight kN/mh 17-19
Moisture content % 20-34
Degree of saturation % 50-86
Void ratio - 1.0-2.0
Liquid limit % 25-78
Plastic limit % 20-34
Plasticity index % 5-44
Drained cohesidh kPa 10-34
Drained Friction angfe degrees 26-34
Young's Modulu8 MPa 1-8
Coefficient of Collapse % 0-12
Coeff. Earth Press (KD) -- 0.44-0.54
Coeff.Permeability cm/s  1910°

OBSERVATIONS:

a- Triaxial CKOD tests-Inundated Soil and at ndthranidity;

b- Triaxial CKOD tests: Soil at natural humidity%(failure deviator stress;
c- Triaxial KO tests: Soil at natural humidity.

The results of back analysis are depicted in Fign& Fig. 6. The necessity
for a further refinement for both 212N and Tagugdiranalyses is evident
when comparing the load transfer curves of thesesstes, as respectively
done in Fig. 7 and Fig. 8. Hence, although refinenerequired, the results
can be already considered suitable from a praqtioit of view, if one

13



accepts as valid and within tolerable range (inreg®ying terms) the errors
involved in this first series of analyses.
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Figure 5: Load-Displacement Curve Obtained forzh2N Pile
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Figure 6: Load-Displacement Curve Obtained forfthguatinga Pile.
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Table 3: Back analyzed Geotechnical Parameters kb Sites via GEO4
Software.

Sublayer Type Depth Geotechnical Parameter

(m) ¢ (deg) ¢ (kPa) E(MPa) K N sen)
UnB Site:
Clay I 0-3 27 13 5 0.6 3
Clay IT 3-8 27 14 13 0.6 4
Clay III 8-12 27 52 19 0.6 4-15
Rock =12 (Non Deformable)
212N Site:
Embankment 0-4 25 0 25 0.4 9
Clay A 4-8 27 15 20 0.4 9-5
Clay B 8-15 27 5 40 0.4 5-15
Clay C 15-25 27 5 100 0.4 5-20
Rock > 25 (Non Deformable)
Taguatinga Site:
SClay 0-2.5 27 15 20 0.7 6
CSand 2.5-5 30 10 60 0.7 10
SSilt T 5-10 30 20 120 0.7 16-40
SSilt IT 10-15 40 30 600 0.7 50+
Rock > 15 (Non Deformable)

OBSERVATIONS: () Average estimated values based on few, non-
statistical, results

¢ = Effective Friction Angle; ¢ = Effective Cohesi; E = Young
Modulus;y = Apparent Unit Weight;

Vsoii = Poisson Coefficient = 0.3; K = Coeff. of EartheSsureysq =
16.5 kN/nd

Structural Parameters: E = 20000 MPa (UnB, 212N) 30000 MPa
(Taguatinga)ysoncrete= 25 KN/nt

Figure 8 presents the comparison of load transferes for the Taguatinga
pile. It indicates that a fairly good result wastadhed, and a better (than
212N pile) agreement was achieved. Similarly astegfone can affirm that
the analyses can be already considered as valid &opractical point
of view. Indeed, the comparison of average unit $tiction and percentage
of base load between numerical and experimentalegais good. It is
observed that, for the failure condition (3200 ki&)2% of the applied load
at the pile’s head was transmitted to the baseh@ pile (numerical
prediction).

At working condition (1600 kN) however, the softwahas estimated
that =11% of the applied load at the pile’s head would ttamsmitted
to the base of this pile. Also at this latter caiodi, the comparison of
average unit skin friction between numericab§ kPa) and experimental
(=40 kPa) values was reasonably good.

15
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Figure 7: Load Transfer Curve — 212N Pile.

This value is very close to the value that has begperimentally
measured throughout the test (as given beforégimange of 40%).

Structural Load (kN)
0 500 1000 1500 2000 2500 3000
. . . . .

Depth (m)

10 4

= Theoretical

— ® — Experimental

T Pile

15

Figure 8: Load Transfer Curve - Taguatinga Pile.
The discrepancies are again related to the fatttlieapile was founded

in a very hard soil stratum (saprolite), which vmas perfectly simulated in
this first analysis.
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Figure 9: Comparative Results for the 212N Pile.
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Figure 10: Comparative Results for the Taguatinita P

The lack of agreement for the base pressure isttlinelated to the fact
that the analyses lacked to properly model the lagr or the foundation
layer, where extremely high values of unit pressummk place and were
indirectly measured. In numerical terms, a uniqueé particular soil spring
was assigned to this last layer. Since it is edidesm Figs. 9 and 10
(in particular the latter one) that the numericalhedicted base pressures
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were substantially lower than the measured valoas, can conclude that
the stiffness of this spring was not properly ipmated in the analyses.
A fine readjustment of the stiffnesses for bothatibns, increasing towards
more representative values, would certainly imprthe matching quality

of the load transfer curves of Fig. 9 and Fig. &éfpecially at the deepest
pile sections.

The experience gained with these analyses has dgratau that a deep
strata, stiffer than the overlying layers and ledelto the pile’s base,
shall be incorporated in the numerical back analyBhis holds particularly
true for the Taguatinga site, where the pile wasmfted on a hard saprolite
medium. It was also learned of the importance efrfipinstrumented piles
at the site. Although such efforts may increase strootion costs,
the assistance of the instrumentation in guiding) llenchmarking the back
analysis is immeasurable (more information in [3]).

4 Elastic layer theory, basic ideas of dimensiohaeduction

The aim of the analytical solution is to determitlee deformation

of an elastic layer in the vertical direction. Té&lution procedure builds
upon neglecting the horizontal displacements simita standard

assumptions applied to the analysis of Westergabdpace. Clearly, such
an assumption results in a stiffer soil responseethy providing an upper
estimation of the depth of influence zone. The faob formulation is

evident from Fig. 11. Referring to the Kantorovitiethod (details in [19],

[20]) the distribution of the displacement fieldoistained in the form

T

‘ X
= z Ewv

Rigid base

Figure 11: Formulation of the elastic layer salnti
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w(x;y; z)= iwj (xyW,(2)

j=135 , (14)
—eaed”T
(z)=cos=—2z,
y,(z)=cos__
where the functionsz//j(z), j=1,3,5,... represent a complete set of base

functions. Let us calculate the components of thalk strain tensor.
The small strain tensor is the symmetrical pathefgradient matrix tensor.
From (14), it yields:

£,=0,6,=0, &,= YWy, ,

j=135 ' (15)
yxy:ngy:O ! yyzzz‘gyz: sz,y‘/’j ! yzxzzgzx: ZWJ,XI//J' '
j=135 j=135
Notation ™ — =w,, is used for the partial derivative.
ox

For the stress-strain relation, Hooke’s law is @addp

v

=——E 3 ., = =E 3 Wiz
Uxx 1_|/ Oedjgv:\l]l//]‘z Uyy 1—|/ oed ZW‘//JZ zz oedjgv:vle,z (16)

j=135

r,,=Gy,=0,1,=G Y w, ¥, 1,=G ijyxt,//J )

j=135 =135

Symbols E,v,E_,,G represent known values of Young’'s modulus,

* —oed’
Poisson’s ratio, oedometric modulus and shear nusdutespectively.
Lagrange’s principle of virtual work as the gengrehciple of equilibrium
is used in the following form:

OWOAW | . OW O ow 0w B 17
JRZ(IO (G X o G@EJ'E“”a >, P f,(x, y)anmx, yo)}jxdy 0. (17)

Since the virtual functionsow will be used in the same form s
integrating the equilibrium equation in the vertidaection takes the form
of an infinite number of partial differential eqimats:

~ow,(x.y) (@) w, (0 y) = oo fuxy) = 135...

_ 7T By _ 1 [2-

2HY G 2HV1-2v°

(18)
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In the case of axisymetry or if the uniform loadaiging on infinite strip,

the solution can be searched by solving the systeordinary differential

equations. Otherwise, the strategy of convolutiust be employed. Eq.
(18) is the generalized form of the known Pastes@ition of subsoi(see

e.g. [5], [7], [10], [18])

The solution of the partial differential equationanc be written
as the convolution of the right hand side and theddmental squtiorFj

corresponding to the left hand side

w(xy)= o f, LENF (€ - xn - y)agn =

(19)
=26 f (&= xn - y)d&
= o J File = xn - y)dedn
The function Fj satisfies the equation
~0F; +(jaf'F =0 for x*+y*)0 (20)

It is of the form

F, = o Kolian e+ y?)

where Ko(jasz + yz) is the modified Bessel function of zero ordere(se
[8], [19]). Due to singularity ofFj at [0,0]satisfies the right hand side

of (19) is evaluated as the limit of integrals owbe smaller region
Q, =Q\K, for £ » 0, where K, is the small ball of a small positive

radius & and the center at the poiwty]. Integrating (20) over and
applying Greers theorem we can write

ij FJ (f_ X7 = y)dfd” = (ji’)z'[ﬂs AFJ- (Qt_ X, — y)dqu =

_ 1 oF _0F
~(jay ” 0c 1 an d‘(}

(21)
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If [x, y] is not a point 0fdQ, dQ\ K, = 0dQ, in particular we can simplify
and write

_2h( 1Y O 4 - (22)
w; (x,y)= GH(jaJ [1+§09( 3 dry o d{J],
for [x,y]DQ,

_2f (1) (OFOF (23)
Wj(xyy)—GH(ja] f,g(a{ - dfj,

for [x, y]OR?\(Q O 0Q).

If w; (x, y) for j=135,... are known functions, the stress function

o,,(x,y,z) takes the form

- ow _ i [ jmz (24)
v Y - _E y Y, = E ——W. , 4"
Uzz(x y Z) oed 9z (X y Z) oedj:lZaWZH W; (X y)Sln( oH j

5 The phenomenon of influence zone and its estitizn

We introduce the subject considering the distrioutdf vertical stresses
according to Fig. 12. Due to excavation to a cartiépth h, the original
geostatic stress state, which sets the initial @motipn of soil represented
by the preconsolidation pressure (see [16]), theghdst stress level
in the soil recorded during the prior loading bigt is reduced. Subsequent
surcharge at the footing bottom gives further teithistion of the vertical
stress. It is assumed that in the region wherevérdcal effective stress
due to surcharge at the footing bottom combinedi thie reduced geostatic
effective stress (by excavation) does not exceed dfiginal geostatic
effective stress, the skeleton deformations ardigible. This condition,
in our sense, describes the depth of the influenoe H ([5], [12]).
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Figure 12: The governing idea of the influence zone calcatati

Denote the width of uniform load strip f, by2a, ie.
Q={[xy]: —a<x<a, yOR}. The solution w(xy,z) of (18) is
independent oy :w = vv(x, z). There are an infinite number of the ordinary
differential equations, together with the boundang continuity conditions
lim w; (x)=0, w, OC'(R), j =13,...

[¥ =
produces the solution

(x)= A, +Acost{jax) forxO<-aa>
hs _{ Azexp(—jaM) for| X>a,

2
where Ab:”z(lJ_
GH\ ja

Unknown constants A, A, of integration result from the condition

of continuity (of the displacement and its firstrigtative) in the points
of \x\ =a. Inserting these constants into above formulaavides

(x):ZfZ 1) [1-cosHjax)exd- jaa) for|x<a (25)

YT G [Jaj { exii- jaix)sinh(jaa)  for|x>a.
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Hence, the functiorw(x, z) being in the form of series

wxz)= > w, (x)co{lnzj 6{2
T3 2H

solves the problem. The component of the verstadss functiono,, is

evaluated by differentiatingv(x, z) with respect toz by terms

alv = ﬂ i E =
oed dz (X' Z)_ Eoedjz.-ZH Wj (X)SII’( 2H ]

0.(x2)=-E
4, 5 1 (jnz] {l— cos{jax)exd- jaa) for|x<a

7 4.7 \2H )| exd-jalx)sinh(jaa) for|%>a.

All three series in the above formula can be sum(nsate in [8]). Finally,
the vertical stresg,, can be written in the form

o,(x2)=f, —fz[arctarESin(mmH)j + arctarESin(M/ZH)D , for|x<a
" (27)

sinh{a(a-x)) sinh{a(a+x))

0,(x2)= j;[arctarE%] - arcta{%jj ,  for|x>a.

The stress functiow,,(x, z) for fixed z[(0,H) acquires its maximum at
the pointx=0:

maxo ,(x,2)=0,(0,2)= f, - 21, arctarESin(,IZ/ZH)j =
XOR T sinhaa

2f, sinhaa
=" zarctan———— | .
T sin(rz/2H)

The function UZZ(Q z) decreases with increasin@. The maximum
of the stress function at the bottom (z=H) of thiéuence zone depth is

o, (0H)= Z—If;arctarsinhaa : (28)

The influence zone depth is estimated by meaniseofjtiality
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o, (0H)=h, (29)

where y is the specific weight of soil anbl is the depth of the excavation.
Comparing the last two identities we obtain

h_2

—arctarsinhaga .
Vig

z

Denoting
20a _a |2- 2 . prr
=== y Faui =—arctamsinh— |.
A T H\/; u» (6) T rE Zj

The above identities give the equation

fm = Fstrip (:B)

Eliminating the influence zone finally yields
HoTB 2= 1 _n(2a) [2-2v 1 _
2 \1-2 4 1-2
g sinh‘{tanghj g sinh‘{tanzhj

z z

_m |2-% 1 (30)

21~ In sin@ +1 —In(cos@)
2f 2f,

z

This closed formula can be effectively used in Icengineering practice.
Now we give several comments on the derived iderfiirst, the influence
zone is proportional to the strip load wi@h. Secondly, the influence zone
doesn’'t depend on Young’'s modulus, but there isigmificant role
for Poisson‘'s ratio. Overloading of the excavatigeostatic stress
statef, /)h is the third parameter to be taken into accourit. these

statements are highlighted in the following Fig. 13
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Figure 13: Progress of influence zone depth oflthewide strip

Similarly, we can estimate the depth of influencene in the case
of rectangular footings. Let us introduce the fiowt

F(B)= 2( arctari?™ + arctarf¥ |-
T 2a 2

b el
—%E;arctaminh 2a (a] +1-t2 |dt-

2 42
[
b

— 2
—%J‘:;arctaminh 2 (b] +1-t2 |dt,

o
a

p=2m@_32 2=V (32)
m HV1-2v

The function F(ﬂ) describes the maximum layer bottom vertical stress
UZ(O,O,H) by the wunit uniform load acting in the rectangular
region2ax2b. The depth of the influence zone is describedHey goint
where the vertical stress due to surcharge readhes valugh

The maximum stress below the centre of rectangbaendepthH can be
then expressed in following form
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0,(00,H)=f,F(B)=)h. (33)

As the value of preconsolidatioph and the level of surchargé, are
known, the valugs is obtained as the inverse of the functi@r(ﬁ).

The following formula describes this statement atii idea how
to calculate the depth of the influence zone

h a [2-2v (34)
L = F - =— — H :
f, ) - 5 HV1-2v
1,04
Yh/fz
0,8+
0,6
F(®
044 b/a=532135,1
strip [}
/
0,24 /
)/
/
0 1 2 3B

Figure 14: Courses of () function

FunctionsF (,G) for some quotientsa/bare presented in Fig. 14.

6 FEM validation of derived formulas
The aim here is to provide results obtained framitdi element analysis

and compare them with results obtained from thegmed theory of elastic
layer. The infinite strip load was selected for gamison.

26



The values of aZZ(O,H) were compared. Let us first restate the derived
formulas foraZZ(O, H)in the case of infinite strip load.

o, (0H)= z—ll;zarctarsinhaa :

Where: H ...depth of influence zone,
f, ...value of the strip load,
v ... Poisson'’s ratio,
a ... half of the strip width,

a... _ T 2=
2H \V1-2v

For the FEM analysis, the following assumptionsemesed.
» 1 degree of freedom for nodes (z — direction)
* Plain strain
» Isotropic elastic material
*  Symmetry — only one half of the model
» Software ADINA (Automatic Dynamic Incremental Nandar
Analysis)

Let us note, the influences of the model width, Imglsape and type of the
used finite elements (more details in [14]) werasidered

The tested example has following details:
« Infinite strip load f,=100000kN/rf for a=0,5m; f,=50000kN/n
for a=1,0m; etc.
» Depth of influence zonE = 5m
« E=75GPa
* vvaries from 0,05 t0 0,4
e Model width B=30m (15m using symmetry)

An unreal magnitude of load was used to reach cgefft digital output
in the computer code.

The scheme of the example can be seen on the folidigure.
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Figure 15: Scheme of the tested example

The following tables present analytical and nun@riesults for a = Om —
8m, i.e. from line load to a very wide strip. Thegented results show very
good agreement. The differences are smaller thafo (for this range
of Poisson’s ratio (from 0.05 to 0.4). In all pretes results, we keep
the geotechnical convention in the stress values,positive stress value
means pressure while the negative stress valeasson.

Table 4: Numerical results

1/2 uniform

load width (m)|  ° 0.5 1 2 4 8

Poisson's ratio 62, (0,H) (kPa)
0.05 14531.1) 14412.0 14053.9 12853.8 9959.04 6044.0
0.15 15585.0 15437.8 15000.4 13565.1 10269.9 6091.8
0.25 17322.017118.7) 16528.5 14661.8 10702.9 6147.7
0.3 18709.0 18453.217720.4 15472.4 10988.6 6177.8
0.35 20818.0 20464.7, 19479.0 16596.9 11339.0 6207.5
0.4 24495.8 23922.6/ 22388.4 18273.6 11767.9 6233.1

Table 5: Analytical results

1/2 uniform

load width (m)|  © 0.5 1 2 4 8

Poisson's ratio 6z, (0,H) (kPa)
0.05 14529.7/ 14405.1) 14049.9 12851.1 9958.2| 6043.6
0.15 15583.9 15430.5 14996.2 13562.5 10269.1 6091.6
0.25 17320.5 17110.7) 16524.1] 14659.3 10702.4 6147.6
0.3 18708.3 18444.7/17715.8 15470.0 10988.2 6177.8
0.35 20816.7) 20455.3 19474.1) 16594.7/ 11338.6 6207.5
0.4 24494.9 23912.0 22383.3 18271.7/ 11767.7 6233.1
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7 Conclusion

Robust theory and the derivation of many formulasrew listed
in the presented contribution. Much of them werenarically validated,
also several tests were carried out to verify ttoppsed theory. There was
no discrepancy found. The presented formulas wvelvery useful for civil
engineering practice. Input parameters are very estimated and also they
are intelligible for civil engineers. Calculatios very fast and it gives
relevant results. Analytical and semi-analyticdlsons significantly save
time for designers contrary to pure numerical megho Technical
knowledge based on the presented theory was implkeche
in the computers codes, namely GEO 4, GEO 5, aNd1Bl In the detalils,
we can list Beam, Piles, Plate, FIN 2D, FIN 3D. Ellompany customers
are not only large structural design companiesesgnting the top in the
world but also smaller firms taking advantage dittaffordable software.
Today they proudly serve more than 1300 satisfigetsiin more than 50
countries  of the world including design and camgion companies
involved in many branches and also several technioiversities (more
information and details owww.finesoftware.e)
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