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ABSTRACT

COMPRESSION OF A THIN LAYER OVERLAYING A DEEP DEPOSIT

ELENA DROBOTEA

In geotechnical and road engineering, it is quite common to encounter ground
represented by a layered system consisting of a thin upper subgrade layer overlaying a
deep natural soil deposit. Structures built on such type of ground usually experience low
bearing capacity and, consequently, large settlement. In order to achieve better results,
the subgrade layer is compacted using the conventional techniques. The level of the
densification achieved is inﬂuenced not only by the compacting effort applied on soil
surface, but also by the strength of the underlying soil deposit. In the literature, several
réports can be found dealing with the subject matter. The majority of these reports have
ignored the contribution of underlying soil on the compression of the upper thin layer.

The objective of this thesis is to develop a numerical model using the finite
element technique, to examine the compression of a thin subgrade layer overlying a deep
deposit. In this model all the parameters believed to govern the compression of the
subgrade layer will be incorporated. The compression of the subgrade layer under various
applied loads will be evaluated. The results are presented in the form of charts and tables
in order to determine the total settlement of the foundation and the compression of the
upper layer. Empirical formula is proposed to predict the comprcssidn of the upper

subgrade layer for practicing use.
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CHAPTER 1
INTRODUCTION

1.1 Soil compressibility

The technologies of ground improvement process for strengthening loose or soft soils
to support buildings, roadways, and other heavy construction have been successfully
eniployed. Soil improvement by means of compaction is used increasingly for the
solution of different types of foundation problems in coarse-grained soil deposits. The

level of compaction achieved depends on the soil characteristics.

The theory of consolidation is one of the most important geotechnical regularities
describing the stress-strain properties of soils and the mechanism of compression.
Practical application of this phenomenon is used in settlement calculation. Soil
compressibility, resulting from porosity changes and, consequently, the change of its total
volume under the load applied. However, it is necessary to distinguish soil
compressibility as the main soil characteristic from soil deformability, wﬁich is a typical
to all physical agents. Soil compressibility is the ability of a soil’s structure (solid particle
packing) to change, under the influence of external stresses (compressive load, drying,
colloid coagulation, etc.), to a more compact one due to soil porosity reduction. It is
necéssary to distinguish soil consolidation under applied short-term dynamic load
(mechanical) from its densification under the long-term static load (compression,
consolidation, etc).

In practice, the grounds of building sites are quite often presented by a two-

layered system, where a thin layer is overlaying a deep natural deposit.



1.2 Objectives of the Thesis

This research was conducted for the case of cohesionless soil where the thin
subgrade weaker layer is overlaying a strong deep deposit in order to examine how the
relationships of the variable upper layer parameters and properties (subgrade layer
thickness and the angle of shearing resistance) between fixed properties of the lower
strong ﬁlayer influence the compression of the subgrade level under various applied loads.

The total settlément calculations of the upper layer were made with PLAXIS
Version 8 software application - a finite element package [29, 30]. This code is intended
for the two dimensional analysis of deformation and stability in geotechnical engineering
and includes advanced constitutive models for the simulation of the non-linear, time
dependent and anisotropic behaviour of soils as a multi-phase material.

The objectives of the present study are to predict the compression of the subgrade
layer dependiﬁg on three variable parameters of the upper layer: the thickness of the

upper layer H, the angle of shearing resistance ¢ and the applied load. The properties of

the lower layer were kept constant. The results will be presented in the form of design

charts and formula to predict the compression of the subgrade layer.



CHAPTER 2

LITERATURE REVIEW

2.1 Background

Settlements (as well as compressions) on cohesionless soil take place immediately
under the load applied. Several methods for predicting settlement on cohesionless soils
were reported in literature and they were successfully implemented in practice.

A natural soil [26] is a multiphase system of dispérsed particles. The |
determination of the stress strain state in multiphase, dispersive soils is a very important
and a difficult problem, and has vast practical significance. There are various hypotheses
to solve the problem; one can vuse elasticity theory for continuous media, the theory of
two-phase soils (i.e., completely saturated soils containing free, hydraulically continuous
water), the theory of plasticity or the theory of creep in continuous materials. However,
the stress-strain state of the soil is affected by the deformability of all the individual
phases, which constitute the ground, as well as their interaction. For example, for
foundations on loose, completely saturated soils, the settlement is predicted by the
filtrational consolidation theory, which is fully in accord with practical requirements.

In multiphase soils the time variation of the stress-strain state depends not only on
the rheological properties of the soil “skeleton”, but also on the flow of pore fluid due to
drainage, the compressibility of air, etc. The term “consolidation” means the time-
deformation of a multiphase medium under a constant external load. The process of
deformation occurs as a result of both the gradual extrusion of pore fluid and the

simultaneous action of rheological processes occurring in the “skeleton”. That is why the



term “consolidation” is used in a broad sense to describe not only volume.ric
compression, but also the general deformation of a multiphase soil affected by complex
stress states. |

Many attempts have beén made [25] to develop a physically consistent theory for
infiltrated porous materials. For the quasi-static case, i.e., without the inertial effect,
Terzaghi [24] and Biot [2, 3, 4] were among the first to present a widely accepted model.
Their models are respectively known as the theory of consolidation and the theory of
poroclasticity. An important assumption in Terzaghi’s one-dimensional theory of
consolidation is that the soil skeleton behaves elastically. On the other hand, Buisman [5]
recognized that creep deformations in settlement analysis could be important. This has
led to extensions of Terzaghi’s theory by various investigators. Wave propagation in
porous media is an important topic geomechanics [25], for example. Due to the interplay
of the solid skeleton with the fluid, the so-called second compressional wave appears.
The existence of this wave is reported in literature not only for Biot's theory but also for
‘theoretical approaches based on the Theory of Porous Media - mixture theory extended
by the concept of volume fractions. Assuming a geometrically linear description (small
displacements and small deformation gradients) and linear constitutive equations (Hook’s
law), the governing equations are derived, for Biot’s theory and the Theory of Porous
Media, respectively. In each case, the solid displacements and the pore pressure are the
primary unknowns.

One of the most difficult geotechnical problems is to select an appropriate
theoretical model reflecting soil deformation under applied load [21]. Variety of a soil’s

skeleton with its unique mechanical properties, formation conditions and complex



diagenesis processes has led to the development of a large number of mathematical
models created based on summarising of experimental data. Impossibility of finding the
empirical solution in the closed species and the tendency to simplify the problem for
technical calculations in a reasonable manner forces the introduction of various
assumptions. There are a lot of discussions about the appropriateness of some theories
e.g. such as the absence of initial gradient of head pressure, neglecting of structure

strength, etc.

2.2 Hypotheses and theories predicting the deformation of the soil
As a result of international discussion of the applicability of existing theories of
filtrational consolidation for its practical implementation [21] the bound problem of
consolidation theory and the theory of linear elasticity were demonstrated as the most
effective.
The development of the bound problem can be divided into two periods [10]. The
first period (1950-1960) includes:
1. Elaboration of determinative equations as well as introduction of linear
and non-linear dependences in these equations;
2. Obtaining of analytical solutions in closed species.
The second period is related to numerical devices perfection and also to the development
of numerical methods. Combined equations of the bound problem with complex load
geometry system and complex soil stratification can be solved using numerical methods.
The most popular method among investigators attacking the filtrational consolidation

problem is the finite-element method [20].



Investigations of Russian scientist V. Florin in the field of consolidation theory
[11, 12] also present interesting facts. One of the main directions of his research was the
elaboration of modern consolidation theory for water-saturated soils. In 1938-1939 a
series of articles were published where Florin first formulated the statement of two-
dimensional and three-dimensional problems of two-phase and three-phase soil
consolidation within the boundaries of the “bulk forces” model. This model is similar to
above-mentioned Biot’s model, formulated in 1941-1943. Only around 1970 — 1980 these
models could begin to be practically applied with the developmént of high-capacity
computers. In his research Florin, examined in detail initial stresses of soil skeleton under
the instant application of any type of distributed load. It was demonstrated, that under
conditions of two-dimensional and three-dimensional problems even in the case of
saturated medium, the immediate settlement appears and increases with the consolidation
process. Thus, the assumption that in the boundaries of two-dimensional and three-
dimensional problems, initial applied load is taken mainly by water as it happens in the
boundary of the one-dimensional problem was proven false. In 1948 Florin formulated
the statement of the consolidation problem, accepting any design model for soil skeleton;
it was named “the main calculation model of Florin”. In conformity with this model,
elaboration of the system of numerical solution of consolidation problems by means of
ﬁnite—clemeﬁt method taking into account the influence of many factors on the
consolidation process (stage-by-stage building erection, variability of the consolidation
zone, drainage availability, soil heterogeneity and anisotropy, etc) was conducted. Florin
also claimed that it is very important to take into consideration the initial gradient of

pressure head, the structure strength and non-linear compression of the soil, creep of the



soil skeleton as well as the phenomenon of soil aging. Of principal concern was the

problem of evaluation of the domain of applicability of different design models. In
particular, the criterion of applicability of elasticity theory solutions to the soils was
argued — it is the range of the zone of plastic deformations development.

Basically, most of existing methods for the real prediction of settlement on
cohesionless soils under the load applied are represented in the form of empirical
formulas to correlate the results of standard penetrations tests or static-cone tests to the
settlement of designed footings [16].

In present, the most widely used methods of settlement calculation on sands can be
classified into two main categories:

I. Methods based on field measurement.

II. Methods based on the elasticity theory.

Terzaghi and Peck in 1948 [24] were the first to develop an empirical formula to
predict settlement of footings based on the results of the standard penetration test. Thus,
the field measurements have been introduced in practice. The method considered the
subgrade sand as homogeneous and the number of blows N is constant with depth. They
also elaborated another formula to correlate predicted settlement with the results of the
plate-load test. Later, Alpan in 1964 [1], Meyerhof in 1965 [18] and Peck in 1974 [19]
have introduced modified formulas to take into account the overburden pressure effect.
The methods based on field tests strongly depend on the accuracy of field measurements.

Several researchers have developed procedures of settlement prediction using
elasticity theory. Among them are: DeBeer [9], D’ Appolonia [8], Schmertmann [22], and

Hanna [14]. The main design parameters utilised in these methods are:



1. Elasticity modulus E
2. Poisson’s ratio v
The above-mentioned parameters can be determined from laboratory tests or they
can be correlated with field data. However, methods based on the elasticity theory have
some limitations, for instance, Schmertmann method of settlement calculation is limited

by the depth below the footing equal to twice the width of the footing.

2.3 Settlement of a cohesionless weak layer overlying a strong dense sand deposit.

As it is quite common to encounter ground represented by a layered system consisting
of a thin upper layer overlaying a deep soil deposit, the densification effect is strongly
influenced by the dynamic response characteristics of the soil to be compacted, but also
by the underlying soil layers. In fact, several methods for predicting the settlement of
foundations before compaction was applied, have considered variable mechanical
parameters of layer soils. It is very important to determine the interaction between these
layers and the energy consumed by each layer [7].

Recent investigation of Hanna on this issue is of great interest. It was emphasized
that the stiffness of the lower deep natural deposit constitutes a serious parameter that
must be taken into account to achieve the desired level of compaction of the upper thin
subgrade layer. Design charts were presented to prove the fact that compactability of a
thin layer is dependent on the stiffness of the lower natural deep deposit. Experimental
and numerical research [15] showed that compactability of a subgrade thin layer, besides
such factors as water content, temperature, size, shape of grain, and grain size distribution

depends mainly on:



1. Compressibility of deep underlying layer;

2. The stiffness of the lower deposit and the compaction effort.

In this way, future investigations in this field may be very important for the domain of
road engineering. Present study is directed toward predicting the range of compression of
the thin subgrade weaker soil layer depending on its parameters as stated in section 1.2

under the different applied loads using the geotechnical software PLAXIS for total

settlement calculations.



CHAPTER 3

NUMERICAL MODEL

3.1 Geometry model
The case of a thin layer overlying a deep deposit was simulated using a plane

strain model with 15-noded elements. The basic geometric parameters of a finite element
model have been chosen as follows:

o ’fhe width of the geometry model of the soil, w = 2m;

o The depth of the lower layer, 4, = 14m;

e The depth of the upber layer s; was varied from 0.5 to 10 meters;

The geometry model is shown in Figure 3.1. Seconds were used as the unit of time in

order to reflect immediate deformations of the subgrade layer.

G5+ 1o

e

w=2m .

Figure 3.1 Geometry model of the two-layered systém

10



Static analysis was made to examine upper layer soil compression under applied
load. Distributed load was taken to simulate the field compaction process as prescribed
forces included in PLAXIS code for deformation problems. The compaction effort will

be justified along the width of the model.

3.1.1 Boundary conditions

Boundary conditions must be defined to take into account that in reality the soil is
a semi-infinite medium, without this option the waves would be reflected on the model
boundaries, causing perturbations. Standard fixities boundary conditions option was
applied as a convenient input for practical PLAXIS calculation application. It makes
impossible to extend stress strain state of the model outside of the chosen width of the

model.

3.2 Material model

Hardening soil (HS) model was applied to reflect the behaviour of the two-layered
soil model. The hardening plasticity model is an advanced one for simulating different
types of soil, both soft and stiff. There are two types of hardening in present model: shear
and compression hardening.
Compression hardening was selected to reflect the two-layered soil behaviour. It is used
to model irreversible plastic strains due to primary compression in isotropic loading. HS
soil model uses the theory of plasticity, includes soil dilatancy and introduces a yield cap.
As a basic feature of the HS model is the stress dependency of soil stiffness, it was

decided reasonable to use this model for both upper and lower layers to observe the

11



compressibility of the subgrade softer layer. Basic characteristics are listed in tables 3.1
and 3.2. Plastic straining and elastic unloading were taken according to [34, 35].

Reference pressure P.rwas taken to be 100kPa.

3.2.1 Elasticity modulus E
The hardening soil model implies using the following basic parameters of soil

stiffness as mechanical characteristics, which have been selected according to the Table
8.1 Arbitrary HS parameters for sands [30]:

Es™ - plastic. straining due to primary deviatoric loading or so-called secant stiffness in
standard drained triaxial test (kN/m®);

Eol — plastic straining due to primary compression or so-called tangent stiffness for
primary oedometer loading (KN/m?);

E,™ - elastic unloading/reloading, or unloading/reloading stiffness (default value E," =
3 By H(kN/m?)).

The range of these parameters are shown in the Tables 3.1 and 3.2
The Poisson’s ratio for unloading-reloading ¥, used in hardening soil model was given in

its default value 0.2 [29, 30].

3.3 Properties of the soil layers
3.3.1 Lower deep soil deposit
The properties of the strong lower deep natural cohesionless deposit were taken as

constant and are listed in Table 3.1.
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3.3.2 Subgrade upper weaker layer

The values of the thickness of the upper layer were taken in the range of 0.5 — 10
meters (10 different values, Table 3.4) for each type of four values of internal angle of
friction of the subgrade layer under four different loads: 300; 100; 50 and 40 kN/m?. It
was decided to examine the thickness parameter input to the total settlement and
compression values starting from its minimum thickness 0.5 m and then by increasing it
to this, oncoming the depth of the lower layer.

Table 3.1 Material properties of the lower soil layer

Parameter Symbol Value Unit
Material model Model Hardening soil model
Type of material behaviour Type Drained -
Unsaturated unit weight Yonsat 18 KN/m>
Saturated unit weight Yeat 20 KN/m>
Plastic straining due to primary ‘
o , P Esf 40000 KN/m’
deviatoric loading
Plastic straining due to prim
e i Eoed™ 40000 kN/m®
compression
Elastic unloading By 120000 KN/m”
Stress dependent stiffness
m 0.5 -
according to a power law
Cohesion c 1 kN/m*
Friction angle b, 45 0
Dilatance angle / 10 0
Poisson’s ratio Vur 0,2 -
Interface strength reduction Rinter ‘ 1.0(rigid) -

factor
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Table 3.2 Properties of the upper soil layers with different internal friction angle

Value for Value for Value for | Value for
Symbol Unit
¢ = 25" ¢ =30° 0=35" | ¢=40°
'Yunsa{ 12 14 16 17 KN/m’
Yeat 14 16 18 19 KN/m’
Eso™® 20000 25000 30000 30000 KN/m’
Eo™ 20000 25000 30000 30000 kN/m”
B, 60000 75000 90000 90000 KN/m’
m 05 05 0.5 0.5 :
c 2 4 5 3 Nm?
Y 0 0 5 5 0
Rinter 0.6 0.6 0.6 0.6 -

3.4 Finite Element mesh
The soil is modeled by the 15- node elements plane-strain.
In accordance with PLAXIS input prc;cedure, initial stresses have been generated

after the mesh was created and refined (Figure 3.2).
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Figure 3.2 Generated mesh of the finite-element model

3.5 Calculation of the total settlement and the compression of the upper layer

As mentioned above, several series of total settlement calculations were made
with PLAXIS application. The properties of the lower layer have been kept constant
while the values of distributed load (four values), internal friction angle (four values) and
the thickness of the upper layer (ten values) were varied. Thus, 160 calculations have

been done; they are listed in the Table 3.3.
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Table 3.3 Parameters of the serial calculations

Unit weight of I
nternal .
the upper . e Thickness of
Load . friction angle
2 @ | Serial number layer, the upper
kN/m 2 KN/m’ of the upper layer, H (m)
3 1) layer, °¢; ’

1;41;81;121 0,5

2;42;82;122 0,7

3,43,83;123 1,0

S 4,44;84,124 1,5

&l 5;45:85;125 ~ “ 2.0

o | 6:46;86;126 - o 2,5

o 7,47;87;127 3,0
8;48;88;128 5,0

9;49;89;129 7,0

10;50;90;130 10,0

11;51;91;131 0,3

12;52;92;132 0,7

13;53;93;133 1,0

T 14;54;94;134 1,5

&1 15;55;95;135 < o 2.0

| 16,56;96;136 - o 2,5

& | 17;57;97;137 3,0

= 18;58;98;138 5,0
& 19;59;99;139 7,0
i 20;60;100;140 10,0
S 21;61;101;141 0,5
& 22;62;102;142 0,7
& 23;63; 103;143 1,0
S| 24;64;104;144 1,5

= | 25;65;105;145 © “ 2.0

ool 26;66;106;146 ~ @ 2,5

| 27;67;107;147 3,0
28,68;108;148 5,0
29;69;109;149 7,0
30,70;110;150 10,0

31;71;111;151 0,5
32;72;112;152 0,7

33;73;113;153 1,0

S 34,74;114;154 1,5

&| 35,75;115;155 ~ - 2.0

& 36,76,116;156 - ~ 2,5

& 37177117157 3,0
38;78;118;158 5,0
39,79;119;159 7,0
40,80;120;160 10,0
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The total settlement S is shown in the output of the PLAXIS subprogram and was
also derived from “PLAXIS curves” option. For example, for run # 37 of the fourth series
of calculations, the output is shown in Figures 3.3 and 3.4, the total settlement of the
surface point of the upper layer S (point A) and the displacement of the interface point S;

(point B) between the subgrade and lower layers are shown in the Figure 3.5

PLAEVE i
500 -10.00 -5.00 000 500 1000 15,00
S PR SR ST S A SO TSRt M S SISO SO O MR RSSOV SRV My S TSV TSRS ST M S ST SO ST S M SR
1500
10.00]
500]
0.00]
Extreme total displacement 10054103 m
(displacements scaled up 10.00 times)
Lo
PLAXIS [ —F =
i B Co S s 4300403 7 05/01/04 Concordia University

Vesn8231%

Figure 3.3 Deformed mesh of the finite-element model
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Exree Uot 1005403 m

PLAXIS

et O Sl e 300403 7 05/01/04 Concordia University

7
¥
H
¥
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Figure 3.4 Output results
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Figure 3.5 Total displacements of the surface points of the upper layer
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Figure 3.6 Total settlement of the surface (point A) and the displacement of the
interface (point B)

All the total settlements, S, of the 160 calculations are listed in the Table 3.4 in
column number 7. All total displacements S; of the interface points between the two
layers are listed in column 8. In accordance with the total settlement definition it is

evident that compression Ah (column number 9) of the subgrade layer is the difference
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between the total settlement S of the surface point and the total displacement S; of the

interface point of the layers (Figure 3.6).

Ah-_—'S-Si 3.1

RSV SR s

2,
\

Figure 3.7 Settlement of the two-layered soil under applied load
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Table 3.4 Total settlement and compression of the subgrade layer

. ol = % Total settlement Extreme total Compression of
Loadi 28 2 ", . ¢1,| hy, | ofthe surlgasce displacement of the |[the upper layer,
kNm™ | 8|3 g kKN/m’ | ° m point,x ", | interface point, x '*?, x 103

S, m Si, m Ah,m
1 2| 3 4 5 6 7 8 9
1 0,5 89 80 9
2 0,7 91 : 79 12
3 1,0 94 76 18
4 1,5 99 75 24
5 ! e 2 105 73 32
i — o
6 2,5 111 72 39
7 3,0 117 71 46
8 5,0 140 67 73
9 7,0 160 64 9% |
10 10,0 188 60 128
11 0,3 82 75 7
12 0,7 88 79 9
13 1,0 91 78 13
14 1,5 95 76 19
B < o 2 99 74 25
16 25 | 103 73 30
17 3,0 107 : 71 36
18 5,0 122 66 56
19 7,0 137 63 74
S 20 10,0 159 59 100
« 21 0,5 80 75 5
. 22 0,7 82 74 8
23 1,0 84 73 11
24 1,5 91 75 16
25 ol Wl 2 94 74 20
26 7l 25 97 72 25
27 3,0 100 71 29
28 5,0 110 65 45
29 7,0 122 62 60
30 10,0 139 59 70
31 0,5 81 75 6
32 0,7 82 74 8
33 1,0 84 73 11
34 1,5 87 72 15
L35 |l 2 94 73 21
36 Y25 97 72 25
37 3,0 101 71 30
38 5,0 112 66 46
39 7,0 122 62 60
40 10,0 137 57 70
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Total settlement

w|= o Extreme total Compression of
15137(15 '§ '§ 'E kl\;;’ 3 ¢°1 | of t!le Sm;t(‘f;ce displacement of the [the ugper layer,
i aaz m m POInt, X 5 | interface point, x '*3, x 13,
S, m Si, m Ah, m
1 2 3 4 -5 6 7 8 9
4] 0,3 35 31 4
42 0,7 37 31 6
43 1,0 38 30 8
44 1,5 41 30 11
“ 45 o Q 2.0 44 29 15
46 2,5 47 29 18
47 3,0 49 28 21
48 5,0 59 26 33
49 7,0 67 25 42
50 10,0 78 23 55
51 0,3 34 31 3
52 0,7 35 31 4
53 1,0 36 30 6
54 1,5 38 30 8
° 55 < < 2.0 40 29 11
56 2,5 41 28 13
57 3,0 43 27 16 i
58 5,0 49 - 25 24
59 7,0 55 23 32
2 60 10,0 63 22 41
= 61 0,3 34 31 3
62 0,7 34 31 3
63 1,0 35 30 5
64 1,5 36 29 7
~ 65 © | 2.0 38 29 9
66 | T || 25 39 28 11
67 3,0 40 27 13
68 5,0 44 25 19
69 7,0 - 48 23 25
70 10,0 54 21 33
71 0,3 34 31 3
72 0,7 34 30 1
73 . 1,0 35 30 5
74 1,5 37 29 8
o 75 ~ ol 20 38 29 9
76 — T 25 39 28 11
77 3,0 41 27 14
78 5,0 44 25 19
79 7,0 48 23 25
80 10,0 54 21 33
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w| = & Total settlement Extreme total Compression of
L,oad; - 8 -g ", s 6, hy of the S“l'li(;i_lsce displacement of the |the upper layer,
KN'm™ | 212 s|kN/m" | °| m point,x ", | interface point, x '*?, x 13,
= S, m Si, m Ah, m

1 2 3 4 5 6 7 8 9
81 0,3 20 17 3

82 0,7 20 17 3

83 1,0 21 17 4

84 1,5 23 16 7

o 85 ~ Q 2.0 25 16 9

86 2,5 26 15 11

87 3,0 28 15 13

88 5,0 33 14 19

89 7,0 37 13 24

90 10,0 42 12 30

91 0,3 19 17 2

92 0,7 19 16 3

93 1,0 20 16 4

94 1,5 21 16 5

=1 95 < o 2.0 22 16 6
9| T || 25 22 14 8

97 3,0 23 14 9

98 5,0 26 13 13

99 7,0 30 12 18

- 100 10,0 34 11 23
0 101 0,3 18 17 1
102 0,7 18 16 2

103 1,0 19 16 3

104 1,5 19 15 4

~l10s] o || 20 20 15 5
“lwe| T || 25 21 14 7

107 3,0 21 14 7

108 5,0 24 13 11

109 7,0 26 12 14

110 10,0 30 11 19

111 0,3 18 17 1

112 0,7 18 16 2

113 1,0 19 16 3

114 1,5 20 15 5

wl15] o |l 20 20 15 5
“luel T[T 25 21 14 7

117 3,0 21 14 7

118 5,0 24 13 11
119 7,0 26 12 14
120 10,0 29 11 18
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Total settlement

w|— B Extreme total Compression of
lflgj‘di '§ '§ g kl\;}’ 3 ¢°x, by, | of t?ets“ﬁf,?f © | displacement of the |the ugper layer,
el m m pou;, :; > | interface point, x '*?, x %3,
’ Si, m Ah, m

1 2 3 4 5 6 7 8 9
121 0,3 16 14 2

122 0,7 17 14 3

123 1,0 17 13 4

124 1,5 19 13 6

o | 125 ~ w | 20 20 12 8
“l1e] T || 25 21 12 9

127 3,0 22 12 10

128 5,0 26 11 15

129 7,0 30 10 20

130 10,0 34 9 25

131 0,3 15 14 1

132 0,7 16 13 3

133 1,0 16 13 3

134 1,5 17 13 4

<135 & |l 20 18 13 5
“lel T || 25 18 11 7

137 3,0 19 12 7

138 5,0 22 11 11

139 7,0 24 10 14

- ) 140 10,0 28 9 19
¥ 141 0,3 15 14 1
142 0,7 15 14 1

143 1,0 16 13 3

144 1,5 16 13 3

wl145] o 1] 20 17 13 4
“la6| T || 25 17 12 5

147 3,0 18 12 6

148 5,0 19 10 9

149 7,0 21 10 11

150 10,0 23 9 14

151 0,3 15 14 1

152 0,7 15 14 1

153 1,0 16 13 3

154 1,5 16 13 3

ol155] o |ol 20 17 13 4
“l1se| — | Y| 25 17 12 5

157 3,0 18 12 6

158 5,0 19 10 9

159 7,0 21 9 12

160 10,0 23 9 14
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CHAPTER 4

RESULTS AND ANALYSIS

4.1 Contribution of the upper soil layer to the settlement éf the layered system

160 series of tests were performed to predict the settlement on the two-layered
- cohesionless soil system with the weaker upper layer; it is possible to observe the
contribution of each parameter (thickness of the upper layer h;, angle of shearing

resistance ¢ and different loading) to the output value of the settlement.

4.1.1 Effect of the load applied
1. The greater is the applied load (column number 1), the greater is the total
settlement of the upper layer (column number 7), as well as the total
displacement of the interface point (column number 8) between the
layers;
2. In case of layers of the same thickness and angle of shearing resistar.ce,
the compression (column number 9) increases due to an increase of the

applied load.
4.1.2 Effect of the thickness of the subgrade layer

1. The total settlement of the subgrade layer (column number 7) increases

due to an increase of the thickness of the upper layer (column number 6).
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2. . The thicker of the upper layer (column number 6), the lesser is the total

~ displacement of the interface points between the subgrade and the lower
deeper layers (column number 8);

3. The thicker of the upper layer (under the same applied load and for the

layers with the same anglé of shearing resistance), the greater is the

compression of the upper layer;

4.1.3 Effect of fhe angle of shearing resistance
1. The higher the is angle of shearing resistance of the upper layer (under the
same applied load and for layers of the same th'i‘ckness), the lesser is the
total settlement of the upper layer and the total displécement of the
interface points; |
2. The higher is angle of shearing resistance of the upper layer (under the
same applied load and for the layers of the same thickness), the lesser is

the compression.

4.2 Design charts

In order to illustrate the relationships of the parameters from the Table 3.4 various
charts have been constructed. Most of them are shown in the Appendix A. Typical charts
reflecting the settlements of the surface and interface points of .the layers, the
compression of thé upper layer and its interaction with the thickness of subgrade layer,

its internal friction angle and the load applied are presented in the Figures 4.1. — 4.6.
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Total settlement and compression of the upper
layer withgd = 30°, P =300kN/m?

0 . . —

L0, 50 m 150 200

-4 \ ( ——3S
humg A\, AN |-aesi

-8 v *\ \ —a— Comp-n
NN

S, §;, compression, mm

Figure 4.1 Total settlements, total displacements and the values of

compression of the subgrade layers

0
-2

Total settlement and compression of the upper
layer with @ = 25° P=300kN/m?

= \fW\ 150 200
P NN

A

N N S
N ,

S, Si, and compression, mm

Figure 4.2 Total settlements, total displacements and the values of

compression of the subgrade layers
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Total settlements of the upper layers of various
thickness with different® , P = 300 kN/m

0
(B 50 0
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200
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; N
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S,mm

—— ¢ =25"
—=— ¢ =30"
—&— @ =35"
—x¢— ¢ =40°

Figure 4.3 Total settlements of the subgrade layers
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Total settlements of the upper layers of various thicknesses
-with different ¢ under different loads

\ , —— ¢ =25", P=300 kN/m*
\ —u— ¢ = 30", P=300 kN/m*
—a— ¢ = 35", P=300kN/m*

—x%— @ =40°, P=300 k'N/m*
—x— ¢ = 25", P= 100kN/m*
—e— ¢ = 30", P=100kN/m”

\ ——g@= 35", P=100kN/m*

—— ¢ = 40", P = 100kN/m*
—a— ¢ = 25", P=50 kN/m*
—— ¢ = 30", P=50 KN/m*
—a— ¢ = 35°, P=50kN/m*
—a— ¢ = 40", P=50kN/m?
—%— ¢p = 25", p= 40 KN/m*

-10

- @ =35 P=40kN/m*
—— ¢ = 40", P=40 kN/m*

S,mm

Figure 4.4 Total settlements of two-layered systems
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h1,m

Total displacements of the interface points under

various loads

Si.mm

—o— ¢ = 25° P=300kN/m?
—a— ¢= 30° P=300kN/m?
—a— ¢= 35°, P=300kN/m?
—x— ¢= 40°, P=300kN/m?
—x— ¢=25°, P=100kn/m?
—e— ¢=30°, P=100kN/m?
—+— ¢=35° P=100 kN/m?
—— = 40°, P=100kN/m?
—k— ¢= 25°, P=50 kN/m?
—e— ¢=30°%, P=50 kN/m?
—m— ¢= 35°,P=50kN/m?
—a— ¢= 40°, P=50kN/m?

Figure 4.5 Total settlements of subgrade layers of various thicknesses
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Resistance under loading

100 150

h1,m

N
NN
o] BRLY NN
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compression, mm

Compression of the upper layers with different angle of shearing

—e— ¢=25°, =300kN/m*
—u— ¢=30°,P=300kN/m*
—a— ¢= 35°, P=300kN/m?
—x— ¢= 40°, P=300kN/m*
—%— ¢= 250,P=100kN/m*
—e— ¢= 30°, P=100kN/m?
—+— ¢= 35°,P=100kN/m?
—— ¢= 400,P=100kN/m?
—x— ¢= 25° P=50kN/m*
—e— ¢=30°,P=50kN/m?
—u— ¢= 350, P=50kN/m?
—a— ¢=40°,P=50kN/m?

Figure 4.6 Compression values of the subgrade layers

4.3 Comparison between the results produced by the Numerical Model and

Schmertmann’s method of settlement calculation

It was decided to compare the calculated values of settlement from the Table 3.4
with the existing standard procedure of settlement computation for cohesionless soil.
Schmertmann’s method of settlement calculation was chosen as the most convenient for
available input data parameters. In spite of .some limitations of Schmertmann’s
calculation procedure (homogeneous soil and the depth, limited by the value equal to 2B,

where B is the width of the foundation) several series of calculation have been done,

while some assumptions were made:

1. The immediate settlement of the two-layered soil system was computed

for each layer separately and then they were summed together.
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2. As the width of the applied loading was previously chosen 2 meters, and
according to Schmertmann’s limitation for the depth equal to 2B (for
strain vertical influence factor decreases linearly to zero at a depth of 2B),
it was decided reasonable to use the series of calculations with the
thickness of the subgrade layer h; in the range of 1 — 3 meters.

3. Compression modulus E; used for settlement calculation in
Schmertmann’s method was correlated with the input default parameter of
the material soil model in Plaxis series of calculation according to [29]

using the following relationship:

E, = (4.1)

Where:
E - is the input value of the secant stiffness in standard drained triaxial test Erls,:

v — is Poisson’s ratio, v, — for unloading- reloading input values used in hardening soil

material model.
The most close results were obtained while computing the settlements under the
load P = 300 kN/m?,
Below are several calculations for different hyand ¢, parameters:
4.3.1 The case where the thickness of the upper layer h= 2 m and its ¢; = 25°
The load P= 300 kN/m?
B1 =2m
h] =2m
¢1 =25% ¢ = 45°

=12 kN/m’ ;2 =20 KN/m>
Eso™ = 20000kN/m?; Eso™%, = 40000kN/m>
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According to equation (4.1) compression modulus for each layer:

20000

Eg = ———0 =9091 kN/m?
2(1+0,2)
1= —20000 16187 kN/m?
2(1+0,2)

Maximum value for the vertical strain influence factor was taken 0.6 according to [23].
4.3.1. 1 Settlement of the first layer
Effective depth for settlement calculation was obviously taken 2 meters, equal to
the thickness of this subgrade layer. Minimum (0.1), maximum (0.6) and zero values for

the vertical strain influence factor I, were taken according to [23] at the depth: .

z=0->1,=0.1
0.5B1=05x2=1m —> I,=0.6
2B1=2x2=4m > 1,=0

Table 4.1 was made accdrding to Schmertmann’s method procedure. Values for vertical

- strain influence factor were determined according the figure 4.7

Table 4.1 Intermediate parameters for settlement of the upper layer calculation
for the input data: hy =2m, v, =12 kN/m?

Depth Az Z; E, I, Az
: Averagel, | E;
m m m kN/m? x 10
m’/kN
0-1 1 0.5 9091 0.35 &3—5—xl =(0.385
9091
1-2 1 1.5 9091 0.50 O'SQ 'x1=0.550
091
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28 28 1 4 3
> AZ=2m D —2AZ=0.935x 10 * m’/kN
0

0 N

Correction factors:

for depth:

q
C;=1-0.5 0
q9—4q

Where: q - is the overburden pressure at the foundation level;

(qQ—qo) - 1s net increase in foundatioh pressure

qo- 1is the préssure imposed on the soil by the footing.

C, was taken equal to 1 for the upper layer as the load applied directly on the surface.

For creep:

C;=1+0.2log [E) , where t — is time in years was taken 50 years.

C;=1+0.2 log (%) =1.54
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Figure 4.7 General diagram for I, determination according to Schmertmann, for
the case with h;=2m and ¢,= 25"

Hence, the settlement of the first layer was calculated by using Schmertmann

formula:

1,

2B :
S1=C1xCa(g—q0) Y. - AZ = 1x1.54x 300(kN/m?)x 0.935 x 10™ (m*/kN) =
0

s
=431.97 x 10* (m) = 43.2 mm
4.3.1.2 Settlement of the second layer

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.7) as:

B, = By + 2hitgp; =2 + 2x 2tg 25° =3.66 m
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Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor

were taken according to [23] at the depth:

z=0->1L=01

05B,=05x3.66=183m — [,=0.6

2B;,=2%x3.66=732m > [,=0
Table 4.1.1 was made for standard procedure of determining the values for vertical strain
influence factor as well as the total settlement of the lower layer I, was determined for

each sublayer according to the figure 4.7.

Table 4.1.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: hy =2m, ;=12 KN/m*

Depth Az Zi E, I, Az
, Average I, - Ej
m m m kN/m X 10-4
m>/kN
0-1 1 0.5 18182 0.24 0.24 x1=0.127
' 18182
, 0.58
1-1.83 1.83 1.915 18182 - 0.58 x1.83=0.584
18182
0.53
1.83-3 1.17 2415 18182 0.53 x1.17=0.341
18182
3-5 2 5 18182 0.30 0.30 x2=0.330
18182
| | 0.13
5-7.32 2.32 6.16 18182 0.13 ———x2.32=0.166
18182
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2B 2BI 4 3
Y AZ =732m ZE’AZ=1.548x10 m’/kN
[ 0 N

q
0 1-0.5 12x2

Ci=1-05 S——=0.
q9-—9, 300-12x2

C,= 1.54 (the same as for the upper layer)

IZ

2B ]
Hence, Sy =C1 xC2(q— g0, E AZ = 0.96x1.54x (300- 12x2)(kN/m?) x 1.548 x 10™
0

N

(m*/kN) = 631.6 x 10™* (m) = 63.2 mm

Total settlement S;= S;+ Sy =43.2 + 63.2 = 106.4 mm.

This calculation corresponds to the Plaxis serial running # 5 from the Table 3.4, where
the value of computed settlement is equal to 105 mm.

106,4—105

Thus, the difference is x 100% = 1.3%.

4.3.2 The case where the thickness of the upper layer hy=2 m and ¢; = 30°

The load P= 300 kN/m?

B=2m

h1 =2m

é1 =30 ¢ =45°

v = 14 kKN/m®; v, = 20 kKN/m®

Eso™) = 25000kN/m?; Esg™ = 40000kN/m>

4.3.2. 1 Settlement of the first layer
According to equation (4.1) compression modulus for the first layer:

25000

=t _=11364 kN/ni2
2(1+0,2)

s

Geometrical parameters for sub layers of thee upper layer are going to be the

same as in previous calculation, because of the same width of the applied load.
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Correctic;ns factors will be the same:

Ci=1

C,=1.54

The settlement of the first layer is calculated by using the table 4.2, completed in

accordance with the vdiagram from the figure 4.8:

I
Ez AZ = 1x1.54x 300(kN/m?)x 0.748 x 10 (m’/kN) =
Sy

2B
Si=CixCz(g—90) Y,
0

=345.6 x 10 (m) = 34.6 mm

Table 4.2 Intermediate parameters for settlement of the upper layer
calculation for the input data: h; =2m, v, =14 kN/m’

: Average [, E;
m m m KN/m? x 10
m>/kN
0-1 1 0.5 11364 0.35 0.35 x1=0.308
11364
1-2 1 1.5 11364 0.50 0.50 x1=0.440
11364
2B 2B I
> AZ=2m > —£AZ=0.748 x 10 * m*/kN
0 o Ly

4.3.2. 2 Settlement of the second layer
Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.8) as:

B, =B, + 2hytgp =2 +2x 2tg 30° =431~ m
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- Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor

were taken according to [23] at the depth:

z=0->L=0.1
0.5B;=05%x4=2m > 1,=0.6

2B;=2x4=8m > ;=0

Table 4.2.1 was made for standard procedure of determining the values for
vertical strain influence factor as well as the total settlement of the lower layer. I, was

determined for each sublayer according to the figure 4.8.
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Figure 4.8 General diagram for I, determination according to Schmertmann, for
the case with h;=2m and ¢,= 30°
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Table 4.2.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =2m, v, = 14 kN/m’

Depth Az Zi  E I, Az
Average I, E
M m m kN/m” x 10
m’/kN
0-2 2 1 18182 0.35 035 x2=0.385
18182
2-4 2 3 18182 0.50 —Oég—x2 =0.550
18182 '
4-6 2 5 18182 0.30 030 x2=0.330
18182
6-8 2 7 18182 0.10 £(-)—x2 =0.110
18182
2B 2B 1 4 3
> AZ=8m > —2AZ=1375x10 " m/kN
0 o Eg
q
Ci=1-0.5 ¢ {=1-0.5 L .
q-q, 300—-14x2

C,=1.54 (the same as for the upper layer)

2’ AZ = 0.95x1.54x (300- 14x2)(kN/m?) x 1.375 x 10°*
N

Hence, Sy =C; xCy(q - 6]0)2
[}

(m*/kN) = 547.16 x 10™* (m) = 54.7 mm

Total settlement S;= S;+ Sy = 34.6 + 54.7 = 89.3 mm.

This calculation corresponds to the Plaxis serial running # 15 from the Table 3.4, where
the value of computed settlement is equal to 99 mm.

Thus, the difference is 29—79%9—3 x 100% = 9%.
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43.3  The case where the thickness of the upper layer h;=2 m and ¢, = 35°

The load P= 300 kN/m?

B=2m
h1=2m
¢ =35"; ¢ = 45°

v =16 kN/m’; 5 = 20 kKN/m’
Es5o™1 = 30000kN/m?; Ese™, = 40000kN/m?

4.3.3. 1 Settlement of the first layer
According to equation (4.1) compression modulus for the first layer:

E = 30000 _ 13636 kN/m?

2(1+0,2)
Geometrical parameters for sub layers of thee upper layer are going to be the
same as in the cases 4.3.1. 1 and 4.3.2.1, because of the same width of the applied load.

Corrections factors will be the same:

C1=1; C2= 1.54
The settlement of the first layer is calculated by using the table 4.3, completed in
accordance with the diagram from the figure 4.9:

IZ

2B
S1=CixCz2(g—40) Y. - AZ = 1x1.54x 300(kN/m®)x 0.624 x 107 (m’/kN) =
0

N

=288.3x 10 (m) =28.8 mm
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Table 4.3 Intermediate parameters for settlement of the upper layer calculation
, for the input data: h; = 2m, 71 = 16 kN/m’

Depth Az Z;i E; I, Az
Average I, E;
M m m kN/m*? x 107
m’/kN
0-1 1 0.5 13636 0.35 0.35 x1=0.257
13636
1-2 1 1.5 13636 0.50 —O—'ﬂxl =0.367
‘ ' 13636

2B 2B Iz
§A2=2m z

0 N

AZ = 0.624 x 10 * m*/kN

4.3.3. 2 Settlement of the second layer

Effective width B; of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.9) as:
B, =B, + 2hjtgd; =2 + 2x 2tg 35°=4.45m
Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence fabtor
Were taken according to [23] at the depth:
z=0->1L=01
0.5B,=05x4.45=2225m —> [;=0.6

2B;=2%x445=89m - [,=0

Table 4.3.1 was made for standard procedure of determining the values for vertical strain

influence factor as well as the total settlement of the lower layer. I, was determined for

each sublayer according to the figure 4.9.

44



Table 4.3.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =2m, ;=16 kN/m®

Depth Az Zi E; I, Az
Average I, E;
m m m kN/m® x 1074
m’/kN
0.32
0-2.25 | 225 1.125 18182 0.32 x2.25=0.396
18182
v 0.53
2.25-4 1.75 3.125 18182 0.53 x1.75=0.510
18182
4-6 2 5 18182 0.35 Eix2 =0.385
18182
0.12.
6-8.9 2.9 7.45 18182 0.12 x2.9=0.191
18182
2B 2B I
> AZ=89m ZEZAZ-=1.482x10'4m3/kN
.0 0o Lg
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Figure 4.9 General diagram for I, determination according to Schmertmann, for
the case with h,=2m and ¢,= 35°

q
C;=1-0.5 0 '=1-0.5 _1ox2 0.94
q9-—q, 300-16x2

C, = 1.54 (the same as for the upper layer)
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é 2 AZ = 0.94x1.54x (300- 16x2)(kN/m?) x 1.482 x 10™
S

2B
Hence, Sy =C1 xC2(q - CIO)Z
; 0

(m*/kN) = 574.9 x 10 (m) = 57.5 mm

Total settlerﬁent Si=S;+ Sp=28.8 +57.5=86.3 mm.

" This calculation corresponds to the Plaxis serial running # 25 from the Table 3.4, where
the value of computed settlement is equal to 94 mm.

Thus, the difference is —9-‘1;‘1& x 100% = 8%.

4.3.4  The case where the thickness of the upper layer h;=2 m and ¢, = 40°

The load P= 300 kN/m>

B=2m

h1 =2m

¢ =40"; ¢ = 45°

11 = 17 kKN/m’; 3, = 20 kN/m’

Eso™, = 30000kN/m?; Eso™™, = 40000kN/m*

4.3.4. 1 Settlement of the first layer

Compression modulus Eg, for the first layer will be of the same value as in the
case 4.3.3. 1. and equél to Eq = 13636 kN/m®. Geometrical parameters for sub layers of
the upper layer and correction factors C;, C; are going to be the same as in the 4.3.3
calculation. Hence, the settlement of the first layer will also Be the same as the settlement
of the first layer in the 4.3.3. 1 calculation.

S;=28.8 mm
4.3.4. 2 Settlement of the second layer

Effective width B, of the applied load in the interface was taken in consideration

with the added pressure of the upper layer. Thus it was computed (figure 4.10) as:
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B, =B, + 2hytgd; =2 + 2x 2tg 40°=4.9m

Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor

were taken according to [23] at the depth:

2m

14m

z=0->1,=0.1

05B,=05%x49=245m —» I,=0.6

2B;=2x49=98m - [,=0

2m

P=300 kN/m’
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Figure 4.10 General diagram for I, determination according to Schmertmann,
for the case with h;=2m and ¢,= 40°
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Table 4.4 was made for standard procedure of determining the values for vertical strain
influence factor as well as the total settlement of the lower layer. I, was determined for
each sublayer according to the figure 4.10.

Table 4.4 Intermediate parameters for the lower layer settlement calculation for the
input data of the upper layer: h; =2m, y; =17 kN/m*

Depth Az Zi E, I, Az
Average I, Eg
m m m KN/m? x 107
m’/kN
0.31
0-2.45 2.45 1.225 18182 0.35 x2.45=0.472
18182
_ 0.475
2.45-5 2.55 | 3.725 18182 0.475 ——x2.55 =0.666
18182
0.31
- 18182 0.31 2=0.341
5-7 2 6 8183 X
7-9.8 2.8 8.4 18182 0.11 0.11 x2.8=0.169
- . . . . 18182 . -
2B .ZB I 4 3
> AZ=9.8m > EAZ=1.648x 10" m’/kN
0 o Ly

Correction factors:

q
Cr=1-0.5| | =1-05 -2y,
q-9, 300-17x2

C2= 1.54
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Hence,

I A
Ez AZ = 0.94x1.54x (300- 17x2)(kN/m?) x 1.648 x 10™* (m*/kN)
N

' 28
Su=Ci sz(q—qo)z
0
= 634.6 x 10 (m) = 63.5 mm
Total settlement S;= S;+ Sy = 28.8 + 63.5 =92.3 mm.
This calculation corresponds to the Plaxis serial running # 35 from the Table 3.4, where

the value of computed settlement is equal to 94 mm.

Thus, the difference is %;—?x 100% = 1.8%.

4.3.5 The case where the thickness of the upper layer h=3 m and ¢, = 25°

The load P= 300 kN/m?

B1=2m
h1=3m
1 =25"; ¢ = 45”

=12 KN/m®; =20 kN/m’
Esg™, = 20000kN/m?; Es™%, = 40000kN/m’

4.3.5. 1 Settlement of the first layer

Ey = 22009 _ 5091 kN/m?

2(1+0,2)

Effective depth for settlement calculation was obviously taken 3 meters, equal to
the thickness of this subgrade layer. Minimum (0.1), maximum (0.6) and zero values for
the vertical strain influence factor were taken according to [23] at the same depths as for
the calculations 4.3.1 — 4.3.4.

Table 4.5 was made according to Schmertmann’s method procedure. Values for vertical

strain influence factor were determined according the figure 4.11
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Table 4.5 Intermediate parameters for settlement of the upper layer calculation
for the input data: h; = 3m, 7, = 12 kN/m>

Depth Az 7 E; I, Az
' : Average [, E
m m m kN/m? x 10
m>/kN
0-1 1 0.5 9091 0.35 O—'?’ixl =0.385
9091
1-3 2 2 9091 0.40 0'—40~x2 =0.880
9091
2B 2B I
> AZ=3m D —=AZ=1.265x 10 *m’/kN
0 ' o Eg
Correction factors:
C1 =1

Cy=1+0.2log (Oiofj =1.54
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Figure 4.11 General diagram for I, determination according to Schmertmann,
for the case with h;=3m and ¢,= 35’
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Hence, the settlement of the first layer:

2 2 A7 = 1x1.54x 300(kN/m?)x 1.265 x 10™* (m*/kN) =
N

' 2B
‘ SI=C1 XCz(Q—Qo)Z
4]
=584.4x 10 (m) = 58.4 mm
4.3.5. 2 Settlement of the second layer:

_ 40000 _,g180 ten/m?

T 20+02)

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.11) as:

B, =B, +2htge =2+ 2x 3tg 25°=4.5m
Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth:

z=0->1,=0.1

05B;,=0.5x4.5=225m —» [,=0.6

2B;=2x45=9m > 1,=0
Table 4.5.1 was made for standard procedure of determining the values for vertical strain
influence factor as well as the total settlement of the lower layer I, was determined for

each sublayer according to the figure 4.11.

q
o | 105 1273

Ci=1-05 S =0
q-q, 300-12x3

C, = 1.54 (the same as for the upper layer)
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Table 4.5.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =3m, v, =12 kN/m’

Depth Az zZ E, 1, Az
Average I, Eg
m m | m kN/m? x 10™
m>/kN
0.35
0-2.25 2.25 1.125 18182 0.35 ———x2.25=0433
18182
0.52
2.25-4 1.75 3.125 18182 0.52 x1.75=0.500
18182
4-6 2 5 18182 0.34 ﬂx2 =0.374
18182
6-7 1 6.5 18182 0.16 0.16 x1=0.088
18182
7-9 2 8 18182 0.12 0.12 x2=0.132
18182
2B ' 28 1 ' 4 3
> AZ =9m > —=AZ=1.527x 10 * m’/kN

0 0 S

2B I
Hence, Sy =C; xCz(q - QO)Z EZ
0

AZ = 0.93x1.54x (300- 12x3)(kN/m?) x 1.527 x 10™

5
(m*/kN) = 577.4 x 10* (m) = 57.7 mm

Total settlement S;= S;+ Sy =58.4 + 57.7=116.1 mm.

This calculation corresponds to the Plaxis serial running # 7 from the Table 3.4, where
vthe value of computed settlement is equal to 117 mm.

Thus, the difference is % x 100% = 0.8%.
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4.3.6  The case where the thickness of the upper layer h;=3 m and ¢, = 30°

The load P= 300 kN/m?
B1 =2m
h1 =3m
é1 = 30% ¢ = 45°
v =14kN/m’; 3, = 20 kN/m’
Eso™) = 25000kN/m?; Eso™, = 40000kN/m>

4.3.6. 1 Settlement of the first layer
According to equation (4.1) compression modulus for the first layer:

B, = 22990 11364 kN/m?

2(1+0,2)
Geometrical parameters for sub layers of the upper layer are going to be the same

as in the 4.3.5.1 calculation.

Table 4.6 Intermediate parameters for settlement of the upper layer calculation
for the input data: h; = 3m, v, = 14 KN/m’

Average I, E,
m m m KN/m? x 10%
m>/kN
0-1 1 0.5 11364 0.35 0.35 x1=0.308
v 11364
1-3 2 2 11364 0.40 10.40 x2=0.704
11364
2B 2B I i .
> AZ=3m > —£AZ=1.012x 10 * m’kN
0 0 ES

Corrections factors will be the same:

Ci=1;C=1.54
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So, the settlement of the first layer will be according to the table 4.6, completed in

accordance with the diagram from the picture 4.12.

L: Az=1x1.58% 300(kN/m?)x 1.012 x 10™* (m*/kN) =

2B
SI=C1XC2(‘]—‘]0)ZE
o Ly

= 467,5%10m = 46.8mm

4.3.6. 2 Settlement of thé Second layer

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.12) as:

B, =B; + 2hitgd; =2 +2x 3tg 30° » 5m |

Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth:

z=0->1L=01
0.5B;=0.5x5=25m - [,=0.6
2B;=2x5=10m - I,=0
Table 4.6 was made for standard procedure of determining the values for vertical strain

influence factor as well as the total settlement of the lower layer. I, was determined for

cach sublayer according to the figure 4.12.

56



Table 4.6.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =3m, v, = 14 kN/m®

Depth Az Z; E, I, Az
Average [, E
M m m kN/m? x 10™
‘ m’/kN
0.35
0-2.5 2.5 1.25 18182 0.35 x2.5=0.481
18182
0.50
2.5-5 2.5 3.75 18182 0.50 x2.5=0.687
18182
5-6 1 55 18182 0.36 0.36 x1=0.198
18182
6-8 2 7 18182 0.24 024 x2 =0.264
18182
0.11
8-10 2 9 18182 0.18 x2=0.198
18182
2B 2B I 4 3
D AZ=10m D —=AZ=1827x10 * m’/kN
0 0 fg
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Figure 4.12 General diagram for I, determination according to Schmertmann,
for the case with h;=3m and ¢,= 30°
q 14x3
Ci=1-0.5 0 1=1-0.5 —————=0.92; C,=154
q9-4q, 300-14x3

2B I
Su=CixC2(@-90 2.7
0 Ky

=667.8 x 10 (m) = 66.8 mm
Total settlement S;= S;+ Sy =46.8 + 66.8 =113.6 mm.

AZ = 0.92x1.54x (300- 14x3)(KN/m?) x 1.827 x 10™* (m’/kN)

This calculation corresponds to the Plaxis serial running # 17 from the Table 3.4, where
the value of computed settlement is equal to 107 mm.

113,6 -107

Thus, the difference is x 100% = 6 %.

?
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4.3.7  The case where the thickness of the upper layer hj=3 m and ¢; = 35"

The load P= 300 kN/m?

B1 =2m

h1 =3m

b1 =35 o = 45"

v = 16 kKN/m®; y, = 20 kN/m*

ref

Eso™1 = 30000kN/m’; Eso™ = 40000kN/m’
4.3.7. 1 Settlement of the first layer

According to equation (4.1) compression modulus for the first layer:

30000

o= —————=13636 kN/m*
2(1+0,2)

Geometrical parameters for sub layers of the upper layer are going to be the same

asin4.3.5.1 and 4.3.6.1 calculations.

Corrections factors will be the same:

Ci=1;,C,=1.54

The settlement of the first layer is calculated by using the table 4.7, completed in
accordance with the diagram from the figure 4.13:

Table 4.7 Intermediate parameters for settlement of the upper layer calculation
for the input data: h; =3m, v, = 14 kN/m’

Depth Az Z; Es I, Az
_ Average I, E;
m m m KN/m? x 107
m>/kN
0-1 1 0.5 13636 0.35 0.35 x1=0.257
13636
1-3 2 2 13636 0.40 0.40 x2 =0.587
. 13636
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2B 2B I
> AZ=3m Y —2AZ=0.844x 10 * m/kN
-

0 N

2B I
S1=Ci1xCz (g _QO)ZEZ
A 0

AZ = 1x1.54x 300(kN/m?%)x 0.844 x 10 (m*/kN) =

s
=389.9 x 10* (m) ~39 mm

4.3.7. 2 Settlement of the second layer

Effective width B; of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.13) as:

B, =B + 2hitgd; =2 +2x 3tg 35°=5.7m
Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth: |

z=0—->1,=0.1

0.5B;=0.5x57=285m —> ;=06

2B;=2x57=114m > ;=0
Table 4.7.1 was made for standard procedufe of determining the values for vertical strain

influence factor as well as the total settlement of the lower layer. I, was determined for

each sublayer according to the figure 4.13.
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Table 4.7.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; = 3m, 'y] =16 kN/m’

Depth Az Z; E; I, Az
Average I, E
m m m kN/m? x 10*
m’/kN
0.32
0-2.85 2.85 1.425 18182 0.32 x2.85=0.501
‘ 18182
0.51
2.85-5 2.15 3.925 18182 0.51 x2.15=0.603
18182
5-7 2 6 18182 0.36 0.36 x2=0.396
18182
7-9 2 8 18182 0.23 0.23 x2=0.253
18182
0.17
9-11.4 2.4 10.2 18182 0.17 x2.4=0.224
18182
2B 2B I 4 3
> AZ=114m > —2AZ=1.977x 10 * m’/kN
¢ 0 Es
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Figure 4.13 General diagram for I, determination according to Schmertmann,
for the case with h;=3m and ¢,= 35’

q
Ci=1-05 0 1=1-0.5 _16x3 0.90
q-q, 300-16x3

C, = 1.54 (the same as for the upper layer)
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I
Ez AZ = 0.90x1.54x (300- 16x3)(kKN/m?) x 1.977 x 10™
h

2B
Hence, Sy =C1 xCa(q - QO)Z
; 0

' (m*/kN) = 690.5 x 10 (m) = 69.1 mm

Total settlement S;= S;+ Sy =39 + 69.1 = 108.1 mm.

This calculation corresponds to the Plaxis serial running # 27 from the Table 3.4, where
the value of computed settlement is equal to 100 mm.

Thus, the difference is -1—9—8i138_+00x 100% =7%.

4.3.8 The case where the thickness of the upper layer h;=3 m and ¢, = 40°

The load P= 300 kN/m?

B=2m
h1=3m
¢1 = 40%; ¢ = 45°

v = 17 kKN/m’; 15 = 20 kKN/m*
Eso™| = 30000kN/m?; Eso™, = 40000k N/m?

4.3.8. 1 Settlement of the first layer

Compression modulus Eg; for the first layer will be of the same value as in the
4.3.3. A calculation and equal to Es; = 13636 kKN/m?. Geometrical parameters for sub
layers of the uﬁper layer and correction factors C;, C; are going to be the same as in the
4.3.7 calculation. Hence, the settlement of the first layer will also be the same as the
settlement of the first layer in the 4.3.7 calculation.
S;1=39 mm

4.3.8. 2 Settlement of the second layer

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.14) as: |

B, =B, + 2hitgd; =2 +2x 3xtg 40° = 6.4 m
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Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth:

z=0->1,=01

05B;=05x64=32m — [,=0.6

2B,=2%x64=128m - ;=0

2m

P=300 kN/m’
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Figure 4.14 General diagram for I, determination according to Schmertmann,

for the case with h;=3m and ¢,= 40°
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Table 4.8 was made for standard procedure of determining the values for vertical strain
influence factor as well as the total settlement of the lower layer. I, was determined for
each sublayer according to the figure 4.14.

Table 4.8 Intermediate parameters for the lower layer settlement calculation for the
input data of the upper layer: h; =3m, y; =17 kN/m’

Depth Az VA Es I, Az
) Average I, Eg
m m m kN/m x 10
m>/kN
0-2 2 1 18182 024 | 224 00264
18182
232 | 12 | 26 18182 0.48 048 11220317
18182
051
326 | 28 | 46 18182 051 | —2=x2.8=0.785
18182
6-8 2 7 18182 0.35 035 20385
18182
8-10 2 9 18182 022 | %22 20242
| 18182
0.08
10-12.8 | 28 | 114 18182 0.08 x2.8=0.123
18182
2B 2B I
> AZ=128m > —£AZ=2.116x 10 m*kN
0 ) ES

Correction factors:

q
C,=1-05 . 1=1-05 173 0.90; C,=1.54
q-q, 300-17x3
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Hence,

) 2B
Su=CixC2(q-g0 ), T: AZ=0.90x1.54x (300- 17x3)(kN/m’) x 2.116 x 10™* (m’/kN)
0 .

ES
=730.3x 10* (m) ~ 73 mm
Total settlement S;= S;+ Sy =39 + 73 =112 mm.

This calculation corresponds to the Plaxis serial running # 37 from the Table 3.4, where
the value of computed settlement is equal to 101 mm.

Thus, the difference is %;Zlﬂx 100% = 10%.

4.3.9  The case where the thickness of the upper layer h;= 2.5 m and ¢, = 25°

The load P= 300 kN/m?

B1=2m
h1=2.5m
1 =25"; ¢ = 45°

v =12 KN/m® ; v, = 20 kKN/m’
Eso™) = 20000kN/m?; Eso™f, = 40000kN/m?

4.3.9.1 Settlement of the first layer

20000
2(1+0,2)
Effective depth for settlement calculation was obviously taken 2.5 meters, equal

=9091 kN/m?

s1 =

to the thickness of this subgrade layer. Minimum (0.1), maximum (0.6) and zero values
for the vertical strain influence factor were taken according to [23] at the same depths as
for the subgrade layer for all previous calculations.

Table 4.9 was made in order to determinate the intermediate values for settlement of the

upper layer calculation and vertical strain influence factor derived from the figure 4.15.
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Table 4.9 Intermediate parameters for settlement of the upper layer calculation
for the input data: hy =2.5 m, ;=12 kN/m’

Correction factors:

C1 =]

50

C=1+02log | 22 | =1.54
? g(O.l] ‘

67

Depth Az Zi E; I, Az
Average I, E;
m m m kN/m? x 107
m’/kN
35
0-1 . 1 0.5 9091 0.35 ﬂxl =0.385
9091
44
1-2.5 1.5 1.75 9091 0.44 0—x1.5 =0.726
9091
28 ' 28 1 4 3
Y AZ=25m Y —2AZ=1.111x10 * m’kN
0 0 s
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Figure 4.15 General diagram for I, determination according to Schmertmann,
for the case with h;=2.5 m and ¢,= 25"

Hence, the settlement of the first layer:

I
2 AZ = 1x1.54x 300(kN/m?)x 1.111 x 10* (m’/kN) =

2B
S1=C XCZ(Q‘QO)ZE
) ) s

=513.3x 10" (m)=51.3 mm
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4.3.9. 2 Settlement of the second layer

40000

—=18182 kN/m?
2(1+0,2)

sl =

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.15) as:

B, =B, +2htgp, =2 +2x 2.5tg 25 =4m
Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth:

z=0-> [=0.1

05B,=05%x4=2m > [,=0.6

2B;=2%x4=8m > [;=0
Table 4.9.1 was made for standard procedure of determining the values for vertical strain
influence factor as well as the total settlement of the lower layer I, was determined for

each sublayer according to the figure 4.15.

q .
C;=1-05 0.1=1-05 _ 12225 .
q-9, 300-12x2.5

C,= 1.54 (the same as for the upper layer)
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Table 4.9.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: hy =2.5m, ;=12 kN/m’

Depth | Az 2 Eq I Ay
: ’ Average I, Eg
m m m kN/m? x 10™
m*/kN
0-2 2 1 18182 0.34 0.34 x2=0.374
18182
2-4 2 3 18182 0.49 049 x2=10.539
18182
4-6 2 5 18182 0.29 —9'2—9x2 =0.319
18182
6-8 2 7 18182 0.09 0.09 x2=0.099
18182
2B 2B I 4 3
Y AZ =8m | > —=AZ=1231x 10 m’/kN
0 0 S
Hence,

2B
Si=Ci xCy(q - qo)z-l{:—zAZ = 0.94x1.54x (300- 12x2.5)(kN/m2) x 1.231 x 10™
= ,

s
(m>/kN) = 481.1 x 10 (m) = 48.1 mm

Total settlement S;= S;+ Sy =51.3 + 48.1 =99.4 mm.

This calculation corresponds to the Plaxis serial running # 6 from the Table 3.4, where
the value of computed settlement is equal to 111 mm.

Thus, the difference is %ﬁx 100% = 10%.
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4.3.10 The case where the thickness of the upper layer h;=2.5 m and ¢, = 30°

The load P= 300 kN/m?

B1 =2m

h1 =25m

¢ =30 ¢, = 45°

" = 14 KN/m® ; v, = 20 kKN/m?

Eso™, = 25000kN/m?; Esq™, = 40000kN/m?

4.3.10. 1 Settlement of the first layer
According to equation (4.1) compression modulus for the first layer:

25000

= 2= _=11364 kN/m?
2(1+0,2)

sl

Geometrical parameters for sub layers of the upper layer are going to be the same

as in the 4.3.9.1 calculation.

Table 4.10 Intermediate parameters for settlement of the upper layer calculation
for the input data: hy =2.5m, v, =14 kN/m*

Depth Az Z; E; I, Az
) Average [, E
M m m kN/m x 107
m’/kN
0-1 1 0.5 11364 0.35 033 x1=0.308
11364
1-2.5 1.5 1.75 11364 0.44 044 x1.5=0.581
11364
2B ) 2B I
> AZ=2.5m > —2AZ=0.889 x 10 * m’/kN
0 0 N

Corrections factors will be the same:

Ci=1; C;=1.54
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So, the settlement of the first layer will be according to the table 4.10, completed

in accordance with the diagram from the picture 4.16.

II; AZ = 1x1.54x 300(kN/m*)x 0.889 x 10™* (m*/kN) =
S

2B
S1=C1xCa(q-90) Y.
0

=410,7x10"*m = 41.1mm

4.3.10. 2 Settlement of the second layer

Effective Widfh B; of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.16) as:

B, =B, + 2hjtgey =2 +2x 2.5tg 30° ~ 4.5 m

Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence factor
were taken according to [23] at the depth:

z=0—>1,=0.1
0.5B;=05%x45=225m —» 1,=0.6

2B;=2%x45=9m - [,=0

Table 4.10.1 was made for standard procedure of determining the values for vertical
strain influence factor as well as the total settlement of the lower layer. I, was determined

for each sublayer according to the figure 4.16.
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Table 4.10.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: hy =2.5 m, v, =14 kN/m’

Depth Az Z; Es I, Az
Average I, E,
m m m kN/m? x 107
m’/kN
0.33
0-2.25 2.25 1.125 18182 0.33 x2.25=0.408
18182
. 0.53
2.25-4 1.75 3.125 18182 0.53 ———x1.75=0.510
18182 :
4-6 2 5 18182 0.35 0.35 x2=0.385
18182
6-8 2 7 18182 0.17 0.17 x2=0.187
18182
‘ 0.04
- 1 8.5 18182 0.04 x1=0.022
89 18182
2B 2B I 4 3
> AZ=9m > —2AZ=1512x10 * m’/kN
0 0] S
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Figure 4.16 General diagram for I, determination according to Schmertmann,
for the case with h;=2.5 m and ¢,= 30

q
C;=1-0.5 & 1=1-05 —M—= .93;
q-4, 300-14x2.5

C2= 1.54
2B
St =Ci xC2(q — qo)Z—éZ—AZ = 0.93x1.54x (300-14x2.5)(kN/m?) x 1.512 x 107
0

S

(m*/kN) =573.8 x 10 (m) = 57.4 mm
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Total settlement S;= S;+ Sp=41.1 + 57.4 = 98.5 mm.
This calculation corresponds to the Plaxis serial running # 16 from the Table 3.4, where
the value of computed settlement is equal to 103 mm.

Thus, the difference is %39—8'2 x 100% = 4 %

4.3.11 The case where the thickness of the upper layer h;= 2.5 m and ¢, = 35’

The load P= 300 kN/m?

Bi=2m

hij=25m

¢ =35% ¢, =45°

7 = 16 kN/m?; 5 = 20 kN/m’

Eso™ = 30000kN/m?; Esp™, = 40000kN/m>

4.3.11. 1 Settlement of the first layer:
According to equation (4.1) compression modulus for the first layer:

£ _ 30000
T 2(1+0,2)

=13636 kN/m’

Geometrical parameters for sub layers of the upper layer are going to be the same
asin 4.3.9.1 and 4.3.10.1 calculations.

Corrections factors will be the same:

Ci=1;

C,=1.54

The settlement of the first layer is calculated by using the table 4.11, completed in

accordance with the diagram from the figure 4.17:
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2B I
Si=CixCa2(g—q0) ), oo AZ = 1x1.54x 300(kN/m%)x 0.741 x 10 (m*/kN) =
H 0 s

 =3423x 10 (m) =34.2 mm

Table 4.11 Intermediate parameters for settlement of the upper layer calculation
for the input data: hy =2.5m, ¥, =16 KN/m’

Depth Az Zi Es I, Az
Average I, Eg
m m m KN/m’ x 10
m*/kN
0-1 1 0.5 13636 0.35 Eixl =0.257
13636
1-2.5 1.5 1.75 13636 0.44 0.44 x1.5=0.484
13636
2B 2B I
> AZ=25m > —£AZ=0.741 x 10 * m*/kN
0

o Ly
4.3.11. 2 Settlement of the second layer
Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus if was computed (figure 4.16) as:
B,=B; + 2h1tg<ﬁ1 =2+2x 2‘.5tg 35 % 5m
Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence
factor were taken according to [23] at the depth:
z=0->1,=0.1
0.5B;=05x5=25m —> ,=0.6

2B;=2x5=10m - [,=0
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- Table 4.11.1 was made for standard procedure of determining the values for
vertical strain influence factor as well as the total settlement of the lower layer. I, was

determined for each sublayer according to the figure 4.17.

Table 4.11.1 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =2.5 m, v, =16 kN/m’

Depth Az Z; E, I, Az
, Average I, E,
m m - m kN/Il’l2 X 10'4
m’/kN
‘ ‘ 0.34
0-2.5 25 1.25 18182 0.34 ——x2.5=0.467
18182
0.49 '
2.5-5 2.5 3.75 18182 0.49 x2.5=0.674
18182 :
5-7 2 6 18182 0.33 —(—)ﬁxZ =0.363
18182
7-10 3 8.5 18182 0.13 0.13 x3=0.214
- 18182
2B 2B I
> AZ=10m > —£AZ=1.718x 10 * m’/kN
0 0 S -

q
Ci=1-05 2 1=1-05 _tox25 0.92
q-q, 300-16x2.5

C,=1.54 (the same as for the upper layer)

Hence,
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2B

I

Si=Ci xCs(q - qo)ZE’—AZ = 0.92x1.54x (300- 16x2.5) (kN/m?) x 1.718 x 10™
i 0

N
(m*/kN) = 632.9 x 10 (m) = 63.3 mm
Total settlement S;= S;+ Sy =34.2 + 63.3 = 97.5 mm.

2m

' P=300 kN/m’
1111 . 0 q.l .9'2 0.3 q.4 9'5 ([).6

Ill 0 . l‘\
1 1
. *+ +sv+| 05B=Im
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Figure 4.17 General diagram for I, determination according to Schmertmann,
for the case with h,=2.5 m and ¢;= 35°
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This calculation corresponds to the Plaxis serial running # 26 from the Table 3.4, where
the value of computed settlement is equal.to 97 'mm.

Thus, the difference is %57_527_)( 100% =~ 0.5%.

4.3.12 The case where the thickness of the upper layer h;=2.5 m and ¢, = 40°
The load P= 300 kN/m’

B1=2m
h1=2.5m.
¢1 = 40°% ¢ = 45°

v = 17 KN/m’; 1 = 20 kN/m’
Eso™®; = 30000kN/m?; Eso™ = 40000kN/m?

4.3.12. 1 Settlement of the first layer

Compression modulus Eg; for the first layer will be of the same value as in the
case 4.3.11.1 and equal to Eq; = 13636 kN/m?2. Geometrical parameters for sub layers of
the upper layer and correction factors C;, C; are also going to be the same as in the
previous calculation. Consequently, the settlement of the first layer ‘Will also be the same
as the settlement of the first layer from the above mentioned calculation.
S;=34.2 mm

4.3.12. 2 Settlement of the second layer

Effective width B, of the applied load in the interface was taken in consideration
with the added pressure of the upper layer. Thus it was computed (figure 4.18) as:

B, = B; + 2hitggy = 2 + 2x 2.5xtg 40° = 5.6 m

Minimum (0.1), maximum (0.6) and zero values for the vertical strain influence
factor were taken according to [23] at the depth:

z=0 > [=0.1

0.5B,=05%x56=28m —> [,=0.6

2B;=2x56=112m > [,=0
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Figure 4.18 General diagram for I, deterininatio_n according to Schmertmann,
for the case with h;=2.5 m and ¢,= 40°

Table 4.12 was made for standard procedure of determining the values for vertical

strain influence factor as well as the total settlement of the lower layer. I, was determined

for each sublayer according to the figure 4.18.
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Table 4.12 Intermediate parameters for the lower layer settlement calculation for
the input data of the upper layer: h; =2.5 m, y, =17 kN/m®

Depth Az Z; E; I,
Average |, E,
m m m kN/m? x 10™
» m’/kN
0-1 1 0.5 18182 0.16 0.16 x1=0.088
18182
1-2.8 1.8 1.9 18182 0.46 046 x1.8 =0.455
18182
0.53
2.8-5 2.2 39 18182 0.53 —x2.2=0.641
18182
57 | 2 6 18182 0.41 —Qﬁ”—xz =0.451
18182
7-9 2 8 18182 0.18 0.18 x2=0.198
18182
0.07
9-11.2 22 10.1 18182 0.07 x2.2 =0.085
18182
2B 2B I 4 3
> AZ=112m ZE’AZ=1.918x10 m’/kN
0 0 s .

Correction factors:

q
C;=1-05 0 |-1.05_ L7%23

5120 —092; Cp=1.54
q-q, 300 -17x2.5

2B I
Hence, Sy = C; x C2(q — 90) ZE—ZAZ = 0.92x1.54x (300- 17x2.5)(kN/m?) x 1.918 x 10™
0

S
(m*/kN) = 699.7 x 10 (m) ~ 70 mm
Total settiement S;= S;+ Sy = 34.2 + 70 = 104.2 mm.
This calculation corresponds to the Plaxis serial running # 36 from the Table 3.4, where

the value of computed settlement is equal to 97 mm.
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Thus, the difference is %x 100% = 7%.

Therefore, comparing the settlement values derived from traditional
Schmertmann’s method and corresponding values computed using Plaxis code, it is
possible to conclude that under the great loads these values of settlement are very close.
The fact that it is possible to implement the method of level-to-level summering of
settlements of different cohesionless soil layers (with different properties) as applied to
Schmertmann’s method is also of very importance. Table 4.13 reflects the difference
between the settlement values computed by Plaxis code and those, computed by

Schmertmann’s method.

82



Table 4.13 Difference between the settlement values calculated by PLAXIS
geotechnical software and by Schmertmann’s method

Plaxis software
Corresponding result
No Result calculated by Difference
# Schmertmann’s method o
Mm mm
: > 105 106.4 3
2 15 99 893 5
3 25 94 863 3
4 35 94 » 923 1.8
5 -7 117 116.1 08
6 17 107 1136 3
7 27 100 108.1 | 7
8 37 101 112 10
9 6 111 99.4 10
10 16 103 98.5 n
i 26 97 97.5 05
12 36 97 104.2 7

Average difference according the Table 4.13 is:

1 12
=—Z =54%
125
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4.4 The development of the empirical formula

A snap formula to show the dependence between the compression Cg, applied
load P, thickness of the upper layer H and internal friction angle @, reflecting the resnlts
in Table 3.4, has been derived according to least-squares method.

Taking intd account the approximately linear dependence of Cgon H and making
an assumption that there is also direct relation between P and Cs but inverse negative

relationship between Cs and @, the empirical equation can be written as:

Cs=Yo+y1HO" + y, PH ¢ (4.1)
The coefficients have been defined by the system of equations:

Yo+rm (Ho") yr+ m(PH ¢7) y,= m (c)

m @) yo+m (¢ ) yr+ m(PH'$?) yo=m (e, HYY)  (42)
m (PH™) yo-+m (PH’¢) yr+ m(P*H’¢”) y2= m (c.PHy")

Where simple average coefficients m(x) have been calculated according to least-squares
method procedure using the results of PLAXIS calculations written in Table 3.4, by

generalized formula:

m(x)= ch:x (4.3)

for example:

S

m (He") = m( m (H) = zliz
s 910

H

m (PHY') =—Z 0

qolO

m (H¢?) = Z— —
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=iy plyl 15po
m (PH¢™) 4§P4;¢2 = ;H
m (P°H¢™) =12P2—1- le —1—21{2 (4.4)
44 4T 1075
1
m(C)=T66§C

m(ch5 )= RBZCH(/)

, m(cPH(b'l) = %ZCPH(B !

The mean square deviation of (4.1) 1s:
A=L(yo+yH¢ " +y,PHG " -C*)=A(o 1, ¥2) (4.5)
Differentiating equation (4.5) by required variables the following system of equations has

been derived:

SyA =2> (otyiH¢' +y,PH¢" —c)=0

6A 1

o =2Y (yrtyiHe ' +y,PH¢' <€) H ¢l=0 (4.6)
A |

2 =2) (wtyiH¢'+y,PH¢' ) PH¢' =0

Coefficients (4.4) have been calculated by using corresponding data from the Table 3.4,
so the systems of equations (4.2) with the aid of the system (4.6) were transformed into

the below final system of equations:

¥, +0,117y, +13,01y, =16,9
0,11y, +0,02y, +2,41y, =3,1 4.7)
13,01y, + 2,41y, +512,7y, = 594,9

It has been calculated using Gaussian transformation matrix method:
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0.covnee 0,11....13,01....16,9 ..0,11.....13,01......16,9
M= |0,11...0,02...2,41....1,25 |- 0....0,008...0,98......... L25 |-

13,01...2,41...512,7...594,9 0....0,98.....343,44.....375,03
0.....0,11....13,01....16,9 1...0,11.....13,01......16,9
—>10......1......122,5.....156,25 | - | 0.......1........ 122,5....156,25 | >
0. 0....223,4....2219 L0 SRR SRS OO 0,99
O ..... 0,11....0.....4,02 1.....0.....0.....0,17
—>10........ 1.....0.....350 | = 0....1......0.....35,0
0..c.c.e. 0......1....0,99 0....0.....1......0,99

Thus, the only solutions of equation (4.7) are the following coefficients:

Yo = 0.17; y1 = 35; y» = 0.99~1. The final empirical formula connecting relationship
between the Table 3.4 results is:

Cy~0.17+35H ¢ +PH ¢! (4.8)

The mean square error of this final empirical equation will be:

= \/1%62(0’17 +35Hp +0,99PHp.—c)*~3.5 (4.9)

All compression values calculated by derived empirical formula (4.8) are listed in the

Table 4.15 in the 9™ column.
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Table 4.14 Compression of the subgrade layer resulting from PLAXIS calculation program
and calculated by empirical formula (4.8)

= ¥ Compression Compression of
B £ ! o H of the upper upper layer
= E | kN/m 1 S S; layer pper ayer,
i g 3 £ 107 £ 107 Ab calculated by
= — 0 m 3 empirical
® < m m x 10
3 ‘5 m formu_lsa

7} Csx10 7 m
1 2 3 4 5 6 7 8 9

1 0,5 89 80 9 7

2 0,7 91 79 12 10

3 1,0 94 76 18 - 14

4 1,5 99 75 24 21

5 ~ - 2.0 105 73 32 27

6 — o 2,5 111 72 39 34

7 3,0 117 71 46 41

8 5,0 140 67 73 67

9 7,0 160 64 96 94

10 10,0 188 60 128 134

11 0,5 82 75 7 6

12 0,7 88 79 9 8

13 1,0 91 78 13 12

14 1,5 95 76 19 17

15 <« o 2.0 .99 74 25 23

16 - @ 2,5 103 73 30 28

17 3,0 107 71 36 34

18 50 122 66 56 56

19 7,0 137 63 74 78
s [ 20 10,0 159 59 100 112
& | 21 0,5 80 75 5 5

22 0,7 82 74 8 7

23 1,0 84 73 11 10 ]

24 1,5 91 75 16 15

25 © - 2.0 94 74 20 19

26 . « 2,5 97 72 25 24

27 3,0 100 71 29 29

28 5,0 110 65 45 48

29 7,0 122 62 60 67

30 10,0 139 59 70 96

31 0,5 81 75 6 4

32 0,7 82 74 8 6

33 1,0 84 73 11 9

34 1,5 87 72 15 13

35 ~ - 2.0 94 73 21 17

36 - = 2,5 97 72 25 : 21

37 3,0 101 71 30 26

38 5,0 112 66 46 42

39 7,0 122 62 60 59

40 10,0 137 57 70 84
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1 (2] 3 [ 4 5 6 7 8 9
41 0,5 35 31 4 3
42 0,7 37 31 6 4
43 1,0 38 30 8 6
44 1,5 |- 41 30 11 8
45 o |« | 20 44 29 15 11
46 | — | TV 25 47 29 18 14
47 3,0 49 28 21 16
48 5,0 59 26 33 27
49 7,0 67 25 42 38
50 10,0 78 23 55 54
51 0,5 34 31 3 2,5
52 0,7 35 31 4 3
53 1,0 36 30 6 5
54 1,5 38 30 8 7
5] « | o | 20 40 29 11° 9
56 | — | | 25 41 28 13 11
57 3,0 43 27 16 14
58 5,0 49 25 24 23
59 7,0 55 23 32 32

g | 60 10,0 63 22 41 45

- | 61 0,5 34 31 3 2
62 0,7 34 31 3 3
63 1,0 35 30 5 4
64 1,5 36 29 7 6
65| o | w | 20 38 29 9 8
661 — | T 25 39 28 11 - 10
67 3,0 40 27 13 12
68 5,0 44 25 19 20
69 7,0 48 23 25 27
70 10,0 54 21 33 39
71 0,5 34 31 3 2
72 0,7 34 30 1 3
73 1,0 35 30 5 4
74 1,5 37 29 8 5
5] o | ol 20 38 29 9 7
76| — | Y| 25 39 28 11 9
77 3,0 41 27 14 10
78 5,0 44 25 19 17
79 7,0 48 23 25 24
80 10,0 54 21 33 34
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1 (2] 3 | 4 5 6 7 8 9
81 0,5 20 17 3 2
82 0,7 20 17 3 3
83 1,0 21 17 4 4
84 1,5 23 16 7 5
85 | o | « |20 25 16 9 7
86 | — | | 25 26 15 11 9
87 3,0 28 15 13 11
88 5,0 33 14 19 17
89 7,0 37 13 24 24
90 10,0 42 12 30 34
91 0,5 19 17 2 1,5
92 0,7 19 16 3 2
93 1,0 20 16 4 3
94 1,5 21 16 5 4
% | ¢ | o | 20 22 16 6 6
9% | — | 7| 25 22 14 8 7
97 3,0 23 14 9 9
98 5,0 26 13 13 14
99 7,0 30 12 18 20

o | 100 10,0 34 11 23 28

v 1101 0,5 18 17 1 1
102 0,7 18 16 2 2
103 1,0 19 16 3 3

1104 1,5 19 15 4 4
105 o | o |20 20 15 5 5
6| — | 7| 25 21 14 7 6
107 3,0 21 14 7 7
108 5,0 24 13 11 12
109 7,0 26 12 14 17
110 10,0 30 11 19 24
111 0,5 18 17 1 1
112 0,7 18 16 2 2
113 1,0 19 16 3 2
114 1,5 20 15 5 3
115 | = | 20 20 15 5 4
116 — | T 25 21 14 7 5,5
117 3,0 21 14 7 6,5
118 5,0 24 13 11 11
119 7,0 26 12 14 15
120 10,0 29 11 18 21
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1 2 3| 4 5 6 7 8 9
121 0,5 16 14 2 2
122 0,7 17 14 3 2
123 1,0 17 13 4 3
124 1,5 19 13 6 5
125 | o | «» | 20 20 12 8 6
126 | — | | 25 21 12 9 8
127 3,0 22 12 10 9
128 5,0 26 11 15 15
129 7,0 30 10 20 21
130 10,0 34 9 25 30
131 0,5 15 14 1 1

132 0,7 16 13 3 2
133 1,0 16 13 3 3
134 1,5 17 13 4 4
135 | ¢ | o |20 18 13 5 5
136 ] | 7| 25 18 11 7 6,5
137 3,0 19 12 7 8
138 5,0 22 11 11 13
139 7,0 24 10 14 18
140 10,0 28 9 19 25

S | 141 0,5 15 14 1 1
142 0,7 15 14 1 1,5
143 1,0 16 13 3 2
144 1,5 16 13 3 3
145 | o | w» | 20 17 13 4 4
146 | — | 7| 25 17 12 5 5,5
147 3,0 18 12 6 6
148 5,0 19 10 9 11
149 7,0 21 10 11 15
150 10,0 23 9 14 21
151 0,5 15 14 1 1
152 0,7 15 14 1 1
153 1,0 16 13 3 2
154 1,5 16 13 3 3
155 | | o [ 20 17 13 4 4
156 | | Y| 25 17 12 5 5
157 3,0 18 12 6 6
158 5,0 19 10 9 10
159 7,0 21 9 12 13
160 10,0 23 9 14 19
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CHAPTER 5

CONCLUSIONS

Numerical model was developed to simulate the case of a thin layer overlying a

deep deposit. The objective of the study is to determine the compression of the upper

thin layer and accordingly its contribution to the total settlement of the layered

system.  The following represents the conclusion:

1.

The proposed numerical model is capable of providing accurate predictions of the
compression of the upper thin layer. PLAXES code appears to be very useful tool
to predict these values, rapidly.

The proposed empirical formula (4.8) may be used in practice for rapid evaluation
of the desirable values of compression as well as of the settlement of the upper
thin layer. It may also used in ground improvement projects, especially in surface
compaction projects to predict the level of compaction that can be achieved in the

subgrade thin layer, depending on its thickness, the mechanical properties of the

" soils and the applied load.

The compressibility of the upper thin layer depends on the stiffness of the lower
natural deposit and the load applied. In addition to that, the correlation between
the mechianical properties of the layers is an important issue that must be taken
into account. Indeed, the values of compression and the settlement of the upper
layer reduce as its angle of shearing resistance becomes contiguous to those of the

lower stronger layer.
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4.

:

Schmertmann’s method of settlement calculation for homogeneous cohesionless
soils was modiﬁed for the case of settlement of a thin layer overlying a deep
deposit.

Future research in this domain should be conducted to combine to include field or
laboratory series of experiments in order to elaborate a precision procedure of

evaluation of ground improvement projects.
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Appendix A
Charts plotted in accordance with the Table 3.4

ChartNo 1

Total settlements and compressions of the
upper layers of various thickness with ¢ =250
under different loads

8, P30

200 |« Gomp-n, P=300

kN/m?
—— S, P=100 kN/m?

—a& Comp-n,P=100k
N/m?
—— 8, P=50kN/m?

—— Comp-n, P=
50kN/m?
- S, P=40kN/m?

S,mm —— Comp-n,
C | P=40kn/m?

Chart No 2
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Total settlements of the upper layers of various
thickness with@ = 30° under different loads

_ 150 ... 200 ,
—e—P=300 kN/m
H, | —=—P=100 kN/m
m | o P=50 kN/m*
1—*— P=40 kN/m*
S,mm
Chart No 3

Total displacements of the interface points of the
upper layers of various thickness with ¢ =30°
under different loads

100, p=3oo.<N‘m41:
—=— P=100kN/m
| —a— P=50kN/m*
| —— P=40KN/m”

Chart No 4
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Compressions of the upper layers of various
thickness with @ =30° under the different loads

%
—e— P=300kN/m*
—a— P=100 kN/m
—a— P=50 kN/m*
—¢—P=40 kN/m*

S,mm

Chart No 5

A

Total settlements of the upper layers of various
thickness with @ =35° at different loads

00 . -.150

—e— P=300kN/m
—a— P=100kN/m
—a— P=50kN/m*
| ¢ P=40kN/m*

S,mm

Chart No 6

98




Total displacements of interface points of the

upper layers of various thickness with @ = 35°
under different loads

40 80 | e p=300kN/
—a— P=100kN/
—a— P=50kN/
- P=40 kN/n
S,mm

Chart No 7

Compressions of the upper layers of various
thickness with @ = 35° at the different loads

-

.80
——P=300 kN/
\—a—P= 100kN/
|—+—P=50 kN/
| ——P=40 kN/

S,mm
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Chart No 8

Total settlements of the upper layers of various
thickness with @ = 40° under different loads
01 ’
20 --150 o
4 —+—P=300 kN/m?
Hm | \—=—P=100 kN/m?
g —+—P=50 kN/m?
) % P=40 kN/m®
-10
S,mm
Chart No 9
Total displacements of the interface points of the
upper layers of various thickness with@ = 40°
under different loads
0 A o T 1
20 o ? 80 p=300 kN
H,m:6, \—=—P= 100kN/m?
8 —+—P=50 kN/m"
J % P= 2
1o < P=40 kN/
-12+-
S,mm
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Chart No 10

Total settlement and compression of the upper
layer with @ = 30°, P =300kN/m

200

| —a— compressio

Compression,mm

Chart No 11

Total settlement and compression of the upper
layer with @ = 25° , P=300kN/m
200
!—I——Si L

—&— compressi

compression, mm
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Chart No 12

Total settlements of the upper layers of various

thickness with different® , P = 300 kN/m?

e
S

Chart No 13

N
S

S,mm

Total displacements of the interface points,

P = 300 kN/m?

40 , 40

I
i
|
|
|

S.mm
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Chart No 14

Compressions of the upper layers of various
thickness with different® , P = 300 kN/m?

—e— =25
v —a—¢ =30

‘ —a—¢ =35
| —>—¢ =40

Chart No 15

Total settlements and compressions of the upper
layers of various thickness with® = 40°,
P=50kN/m?

‘—.—s ]

30 40
r 5 —a— Sj L
| | —+— compressi
{
|

S,mm
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Chart No 16

Total settlements and compressions of the upper
layers of various thickness with@ = 25°,
P=40kN/m?

0 o
!—O—S
|—=—Si

| ——compressi

Chart No 17

Total settlements and compressions of the upper
layers of various thickness with ¢= 30°, P=40 kN/m’

0 e )
2 4%1%“\-\20 30

Hm 4| N ——S
T AN —a—Si
-8 | —+— compressi
10
420 | |

S, mm
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Chart No 18

Total settlement and compression values of the upper
layers of various thickness with ¢= 25° ,
P=50kN/m?

—+—compressi

Chart No 19

Total settlement and compression values of the upper
layer with @= 30°

‘—;—S
’I—I—Si

.____compressi

S,mm
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Chart No 20

Total settlement and compression values of the upper
layer with ¢= 35° , P=50kN/m?

__compressi

Chart No 21

Total settlement and compression values of the upper

layer with ¢ =35° , P=300kN/m?

S
;—I——Si

|—+—compressi

S,mm
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Chart No 22

Total settlement and compression values of the upper
layer with @ = 40°, P=300 kN/m?

~160

[,—-ﬁpompressi

S,mm

Chart No 23

Total settlement and compression values of the upper
layer with @ = 25° , P=100kN/m’

100

| —+— compressi
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Chart No 24

Total settlement and compression values of the upper
layer with ¢= 25° under different loads

—+—S, P=300kN/m*

—s— compression, P=300
kN/m?

——S, P=100 kN/m?

—m— compression,P=100
kN/m?

—— S, p=50kN/m?

—e— compression, P=
50kN/m?

—m— S, P=40kN/m?

S,mm —e— compression P=100
~ kN/m?

Chart No 25
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Total settlements and compressions of the upper layers
of various thickness with ¢ = 25° under the loads
of 300 kN/m? and 40 kN/m?

—a— Si, P=300kN/m?

—a— compression,
P=300kN/m?

—— S, P=40 kN/m?

—%— Si, P=40 kN/m?

S,mm  kN/m?

Chart No 26

Total settlement and compression values of the uppet
layers with internal friction angles 25° and 40°,
p=50 kN/m?

——8, ¢=25°
—=—Gj, p= 25°
—a— Comp-n, ¢= 25°
=S8, ¢=40°
—»—Si, ¢=40°

—e— Com-n, ¢= 40"

Chart No 27
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——S8, P=300kN/m?

—e— compression, p=40




Total settlements and compressions of the upper
layers of various thickness with@ = 25% and
@ =40 °, P=100 kN/m?

100

S,mm

Chart No 28

various loads

100

Chart No 29

110

——8,¢ =25°
—=—Gj ¢ = 25°

—a— Comp-n,¢ = 25°
——8,¢ = 40°
——Si, = 40°
—s—Com-n, =40"

Total displacements of the interface points under

—o— ¢ = 25°, P=300kN/mf
—a— ¢= 30", P=300kN/mf]
—a— ¢= 35, P=300kN/m]
| —— ¢= 40°, P=300kN/mf
—x— =25, P=100kn/m*
| —a— @=30", p=100kN/m*
—+— ¢= 35", P=100 kN/mj
——— ¢=40°, P=100kN/mf]
—x— ¢= 25", P=50 kN/m*
—e— = 30", P=50 kN/m’
—a— ¢= 35° P=50kN/m*

- —4— = 40°, P=50kN/m”




Total settlement and compression of the upper

layers of various thickness with ¢ = 25°:40°,
P =300 kN/m?

200 =

—&— Comp-n, ¢ = 25°
—»—S, ¢ = 40°
——Si, ¢ =40°

—e—Com-n, ¢ =40°

Chart No 30

Total settlement and compression values of the upper
layers of various thickness with @ = 40°,
P=40kN/m?

_—-—Si

| |—+—compressi

S,mm

Chart No 31
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Total settlement and compression values of the upper
layer with ¢= 35° , P=40kN/m?
% _
H, s
m | —=—Si
I—A—compressi, n
S,mm
Chart No 32
Total settlement and compression values of the upper
layers of different thickness with ¢=30°, P=100kN/m?
0 i e e e
2 [) I 20 .80
LA s
T —=—si
8+ | compressi
-10+
-12-+
S,mm
Chart No 33
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Total settlement and compression values of the upper
layers of different thickness with ¢= 35°, P=100kN/m?
L0 10 _ 60
61 —a—Gj
8- __compressign
10+—
_124
Chart No 34

Total settlement and compression values of the upper
layers of various thickness with@ = 40° ,
P=100kN/m’

60
——8S

\—*— — compression
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