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GeoMechanica Desktop

The GeoMechanica desktop is a suite of programs that were written to help increase the
productivity in the GeoMechanica consulting house. The way GeoMechanica Desktop was
developed is by using classical theories with the power of Artificial Intelligence (Al). Instead of
looking into design charts and tables, the program uses trained neural networks to look at these
charts and tables and obtain the needed factors.

The software is composed of several modules for different geotechnical applications.
Shallow foundations, piles, piled rafts, seepage applications, consolidation analysis, and much
more. Some of the modules are still being developed.

The flow chart below explains how these modules work. Each module is built on a
theoretical basis. The charts and tables that are used in these theories were used for training Al
models to look into them and obtain the needed factors. this process saves a lot of time and helps
our engineers and yours stay focused on the engineering tasks rather than the tedious
calculations.

1. Shallow foundations
1.1. Elastic settlement on uniform soil

RERERR

For a foundation that rests on a uniform soil with a constant modulus of elasticity as shown in
figure 1.1, the settlement of the foundation can be calculated as follows,

1
Se = qo(aB) —— I, It (1.1)



Where:

Se : Foundation settlement
qo : Foundation pressure
a : Factor that depends on the location of the calculated settlement. a = 4 for

settlement at the center and o = 1 for settlement at the corner of the foundation.
B’ : Adjusted width. B' = B/2 for settlement at the center of the foundation and B’ =
B for settlement at the corner of the foundation.

B : Foundation shortest dimension
Ws : Poisson’s ratio of the soil
E; : Elastic modulus of the soil

Is : Shape factor
I : Depth factor

Y

Figure 1.1: Foundation on uniform soil

1.1.1. Example on elastic settlement on uniform soil

The following examples is taken from Das Principle of Foundation Engineering 7t edition. The
parameter provided in the example are given as

qo : 167.7 Kpa
B : 244m
s : 0.3
E; : 11362 KPa
The input of the program is shown in figure 1.2. The depth to bed rock or end of stress bulb, H
was given as 10.98 m. the parameters are inserted in the program and the settlement at the



center of the foundation was found to be 2.54 cm while at the corner, it was found to be 0.0113
m.

Foundation Soil

The Foundation and soil properties are as following:

The applied load on the foundation. g0 = 167.7 KN/m?*
KMN/m? H 10.98 m The depth of fill of the foundation, Of = 122 m
- The width of the foundation, B = 244 m
B . 0m =3 11362 KM/m? The length of the foundation, L = 244 m
248 - The thickness of the compressible layer, H = 1058 m
L — ___ 'm us 03 The modulus of elasticity of the soil, Es = 11362 KN/m*
- The Poizson's ratio of the soil pz = 0.3
Calculation of settlement at the center of the foundation

q0 = 167.7 KN/m? Factor o

¢ ¢ ¢ ¢ ¢ FactorF1 = 0.
_ FactorF2 = 0.
Df =1.22m Shape factor =

Depth factor =

0.5007
0.7751

The settlement at the center of the foundation, 5 = 0.0254
A Calculation of settlement at the comers of the foundation
- Factorm = 1
Factorn = 45
Factora = 1

Factor F1 = 0424

H=1098m Factor F2 = 0.034

B=244m

Es = 11362 KN/m? Shape factor 0.4434
" Depth factor = 0.7751
pE =l The settlement at the comer of the foundation, 5 = 0.0113

Figure Error! No text of specified style in document.-1.2: Input used in elastic half space
settlement module for example 1.1.1.

1.1.2. Example on elastic settlement on uniform soil

This example can be found in Budhu, 2010 for shallow foundation that is 4 m by 6 m and is subject
to 4000 KN vertical force. The foundation is embedded 3 meters into a soil layer which has an
undrained modulus of elasticity of 15 MPa (15000 KPa) and a Poisson’s ratio of 0.45. to solve the
problem, the elastic half-space module was used. No mention of bed rock was found so it was
assumed that the bed rock can be very from the foundation and doesn’t affect the settlement.
This translates into assumption that is made in this solution, that bedrock is at 20 meters to 100
meters below the footing. The settlement at the center of the foundation was found to be 0.0338
meters to 0.038 meters depending on the bedrock distance. In Budhu’s book, the settlement was
33 mm or 0.033 meters which is the same as the one found using the elastic half-space module.
The program window for this example is shown in figure 1.3.



Foundation Soi The Foundation and soil properties are as following:

The applied load on the foundation, g0 = 167 KN/m*
KN/m? H 100 m The depth of fill of the foundation, Of = m
2 - The width of the foundation, B = 4 m
B s 0m Es 15000 KMN/m? The length of the foundation, L = 6 m
& - The thickness of the compressible layer, H = 100 m
L - 0m us D45 The modulus of elagticity of the soil, Es = 15000 KN/m?
- The Poisson's ratio of the soil, ps = 0.45
Calculation of settlement at the center of the foundation
Factorm =
Factorn = 50
ql = 167 KN/m* Factora =
i J’ J’ J{ ¢ Factor F1 = 0.6502
Factor F2 = 0.0045
=g Shape factor = 0659
Depth factor = 0.811
___________ The settlement at the center of the foundation, S = 0.038
Calculation of settlement at the comers of the foundation
Factorm
Factorn
Factor a
Factor F1 = 0.1009
- Factor F2 = 0.003
S B LT Shape factor = 01014
Depth factor = 0.811
us =045 The settlement at the comer of the foundation, 5 = 0.0029%

Figurel.3: Input used in elastic half space settlement module for example 1.1.2.
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1.2. Elastic settlement on Gibson soil

VIl

'

Gibson soils can be defined as soils which stiffness increases in depth. Naturally as confinement
increases with depth, the modulus of elasticity should increase. If foundation is placed on a soil
where the modulus of elasticity increases with depth as shown in figure 1.4, its settlement can be
calculated as :

_ qoBe(I6Ilg) (1 — Hg)

1.2
¢ ESO ( )

Se : Foundation settlement
qo : Foundation pressure
B. : Diameter of an equivalent circle
KLs : Poisson’s ratio of the soil
Eso : Elastic modulus of the soil at the bottom of the foundation
Ic : Factor to account for Gibson’s soil
I : Factor to account for the rigidity of the foundation
I[g : Factor to account for the embedment of the foundation



Vil
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Figure 1.4: Foundation on Gibson soil

1.2.1. Example on elastic settlement on Gibson soil

The following examples is taken from Das Principle of Foundation Engineering 7t edition. The
parameter provided in the example are given as

qo : 239.6Kpa
Be @ 243 m

ns : 0.3
Eso : 9660 Kpa

Using the software with the following input gives



r Foundation Soil

The Foundation and soil properties are as following:

2 2 Applied load, q0 = 2396 KN/m?
al 296 | K =L Foundation width, B = 3.05 m
Foundation length, L = 152 m

k 2 Foundation modulus of elasticty, B = 15.87E6 KN/m*

B 3[:57 m L KN/m/m Foundation thickness, t = 0.305 m
depth of fil, Df = 152 m
Soil modulus initial modulus of elasticity, Es = 5660 KN/m?
soil Poisson’s ratio, ps = 0.3
increase in soil modulus with depth, k = 5656 KMN/m¥m

- H _ soil layer thickness H = 366 m
B 15.87E6 KMN/m? 3566 m Foundation settlement calculations:
equivalent width, Be = 243 m

L 152 m Hs 03

R 0305 o beta= 7.0285
OF 152 m Gibson Seil influence factor, IG = 0.4531
foundation rigidity influence factor, IF = 0.7854
q0 = 239.6 KN/m? embedment influence factor, IE = 0.9076
DF=152m i ¢ ¢ ¢ ¢ the settlement of the foundation, S = 0.0178 m
t 0305m Ef = 15.87E6 KN/m? E
e >
A 3 > Es( = 9660 KN/m?
Be = 2.429555212254
k = 565.6 KN/m3/
H=366m ps=03 e
A4 Depth 2 w £s - 11730.096

The settlement differs form that found in the book, mainly because of the factor [;. Most factors
here are calculated using finite element models and not from the reference mentioned in the
book.

1.3. Consolidation settlement

vivildly

Consolidation settlement is a phenomenon that occurs in clay soils. It happens when saturated
clay is subjected to pressure. This pressure raises the pore water pressure between the clay
particles. With time the additional pore pressure dissipates, and the pressure is transferred to the
clay particles. The procedure takes a long time. To calculate the consolidation settlement of a clay
layer, a one-dimensional consolidation test is performed to obtain the coefficient of
consolidation, coefficient of rebound and the pre-consolidation pressure if the clay is over
consolidated. Over consolidated clay is that which was exposed to pressure in the past but then
the pressure was removed. This pressure can be due to geologic events such as the build up of
snow over a clay layer in the Ice Age. It also can be a result of human activity such as building and
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demolishing a structure on clay. In any case, once the clay is subjected to a certain pressure, it
can be detected using the consolidation test, even if the pressure is removed from the clay.

Once consolidation tests are performed and the needed parameters are obtained the
consolidation settlement can be calculated as

If the clay is normall Lt oo + Aoy
oy Y S. = ——Log 0 — (1.3)
consolidated 1+e (ops
If the clay is over consolidated CsH oo + Aoy
d ! yA 14 < 14 C = > Log 0 7 v (14)
and oy + Aoy, < o, 1+eg ot
If the clay is over consolidated C:H o, CcH oo + Aoy
VIS Sc = ——Log— 4+ —— Log — = (1.5)
and o, + Aoy, > o 1+e o, l+e oL
Where:
Se : Foundation settlement
qo : Foundation pressure
B. : Diameter of an equivalent circle
KUs : Poisson’s ratio of the soil
Eso : Elastic modulus of the soil at the bottom of the foundation
I : Factor to account for Gibson’s soil
I : Factor to account for the rigidity of the foundation
[ : Factor to account for the embedment of the foundation

The consolidation settlement calculation window is very different from the previous
windows shown in section 1.1 and 1.2. the window is shown in figure 1.3. the program allows for
the entering multiple soil layers. In addition, each layer can be checked for consolidation
settlement separately. This is important for multilayered soils where sand layers, which don’t
experience consolidation, might exist between clay layers. If the layer is over consolidated, a value
of the pre-consolidation pressure should be input into the soil layers table if not it can be left to
zero. Part 1 of the program is for foundation information. The foundation can be circular,
rectangular other than a strip foundation. Choosing the proper type of foundation allows for the
correct calculation of the stress on the clay layer. Part 2 is the soil layers input table. Multiple soil
layers can be incorporated in the analysis. The program distinguishes between consolidated and
non-consolidated layers in the analysis as per the user request. The soil properties needed as an
input are:



t : Thickness of the soil layer

Yy : Unit weight Foundation pressure
eo : Void ratio
C. : Coefficient of consolidation
Cs : Swelling index or coefficient of rebound (leave empty for NC clay)
0. : Pre-consolidation pressure (leave empty for NC clay)

The consolidation checkbox in the table checked if the soil layer should be included in the analysis.
If a layer is not included in consolidation analysis, only its thickness and unit weight are needed
as an input for overburden pressure calculations. You can delete any layer by selecting it and click
on the red x button. The water table level should be inputted into the textbox, a default value of
1 m below ground level is assumed. Part 3 is a 3D rendering of the foundation and the soil layers.
And part 4 is the log where analysis steps and results are shown.



=50

Foundation
Circular  Rectangular  Strip 1
Diameter m Thickness m
Load KMN/m? Depth m
Sil
t " e0 Ce Cs oc consolidation X
’ O
2 4
Depth of water 1000 m

Q@ Q +O..

.@E

5

b,

Figure 1.5: Program layout for consolidation settlement

1.3.1. Example on consolidation settlement

The foundation shown in figure 1.4 is being analyzed for consolidation settlement. To use the
GeoMechanica Desktop, first the tab control is changed to rectangular foundation with the following input



Foundation
Circular  Rectangular  Srip

Width 1 m Thickness 0.2 m
length 2 m Depth 1 m
Load 150 KM/m2

The information of the soil is then inputted in the table of soil layers. Note that for the top sand layers,
only the thickness and the unit weight are used. The other fields are left empty. For the clay layer, the
initial void ration and the coefficient of consolidation are add to the table while the pre-consolidation

pressure is left empty since it is a normally consolidated clay. Finally the water table level is entered to the
program at 2.5 below ground level.

Soil
t ¥ el Cc Cs oc consolidation x
25 165 [
0.5 175 O

» |25 16 0.8 032 _

Depth of water 2.5

As simple as this, all the needed information is entered in the program and the analysis can be

run. After clicking on the calculate icon the 3D model viewer and the log will be updated. The final
window will look as the following,
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Foundation
Circular  Rectangular  Strip

Width 1 m Thickness 0.2 m
length 2 m Depth 1 m
Load 150 KN/m?
Soil
t v el Cc Cs oc consolidation
25 165 O
05 175 O
4 25 16 0.8 0.32
. O

Depth of water 2.5

the soil layers are:

t v el Cc Cs oc consolidation
m KN/m? KM/#m?

25 16.5

05 175

25 16 0a 0.32 True

The water table is located at 2.5 m below the suface

Foundation information:
Rectangular foundaiton
Width =1m

Length =2m

Pressure = 150 KN/m?

Consolidaiton settlement calculations:

Consolidaiton of layer 2

NC clay

Effective stress at mid layer = 53
Awverage increase of stress on layer = 14
Consolidaiton settlement layer = 0.045

The tatal consalidaton settlement is 0.045m

A 3d model is added to the window and the results are shown in the log. The final settlement was

found to be 0.045 m. the output in the log can be copied to be used in a report. In addition, the
window can also be printed as is to a pdf document.
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1.4. Bearing capacity of shallow foundations

N

This program uses the general equation of Meyerhof to calculate the bearing capacity of shallow
foundations The general bearing capacity equation is written as follows:

1
qu = cNFesFegFe + qNgFosFqaFqi + EyB’yNYFYSFYdFYi (1.6)
Where:
qu : Ultimate bearing capacity of the foundation
¢’ : Cohesion of the sail
B’ : Effective foundation width
q : Effective stress at the foundation level

Yy : Unit weight of the soil
N, Ng, N, : Bearing capacity factors
Fes, Fgs) Fys : Shape factors
Fea)Fqa, Fya : Depth factors

Fei,Fgi, Fyi @ Load inclination factors

The program considers the effect of water table below or above the foundation level. If water
table exists above the foundation level, both the value of q and y in equation 1.6 should be
changed accordingly. If the water table is below the foundation at a depth that is less than the
foundation width, only the value of y in equation 1.6 needs to be reduced.

The program also takes into account the eccentricity of the loading either one way or two-way
eccentricity. Two-way eccentricity is delt with as per AASHTO LRFD bridge design specification
Article 10.6.1.3. The width and the length of the foundation are reduced as:

B’ = B — 2ep (1.7)

L' =L —2¢, (1.8)
The value of the effective width and length are used in calculation of the shape factors and in
equation 1.6. These values are not used in calculation of depth factor and effect of water table.

1.4.1. Example on bearing capacity calculation of a shallow foundation

The example shown in figure 1.4 will be solved using the GeoMechanica Desktop. Nor eccentric loading
neither was a water table below the ground were reported.
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Figure 1.2: Foundation problem for example 1.4.1

The input and output of the program for this problem should look like

— Foundation
B 2

L 2

— Sail

m DF 15 m

m WT 1000 m

kN v il 165 kMN/m?
KkN-m y_sol 165 kMN/m?
kM-m c 20 keM./m?*
degrees p 25 degrees

13

The Foundation properites are:
Foundation width, B =2m
Foundation length, L =2m
Foundation load, @ = 250 KN
Foundation moment along width M_B = 0 KN.m
Foundation moment along length, M_L = 0 KN.m
Foundation load incalanation, = 0 Degrees

The soil properites are:
water table is located at 1000 m underground
The depth of fill, Df = 1.5m
Unit weight of soil fill, y_fill = 16.5 KN/m?
Unit weight of foundation soil , v_soil = 16.5 KN/m?
The sail cohesion, © = 20 KN/m?
The sail friction angle, ¢ = 25 Degrees

Analysis:
The effective stress at the level of the foundation, g =24 . 75KN./m*
The water table is located below the foundation level at the level z_w = 1000m
The water doesn't have any effect
The unit weight of the foundation soil, y_sail = 16 5KN/m?
Mo eccentricty along the shortest dimension of the foundation
The width of the foundation, B =2m
Mo eccentricty along the longest dimension of the foundation
The length of the foundation, L=2m
Bearing capacity factors
Ng = 10.66
Nc =20.72
Ny =10.88
Shape factors
Fcs =1.51
Fogs = 147
Fys=06
Depth factars
Fed =1.26
Foqd =1.23
Fyd =1
Incalanation factors
Fci=1
Fgi=1
Fyi=1
The ultimate bearing capacity of the foundaiton, qu = 1374KN/m?
The allowable bearing capacity, q_all = 458KN/m?
The allowable foundation load, Q_all = 1832KN



A value of water table level of 1000 m was used to indicate that water had no effect. The bearing capacity
of the foundation is 1374 KN/mZ, the allowable load shouldn’t exceed 1832 KN.

1.4.2. Example on bearing capacity calculation of a shallow foundation with water
table

The example shown in figure 1.4 will be solved using the GeoMechanica Desktop. The water table was
reported at 0.61 meters below ground.

L=13m ﬁ:

Figure 1.3: Foundation problem for example 1.4.2
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The program input and output would look like

— Foundation — Sail

The Foundation properites are:
B 13 "” DF 122 i Foundation width, B=13m
- - Foundation length, L =1.3m
L 13 m WT 061 m Foundation load, G = 667 KN
—_— —_— Foundation moment along width M_B = 0 KN.m
- fill kM./m? Foundation moment along length, M_L =0 KN.m
a 55’7 L i 1557 Foundation load incalanation, p = 0 Degrees
i 3
Mb D kN-m yso 71 855 BN The soil properites are:
- water table is located at 0.61 m undenground
ML D kNm c 0 kM/m The depth of fil. Df = 1.22m
- Unit weight of soil fill, y_fill = 16.5 KNJ/m?
B O degrees p M4 degrees Unit weight of foundation soil , y_soil = 18.55 KN/m?
—_— The sail cohesion, ¢ = 0 KN/m?*
The sil friction angle, ¢ = 34 Degrees

Analysis:
The effective stress at the level of the foundation, g =14.15KN./m*
The water table is located above the foundation level at the level z_w =0.61m
The unit weight of the foundation soil will be reduced
The unit weight of the foundation soil, y_soil = 8. 74KN/m?
Mo eccentricty along the shortest dimension of the foundation
Letam =] The width of the foundation, B = 1.3m

. | Mo eccentricty along the longest dimension of the foundation
The length of the foundation, L=13m
B=13m / | Bearing capacity factors
'(—)I Ng = 29.44

| Nc = 4216
I I Ny = 41.06
I Shape factors
o L fil = 16.5 KN/me Fes=17

” qs =167
KK «»‘o’sjnls’o‘s‘

Fys=06
Depth factors

Fed =1.25

Fqd =1.25

Fyd =1
c=0 KI'\.I."’m2 Fgi =1

e Fyi=1

? The ulimate bearing capacity of the foundaiton, qu = 1008 .87KN/m*
v_soil = 18.55 KN/m? The allowable bearing capacity, q_all = 336.25KN/m?
The allowable foundation load, G_all = 568.33KN

Incalanation factors

Note that the allowable load is less than the applied. The applied load was adjusted to a value equal to
the allowable load and a moment acting on the shortest dimension was added and its value is 112 KNm.
The program input and output would look like the following:
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— Foundation
B 13

L 13

Q 560

M_b 112

ML DO

g0

— Sail
m DF 122 m
m WT 061 m
kM vy il 155 kNsm?
kMm y_soil  18.55 kNsm?
kMN-m c 0 kNsm?
degrees p M degrees

The Foundation properites are:
Foundation width, B =1.3m
Foundation length, L=1.3m
Foundation load, G = 560 KN
Foundation moment along width M_B = 112 KN.m
Foundation moment along length, M_L =0 KN.m
Foundation load incalanation, B = 0 Degrees

The soil properites are:
water table is located &t 0.61 m underground
The depth of fill, Of = 1.22m
Unit weight of sail fill, v_fill = 16.5 KN/m?
Unit weight of foundation soil , v_scil = 18.55 KN/m?
The soil cohesion, c = 0 KN/m®
The soil friction angle, = 34 Degrees

Analysis:
The effective stress at the level of the foundation, g =14.15KN/m?
The watertable is located above the foundation level at the level z_w = 0.61m
The unit weight of the foundation soil will be reduced
The unit weight of the foundation soil, y_soil = 8. 74KN./m?
Eccentrically loaded foundation along the shortest dimension
The effective width of the foundation, B_eff =0.9m
Mo eccentricty along the longest dimension of the foundation
The length of the foundation, L=1.3m
Bearing capacity factors
Ng = 29.44
Nc =42.16
Ny =41.06
Shape factors
Fes =148
Fgs =147
Fys =072
Depth factors
Fed =125
Fqd =125
Fyd =1
Incalanation factors
Fci=1
Fgi=1
Fyi=1
The ultimate bearing capacity of the foundaiton, qu = 877 35KN/m?
The allowable bearing capacity, q_all = 252 66KN,/m?
The allowable foundation load, G_all = 342.42KN

The allowable load was further reduced due to the moment acting on the foundation.
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2. Consolidation Analysis

If a layer of low permeability, compressible soil is subject to an increase in the effective stress, its
compression will be a function of time. Initially, there will be small to no deformation which then will keep
progressing through time until it reaches the final compression level of the layer. this process is known as
consolidation and is common in clayey soils.

This chapter is about calculaitng the progress of consolidation with time. GeoMechanica Desktop
offers several solutions for the calculation o the time rate of consolidation including solution for constant
applied loading and for linearly increasing load with time. Geomechanica desktop also offers a more
rigorous finite difference solution where a more complex input can be taken into account such as varying
load with time and vaying pressure with depth.

2.1. Time rate of consolidation

EEREREEEEEE.

O\

——

For the one-dimensional consolidation of a homogenous clay layer, the basic differential equation is given
as

du 0%u
ot~ Voz2 (2.1)

Where c, is the coefficient of consolidation, u is the pore water pressure, t is the time, and z is the depth
in the clay layer.

Assuming a clay layer that is undergoing consolidation has the following properties

1- Homogeneous

2- Saturated

3- no crushing of soil particles and compression is due to squeezing of water out of the voids and the
reduction of void ratio

4- Darcy’s law applies.

5- Deformation will only occur in the same direction of the loading (i.e. one dimensional
consolidation).

6- The pore pressure at the beginning of the consolidation is uniform across the clay layer.

A solution for the dissipation of water pressure with time can be obtained as

2ug . (Mz\ .
M51n<H>e

[
NgE

X (2.2)

8
Il

Where M = 2m + 1. The degree of consolidation, U, can be obtained as
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2 Mz
— _ R~ - -M“Ty,
U. =1 ZMSIH(H)e (2.3)

Finally an average degree of consolidation can be obtained as

o 2 ,
_ —MZ2T,
Vg =1 ) gz (2.4)
m=0 ’
Note that
Ug —u
Uyy = g
And the time factor
cy t
T. =
Y HE

Where the drainage height is twice the thickness of clay layer for doubly drained clay and the same as the
clay layer thickness of single drainage.

The program Time rate of consolidation — constant load can be used to perform these complex
calculations and draw the degree of consolidation for a homogeneous clay layer with time. The following
examples illustrate the use of this GeoMechanica Desktop module to perform time rate of consolidation
analysis.

2.1.1. Example on the calculation of the degree of consolidation with
time
The module used for this example is Time rate of consolidation — constant load. A clay layer has a

coefficient of consolidation of .008 mm?/sec. he layer is sandwiched between two sand layers. The
progress of consolidation with time is to be determined.

The first step is to convert the coefficient of consolidation from mm? / sec to m?/day. The clay layer then
can be defined as shown

18



e e

A
Clay
H=2m Cv =0.06912 m?/ day
v
» L] - - L] - L] - L] L] - L] - L] L] - - - L] 1
- - - - - - L] - - - - . - - - L] - - L]

The program window to analyze this problem is shown below

IS ¥ 3. A SIayT LASYISE U LU U S L

— Sail
: o T
m [—
e
a0
Cv |.06912 m*/ day S
i; 60
g 40 -
— Boundary Conditions z /
20
Top layer pervious - 0 /
Bottom layer pervious - 0 6.2 12.4 15.6 248 3
Time in days
Time in days Average U "*
EREEEEREEEEERIE = I
¥ L ] L ] L ] L ] - L ] L ] L 3 L] [ ] - L ] - L ] L ] - L] [ ] L 2 3|}
L] L ] L] L] L ] - L] L] - L] L] - L] L ] - L ] L ] - L ] 3 42
L ] L ] L ] - L] L ] L] L ] L] L ] - L ] - L ] L] L] L] L] L ]
A 4 51
Clay 5 59
H=2m Cv =0.06912m? / day 5 85
g 75
v 9 79
P e ® = ® ® ® ® & ® ® ® ® ® 8 ®8 ®w e w2
« & &8 8 8 ® & ® ® & & ® & # ® w8 & = » 10 a3
L ] L ] L ] - L ] - - - L ] L ] L ] [ ] - L ] - L ] - L ] L ] _I_I B,E, v

The consolidation is expected to be fully observed after 25 days from load application.

Now let’s assume that the loading is applied incrementally at a linear manner until it reaches its final value.
This case is more realistic and representative of construction activities. The time to achieve full load
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application is expected to be 60 days. To solve this problem, the module Time rate of consolidation —
linearly increasing load was used. The program input and output is shown below

Time vs. % of Load Applied Time vs_. Average Degree of Consolidation chart
— Sail
o 100 100 —
— : ‘
—r ER o =
Cv [0.0006912 m? / day = . /
= 60 = 60 /
s g /
@ =
— Boundary Conditions Ei 40 g 40
= <
@
Top layer pervious - % 20 20 /
(=1
) 0
. ’ 12058 2 DD 602.8 12056 13084 24112 3014
602.8 1808.4 3014 - - - -
t d
© e time in days Time in days
Time in Average U Applied load A
days s %
18 3 30
19 3 32
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2.2. Finite difference solution of consolidation
EEEEEEEEEER

The previous modules are good as a first approximation or for calibration with field data. However, for
more rigorous geotechnical analysis, the variation of loading, clay properties, and pore pressure
distribution are essential to obtain more accurate results. The module Finite difference solution of 1D
consolidation can be used to perform a more complex analysis which includes the variation of clay
properties, pore pressure distribution along clay layers, and the effect of the applied load with time. The
solution of the consolidation governing differential equation in 2.1 can be performed numerically by first
introducing nondimensional time, pressure and depth parameters using reference values. The
nondimensional excess pore pressure can then be defined as
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u

URr
Similarly, a nondimensional time can be defined as
t= ¢ 2.6
== (2.6)
And nondimensonal depth as
__z
Z= — (2.7)

Where U, t, and Z are the nondimensional values and ug, tg, and zy are the reference values. The reference
values can be chosen arbitrarly but they need to satisify the condition C,, At/(AZ)? < 0.5 So that the finite
difference solution is numerically stable. Equation 2.1 can then be solved numerically and the pore
pressure at t + At is calculated within a layer as

_ At _ _

Ug t+At = @7)2 (Uy+ U35 — Zuo,f) + Ug (2.8)
Where the subscripts 0, 1 and 3 indicate the current node, the node above and the nodes below
respectively as shown in figure 2.1.

Fihure 2.1. showing the node numbering for O current node for solution, 1 the previous node and
3 and the next node. See equation 2.8.

At the interface of two layers, the pore pressure at the interface node at time t + At is dependent on the
value of the permeabilities of the two layers. It can be calculated as

B 1+Kk,/kq At ( 2K, N 2K, - ) o
= * * = — _
Uo,t+At i (kz) (Cvl) (07)2 \k; + k, Ug g Kk, 1+ K, Uzt — 2l ) T Ugt (2.9)
kl CVZ

To solve a multilayered consolidation of clay layers, with a varying pore pressure with depth and varying
load with time the module Finite Difference Solution of 1D Consolidation can be used. the program
window is shown below
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Soilinpt  Load definintion  Results  Log 1

— Boundary Conditions ————————— — Pore preesure Distribution
Top layer - () Assume Constant with depth
Bottom layer - 2 ) kmport factors from excel ‘ 5
Mesh paramters — 3 ——————— 7
) ) Firite difference discretization
ol R Node 0%k Cv u_factor
Ir metens .
w4 X & 5
Cv K
1 Tab control to input soil and load. current tab shown is soil input tab.
2 The boundary conditions of the clay layers. Pervious or impervious.
3 Numerical solution parameters. Az: depth increments and z,.: reference depth value.
4 Soil layers input. t: layer thickness, C,: coefficient of consolidation and k: permeability of the

layer.

5 Pore pressure distribution with depth. constant or varying. This input will define how much
pressure does the node take from the applied load

6 Finite difference mesh showing the nodes, their types, coefficient of consolidation, permeability
and the pressure coefficient (see 5).

7 A 3D plot area will show the layers of the clay as given by the user.
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The following window shows the load input tab

Soilinput  Load definintion  Results  Log

[ time parameters L
M days 1 Tima tq a C\ q '—I_' O € u
. e
fime unit - “‘
t days ' L=
3y’ 4 5
- Load parameters - |
() Constant
q days 2
) Linear
q days
tc days
() Excel Import '
3

Time parameters, including At: time increment, unit and t: total time for analyses.
Load type. Constant, linear with time, or custom load curve imported from excel
A plot of the load vs time

Table shows progress of load with time.

HWIN| =

2.2.1. Example using finite difference solution of homogeneous clay layer under
sustained constant load

This example serves 2 goals, 1) introducing the finite difference consolidation module and 2) verification

and validation of the numerical solution by comparing it to the general analytical solution to the

differential equation shown in section2.1. the clay layer shown below is subject to a loading of 100 KPa
and the degree of consolidation after 12 months is needed to be calculated.

N N,

. & 8 8 e »
. 8 8 & & = »
® 8 & 8 & & 8 8 ® 8 8 " 8 8 & 8 8 " @

L3
Clay

H=3m Cv =0.00249 m? / day

Two modules are used, the one discussed in 2.1 and the finite difference module. The soil input of the
finite difference module is shown below
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Scilinput  |oad definintion  Results  Log

— Boundary Conditons ————— — Pore preesure Distibution
Top layer pervious N (O) Assume Constart with depth
Bottom layer pervious = (® Import factors from excel ’
ur 1 KM #m?
— Mesh paramt;
Finite difference discretization
. Node ¥:§: K Cv u_factor
- -
Sail x ‘

Cv K

t
y 3 0025

The Load input should look like this

Soilinput  Load definintion  Results  Log

— time p it
s -
time unit  days -
t 1860 days
— Load parameters
(® Constant
] o
(O Linear
q KM #m?
tc days
() Excel Import ‘

If you click on the calculation button, the program will solve the problem. it will also fill the finite difference
descritizaiton table, load vs. time curve. the results tab will show the variation of the pore pressure across
the clay layer for the time period. In addition it will give the vairaiton of the average degree of consolidation
with time. The results window should look like
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Soilinput  Load defininion  Results  Log

197229 397229 59.7229 79.7229 997229 Time/Depth 0 0.75
0 4] 100
1 0 59.5556
2 0 93.1151
3 1] 986785
4 0 982457
5 1] 57.8168
15 4 0 ls739%6
100 Time Pwerage U
sl o[
80
1 03
w60 2 059
% 40 / 3 0.38
0 / 4 118
5 147
E=D 372 744 1116 1488 1860 ¢ 1
time in days < 7 205 N v

The top table and curves are for the pore pressure across the layers at different time steps. You would the
curve is almost solid due to the small time step and long time period (i.e. too many curves). The bottom
graph and table is for the progression of the degree of consolidaiton with time. You can copy the results
of these table and past them to an excel sheet to further process them. We will do this for the degreeof
consolidaiton table. The results were copied in a spreadsheet to compare the results with the basic module
discussed in the previous section. If the plots of U,y from the basic solution and the finite difference
solution were put on the same graph the plots would be very close to each other. This is shown in figure

120

100
e ="
80 -
-
”
» 7’
- 60 P
/
7 = = Module 2.1
40 y;
s D Modlule
/
20 |f¢
/
0
0 500 1000 1500 2000

Time in days

Figure 2.2: Average degree of consolidaiton calculated using basic consolidaitonmodule and the
finite difference module
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2.2.2. Example using finite difference solution of homogeneous clay layer under
Linearly increasing load

The example discussed here is for the same clay layer shown in the previous example. However, the loading
conditon is changed. In this example it is assumed that the loading is applied in a linear manner from 0 to
a value of 100 KPa at 30 days. Two modules were used to analyze the problem defined here. The analytical
solution module (Olson’s solution) and the finite difference modules. The load inut should be updated
accordingly as shown below

r— time parameters
. o
time unit  days -
t o
— Load parameters
(7)) Constant
q KN / m?
(@ Linear
: /e
T
() Excel Import ‘

The results window is as shown below

Soilinput  Load definintion  Resufts  Log

01 1999 3999 5999 79.99 Time/Depth 0 0~
4 0 0.75

0 0 0
1 0 333
2 0 66453
3 0 59455
4 0 132341
5 0 16.5035
& 0 197615 ¥
L4 >
57 {\ Time Average ~
= » 0
% 456
= \ 1 2
L
E 42 2 159
E 223 3 5.58
g 4 796
T 114
E ]| 5 9.93
] 3 1.5
0 240 4_80 . 720 960 1200 = 1386
time in days o
o 1E 7%

Note that when using a lieanrly increasing load, the average pressure is reported instead of the average
degree of consolidaiton. This is because degree of consolidaiton is not clearly defined numerically here.
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The results of the average pore pressure were compared with Olson solution (module: Time rate of
consolidaiton — linearly increasing load) ans are shown in figure 2.3 below

100

a0 M Olson's Solution
= — = Finite Difference

60

40

Pore pressure in KPa

20

0 500 1000 1500 2000

Time in days

Figure 2.3: Average pore pressure as calculated using basic Olson’s sollution and the finite
difference module

2.2.3. Example using finite difference solution of homogeneous clay layer under
sustained constant load with varying pore pressure across the layer depth

In this example, the import load feature is illustrated. In additon the feature that allows for a custom pore
pressure distribution across the clay layers is discussed. For simplicity, the load imported from excelis
assumed linear with time. It starts from a value of 0 to 200 KPa after 1 yar(365 years). The total period of
analysis is ~ 5.5 years (2000 days). The clay layer properties is the same from the previous example with a
thickness of 3 meters and c,= 0.02249 m? /day. The pore pressure is not uniform across the layer but is
expected to follow the pore pressure distibution shown in figure 2.4.

Pore pressure in KPa
0 20 40 60 80 100
0 ) ) ) )

Depth below clay layer in meters

Figure 2.4. pore pressure distibtion along the depth of clay layer in example 2.2.3.
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Note that pore pressure distibution should be consistent with the boundary conditions used in the
program. It should be zero at the interface of a clay layer with a pervious layer and can be greater than
zero at the interface of the clay layer with an impervious layer. Also, the number of data points should be
consistent with the finite difference nodes.

2.2.4. Examples from geotechnical references
2.2.4.1. Example 1
From Das (2019), The 2-clay-layer soil profile is shown below is to be analyzed for consolidation. The

loading is constant and is equal to 150 KPa which is expected to translate into a uniform pore pressure
across the layers.

Soil K (mm/s) Cv (m?/day)
Sand --e- -
Cla 2.8x107 0.26
4m Y
Cla 2.0x107 b
4Am y 0x10 0.38
e
e A A C AL
SR
Sand B

To solve this example, the value of u, is set to 1.5 while the value of z, is set to 8 m. Az is set to 2 m.
Inputting these values in the finite difference module and setting analysis time to 15 days. The pore
pressure after 10 days is shown in the figure below. This pressure is the same as in the example in the
references.

-3 11 31 51 i ¢ 111 131 151
1 21 41 & g1 101 121 141

After 10 days .

10
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2.2.5. Step by step guid on how to use the finite difference module

Steps Module input General guidelines
Set boundary conditions Boundary Condions Available boundary conditions include
Toplayer TRENE - pervious boundary or impervious
Bottom layer pervious - boundaries.
Choosing a pervious boundary condition

will set the pressure to 0 at the clay-pervious
boundary interface.

Pervious boundaries is generally set for if
the layer is sand or the clay is at the surface.
If rock layer exists, it can be set as impervious
boundary.

Set model parameters

Mesh paramters

Az is discretization in the depth dimension.
E.g. if a clay layer is 4 m and Az= 1m. The
number of depth increments across the clay
layer is 4 increments and 5 nodes.

z_ris the reference depth. generally, enter
a value that is equal to the thickness of clay
layers in the analyses.

When choosing Az make sure that the
division of all claye leyers thicknesses over
the Az is an integer to avoid the program
adding an unnecessary node to the analyses.

Input soil data

Soil x ‘

You can input soil data by filling the table
manually.

T is for the thickness of the clay layer, Cv is
the coefficient of consolidaiton, and k is the
coefficient of permeability.

If the soil layers are homogeneous or one
layer is being analyzed, k can be set to any
value (e..g 1) as it will not affect the resuts of
the analyses.

If the soil layer are inhomogeneous, an
accurate value of k is required.

You can import the soil layers from an
excel file. By clicking the donwward arrow
button Set your spreadsheet so that it looks
like this with data in the first three columns,
A, B,and C
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With no headers in the excel file.
Example spreadsheet:
A B C
1 1.5 0.00249 | 9.00E-04
2 1.5 0.0014 2.80E-05
3 4.5 0.0049 | 1.00E-05
No need to input the properties of the
boundary layers. Only import the clay layers
properties.

Set pore pressure
distribution acoss the
clay layer and the
reference pore pressure

Pore preesure Distribution

(O Assume Canstart with depth
() Import factors from excel .

The reference pore pressure, u_r is a value
that is used numerically while solving the
problem.

the pore pressure distribution across the
clay layer can be assumed constant. Or it can
be imported from an excel file. To import
check the radio button (import from excel) If
imported from a spreadsheet, the
spreadsheet needs to be set like
A

u_factor 1

u_factor 2

n | u_factorn
Example spread sheet:

A
0.0000
1.0000
0.9572
0.8859

5 | 0.7861
Needed calculation to obtain the pore
pressure distribution can be done by the user
in any part of the spreadsheet bu the
distribution needs to be summarized in
column A. no headers should be used.

The data for pore pressure distribution
dictates the amount of pore pressure
developed at each node as a percentage of
the applied load (e.g. applied load is 100 from
previous table pore pressure at node 4 is
88.59)

Tip: due to the fact that, the user needs to be
informed about the nodes of the finite
difference mesh, a trial run with constant

B (WIN |-
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pore pressure distribution should be run first
to see the nodes and their numbering.

Set time related
paramters

time parameters

At is the time increment of the analyses. The
results of the analysis will be at each time
step set here.

Time unit can be set as days, months, and
years. Note that the units of the coefficient of
consolidation and the permeability must
match the time unit set here (e.g. Cv in
m?/month, time unit should be in months).

t is the total time for the analysis. Always
set two time steps ahead of the final target
time.

Set loading paramters

time unit -
— Load p
() Constant
q KN #m2
(O Linear
q KN #m2
tc days
() Excel Import ‘

Load can be constant, linear or custom load
curve imported from an excel sheet. Linear
loading requires quantity and time where the
load increase ends (i.e. end of construction).

For excel imported loads, check the radio
button and click on the import button. An
excel sheet should be prepared describing
the load progress with time. Note excel
imported loads should be prepared such that
the amount of load increase per time
increment is imported. Do not total load
reached after a certain amount of time.
Example: load start from 0 at At = 0 and after
10 days it becomes 20 KPa, after 20 days the
total reaches 40 KPa, and after 30 days it
becomes 60. The values that should be
imported into the program are (0,20,20, 20,
etc. not the 20,40, 60).

The excel sheet needs to be prepared like

A B
1 £ Aq,
2 £ Aq,
3 th Aqp

Always have the final time in the excel file
larger than the total time set in the program
by at least two time-steps.
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2.2.6. Outline of the solution outputs of the finite difference module

output

Image

Explanation

Finite Difference
Discretization

Finite: difference discretization

Node

Node
Type

0
1
2
1
2
1
1
1
1
1
0

k Cv u_Factar ~

0.00245
0.00245
0.00245
0.00245
0.0024%
0.00245
0.00245
0.00245
0.00245
0.0024%
0.00245

o oo aalaaaalae

the node columns show the nodes
numbering starting from node 1 to node
(z/Az + 1). Remember to choose the value
of Az so that z/Az is an integer. The node
type column will show 1 for an internal node,
2 for an interface node and 0 for boundary
node. k and C, values are taken from the soil
input and mapped on the nodes. u_factor
column shows the proportion of pore
pressure developed in each node as a result
of loading.

3D view port

This view port visualizes the soil layers
considered for the analysis.

Time load curve

Applied Pressur...

165

132

99

66
33

0

0

380

758 1139 1518 1898
Time in days

This the applied load as function of the time.
The load shown here is assumed to be
instantaneous and constant. The curve will
begin from time O to t.
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Time load table

=
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o
>

Time

wm-—dmm-&-wm—ti
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g
Z
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This table shows the progression of the load
with time. First column is the time which
increase per time step (At). Aqg is the amount
of load increase per time step and q is the full
amount of load at the current time, t.

Plot of pore pressure
distribution across the
clay layers and its
progression with time.

Depth below ground in m

Depth below ground in m

pore pressure in KN/m?
19.99 3999 5999 7999 99.99

pore pressure in KN/m?
002 198 3% 59 798

u vs. z plot where on the x-axis the amount of
pressure and on the y-axis the depth across
the clay layers. Note that too many time steps
can render the curve to appear as a solid

Table of pore pressure
distribution across the
clay layers and its

progression with time.

In this table the first row (highlighted) is the
depth across clay layers. The first column the
progression of analysis time and between the
first row and first column the amount of press
pressure is shown. You can copy values of this
table into a spreadsheet for further post
processing. To copy the whole table at once
press ctrl + shift + left and then press ctrl +
shift + down. Then click ctrl + C to copy the
data and paste into the spreadsheet.
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Time/Depth 0 075 ™
» 0 0.75
0 0 150
10 0 14336
20 0 137.3079
30 0 131.7785
40 0 126.715
50 0 122.0673
60 0 1177915 ¥
L4 >
Plot of the average This plot will appear in the results tab only if
degree of consolidation 100 the constant load with time option is chosen.
progression with time 80 ] If linearly increasing load or imported load is
— / chosen, see below.
RN
20 /
Du 200 400 600 300 1000
time in days
Plot of the average This plot shows the progression of pore
pressure progression H pressure dissipation with time. It will appear
with time. E;Z 272 /\ only if linearly increasing load or excel
£ 204 / \ imported load is chosen.
E-’ 136 /
DD 200 400 600 800 1000
time in days
Table of the average This table shows the average degree of
degree of consolidation — o - consolidation progression with time. Similar
progression with time " _ 5 to the previous plot it will show the
10 585 progression of pore water development with
20 16.92 time.
30 2428
40 30.98
50 37.09
60 4266
70 47.74
on ET 0 N
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3. Single piles and drilled shafts
3.1. Axial capacity of driven piles

This program calculates the axial capacity of single driven piles. the program uses analytical static analyses
methods offering different choices for calculating the skin and tip resistance of pile in cohesive and non-
cohesive soils.

For a pile that is embedded in a cohesive soil, the skin resistance can be calculated using the alpha
method or the beta method. The alpha method is based on the undrained cohesion of the soil, while the
beta method uses the drained friction angle for the calculation of the skin resistance.

According to the alpha method the soil-pile skin friction, f; is calculated as

fs=ac, (3.1)
Where a is the adhesion factor and ¢, is the undrained friction angle of the soil.

Using the 8 method, the skin resistance can be calculated as

fS = ﬂ OJO (3'2)
Where ¢’ is the effective stress mid-layer and 8 can be calculated for normally consolidated clay as

B=(—sing)tang (3.3a)
And for overconsolidated clays, £ is calculated as

B=(1—-sinp)VOCRtan¢g (3.3b)
Where OCR is the over consolidation ratio. If the soil layer beneath the pile tip is also cohesive, the tip
resistance, f; can be calculated as

fi=9c, (3.4)
Using the B method, the tip resistance can be calculated as

ft eSS 0-0 Nt (3'5)
Where g, is the effective stress at the pile tip and N, is a bearing capacity factor.

For a pile that is embedded in cohesionless soils, the skin resistance in GeoMechanica desktop can
be calculated using Coyle & Castello 1981, Nordlund XXXX, and the beta method. according to the
Nordlund method, the skin resistance is calculated as

f = K5 Cp 0y siné (3.6)
Where K is the lateral earth coefficient adjusted for soil and pile driving methods. Cr is a correction factor,
0y is the average effective stress on the soil layer and § is the soil-pile friction angle. According to Coyle
and Castello (1981), the skin resistance is calculated as

fg = K5 gy sin§ (3.7)
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The methods are somewhat similar. The difference is in the factor Cr and the method of calculating k.
Finally, the skin resistance can be calculated by the f method as was described in equation 3.2. if the soil

layer beneath pile tip is cohesionless, the pile tip resistance can be calculated using the Nordlund method
as

ft = (Zt Nq 0-0 S qL (3.8)
Where a; and N, are bearing capacity factors and g, is the limiting bearing capacity value. According to
Coyle and Castello method the tip resistance of cohesionless soils is calculated as

fS = Nq () (39)
Where N, is a bearing capacity factor. The tip resistance can be calculated using the f method as shown
in equaiton 3.5.

The program window is shown in the figure below

— Soil lsayers

t W Type c(KPa) ¢ OCR

S i | m

Method of calculating frictional resistance of cohesive soils o - method -

Method of calculaitng frictional resistance of cohesionless soil  Mordiund, 1579 -

Method of calculating tip resistance of cohesive soils o - method - —
QQ+9:l;
Method of calculaitng tip resistance of cohesionless soil  Mordlund, 1579 - Q -

r Pile setup
Precast concrete pile  Pipe pile  Steel H pile d

(® Circular () Square

36



The following table discusses each of part of the interface and

how to define and choose different

parameters
Steps Module input General guidelines
Enter soil layers v Te <k o ocR Here the soil layers information are entered
properties - for the program. t is the thickness in meters,

Example input

t v Tipe c(KPa) © OCR
2 18 Cohesionless - |0 28 1

- |4 21 Cohesive -l200 o 25

y is the unit weight in KN/m3, c is the
cohesion in KPa, ¢ is the friction angle, and
OCR is the over consolidation ratio. the soil
type dropdown menu lets the user choose if
the soil is cohesive or cohesionless. If the soil
is cohesive, entering a proper value of the
cohesion is needed, you can enter zero if the
soil is cohesionless. Similarly for the friction
angle, if the soil is cohesive, enter a zero
value. If the soil is cohesionless, a proper
value is needed. For the OCR, a proper value
is needed only if the soil is cohesive, and the
beta method is used to calculate the skin
friction. For other methods a value of One
should be entered for the OCR.

Choose calculation
methods for skin and tip
resistance of the piles

Method of calculating frictional resistance of cohesive soils @ - method
Method of calculaitng frictional resistance of cohesionless sol  Nordlund, 1579
Method of calculating tip resistance of cohesive solls o - method

Methed of calculaitng tip resistance of cohesionless soil ~ Nordlund, 1973

Different solution methods ara available for
the user to choose from. For skin and tip
resistance and cohesionless soils, the
Nordlund method, Colye and Castello, and
the beta method are available, while for
cohesive soils the beta and alpha methods
are available.

Enter surcharge and
water table level

Water table at |:| m

The surcharge is used to define additional soil
weight that is not accounted for in the soil
layers table. This is useful in piles that are
embedded beyond ground level. The
properties of the soil layers surrounding the
pile are entered in the table and the weight
of the soil till the level of the pile is entered
as a surcharge.

Enter piling parameters

 Ple sstup
Precast concrete ple  Pipe pile  Steel H pile

® Credar O Square

o[ Im L D
L]

L

m

In this section the piling parameters should
be entered. Choose the material from the top
buttons. Materials of piling available are steel
H and a pipe piles. concrete piles. if you click
on the button of the pile material it will show
a subsection where you can enter the needed
parameters  such as  cross-sectional
dimensions and length.
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Example 3.1. Axial capacity of pile embedded in cohesionless soils

A pile embedded in a 3-layer soil system is to be analyzed for it axial bearing capacity. The pile is embedded
below the ground surface at a depth of 3 meters below the ground surface and its length is 11.5 meters.
the pile is 356 mm by 356 mm concrete square pile. the pile is shown in figure 3.2 relevant soil information
are shown in the following table:

t wltl;ilgl,tht type c () OCR
meters KN/m? KPa degrees

7 16.5 Cohesionless 0 29

7 17.6 Cohesionless 0 31

6 19.6 Cohesionless 0 36

Note that these values are for the soil profile starting from ground and the pile is embedded 3 meters
below ground level. The soil profile input in GeoMechanica should account only for soil that is adjacent to
the pile and below the pile. the input for the soil layers information should look something like:

t y Type c(KPa) o QCR
4 165 Cohesionless - (0 29 1
7 176 Cohesionless - (0 kY| 1
G 15.6 Cohesionless - (0 36 1

Note that the top 3 maters were removed from the first layer. the removed soil weight still can be
incorporated in analysis by adding a surcharge value of (3m x 16.5 = 49.5 KPa). The water table is found at
4 meters below ground level. The corresponding input to this information is

Surchage [49.5 | KN/m?

Water table at |d| | m

The Nordlund method is chosen for the analysis for both tip and skin resistance of the pile.

Method of calculating frictional resistance of cohesive soils o - method -
Method of calculaitng frictional resistance of cohesionless soill  Mordlund, 1975 -
Method of calculating tip resistance of cohesive soils o - method -

Method of calculaitng tip resistance of cohesionless soil  Mordiund, 1579 -
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The pile parameters are the final needed input and should look something like,

— Pile setup
Precast concrete pile  Pipe pile  Steel H pile

() Circular () Square

L |11.5

m

The pile total skin resistance was found to be 1127 KN while its tip resistance is 913 KN. The total capacity
is the sum of the two and is found to be 2040 KN. This information can be extracted from the log of the
analysis. the following log shows the specific log of the analysis of this particular pile

Soil layers

t \ type © [0) OCR
4 16.5 Cohesionless 0 29 1

7 17.6 Cohesionless 0 31 1

6 19.6 Cohesionless 0 36 1

Square concrete pile
Length, L=11.5m

Width, D = 0.356 m

Pile tip area, Ap = 0.13 m?
Pile perimeter, p = 1.42 m

Soil layers at side of pile for frictional resistance:

t \% type [ [0) OCR
4 16.5 Cohesionless 0 29 1

7 17.6 Cohesionless 0 31 1

0.5 19.6 Cohesionless 0 36 1
Soil layers below pile for tip resistance:

t % type c [0) OCR
515 19.6 Cohesionless 0 36 1

Calculation of frictional resistance

Layer 1

Using Nordlund Method

Depth to mid layer, zmid =2 m

Average effective stress mid layer, 00_avg = 82.5 KN /m?
Soil-pile frictional angle, & = 24.475 degrees

Coefficient of lateral earth pressure, kd = 1.1332
Correction factor for kd, Cf = 0.9584

Frictional resistance, Fs_1=211.4396 KN

Layer 2
Using Nordlund Method
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Depth to mid layer, zmid = 7.5 m

Average effective stress mid layer, 00_avg = 142.765 KN /m?
Soil-pile frictional angle, & = 26.1629 degrees

Coefficient of lateral earth pressure, kd = 1.3318

Correction factor for kd, Cf = 0.9512

Frictional resistance, Fs_2 = 794.8479 KN

Layer 3

Using Nordlund Method

Depth to mid layer, zmid = 11.25 m

Average effective stress mid layer, 00_avg = 172.4775 KN /m?
Soil-pile frictional angle, & = 30.3827 degrees

Coefficient of lateral earth pressure, kd = 2.1086

Correction factor for kd, Cf = 0.9277

Frictional resistance, Fs_3 = 121.502 KN

the pile total frictional resistance, Fs = 1127.78937280991 KN

Calculating tip resistance

Using Nordlund Method

Effective stress at pile tip a0_ttip = 150 KN /m?

Bearing capacity factor, N'q = 80.4049

Bearing capacity correction factor, at = 0.743

Calculated tip resistance, F_t = 1135.6394 KN

Limiting tip resistance, Ft_L = 913.109

Calculated tip resistance is greater than limit tip resistance, use limit tip resistance
The pile tip resistance = 913.109

The pile total axial capacity = 2040.8983

In the 3d view port you can find a 3d illustration of the pile which can be used in reports to specify and
emphasize some aspects of the design.

Example 3.2. Axial capacity of pile embedded in cohesive soils

A pile is embedded in layers of cohesive soils which properties are shown below

t type Cu '
meters KPa KN/m?
3 Cohesive 25 16
7 Cohesive 40 17
>10 Cohesive 90 18

The pile is precast concrete pile that is 20 meters in length and 457 mm in diameter. Water table was
found 3 meters below ground level. Now, let’s calculate the pile capacity. The layers information table
should look like

— Soil Isayers
t ¥ Type ¢ [ OCR
(KPa)
16 Cohesive T |25 0 1
17 Cohesive - |40 0 1
15 18 Cohesive - 190 0 1
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The surcharge and water table are set to zero and 3 respectively as

Surchage 0 KN/m?

Water table at  1000] m

The alpha method was chosen as the method of calculating pile frictional and tip resistance.

Method of calculating frictional resistance of cohesive soils |0| - method v |
Method of calculaitng frictional resistance of cohesionless soil |N0rd|und, 1979 v |
Method of calculating tip resistance of cohesive sails |0 - method ~ |

Method of calculaitng tip resistance of cohesionless soil |N0rd|und, 1979 ~ |

Finally, the pile properties are inputted into the program as

r Pile setup

Precast concrete pile  Pipe pile Steel H pile

© Circular () Square

D 0457 m L D

L 20 m

Clicking the calculate button, the program log is as

Soil layers

t y type C (0) OCR
3 16 Cohesive 25 0 1

7 17 Cohesive 40 0 1

15 18 Cohesive 90 0 1

Circular concrete pile
Length, L=20m
Diameter, D = 0.457 m
Pile tip area, Ap = 0.16 m?
Pile perimeter, p=1.44 m

Soil layers at side of pile for frictional resistance:

t v type C (0) OCR
3 16 Cohesive 25 0 1
7 17 Cohesive 40 0 1
10 18 Cohesive 90 0 1
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Soil layers below pile for tip resistance:
t Y type C (0) OCR

5 18 Cohesive 90 0 1
Calculation of frictional resistance

Layer 1

Using Alpha Method

Soil-pile Adhesion factor = 0.8729 m
Soil-pile Adhesion = 21.8234 KPa
Frictional resistance, Fs_1 =93.996 KN

Layer 2

Using Alpha Method

Soil-pile Adhesion factor =0.7365 m
Soil-pile Adhesion = 29.4604 KPa
Frictional resistance, Fs_2 = 296.0761 KN

Layer 3

Using Alpha Method

Soil-pile Adhesion factor = 0.505 m
Soil-pile Adhesion = 45.4517 KPa
Frictional resistance, Fs_3 = 652.5533 KN

the pile total frictional resistance, Fs = 1042.6254 KN
Calculating tip resistance

Using alpha Method

Calculated tip resistance, F_t = 132.864 KN

The pile tip resistance = 132.864

The pile total axial capacity = 1175.4894 KN
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3.2. Axial capacity of Drilled shafts

v

Drilled shafts are large diameter pile foundations that are drilled into the ground. Their geometry can be
unform or they may have enlarged bases for added strength and stiffness. The load capacity of drilled
shafts is the sum of the frictional resistance of the soil along the side of the shaft and the tip resistance of
the soil below the base of the drilled shaft.

The frictional resistance of a drilled shaft in cohesionless soils can be calculated as

fs = k 7, tan(0.7 ) (3.10)
Where k is the lateral earth pressure coefficient of soil around the drilled shaft, o, is the average effective
stress on the layer the frictional resistance is calculated at, ¢ is the layer friction angle.

The frictional resistance of a drilled shaft in cohesive soils may be calculated as

fs=acy (3.12)
where «a is the adhesion factor of the clay material. The frictional resistance calculated using equations
3.10 and 3.11 are done layer by layer and multiplied by the shaft side area. It should be noted that in
cohesive soils design codes require that a lower portion of the drilled shaft that is equal to the diameter
of the shaft not to be included in the calculation of the frictional resistance of drilled shafts. In belled shaft
this portion begins above the belled depth. See figure below

A

In the program a layer input with zero ¢, can be used to reflect this.

The tip resistance of a drilled shaft in cohesionless soil is calculated as
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Ft = Ap * (O-Otl'p * (Nq — 1) * FqS * qd * Fqc) (312)
Where A, is the shaft base area, 901y is the effective stress at the level of the shaft tip, N, is a bearing

capacity factor, Fyg,

For cohesive soils, the tip resistance is calculated as

Ft = Apc, N. whenL/D, = 3

Fqa, Fyc are shape, depth, and compressibility factors respectively.

(3.13)

Ft = A, * (0.67 x (1 + (1/6.0) x (L/Dy))) * ¢, * N, otherwise (3.14)

The geotechnical desktop module for calculating the capacity of drilled shafts is shown below

— Soil Isayers
c Es
t Y Type (kpa) ¢ ®pa) OCR
Surchage 0 KN/m? Water table at m
L Q+Ol
— Shaft setup L =
Straight shaft Belled shaft
D N— D
. <
Steps Module input General guidelines

Enter Layers parameters

— Soil lsayers

©
' Y Type (KPa)

Es
¢ (KPa)

OCR

in this table the soil layers information are
inserted in the program. t is the thickness
of the soil layer, y is the unit weight, type
is set for cohesive or cohesionless soil, c is
the cohesion, ¢ is the friction angle of the
soil, Es is the modulus of elasticity of the
soils, and OCR is the overconsolidation
ratio. Note that for cohesionless soils, the
cohesion can be set to zero because it is
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— Soil lsayars

not part of the calculation process, even if
the layer is a base layer below the shaft
base. In cohesive soils, the friction angle
can be set to zero because it is not part of
the capacity calculation process. Also, the
OCR is not needed for cohesive soils and
can be set to 1 an it wont affect analysis.

R e © Es
¥ P Pz ¥ (KPa)

Enter surcharge and Surchage 0 KNI Watertableat 1000 m The surcharge is used to define additional
water table level soil weight that is not accounted for in the
soil layers table. This is useful when shafts
are embedded below ground level. The
properties of the soil layers surrounding
the shaft are entered in the table and the
weight of the soil till the level of the pile is
entered as a surcharge.

_ Shatft setup

Enter shaft properties e — Two options available. Straight shaft
where the length and shaft diameter are
needed. Belled shafts with enlarged bases

[i :7 - ° require two additional parameters, the
base diameter and the bell length.
— Shaft setup
Straight shaft Belled shaft
D m
L m L D
L m L _
D' m ]L‘
=

Example 3.3. Shaft capacity in cohesionless soil

An 8 meters belled shaft is drilled into 2 layers of sand. The shaft diameter is 1 meter. The belle diameter
is 1.75 meter and the bell length is 1.75 meter. The properties of the soil are shown in the table,

unit

t weight type & E
meters KN/m? Kpa

6 16.2 Loose Sand 18 12000

5 19.2 Dense Sand 36 50000
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The first step is to define the soil layers in the module. The soil layers table should look like

— Soil Isayers
c Es
t Y Type (kPa) ¢ (kpa)  OCR
16.2 Cohesionless - |0 18 12000 1
192 Cohesionless - |0 36 50000 1
Now, the surcharge and the water level are inputted as follows,
Surchage 0O KN/m2  Water table at 1000 m

As shown, the surcharge is set to zero and the water table level is set to 1000 meters below ground

surface indicating dry soil.

Finally, the drilled shaft info is inputted as follows

— Shaft setup

Straight shaft Belled shaft

D 1 m

L 8 m L

L' 175 m _

D 175 m TL'

A
o

After clicking run, the program log will be
Soil layers
t Y type C [0) Es OCR
6 16.2  Cohesionless 0 18 12000 1
5 19.2  Cohesionless 0 36 50000 1
Belled shaft

Length,L=8m
Diameter,D=1m

Bell Length, L'=1.75 m
Bell Diameter, D'=1.75 m
Shaft tip area, Ap = 2.41 m?
Shaft perimeter, p =3.14 m
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Soil layers at side of pile for frictional resistance:

t Y type C (0) Es OCR
6 16.2  Cohesionless 0 18 12000 1
2 19.2 Cohesionless 0 36 50000 1

Soil layers below pile for tip resistance:
t y type c [0} Es OCR

3 19.2 Cohesionless 0 36 50000 1

Calculating skin friction

Layer 1

Cohesionless soils

Depth to mid layer, z_mid =3 m

Average effective stress on layer, sO_avg = 48.6 KPa
Lateral earth pressure coefficient, k = 0.691
frictional resistance, F_s1 = 141.4926 KN

Layer 2

Cohesionless soils

Depth to mid layer, z mid =4 m

Average effective stress on layer, sO_avg = 64.8 KPa
Lateral earth pressure coefficient, k = 0.4122
frictional resistance, F_s2 = 78.9764 KN

Total frictional resistance, Fs = 220.469 KN
Calculating tip resistance

Calculating tip resistance. Cohesionless soil
Effective stress at shaft tip 00_tip = 135.6 KN /m?
Bearing capacity factor, Ng = 37.7525

Bearing capacity factor, Fqs = 1.7265

Bearing capacity factor, Fqd = 1.3347

Bearing capacity factor, Fgc = 0.9629

Critical rigidity index, lcr = 134.3291

Rigidity index, Ir = 200.599

Reduced rigidity index, Irr = 124.4389

Soil Poisson's ratio, us = 0.265

Calculated tip resistance, F_t = 26596.6115 KN
The shaft tip resistance = 26596.6115 KN

The shaft total axial capacity = 26817.0805 KN
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Most of the shaft capacity comes from tip resistance with minimal contribution from the side frictional

resistance.

Example 3.4. Shaft capacity in cohesive soil

A 10.82 meters straight shaft is drilled into cohesive soil layers. The shaft diameter is 1 meter. The soil is 2
layers of clay with undrained cohesion of 50 and 108.75 meters respectively. The thickness of the first layer
is 8.23 while the thickness of the second layer is 4 meters. To calculate the capacity of the shaft we begin
by inputting the layers properties. The layers table should look like

— Soil Isayers
t s Type ?KPa) [} I(EKSPa) OCR
8.23 18 Cohesive - |50 0 12000 1
1.59 21 Cohesive - 11085 0 50000 1
b 099 21 Cohesive - 0 0 o |
24 21 Cohesive - 1108.5 0 50000 1

Note that the last layer was divided into 3 parts. On part starting from the start of the layer to the base
of the shaft — 1 m. this portion will contribute to frictional resistance. The second part is 1 m thick and is
extended till the base of the pile. This part will not contribute to frictional resistance, so the cohesion is
set to zero. Final portion is the layer extension from the pile base to a the end of the layer. This part by
default will contribute to the shaft base resistance.

The modulus of elasticity is assumed from practice, while the OCR is inferred as nothing was
mentioned about the over consolidation. Next the surcharge is set to 0 and the water table at ground

level.

Surchage O KNim?  Watertableat 0 m

Final step is the shaft information and are set as
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_ Shaft setup

Straight shaft Belled shaft

L 1082

The program log is

Soil layers

t Y type C [0) Es OCR
8.23 18 Cohesive 50 0 12000 1
1.59 21 Cohesive 1085 0 50000 1
099 21 Cohesive 0 0 0 1
2.4 21 Cohesive 1085 0 50000 1
Straight shaft

Length, L=10.82 m

Diameter, D=1m

Shaft tip area, Ap = 0.79 m?

Shaft perimeter, p =3.14 m

Soil layers at side of pile for frictional resistance:

t Y type C (0) Es OCR
8.23 18 Cohesive 50 0 12000 1
1.59 21 Cohesive 108.5 0 50000 1
099 21 Cohesive 0 0 0 1
0.01 21 Cohesive 108.5 0 50000 1
Soil layers below pile for tip resistance:

t Y type C (0) Es OCR
239 21 Cohesive 1085 O 50000 1
Calculating skin friction

Layer 1
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Cohesive soil
soil-shaft adhesion factor, a = 0.71
Frictional resistance, Fs1 = 917.863417636062 KN

Layer 2

Cohesive soil

soil-shaft adhesion factor, a = 0.4404

Frictional resistance, Fs2 = 238.692397873343 KN

Layer 3

Cohesive soil

soil-shaft adhesion factor, a = 1
Frictional resistance, Fs3 = 0 KN

Layer 4

Cohesive soil

soil-shaft adhesion factor, a = 0.4404

Frictional resistance, Fs4 = 1.50121004951785 KN

Total frictional resistance, Fs = 1158.057 KN
Calculating tip resistance

Calculating tip resistance. Cohesive soil
Bearing capacity factor, Nc = 8.1569

Rigidity index, Ir = 169.5297

Calculated tip resistance, F_t = 695.0983 KN
The shaft tip resistance = 695.0983 KN

The shaft total axial capacity = 1853.1553 KN

resistance, ¢, = 0

]/This part doesn’t contribute to frictional
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3.3. Lateral Capacity of piles & Drilled Shafts

N

The lateral capacity of driven piles and drilled shafts is calculated using Brom’s Charts (Brom, 1965). Those
charts distinguish between short pile and long pile failure mechanisms. The method also distinguishes
between cohesive and cohesionless soils. Also pile boundary conditions such as fixed head or free head
are considered in Brom’s Charts. The window for the Geotechnical Desktop module for lateral pile capacity
calculations looks like

Precast concrele pile Pipe pile Steel H pile Straight shaft Belled shaft

O circular () Square
D m
L m L D
Ep KN/m?
Fy KN/m?
Sp m*
Ip m#
Head type
© Free head () Fixed head s i >
e m

Cohesive soil  Cohesionless soil

qu KN/m? KN/m®
© Estimated kh au
() custom Kh

Kh KN/m#
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Steps Module input General guidelines
Choose pile geometry, precastonciets pk [P e pieR S el pieJ E o e Do S Available options for circular and square
material and define the O ot sare precast concrete piles, steel H piles, steep
geometry e pipe piles, straight shafts and belled
E: B :N/mz L ° shafts.
Fy  KNm?
sp o
Ip mé
Choose boundary Choose if pile head is free to move at
conditions Head type ground surface. If this is the case a value of
O Freehead O Faced o T eccentricity is needed. The pile can be
e m fixed where head movement is restrained
at the ground surface.
Head type
() Free head © Fixed head
Choose soil type and Choose the soil type. If the pile is
enter soil properties Cahestve 20l | Cohesiorloss sod embedded in cohesive soils, enter the
W ke K unconfined compressive strength, and
© Cetmatn a choose if the subgrade modulus is to be
Fop— calculated by the program or is it an input
o - by the user.
if the soil is cohesionless enter its unit
weight, the friction angle. Also choose if
Gohesie sai Cofosirloss sol the subgrade modulus is to be calculated
sordenay [ <] automatically by the program or a user
e % v . input value.
© Estimatedkh v
[T Pile extends below water table
) custom Kn
Kh KN/m?

Additional tips

The value of the subgrade modulus, kh
doesn’t influence the capacity. It
influences whether the piles are short or
long. Most piles would be long. To force
analysis to check short pile you can reduce
the value of kh until the pile is short.
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Example 3.4. Analysis of laterally loaded pile in cohesionless soils

A free headed 25-m long pile is fully embedded into cohesionless dense soil. The pile is a Steel H pile
(H250x85). The modulus of elasticity of the pile is 207 X 10°KN/m? and its yield strength is
248 x 10% KN/m?. The moment of inertia of the pile is 123 X 10~®mm* and a section modulus of
9.7 x 10™*. The soil has a frictional angle of 35°, a subgrade modulus of 12000 KN/m3, and a unit
weight of 18 KN /m3.

To solve the example the properties of the pile are inputted into the module. The pile properties section
should look like

Precast concrete pile Pipe pile SteelH pile Straight shaft Belled shaft

D1 0.085 m
D1

D2 0250 m

L 25 m }

- L

Ep 20766  KNm? D2
Fy 248e3 KN/m?2 j
Sp 9.7e-4 m®

P 123e-6 mé

(] load parallel to flanges

Now the head conditions is set as
Head type

O Free head () Fixed head
e 0 m
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Finally, cohesionless soil is chosen and the property of the soil are inputted as

Cohesive soil Cohesionless soil

Sol density

0]
¢ 35 y 18 KN/m? v

() Estimated Kh

Pile extends below water table

© customkh
Kh 12000 KN/m?®

Once the calculation button is clicked the program log would produce the calculation report

Steel H pile

Flange width, D1 = 0.085 m

Web length, D2 =0.25 m

Width = 0.085 m

Length=25m

Modulus of elasticity, Ep = 207000000 KN/m?
Yield strength, Fy = 248000 KN/m?

Section modulus = 0.00097 m3

Moment of inertia = 0.000123 m*
Cohesionless soils

Friction angle, ¢ = 35 Degrees

Unit weight, y = 18 KN/m?

Subgrade reaction modulus = 12000 KN/m?3
Free head pile with eccentricity, e =0 m

Calculation of the lateral capacity of the pile
Free head pile

Cohesionless soil

resisting moment of the pile, My = 264.616 KN.m
Subgrade reaction modulus, kh = 12000 KN/m3
Passive earth pressure coefficient, kp = 3.6901
factor, n = 0.8603

n*L=21.5081

n*L>4.0, Pileis long

FL/(kp D®y) = 715.2921

The pile lateral capacity, FL = 29.1783 KN
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3.4. Non-Linear load settlement curve — Reese & O’Neill method

|

This module is based on Reese & O’Neill (1989) dimensionless charts method. It is a very simple empirical
method used to calculate pile load settlement behavior based on soil type, pile gecometry and the frictional
and base resistance of the pile. The window of the program is straight forward and looks like

Precast concrete pile Pipe pile SteelH pile Straight shaft Belled shaft

© circcular () Square

D10 m L D
L 20 m
Fs 800 KN
Ft 1200 KN
— Soll
© Cohesionless soil () Cohesive soll

Gravel % 25

Log Table Curve

1409.5759
1127.66072
845.74554
563.83036
281.91518

0-
0 0.39 0.78 117 1.56 1.95

displacementin cm

Load in KN

The upper section is for pile geometry definition, mid part is for soil properties, and the bottom part is
where the chart of load settlement of the pile is plotted and the log of the calculations. A table of the load
settlement curve points is also available for the user.

3.5. Non-Linear load settlement curve — Poulos method

The method is more rigorous than the one presented in section 3.4. It requires knowledge of the modulus
of elasticity of the soil along the pile length and at the base of the pile. Distinction between floating and
end bearing pile is also considered. In addition, compression of the pile material is also considered. The
theoretical basis of the method assumes that the pile load-settlement curve is the sum of two curves:
load-settlement of the pile until frictional resistance is fully utilized and load settlement until pile full
capacity is utilized as shown in the figure below:
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Pile capacity is fully utilized —

Load in KN

Pile frictional resistance is fully utilized

Displacementin cm

4. Seepage towards subsurface drainage

Appendix A: Regression Lines of trained Neural Networks

Here, the regression line of the various trained neural networks is given. The factors, the module it is
calculated in, and the regression line are shown in table A1l.

Recommendations:

1- Always validate and verify the results of predicted by Al (tagged Generated by Al).

2- Data used in Neural networks should not exceed ranges used in training (see corresponding references
where charts and tables were taken from and used for training).

3- Quality of predictions of data used in training is not indicative of quality of outputs using other inputs.

4- The software is set up so that if the feature (input) factor are above the training limits, the program
will ignore the actual factors and use the limit values.

Factor Symbol Used in Actual vs. Predicted Range of Data
(Reference) Module/s
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Theory and Geometry

D
In;]udence of . I;948 0< s <2
ememc.enton (Fox, ) I - B
elastic L_
settlement - . 1< £ <5
10 —» B
e
0.80 2 0<u;<05
- /
) £ 060 /
Fioundation settiment < A
an elastic hal-space - i
D’)f\
0.00
047 067 087
Predicted
Gibson soil IG 0.01 <p <100
influence factor (Mayne & Poulos, 1999) Y R 120
H
on settlement 02<2 <30
1.00 = B,
080 - - g= E,
’ " " k*B,
g 0.60 - o
Foundation settlement 040 —4]
on Gibson soils
020 - -
7
//
0.00
0.24 0.44 0.64 0.84
Predicted
Vertical stress Ac/q 0<2x/B<2
calculation 120
under strip load q: strip pressure 0<2z/B<5

Aoc:increase in stress at
point of interest
(Das, 2019)

Consolidation settiment
of mulilayered clay

Actual

ol

0.00 7
0.00 0.20 0.40 0.60 0.80 1.00
Predicted
- B >
i | I [ <} g = ot porunit area
¢
le—nidrfe—
’
[« x—r >
.4
x
A
vz Ao
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Vertical stress
below circular

A +B
(Das, 2019)

0<s/b<14

120
area 0<2z/b<10
100 5
0.80 = el
- o
_ 060 Z
* o040 et
Consolidation settiment om0 -
of mulilayered clay 7
0.00 /
020
0.00 0.20 0.40 0.60 0.80 1.00
Predicted
-§————0
Load = ¢ per unit area l‘_ b—»f
|
| T
|
|
| z
[e———s——>e l
y 4
Vertical stress IC 0<L/B<10
below the (Das, 2019) L A R 1.00 ~
center of a e 02<z/(B/2) <10
rectangular 0380
area A
0.60 - -
= 7
3z v.
0.40
Consolidation settiment rd
of mulilayered clay 929
0.00
0.02 0.22 042 0.62 0.82
Predicted
.
A,
Ae
T_\rr
seepage a
towards (REF, YYYY)

drainage pipes
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Flow to subsurface
drain pipes in top layer
of the interface of two

layers

Flow to subsurface
drain pipes in top layer
of the interface of two

layers

Frictional
resistance of
cohesionless

soils

Ks

(Nordlund, 1963 &
Nordlund 1979)

Auial capacity of driven
pile

25° < ¢ < 40°

0.0093 <V <0.93
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Frictional
resistance of
cohesionless

Cr
(Nordlund, 1963 &
Nordlund 1979)

o

0° < ¢ < 50°

02 < §/p < 14

soils — i /
=
2 o0 o
<< e
0.40
Auxial capacity of driven 5%
pile
0.00
0.20 0.40 0.60 0.80 1.00
Predicted
l—‘r—v
N en ENY:
L dred
D Ad] |
8
P |
ERTII I
I
(1]
ofiinx Crm%c,mm.mmm
Frictional 5/b 0.0 <V <0.25
resistance of (Nordlund, 1963 & 1 080 =
cohesionless Nordlund 1979)
soils
0.60 =
ER
= -
Axial capacity of driven -
pile
0.00
034 044 054 064 0.74
Predicted
Q,

-
a=Skic,p B0l a)

Caddta Nap,
cosm
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Tip resistance of

a; 15° < ¢ < 45°
cohesionless (Nordlund, 1963 & ) 1 20 <L/d <45
soils Nordlund 1979)
0.8 3
=T
"'J‘
o
0.6 e
E e
kS o
0.4 =
fyial capacity of driven e
pile 024
0
0.17601659 0.37601659 0.57601659 0.77601655
Predicted
Tip resistance of Ny 15° < ¢ < 45°
cohesionless (Nordlund, 1963 & i 12
soils Nordlund 1979) '
1
0.8
ERY -
£ o
Auial capacity of driven 04 =
pile
021"
0
0.210280389099855 0.610280399099855
0.410280399099855 0.810280399099855
Predicted
Tip resistance of q. 30° < @ <45°
cohesionless (Nordlund, 1963 & T 12
soils Nordlund 1979)
1
08
06
Auial capacity of driven
pile 04
0.2
0
0 0.2 04 06 08 1 12
Frictional ks 30° < ¢ < 36°
resistance of (Coyle & Castello, 1981) 1 2
cohesionless 1
soils ="
. e -
==
= —/%’
R
e ] =
04
Axial capacity of driven
pile 02
0 51391‘1713?534694 0.7109171876846% 0.910917187684684
0.610917187584654 0.810917187584694
Predicted
Tip resistance in N, 32° < @ <40°

sand
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1
0
2
04
02
Awial capacity of driven -
pile EpeiieipiieiiEil
Predicted "
Frictional a 0.1 <¢,/100< 2.8
resistance of (Terzaghi, XXXX) T 120
cohesionless
soils Ll
0.80
g 0.60
2
. . . 0.40
Awial capacity of driven
pile 0.20
0.00
0.34 074
Predicted
Load Bo 0<L/d <50
displacement (Poulos, XXXX) T 120
curve of piles 1<d,/d<3
(Poulos, XXXX) — 100
_:'r 0.80
ERT) -~
g
Mondinear 0.40
load-displacement
curve (piles + Shafts) 0.20
0.00
0.04 0.44 0.64
Predicted
Load Cy 5<L/d<75
displacement (Poulos, 1972) 120
curve of piles ! 1<E,/E; <1000
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Jl'. ~ / s
2 oe0
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load-displacement
curve (piles + Shafts) 0.20
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Load
displacement
curve of piles
(Poulos, 1972)

Ry,
(Poulos, 1972)

0<h/L <64

1<L/d <50
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