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NATIONAL TECHNICAL UNIVERSITY OF ATHENS

Abstract

School of Civil Engineering

Geotechnical Department

Inverse analysis of the nonlinear response of laterally loaded pile

by Konstantina S.Zolota

Aim of thesis is the calculation of soil parameters, required for designing pile founda-
tion under lateral load, with speed and acceptable geotechnical accuracy, utilizing the

respective incremental static in-situ load test.

Towards this achievement, algorithm was designed, which, given the pile’s response,
calibrates the soil parameters, converging the reproduced response into the given, by
inverse analysis. This algorithm is based on the phenomenological Winkler-type consti-
tutive model BWGG, that considers the inelastic behavior of both soil and pile. The
model was reformulated with Implicit Finite Difference equations, for the purpose of

compatibility with the optimization techniques.

The technical adequacy of the algorithm was verified using as input source, the
feedback results. The physical accuracy was validated by the satisfactory convergence of
calculated response into the results of finite element analysis, monotonic static load test,

with the soil described by the constitutive model Hardening Soil.

Keywords: pile, lateral load, inverse analysis, calibration of soil parameters, BWGG,

soil and pile inelasticity, algorithm design
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[epidihn

Yyohry Hohtixwv Mrnyavixov
Tougag INewteyvinrc

Avtiotpoen ardAvon Tng MN-yYpapMIKNS ATOKPloNS TATodAov o€

eykdpoia @opTion

e Kwvotavtivag 2. Zolota

Y160 tne epyaoiog amotehel 0 UTOAOYIOUOC TWV EBAUPIXMY TUPHUETOWY, ATUQULTNTLY
yia Tov oyedlaoud Yeyerinong eyxopoine @opTilopévou Tacodhou, UE Tay O TNTA Xl IXOVO-
ToumnTXY) YEWTEY VXY axp{Bela, afloToldVTaG TNV avTioToly N SOXIAC TIXY) EMITOTLO G TUTIXT

eTALENTXY PORTION.

Ity eniteuds tou, oyedldotnxe ahyopriuog, o omolog, dedouévng Tne andxplone Tou
TaoGdhov, Baduovopet TiC EBUPIXES TAPAUETEOUS, CUYXAIVOVTAS TNV AVATOQYUEVT] ATOXELO
oTny dedouévn, e avtiotpopn avdiuor. Autodc o alydpriuog Pactletol 0T0 PUVOUEVORO-
Y6 EAATNELWTO xaTac TaTind Tpocopoiwpa BWGG, mou Yewpel avehaotiny| Tn cupnepipopd
eddpoug xau macodhou. To mpocopoiwpa enavadtatunwinxe pe edionoelg Hlencpaouévenv

Awpopwy ‘Eupeong popghc, yia Adyoug ouufatdtntag Ue Tig TeYVIXEC Behtio Tomoinong.

H teyviny) aptiotnta tou adyopiduou enaAnUedTnxe yENOHOTOLOVTIS, WS TNYT 6ed0-
uévwy, to anoteAéopata avatpogoddtnone. H guowi opddtntd tou emxvpwinxe and tnv
IXOVOTIOLNTIXT) GOYXALGT] TV UTOAOYIGUEVGDY XOUTUAMY ATOXELOTG OTA ATOTEAECUATO OVIAU-
OTNC MENMEPAUCUEVODY GTOLYEIWY, LOVOTOVIXTC OTATIXNG QPOPTIONG, UE EDOPOC TTOL TEPLY PAPETOL

amd To xuTacToTNd Tpocopoiwua Hardening Soil.

A€Zeig Khewdid:  ndooahog, eyxdpata gopTion, avtioTpogn avdiuon, Baduovéuncn eda-
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Chapter 1

Introduction

(7 ~ 7 ~ \ 2 ’ ”
mdvta pel, Tdvta ywpel kai 000€y uével
(i.e. there is nothing permanent except change, free translation)

Heraclitus, (4th century)

“ce que mous connaissons est peu de chose; ce que nous ignorons est
immense”
(i.e. what we know is little; what we do ignore is immense)

Pierre-Simon Laplace, (1827)

Fluidity and uncertainty in soil behaviour, in the theories that describe it and in
the choice of their parameters, are granted in geotechnical engineering. Thus, inverse
analysis of in-situ tests, which calibrates soil constitutive models’ parameters and verifies

their results, is critical.

In this thesis, aim is the optimization of the soil’s parameters in pile design, so that
their use predict the real pile response, through inverse analysis of single-pile, statically
icremental, lateral load test, considering the nonlinearity of both soil and pile. Towards
this achievement, algorithm was designed, based on the phenomenological Winkler-type
constitutive model BWGG, reformulated with Implicit Finite Difference equations, and

embodied with a, derivative-free and MATLAB codified, local minimizer algorithm.



2 Introduction

Thesis layout follows, summarizing the content of the chapters and apprendices:
Algorithm Design Algorithm design process and content, along with the asumptions,
delimitatins and limitations made, of which the awarenessis is crutial.

Algorithm Evaluation The two phases of evaluation. First, its technical adequacy’s

verification and, afterwards, its physical accuracy’s validation.
Conclusions Summary of work and proposals of furure relatives themes.
Matlab Code The codified algorithm in MATLAB language, along with a brief guide.

Finite Elements 3D analysis The analysis used in validation process. Results’ report

and figures.



Chapter 2

Algorithm Design

The algorithm design consists of two parts: designing the forward analysis algorithm and

designing the analysis inverse algorithm.

The first is the algorithm of solving the classical laterally loaded pile problem: given
the lateral load, and estimating the soil reactions, pile’s response is computed. The second
allows the inverse process: given pile’s response, and the lateral load, parameters that
govern the soil reactions are computed, based on the forward analysis and optimization

technics.

The codes utilize the phenomenological constitutive model BWGG [1-4] , since it
allows the nonlinearity of the soil and the inelasticity of the pile to be expressed in a
synoptic, clear way (see p. 7). This constitutive model was implemented through implicit
finite-difference equations, as described in the first section of the chapter. Crutial is the

awareness of the asumptions, delimitatins and limitations made (section 2.3).

2.1 Forward Analysis Algorithm

A laterally loaded single pile is a soil-structure interaction problem, since the soil reaction
is dependent on the pile movement, and the pile movement is dependent on the soil
reaction. The solution, i.e. the computation of pile’s response, must satisfy a nonlinear

differential equation as well as equilibrium and compatibility conditions.

In the next paragraphs, a brief background theory on the governal differential equation
is presented. Then, n pile’s nodes and ¢ iterations are intoduced, dicretizing the pile
and the loading in smaller elements and steps, respectively. Afterwards, implicit finite-

difference equations [5] describe the governal differential equation and the boundary



4 Algorithm Design
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FIGURE 2.1.1: Laterally loaded pile problem

conditions. Nonlinearity of pile and soil is, then, added, using the BWGG model. Finally,
all the equations are summerized in a system. The overall process of the algorithm,

though, is better understood in the flowchart fig.2.1.5.

The governal equation The differential equation is created from the pile’s considera-
tion as an elastic, initially, beam and the soil reaction as the distributed load along the

beam, derived by Hetenyi (1946) [6]).

This equation can be obtained by considering moment equilibrium of the infinitesimal
element of pile length (dz)( as shown in figure .2.1.1), and by calculating the bending
moment M, as integral of the normal stresses, o, acting within the cross section of area

A (M = [,o.ydA). Its final expression is the eq.2.1.1.

2 2
0 <EIa y> +p=0 (2.1.1)

022\ 922



2.1 Forward Analysis Algorithm

M=EI%Y
Q=4
g=—52 = 5H
p=—q

Dicretizion of pile and loading: n nodes, i iterations

Pni = kn iYn,i
b b

2 2
0= (Elay>+k:y

T 02 022

O*EI 9%y oty
=20 pr (2 vk

022 022 * (824) Ry
A ELi1i—=2FLyi+Elni1i\ (Yn—1i — 2Yni + Ynt1,

Az? A2
+EIn7Z <yn2,i — 4y”*1ﬂ' i 6Ay"z — 4yn+1’i i yn+2,i> + k’n,iymi
z
kn Az
S 0=yn—2i+Yn-1i(—4+t1) + yni(6 + —2 —2t)
EL,;

Fnt1,i(—4 +t1) + Ynto,i

By 1 —2FEL i+ ElLyy
whereas ¢ = oI
n,i

(2.1.2)

(2.1.3)
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Boundary conditions
Head of Pile 2z = zpcqq = 0 < node = 3!

b Q = F)lateral load

oM
p=""
0z

_ |0 0?

_ |oEr 82 93
= [BEgr e (52)]

(Bl —ElL\ (Y2 —2y3i + Y
- 2Az Az2

—Y1,it Y2 — Y45 T Y5,

EI . ’ ) ) 5

+ 3,3 ( A3 )

P2A 3
= —Y1i + y2:(2 + t2) + y3,i(—2t2)
Els;

FYa,i(—2 4 t2) + s, (2.1.4)

_ Ely; — El;

whereas  tg9 = ol
3i

o=[(er5)] .,

< 0=y2i —2y3i + Ya, (2.1.5)

Pinpoint of Pile 2z = zy.qq = L < node = NumLayers = nn — 2
e Q=0

o=[(er5)].,

0= —Ynn—4, T 2ynn—3,i - 2ynn—1,7j + Ynn,i (216)

0=[(er5)].,

< 0="Ynn-3i — 2Ynn—2,i + Ynn—1, (2.1.7)

'Physical nodes’ number = pile’s layers’ number (NumLayers). Whilst, total number of nodes
nn # NumLayers, but nn = NumLayers + 4, since 4 plasmatic nodes are created (see last assumption
on p.13)
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Non-Linearity Using the BWGG model, whose parameters n,a, b, g control the p-y
curve (figures 2.1.3, 2.1.2, 2.1.4, [3]). The ¢ parameters define the nonlinear response,
i.e pile’s bending moment M = OszI% + (1 — o) My(p and soil reaction (per length)
p = askey + (1 — as)pyCs.

Pile k:curvature

_ Py
022
Yn+1i — 2Yni + Yn—1,
Az?

drk = Rn,i+1 — Rn,i

K

~
~

dgp _ 1 —1Gp|" (bp + gpsign(dr dGp)
dk Ko
Cp (n,i+1) — gp (n,i) + de

EIn,'L' = apEIO (n,3) + (1 - ap)EIO (n,z){l - |Cp|np (bp + gpS’L'gTL(dK, de) (218)

Soil
dY = Yn,i+1 — Yn,i

% _ 1- |Cs|ns (bs + QSSign(d?/ d(s)

dy Yo
Cs (nyi+1) — Cs (n,%) + dqs

kni = ask, (nq) T (1 —as)k, (n,i){1 — |Cs]™ (bs + gssign(dy d(s) (2.1.9)

Lateral pile displacements in all depths The system of equatations is completed,

in the following page, whereas:

kn,i 2AZ4
b =6+ 5=
t = El, 1 —2EIl; + Elnt;
EL,;
Ely;, — FEly;
fg = — i 24

El3;
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2.1 Forward Analysis Algorithm
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2.2 Inverse Analysis Algorithm

In inverse analysis, constitutive parameter values are optimized in the way that the error/
deviation between the recorded response, by insitu measurements, and the computed

data is minimized. The process is better understood in the flowchart fig.2.2.2.

Output are the optimized parameters: k,, the initial, refference, soil spring stiffness,
m, the power that determines the way soil stiffness differs in depth and is critical [7] to

the pile’s response, n, the BWGG parameter (p. 9) and Py, the ultimate soil reaction.

Optimization technics Unconstrained nonlinear optimization was used, i.e. finding
the minimum of a scalar function (the error) of several variables, starting at an initial

estimate, without the user to define upper and lower limits of the variables.

The MATLAB® function “fminsearch” was selected, which is a local minimize and
uses the, derivative-free, Nelder-Mead simplex algorithm. This function uses the simplex
search method of Lagarias et al. (1998, [8]). This is a direct search method that does

not use numerical or analytic gradients.

The way it operates, in summary, is: If n is the length of vector = (n are the
parameteres to be optimized), a simplex in n-dimensional space is characterized by the
n + 1 distinct vectors that are its vertices.“ In two-space, a simplex is a triangle; in
three-space, it is a pyramid. At each step of the search, a new point in or near the
current simplex is generated. The function value at the new point is compared with
the function’s values at the vertices of the simplex and, usually, one of the vertices is
replaced by the new point, giving a new simplex. This step is repeated until the diameter

of the simplex is less than the specified tolerance”, fig.2.2.1 [9].

Scaling the variables and the subject function was also nessecary for numerical

“equality” [10].

x(n+1)

FI1GURE 2.2.1: A graphical simplified explanation of the calculations that fminsearch
does in the procedure, along with each possible new simplex. The original simplex has
a bold outline. The iterations proceed until they meet the stopping criterion.
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FIGURE 2.2.2: Inverse analysis flowchart
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2.3 Assumptions, Delimitations and Limitations

Assumptions

e Lateral, static and monotonic load of single pile.

e Soil drained, single-layered, homogenous but not uniform, modelised by Winkler-
type nonlinear springs (p = ky, fig. 2.3.1, [6]). The soil spring stiffness (k) is
increased in depth (z ) in an optimum way (k(z) = k"¢/ x 2™, whereas m is part
of the output) and is decreased during the loading stages due to nonlinearity (eq.
2.1.9).

e Pile’s nonlinearity of the flexural stiffness (eq. 2.1.8).
e Free pile head.

e Four plasmatic nodes are created in analysis because of the finite difference method’s
approach of the 4th grade governal equation (eq.2.1.1), two above the head of pile

and two below its pinpoint, with properties of the nearest physical node.

Delimitations

e Cycling loading is not suported. Thus, load-induced anisotropy, seperation (gapping)
of the pile from the soil (figure 2.3.2, [11]) and cyclic strength degration (figure
2.3.3, [1]) are not expressed.

e Dynamic loading is also not supported. Thus, damping (hysteretic and radiation) is
not expressed. The reason of excluding cyclic and dynamic analysis is the reduction
of the parameters that will be optimized. However, the static analysis excludes
the time-domain analysis and, therefore, the explicit expression of finite difference

method, leading to the, more complicate, implicit expression in the design.

e The effect of the pile cross-section shape (Reese and Van Impe, 2001, figure 2.3.4,

[6]) and the surface roughness are not considered.

e Vertical load was from self-weight and was considered negligible.

Limitations

e Quality of the output depends on the quality of the input: the recorded pile

response and the initial estimation of the wanted parameters. The first is affected
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by the type and methology of meusurement instrumentation and the pile’s installa-
tion conditions, for field-harvested data, or by the simulation’s assumptions, for
simulation-harvested data. Due to the local minimizer used in the optimization,
for numerical balance and speed, neccessary is a rational intitial estimation, i.e.

positive parameters within the range of bibliographical records.

Because of the spatial sensitivity of the finite difference method, the pile’s plastic
hinge leads to numerical imbalance, since the part of pile above the hinge deflects,
then, independently and unconnected to the part below the hinge. Thus, the lateral
load could be big enough to provoke inelastic pile response, but not reach ultimate

level.

Due to the macroscopic approach, stresses, strains and the related microscopic

quantities are not computed.

The continuous nature of the soil is not explicitly modeled, since soil is simulated

by a series of nonlinear springs.



2.3 Assumptions, Delimitations and Limitations

Lateral
load

o
i

Incteasing depth, x
Pile——

M MNonlinear =

4] springs
Xn-1 i i >
_W_I ” Pile deflection,y (L)

[-¥ CUrves

Soil-pile reaction, p (F/L)

Xn/

o
LAV v e WL
:.-n.n.u--..,,.',_'_ BN
grmtf Bed i F g
bt R B R
R R
-
S g a R AR s

e,

Y
AL LW L O ]
L LT R T

= i e

) Sand

sofuy M

b Bl (a)Sand {80 (B} Cloy

FIGURE 2.3.2: Pile’s response to cyclic lateral load in cohesion-less (left) and cohesive
(right) soil.



16

Algorithm Design

0.6

Mormakzed soil reaction (P /], |

=1 T T T 1
=6 =3 o 3 L3
Normalized displacement {u/u,)

FIGURE 2.3.3: Hysteretic component of a typical soil reaction on a pile in stiff clay
with gapping effect and stregth deterioration, computed with the BWGG model

' -
e 0T b
v ™~ b
- —-— x
Pa-—-—-—- =~ - lB ST S R €
- -
e —

[ -——
p: — == -I--|:|-I— IB

FIGURE 2.3.4: The influence of pile’s cross-sectional shape on the soil reaction p



Chapter 3

Algorithm Evaluation

The designed algorithm was evaluated in two phases. First, its technical adequacy was

verified and, afterwards, the physical accuracy was validated.

3.1 Verification

Through the verification process, technical adequacy, in terms of performance, stability
and velocity, was examined. Time-consuming functions and code’s “hot-spots”, regions
where high proportion of executed instructions occur, were minimized. Simplicity and
articulacy in the input demand and the output expression were, also, examined. In the
required multiple analyses, pile responses, created with the forward analysis algorithm,
were used as data source. Thus, the ability of adjustment in the unknown soil behaviour

has not evaluated yet,in this phase.

Such an inverse analysis is presented in the following subsections.

3.1.1 Input data creation

Major input of the inverse analysis is the pile’s response to lateral load and soil reaction.

This response, expressed by the curves of load-head displacement (p — y) and depth-
displacement (z — y) , was created by the forward analysis algorithm implementation,

using as input the values of table 3.1.1.
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TABLE 3.1.1: Forward Analysis Input

comet L=24m
& 4 d=1m

pile E =21 GPa
strength My = 4000 kNm

ap = 0.001

kel = 30 MN/m?

k, = ke« depth™ m=1
soil Py =400 kN
n=20.6

as = 0.001
load maximum P =1500 kN
iterations 1000
TABLE 3.1.2: Verification Case Input

geometry L=24m

pile d=1m
E =21GPa

strength My = 4000 kNm

ap = 0.001

kb =100 MN/m?

(initial m = 0.5

soil estimation) Py =500 kN
n=20.5

as = 0.001

analysis’s iterations 1000

pile’s
response

p — 1y curve
z — 1y curve

TABLE 3.1.3:

Verifiation Case Output

OPTIMIZATION results:

The no.l1 Soil Material
The no.l1 Soil Material
The no.1 Soil Material has
The no.l1 Soil Material has
Elapsed time is 145.744490

has
has

n=0.6

Pyo=395.583 kN.

k0o=30000 kN/m2.

power (kx=ko*depth power)=1.
seconds .




3.1 Verification 19

3.1.2 Inverse analysis

When inverse analysis code was executed, using as input the values of table 3.1.2,
the output graphical figures 3.1.2 and 3.1.3 were created, in which blue represent the

calculated and red the recorded, given in input, data.

Synopsis of the optimized soil parameteres, was displayed, then, on the Command
Window of the MATLAB® environment, as showed in table 3.1.3.

3.1.3 Output assessment

Assessing the results, absolute curve fitting and 98% ~ 100% accuracy in defining the
wanted soil parameteres were achieved, as expected by a refeed analysis. Results were
expressed in both, user-friendly, text and graphical way. Analysis lasted less than three

minutes.

Reffering to time, counter is activated, when bottom of the pile’s input dialog
box (figure 3.1.1 ) is pressed, and gets deactivated, when optimization and graphs creation
are completed. Moreover, the code was runned through the CloudFront service of the

NTUA’s Computer Center and, thus, its hardware was used, boosting velocity.

On the other hand, despite of the above good technical results, refeed analyses can
not test the physical accuracy. Thus, additional analysis, using , even simulation’s,

experimental results was imperative and is presented in the following section.

MLpile invarse anlaysis: INPLUT

e

21000000

: _
o

F1GURE 3.1.1: Verification case: Dialog box gathering input
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3.2 Validation

Through the validation process, physical accuracy, in macroscopic terms, was examined.
This accuracy was measured by the fitting rate of the calculated response into the
recorded pile behaviour and by the relationship of the optimized soil parameters to the

parameters proposed in empirical methods.

In situ static lateral load test was numerically simulated in Finite Elements Method
(FEM) software, PLax1S 3D©. The simulation, its result’s implementation into the

inverse algorithm and the output assessemnt are presented in the following subsections.

3.2.1 Input data creation

“Recorded” pile behaviour was created by numerical simulation of the, lateral load, pile

test.

Four materials were defined, fig.3.2.2, detailly reported in Apprendix ??. The Soil
material was following the Hardening Soil constitutive model [12]. The reinforced concrete
Pile was simulated by soil-interface Mohr-Coulomb elements. The Head of the pile was
simulated by plate material and the Inclinometer in pile axis by beam elements, which
modulus of elasticity is the ﬁ of the pile’s modulus, so as not to affect the pile’s

deflection.

In particular for the reinforced concrete pile, concrete was assumed to have character-
istic strength (fcx) 30 M Pa, the steel strength 500 M Pa (S500s or StIV') and the steel
bar section area percentage (p) to be 1.5%. Proposed values, which determine failure
envelope in the M-N space, are the cohesion (¢) 15262 kPa and the tensible strength (o)
7534 kPa [13]. From this envelope, fig.3.2.4, without axial force (N = 0 M N), the yield
moment (M) of the pile is 2200 kNm.

Brom’s method confirmation An interesting notice over the figure 3.2.1, which
showes the soil’s plastic points created during the loading stages, is that the prolongation
of line that delimits the plastified soil, in the side of the passive pressure, leads to the
plastic hinge of pile. This is a confirmation of Broms’ method (1964) over the single,
long, free-head pile in cohesionless soil. According to which, the ultimate soil resistance
develops from the ground surface to the point of plastic hinge, till the depth f [14].
Moreover, at this point the shear is zero and the bending moment is maximum . Thus,
depth f is computed by solving the system of the moments balance and the horizontal
forces balance at the hinge depth, i.e. Hf = M, + %M, H = % (fig. 3.2.3Db,
[15]). In this case, f = 3,2 m (Broms’ method), close to the f = 3,6 m (3D FEM).
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Axial (MN)

TABLE 3.2.1: 3D Finite Elements Analysis Input

¢ L=16m

' geometry de1m
pile

E =25 GPa

strength ¢ = 15262 kPa

oy = 7534 kPa

drained

v =20 kN/m?

soil ¢ = 32°

HS model  EL¢ = 50000 kN/m?

parameters m = 0.5

head plate E =25 GPa

inclinometer beam E =25 MPa

q

Moment{KNm)

FIGURE 3.2.4: M-N failure envelope of the reinforced concrete pile
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3.2.2 Inverse analysis

When inverse analysis code was executed, using as input the values of table 3.2.3, the
output graphical figures, fig.3.2.6 and fig.3.2.7, were created, in which blue and continues
lines (i.e. —) represent the calculated data, whilst the circular red points (i.e. o) and

the broken ( i.e. ——) lines represent the recorded, given as input, data.

Synopsis of the optimized soil parameteres, was displayed, then, on the Command
Window of the MATLAB® environment, as showed in table 3.2.2.

3.2.3 Output assessment

The physical rightness, in terms of the fitting rate of the calculated response into the

recorded pile behaviour, is adequately confirmed in fig.3.2.7.

A numerical assessement could be only indirect, in contrast to the verification case,
since the “correct” soil parameters are not distinctly predictable. To begin with, the soil
spring’s initial stiffness k, is within the, bibliographically proposed, range for cohessionless
materials, and specifically for, relatively dense, sand ([16], combined with the Makris
& Gazetas, 1992, relationship ks = 1.2 E). The exponential power m = 0.5, which
defines the distribution of k£ with depth, seems logical for cohesionless material [7]. The
n = 0.75 for the parameter, that governs the sharpness of transition from the linear to
nonlinear range during initial loading, intuitively only, seems logical. Last but not least,
the ultimate, reference ( when depth z = 1m), soil reaction Py, = 127 kN, is also within
the bibliographical range [11], since 127 = 1.95 tan?(45 + 32)20, using Broms (1964)

expressions.

TABLE 3.2.2: Validation Case Output

OPTIMIZATION results:

The no.1 Soil Material has n=0.75

The no.1 Soil Material has Pyo=127.188 kN.

The no.l Soil Material has ko=53938 kN/m2.

The no.1l Soil Material has power (kx=ko*depth”power)=0.5
Elapsed time is 467.561652 seconds.
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TABLE 3.2.3: Validation Case Input

geometry L=16m

pile d=1m
E =25GPa

strength My = 2200 kNm

a, = 0.001

kel =100 MN/m?

(initial m = 0.5

soil estimation) Py =500 kN
n=20.5

as = 0.001

pile’s (Apprendix B.1.1) p — y curve
response (Apprendix B.1.2 ) Z — 1y curves

NLpile inverse anlaysis: INPUT

25000000

:

FIGURE 3.2.5: Validation case: Dialog box gathering input
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Chapter 4

Conclusions

The calculation of soil parameters, required for designing pile foundation under lateral
load - and specifically of the soil spring’s initial stiffness &, and the exponential power m,
that defines the stiffness’ distribution with depth, of the parameter n that governs the
sharpness of transition from the linear to nonlinear range during initial loading and of
the ultimate soil reaction Py, - with speed and acceptable geotechnical accuracy, utilizing
the respective incremental static in-situ load test, was achieved, within delimitations.
The need of further analyses and more cases, is unquestionable, before more conclusions

are made.

Future Work Working with the same algorithm, more cases, using in-situ archived
data or scaled experiments, could be tested, to determine the full range of its capability,
as well as its boundaries. Otherwise, the elimination of the assumptions, deliminations
and delimitations of this thesis, e.g. (re)designing an inverse algorithm that support
multi-layered soil deposit and dynamic and cyclic lateral load, could be a productive
study field.






Appendix A

Inverse Analysis Algorithm:
Matlab Code

The Inverse Analysis Algorithm implemented into MATLAB® environment, version 8.0
(Release 2012b). The code consists of three .m files: mainiPL.m, funiPL.m, fun2PL.m.
The first one, the script file, should be runned. Its execution cause the other two, function,
files to be called.

A.1 Guidance on input format

As far as input is concerned, the following points should be cosidered:

e Pile’s geometry, ultimate Bending Moment (A,) and modulus of Elasticity, are
gathering from the qraphical dialog box created by promt commands , see figure
3.1.1 on p.19.

e Pile’s recorded responses are gathering in a matrix saved as a .tzt script (see the
load_dispPLAXIS.txt, B.1.1 on p.53). The script’s name should be manually
written in the functions .m files, fun1PL.m and fun2PL.m, completing the load
command of lines 18 and 16, respectively. Matrix format (whereas nL and nR are

the number of pile’s layers and the response’s records, respectively) is:

Y11 Y12 Y1,3 ... YinR

Y2,1 Y2,2 Y23 .- Y2nR

| YnL,1 YnL2 YnL3 --- YnLnR|
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e Pile’s p — y curve is gathering in a matrix, saved as a .tzt script, (see the

load_headDispPLAXIS.txt, B.1.2 on p.54). The script’s name should be manually
written in the functions .m files, fun1PL.m and fun2PL.m, completing the load
command of lines 17 and 15, respectively. Matrix format (whereas nR is the number
of the records, ) is: ) )

Py Ynead

P 2 Yhead,2

_PnR yhead,nR_

Default values are given for the BWGG parameters a; and a, equal to 1%o0(see
2.1.3 on p.9) and the number of iterations used in the forward analysis equal to 1000.
These values can be altered changing the relative commands of the m. functions.
Moreover, default initial estimation is equal to /cgef = 100 MN/m?, m = 0.5,
Py =500 kN and n = 0.5 , which define the start point for the optimization’s
functions, and optimization’s options are, also, set as: toleternce for accuracy equal
to & 1%o0and maximum number of function evaluations equal to 5000. These values

can be altered changing the relative commands of the main1PL.m.
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A.2 Script: mainl1PL.m

Dot To Tt T ToToTohoToToto %ol To TotohTo To %o e To To 16 %o %o To 1o 1o o To To 1o %o o To 1o To o o To 1o

Wk NLPile , MAIN EDITOR "
%% Version:1PL {1 soil LAYER (4parameters)} %%
hh optimum: ko & x=[n*10,Pyo/100,m*10] %Y

ot TotohTotohTotohoTotohTotoloTo %ol Totolo To ToTo To toTo 1o %o To To to To 1o %o To 16 o To 76 %o

clc

%% Input: geometry & strength of PILE

prompt={'Enter in m, the pile"s Length (e.g.L=16):"',

"Enter in m, the pile"s Diameter (e.g.d=1):'...

'"Enter in kPa the pile"s modulus of Elastisity (e.g.E=25 000
000):',...

"Enter in kNm, the pile"s yield Moment (e.g.My=2200):'} ;

title='NLpile inverse anlaysis: INPUT ';

answer=inputdlg (prompt ,title);

b

tic % time is on

profile on

b

L = str2num(answer{1});

d= str2num(answer{2}) ;

Epp=str2num (answer{3}) ;

My=str2num (answer{4}) ;

b

App=pi () *d"2/4;

Ipp=(pi()*d~4) /64;

pile=[L;Epp;App; Ipp;My;1];

b

%% optimization for Ko

version=1;

[x] = fminsearch(@(x) funlPL(x,pile) ,10 );

ko=[0,10000%x];

b

%% optimization for n,py,power

% [kx=(depth power) *Ko]

version=2;

options=optimset ('TolX',0.01, 'MaxFunEvals',5000,'PlotFcns'
,@optimplotx) ;
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[x]= fminsearch(@(x) fun2PL(x,pile,ko,version),[5,5,5],
options) ;

A

%% create graphics

version=3;

f=fun2PL(x,pile,ko,version);

yA

%% output in text format on the Command Window

fprintf ('\n----------"-"-"-"-"-"-----—- D

fprintf ('\n OPTIMIZATION results:');

fprintf ('\n The no.%d Soil Material has n = %.2f .',1,x(1)

/10)

fprintf ('\n The no.%d Soil Material has Pyo = %.f kN.',1,x
(2)*100) ;

fprintf ('\n The no.%d Soil Material has ko = %.f kN/m2.',1,
ko (2));

fprintf ('\n The no.%d Soil Material has power (kx=kox*depth”
power) = %.2f . \n\n',1,x(3)/10);
b

toc ¥ time out

profile viewer
\
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A.3 Function: funlPL.m

function f=funiPL(x,pile)
bt h Tt TotehTotohoTotohoTotohoTotohoTo %ol To %ol To %olo To 1o To To 1o To To %o To To 1o o 1o %o o

% about funlPL(x,pile): %
% Goal: Compute optimum elastic Ko,ref yA
b b
% Input: x=ko*/10000, ko*=initial estimation, %
h [pile]l=[ L ; Epp ; App ; Ipp ; My ;1l, b
% as created from mainiPL.m |, %
% and P-y & pile's respnses (.txt) files, yA
% which 1st respose is elastic %

bt kT Tt h Do Toto %ol ToTotoheTo To %o %o T To 76 %o hsTo To 1o o T To 1o 1o fo To 1o 1o o o To 16 o o To 7o %o o

%% INPUT
b
% Load's input : LATERAL load at
% the head of the pile
load_headDisp=load('load_headDispPLAXIS.txt');
load_disp=load('load_dispPLAXIS.txt');
NumLayers=size(load_disp,1) -1;

ascale=1; % scale factor=ascale
P=load_headDisp(:,1);
dispHeadField=1load_headDisp(:,2);
b
% Interpolation of P-y values
dispHeadField_elastic=dispHeadField (1:2);
dispHeadField=interpl ([0 1] ,dispHeadField_elastic

,[0,0.256,0.5,0.75,1]1) ;
Pelastic=P(1:2); P=interpl ([0 1],Pelastic
,[0,0.256,0.5,0.75,1]) ;
mm=3; Ynumber of points used in analysis
Pmax=P(mm) ; step=Pmax/(mm-1) ;
b
% Materials' input:
materials=[1, 0.5, 0.001, O, 2, 0
2, 0.5, 0.001, 10000*x (1), 1, 100];

NumMaterials=size (materials,hb1);

/A
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% define materials' properties
bl=repmat (0.00001, [NumMaterials ,1]) ;mat_n=bl;nl=bl;a=bl;ko=
bl;Pyo=bl;power=bl;
for i=1:NumMaterials,
mat_n(i)=materials(i,1); Dbl(i)=materials(i,2); a(i)=
materials (i, 3);
nl(i)=materials(i,5); ko(i)=materials(i,4); Pyo(i)=
materials (i,6) ;
end
b
% define x
for i=2:NumMaterials,
x(i-1)=ko(1i)/10000;
end
b
% Pile's input
L=pile (1) ;
nL=NumLayers;
pile=[L/nL;pile(2:end)]"';
pile= [(1:nlL)',repmat(pile,[nL,11)]; % ( NumLayers x 7)
nn=nlL+4; % plus 4 pseudo-nodes;
YA
% [Pile]l= extended matrix of [pilel], (nn x 7)
% (IMAGINARY nodes INCLUDED)
% {#3=head of pile, #(nn-2)=pinpoint of pile=deeper point},
Pile=zeros(nn,size(pile,2));
for i=1:2, Pile(i,:)=pile(l,:);
end
for i=nn-1:nn, Pile(i,:)=pile(nn-4,:);
end
Pile(3:nn-2,:)=pile;
YA
h=zeros(nn,1); Epp=h; App=h;Ipp=h;My=h;
depth=h;lay_matp=ones(nn,1); lay_n=h; wyp=h;
for i=1:nn,
lay_n(i)=Pile(i,1); h(i)=Pile(i,2); Epp(i)=Pile(i,3);
App(i)=Pile(i,4); Ipp(i)=Pile(i,5);
My (i)=Pile(i,6);lay_matp(i)=Pile(i,7);
wyp (i) =My (i) /(Epp(i)*Ipp(i));depth(i+1l)=depth(i)+h(i);
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end
depth=abs (depth-h(1)-h(2)/2); depth(1)=0.01;
EI=Epp.*xIpp;
EIo=EI;
b
% SOIL profile
% soil=[layer #,so0il material ,0CR], (NumLayers x 3)
soil=[1:nlL;repmat(2,1,nlL);ones (1, round(nlL/20)),repmat(1,1,nL
-round (nL/20))]"';
Soil_Input=size(soil,2);
Soil=zeros(nn,Soil_Input);
YA
% [Soil]l= extended matrix of [soill
% (IMAGINARY nodes INCLUDED), (nn x 3)
for i=1:2, So0il(i,:)=so0il(1,:);
end
for i=nn-1:nn, So0il(i,:)=soil(nn-4,:);
end
S0il(3:nn-2,:)=so0il;
b
kx=zeros(nn,1) ;lay_mats=kx; py=kx; % define size
for i=1:nn
lay_mats(i)=80il1(i,2); O0OCR=S0il1(i,3); ims=lay_mats(i);
if OCR ==1,
kx (i)=ko(ims)*(depth(i)); ' power (ims), searching
only the kref;
py (i) =Pyo(ims)*depth (i) ;
else kx(i)=kx(i-1); py(id=py(i-1); % if OCR>1;

end
end
wys=py./kx;
kxo=kx;

hh

% materials properties of each 1layer
bp=zeros(nn,1) ;bs=bp; gp=bp;gs=bp;

np=bp; Ap=bp; As=bp;ap=bp;as=bp;cm=bp;ns=bp;
h

for i=1:nn

im=lay_matp(i); ims=lay_mats(i);
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bp(i)=bl(im); bs(i)=bl(ims);
gp(i)=1-b1(im); gs(i)=1-bl(ims);
np(i)=nl(im); ns(i)=nl(ims);
ap(i)=a(im); as(i)=a(ims);
end
YA
%% w(node ,repetition)=w(i,j): DISPLACEMENTS of each node of
the PILE
YA
w=zeros(nn,mm); curv=w; theta=w; Mom=w;
Shear=w; EIlsaved=w; kxsaved=w;
KK=zeros(nn,nn); F=zeros(nn,1); dw=F;
d2EIsaved=w; zetapSaved=w;
zetasSaved=w;zetas=F;dzetas=F;
zetap=F;dzetap=F; Soil_Reaction=zeros(nn,mnm);
Ksaved=ones (nn,mm) ; EIsaved (: ,1)=EI;go=1;
b
for j=1:mm-1
%» BOUNDARY CONDITIONS
% head of pile (node 3), [ Shear=P;Mom=0]
dEI=(EI(4)-EI(2))/EI(3);
KK(1:2,1:5)=[-1,2+dEI,-2*dEI,-2+dEI,1; 0,1,-2,1,0];
b
% pinpoint of pile (node nn-2), [ Mom=0; Shear=0]
KK(nn-1:nn,nn-4:nn)=[0,1,-2,1,0; -1,2,0,-2,1];
YA
% q= d2(Mom)/dx2= d2(EI* d2w/dx2)/dx2
for i=3:nn-2
Dx4=h (i) "4;
d2EI=( EI(i-1) -2+#EI(i)+EI(i+1))/EI(i);
Ki= 6 + kx(i)*(Dx4) /EI(i)- 2*d2EI;
KK(i,i-2:i+2)=[1,-4+d2EI ,Ki,-4+d2EI,1];
Ksaved (i, j+1)=Ki;
d2EIsaved (i, j)=d2EI;
end
yA
F(l)=ascalexstep *2*x(h(3)"3)/EI(3); % Shear @ node 3 =
lateral 1load
yA
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dw=KK\F;
w(:,j+1) =w(:,j)+dw;
b
for n=3:nn-2,
theta(n,j+1)=(w(n-1,j)-w(n+1,3j))/ 2/(h(n));
curv(n, j+1)=(w(n+1,j) -2*w(n,j)+w(n-1,3))/h(n)/h(n);
end
b
% NonLinearity of PILE:
dcurv=curv(:,j+1)-curv(:,j);
dzetap=(1-(bp+gp.*sign(dcurv.*xzetap)) .*(abs(zetap)) . np) .*
dcurv./wyp;
zetap=zetap +dzetap;
EI=ap.*EIo +
(1-ap) .*EIo.*(1-(bp+gp.*sign(dcurv.*zetap)) .*(abs(
zetap)) . np);
ElIsaved(:,j+1)=EI;
zetapSaved(:,j+1)=zetap;
A
% NonLinearity of GROUND:
dzetas=(1-(bs+gs.*sign(dw.*zetas)) .*(abs(zetas)) . ns) .*xdw
Juys;
zetas=zetas +dzetas;
kx=as .*kxo +...
(1-as) .*kxo.*(1-(bs+gs.*sign(dw.*zetas)) .*(abs (zetas))
."ns) ;
kxsaved (:, j+1)=kx;
zetasSaved (:,j+1l)=zetas;
Soil_Reaction(:,j+l)=zetas.*py.*(l-as) +as.*kxo.* w(:,j+1)
b
% Pile bending MOMENT & SHEAR force
Mom(:,j+1)=ap.*Elo.*curv(:,j+1) +(l-ap).*My.*zetap ;
for n=3:nn-2, Shear(n,j+1)=Mom(n,j+1)-Mom(n-1,j+1)/h(n)

end
%
end

h
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YA

%% GRAPHICS

b

% soil Reaction -displacement @ head of pile

figure (1) ;clf

subplot (2,3,1);hold on;grid on;

xlabel ({'Head Displacement:';'{\deltal}'});

ylabel ({' Soil Reaction:';' P_{soil r.} '});

plot(w(3,1:mm),Soil_Reaction(3,1:mm))

title({' P-{\deltal}';['n=',num2str(ns(3))]1})

YA

%Lateral Force- displacement @head of pile

subplot (2,3,[2 3]);hold on;grid on;

xlabel ({; 'Head Displacement:';'{\deltal}'});

ylabel ({' Lateral Force:';' P '});

plot(w(3,1:mm) ,P(1:mm) ,dispHeadField(l:mm),P(l:mm), 'or"')

title({' P_{laterall}t-{\deltal}';[]1;[' k_H{eff}="',num2str (ko (2)
s o ) kN/m' 13})

YA

% Bending Moment - depth

subplot (2,3,4);hold on;grid on;set(gca,'YDir', 'reverse');

plot (Mom(3:nn-2,mm) /My (3:nn-2) ,depth(3:nn-2));

title ({'Bending Moment';['P=',num2str(P(mm),'% .f'),' kN']l})

xlabel ('Normalised M/My'); ylabel('Depth (m)');

% Pile's displacemnt- depth

subplot (2,3,5);hold on;grid on;set(gca,'YDir', 'reverse');

plot(w(3:nn-2,mm) ,depth(3:nn-2));

title({'Displacement';['P=',num2str(P(mm),'’% .£'),' kN']}),

xlabel ('{\delta (m)}');

ylabel ('Depth (m) ');

% Pile's Turning angle- depth

subplot (2,3,6) ;hold on;grid on;set(gca,'YDir', 'reverse');

plot(theta(3:nn-2,mm) ,depth(3:nn-2));

title ({'Turning angle {\theta }';['P=',num2str(P(mm),'% .f')
, kNI,

xlabel ('{\theta }');

ylabel ('Depth (m)"');

b

YA
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%% deviation: field vs computed
f=0 + (1/sqrt(2)) *norm((w(3,1:2)-dispHeadField (1:2)))
+(1/sqrt(2) )*norm ((w(nL,1:2)-zeros(1,2)));

end
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A.4 Function: fun2PL.m

function f=fun2PL(x,pile,ko,version)

Tt hTotolohToTo 1o Tl ToToTohToTo 1o %ol To 1o 1o To To 76 1o ho To 1o 7o o To To 76 %o o To 1o 1o o o To 7o o

% about fun2PL(x,pile): %
% Goal: Compute optimum elastic Ko,ref yA
b b
% Input: x=ko*/10000, ko*=initial estimation, %
h [pile]l=[ L ; Epp ; App ; Ipp ; My ;1l, b
% as created from mainiPL.m |, %
% and P-y & pile's respnses (.txt) files, yA
% which 1st respose is elastic %

bl h Tt Tt hTotohoTotohoTotoToTotoTo To %ol To %o o To %ol To 1o To To 1o To To %o o To to o 7o %o o
b
%% FIELD VALUES/ INPUT
L=pile(1);
load_headDisp=load('load_headDispPLAXIS.txt');
load_disp=load('load_dispPLAXIS.txt');
NumLayers=size (load_disp,1) -1;thickness=L/Numlayers;
NumRecords=size (load_disp,2);
YA
% field measured displacements
Pfield=load_disp(1,1:NumRecords);
dispField=load_disp(2:end,1:NumRecords) ;
dispHeadField=dispField (1,:);
thetaField=zeros (NumLayers , NumRecords) ;
for j=1:NumRecords
for i=1:NumLayers-1
thetaField(i,j)=(dispField(i,j)-dispField(i+1,3))/
thickness;
end
end
b
% Interpolation
wanted_Num_analysis_points=1000;
mm=wanted_Num_analysis_points;
load_step=max (Pfield)/(mm-1) ;
b
Pi=interpl (Pfield ,Pfield ,0:load_step:max(Pfield), '*cube')';
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step=load_step;
indexField=zeros (NumRecords ,1) ;
b
for i=1:NumRecords
p=Pfield (i);
index=find ((abs (Pi-p))<step);
indexField (i)=index (1) ;
end
dispHeadFieldi=interpl (Pfield ,dispHeadField ,Pi, '*cube');
%
YA
%% materials
materials=[1,0.5,0.001
2,0.5,0.001];
NumMaterials=size (materials ,1);
nL=NumLayers;
nn=nlL+4;
b
% materials

bl=repmat (0.00001, [NumMaterials ,1]);mat_n=bl;nl=bl;a=bl;Pyo=

properties

bl; power=bl;
for i=1:NumMaterials,
mat_n(i)=materials(i,1); bl(i)=materials(i,2); a(i)-=
materials (i,3);
end
YA
% define x
nl(1)=2; % concrete
for i=2:NumMaterials,
nl(i)=x(i-1)/10;
Pyo(i)=x(i-1+NumMaterials-1) *100;
power (i)=x(i-1 +2*(NumMaterials-1))/10;
end
A
% Pile
pile=[thickness;pile(2:end)]"';
pile= [(1:NumLayers)',repmat(pile, [NumLayers,1]1)];
b

Pile=zeros(nn,size(pile,2));
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% [Pilel= extended matrix of [pile] (IMAGINARY nodes
INCLUDED)
% {#3=head of pile, #(nn-2)=pinpoint of pile=deeper point}
for i=1:2, Pile(i,:)=pile(l,:);
end
for i=nn-1:nn, Pile(i,:)=pile(nn-4,:);
end
Pile(3:nn-2,:)=pile;
YA
h=zeros(nn,1); Epp=h; App=h;Ipp=h;My=h;
depth=h;lay_matp=ones(nn,1); lay_n=h; wyp=h;
for i=1:nn,
lay_n(i)=Pile(i,1); h(i)=Pile(i,2); Epp(i)=Pile(i,3);
App(i)=Pile(i,4); Ipp(i)=Pile(i,5);
My (i)=Pile(i,6) ;lay_matp(i)=Pile(i,7);
wyp(i)=My (i) /(Epp (i) *Ipp(i));depth(i+1)=depth(i)+h(i);
end
depth=abs (depth-(h(1)-h(2))/2); depth(1)=0.01;
EI=Epp.*Ipp;
EIo=EI;
P2
% SOIL profile
% soil=[layer #,so0il material, %O0CR]
soil=[1:nL;repmat(2,1,nL);ones(1,nl)]";
Soil_Input=size(so0il,2);
size(so0il,1);
Soil=zeros(nn,Soil_Input);
% [Soill= extended matrix of [soil] (IMAGINARY nodes
INCLUDED)
for i=1:2, Soil(i,:)=s0il(1,:);
end
for i=nn-1:nn, So0il(i,:)=soil(nn-4,:);
end
S0il(3:nn-2,:)=s0il;
YA
kx=zeros(nn,1) ;lay_mats=kx; py=kx; ), define size
for i=1:nn
lay_mats(i)=S0il(i,2);
% 0CR=S0il (i,3);
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ims=lay_mats (i) ;

Y% if OCR ==1,
kx(i)=ko(ims) *(depth(i)) "power (ims) ;
py (i)=Pyo (ims)*depth (i) ;

% else kx(i)=kx(i-1); py(i)=py(i-1); % if OCR>1;
YA end

end

wys=py./kx;

kxo=kx;

h
% define properties of each node
bp=zeros(nn,1) ;bs=bp; gp=bp;gs=bp;
np=bp;ap=bp;as=bp;ns=bp;
for i=1:nn
im=lay_matp(i); ims=lay_mats(i);
bp(i)=bl(im); bs(i)=bl(ims);
gp(i)=1-b1(im); gs(i)=1-bl(ims) ;
np(i)=nl(im); ns(i)=nl(ims) ;
ap(i)=a(im); as(i)=a(ims);
end
h
h
%% w(node ,repetition)=w(i,j): DISPLACEMENTS of each node of
the PILE
b
w=zeros (nn,mm); curv=w; theta=w; Mom=w; Shear=w;EIsaved=w;
kxsaved=w;
KK=zeros(nn,nn); F=zeros(nn,1); dw=F; d2EIsaved=w;
zetapSaved=w;aa=w;
zetasSaved=w;zetas=F;dzetas=F; zetap=F;dzetap=F;
Soil_Reaction=zeros(nn,mnm) ;
Ksaved=ones (nn,mm) ;EIsaved(:,1)=ET;
% go=1;
h
for j=1:mm-1
b
% BOUNDARY CONDITIONS
% head of pile (node 3), [ Shear=P;Mom=0]
dEI=(EI(4)-EI(2))/EI(3);
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KK(1:2,1:5)=[-1,2+dEI,-2*xdEI ,-2+dEI,1; 0,1,-2,1,0];
% pinpoint of pile (node nn-2), [ Mom=0; Shear=0]
KK(nn-1:nn,nn-4:nn)=[0,1,-2,1,0; -1,2,0,-2,1]1;
b
% q= d2(Mom)/dx2= d2(EI* d2w/dx2)/dx2
for i=3:nn-2
Dx4=h (i) "4;
d2EI=( EI(i-1)-2*EI(i)+EI(i+1))/EI(i);
Ki= 6 + kx(i)*(Dx4) /EI(i)- 2*d2EI;
KK(i,i-2:i+2)=[1,-4+d2EI ,Ki,-4+d2EI ,1];
Ksaved (i, j+1)=Ki;
d2EIsaved (i, j)=d2EI;
end
A
% Shear @ node 3 = lateral load
F(1)=step *2%(h(3)"3)/EI(3);
yA
dw=KK\F;
w(:,j+1) =w(:,j)+dw;
YA
for n=3:nn-2,
theta(n, j+1)=(w(n-1,j)-w(n+1,3))/ 2/(h(n));
curv(n,j+1)= (w(n+1,j)-2*w(n,j)+w(n-1,3)) /h(n)/h(n);
end
YA
YA
% NonLinearity of PILE:
dcurv=curv(:,j+1)-curv(:,j);
dzetap=(1-(bp+gp.*sign(dcurv.*zetap)) .*(abs(zetap)) . np) .*
dcurv./wyp;
zetap=zetap +dzetap;
EI=ap.*EIo +
(1-ap) .*EIo.*(1-(bp+gp.*sign(dcurv.*zetap)) .*(abs(
zetap)) . np);
EIsaved(:,j+1)=EI;
zetapSaved (:,j+1)=zetap;
YA
% NonLinearity of GROUND:
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dzetas=(1-(bs+gs.*sign(dw.*zetas)) .*x(abs(zetas)) . ns) .*dw
./ uys;
zetas=zetas +dzetas;
kx=as.*kxo +...
(1-as) .*xkxo .*(1-(bs+gs.*sign(dw.*zetas)) .x(abs(zetas)) . ns
)

kxsaved (:, j+1)=kx;
zetasSaved (:,j+1)=zetas;
Soil_Reaction(:,j+1)=zetas.*py.*(1l-as) +as.*kxo.* w(:,j+1)
b
% Pile bending MOMENT & SHEAR force
Mom(:,j+1)=ap.*EIo.*curv(:,j+1) +(l-ap).*My.*zetap ;

for n=3:nn-2, Shear(n,j+1)=Mom(n,j+1)-Mom(n-1,j+1)/h(n)

end
end
b
b
%% GRAPHICS
b
if versiomn ==3,
fprintf ('\n--------------------- ")
fprintf ('\n INPUT evaluaton:');
fprintf('\n %.1f m is the length of the pile.',L);
fprintf('\n %.3g m is the average thickness of layers.',6L/(
NumLayers)) ;
fprintf ('\n %d materials have been read.',6 NumMaterials);
fprintf ('\n %d layers have been read.',NumLayers) ;
fprintf('\n %.1f kN have been laterally loaded (head of
pile) . ' ,max(Pfield));
fprintf ('\n %.2f kN is the used load-step.\n',step);
end
b
% Soil Reaction- displacement Q@head of pile
figure (2) ;clf
subplot (2,3,1);hold on;grid on;
xlabel ({' Head Displacement:';'{\delta (m)}'});
ylabel ({' Soil Reaction:';' P_{soill} (kN)'});
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plot(w(3,1:mm),Soil_Reaction(3,1:mm))
title({' P_{soil}- {\deltal}';...
['n=",num2str(ns(3),'% .2f')]1;...
['Py_{eff}="',num2str(Pyo(2),'% .£'),'kN"']1})
b
% Lateral Force- displacement @head of pile
subplot (2,3,[2 3]);hold on;grid on;
xlabel ({; 'Head Displacement {\delta (m)} :'});
ylabel ({' Lateral Force (P, kN):' )
plot(w(3,1:mm) ,Pi,dispHeadFieldi ,Pi,'--r',dispHeadField,
Pfield, 'or');
title({' P_{laterall}-{\deltal}';...
[' kx_{elastic}="',num2str(ko(2),'% .£')," kN/m'
, ! , ', 'power (m)= ',num2str (power (2),'% .2f')]1;})
b
% Bending Moment - depth
subplot (2,3,4);hold on;grid on;set(gca,'YDir', 'reverse');
plot (Mom(3:nn-2,mm) /My (3:nn-2) ,depth(3:nn-2));
title ({'Bending Moment';['P=',num2str(Pi(mm),"'% .£'),"' kN'
1,
xlabel ('Normalised M/My');ylabel('Depth (m)');
YA
% Pile's displacemnt -depth
subplot (2,3,5) ;hold on;grid on;set(gca,'YDir', 'reverse');
plot(w(3:nn-2,indexField) ,depth(3:nn-2),'b',dispField,depth
(3:nn-2),'-.r');
title('Displacement '),
xlabel ('{\delta (m)}');
ylabel ('Depth (m)');
b
% Pile's Turning angle -depth
subplot (2,3,6) ;hold on;grid on;set(gca,'YDir', 'reverse');
plot(theta(3:nn-2,indexField) ,depth(3:nn-2),'b',thetaField,
depth(3:nn-2),'-.r');
title('Turning angle {\theta }'),
xlabel ('{\theta }');
ylabel ('Depth (m)"');
b
YA
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%% deviation: field VS computed arguments
h=0;g=0;h1=0;
for i=1:max(size(x))
if x(i)<0, h=1000;
end
end
b
for i=1:NumRecords
m=indexField (i) ;
b
h=h +(1/sqrt(NumLayers))*norm(w(3:nn-2,m)-dispField(:,i)) +
(1/sqrt (NumLayers)) *(max (dispField(:,i))/max(thetaField
(:,i)))*norm(theta(3:nn-2,m)-thetaField (:,1i));
b
g=g+norm ((w(3,m)-dispHeadField(i)))/sqrt (NumRecords) ;
end
f=(h+g+hl);
b

end
S







Appendix B

Finite Elements 3D analysis

Finite Elements Method (FEM) software, PLaXIS 3D© was used in order to produce

single pile response to lateral load, so as to validatate the developed algorithm.

In this chapter results of this analysis are presented. First, in the format compatible
with the MATLAB code of the inverse analysis, afterwards, in the report PLAXIS
produce to synopsize the main output and, also, the materials used. Finally, additional

figures created from FEM analysis are placed in the last subsection.

B.1 Input used in Validation Case

Results of 3D FEM analysis are presented in the format compatible with the MATLAB
code of the inverse analysis, as explained in the ch.A.1 on p.33. Important is that the

first load should be small enough not to provoke inelastic response of the pile.

B.1.1 P-y curve

load headDispPLAXIS.txt

10 0.000117642
220 0.0037269628
518 0.0121313528
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B.1.2 Displacement’s distribution

‘ load_dispPLAXIS.txt

10 220 518
.0001233553 0.003904409 0.0126515678
.0001119286 0.0035495166 0.0116111378
.0001007172 0.0031993882 0.0105815264
.000089901 0.0028585867 0.0095732079

.9611296030022E-005
.99554282879493E-005
.000060991
.000052767
.52947748674577E-005
.8577718755863E-005
.25948405679969E-005
.7319176014695E-005
.27097401427826E-005
.87205242860784E-005
.5303205311975E-005
.24010644665075E-005
.000009966
.94040804856772E-006
.27689693926466E-006
.92612459566748E-006
.8435931299679E-006
.98839323854935E-006
.32272290301809E-006
.81649274816065E-006
.43749644193348E-006
.000001163 -3
.69130888929538E-007
.39617208808309E-007
.57752894190005E-007

0.0019293405
0.0016599251

0.0002508106

0.0025310845
0.0022205082
0.0067639509
0.0059227423
0.00141349
0.0011909963
0.0009924292
0.0008174579
0.0006650313
0.0005338173
0.0004222683
0.0003284809
0.0010600055
0.0001872308
0.0001360572
9.556317277760663E-005
6.40662721584517E-005
4.02033727836609E-005
0.000022598
0.000010184
0.000001825
.272593769223E-006
-5.93948636195215E-006
-6.73278727919543E-006
-6.22016798294316E-006

0.0085954683
0.0076569439

0.0051374713

0.0044120448
0.003748595

0.0031486457
0.0026119682
0.0021374554

0.0017228194
0.0013647077

0.000803847
0.0005920808

0.000419645
0.0002817381
0.0001735792

9.06437749256691E-005

2.91855265504849E-005

-1.4871294821593E-005
-4.4501711314042E-005

-6.28702567418048E-005
-7.2192407521437E-005
-7.4767330582904E-005

.000000711

-4.81834061286833E-006

-7.23668439612574E-005

.000000689 -0.000002867 -6.64709049072734E-005
.83288120245687E-007 -6.33825662805782E-007 -5.83123804536071E-005
.876570281985E-007 1.68641373429192E-006 -4.88142853786525E-005

.000000697

3.9427453498096E-006

-3.87527046281134E-005

.07344719993175E-007
.16158089768108E-007
.21545961930317E-007
.22519944024101E-007
.18292382890172E-007
.08920210971597E-007
.94344648486205E-007
.75091876628355E-007
.51609755724687E-007

D 0O O N N N N N N O o000 0O O N oo w o R P DN WO N O R, P P NDDN W WP O O oo N O O O O

6.02494348217307E-006
7.8663615775678E-006

9.42517289651543E-006
.06885099403724E-005
.16488608812464E-005
.000012325
.2731284294993E-005

.28978427155829E-005
.28532154386249E-005

i =

-0.000028724
-1.91444464426885E-005
-1.03177342723633E-005
-2.4123577864859E-006
4.43328055172048E-006

0.000010215

1.49107005587346E-005
1.85974519693464E-005
2.13373354550553E-005
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.24537929426426E-007
.94549010448835E-007
.62283771171139E-007
.2838790607046E-007

.93412157218338E-007
.5784259751531E-007

.22076852928449E-007
.86425543243916E-007
.51113130212172E-007

0.000012628
1.2254319469929E-005
1.17606834551304E-005
0.000011175
0.000010521
9.8196087770393E-006
9.08851703357214E-006
8.34218448226832E-006
7.59157613457067E-006

2.32304918680934E-005

2.43838203413711E-005
2.49042894985048E-005

2.49042975018907E-005
2.44830614202188E-005

2.37357501100346E-005
2.27446573690005E-005
2.15853614784232E-005
2.03186880722826E-005

.16265026685966E-007 0.000006845 1.90016539485918E-005
.000000282 6.10792991314019E-006 1.76720945326672E-005
.48062553195737E-007 5.38175728706447E-006 1.63786631018271E-005

N O W W W & b d» 00 0 0 O

B.2 PLAXIS Report

The report, that PLAXIS produce to synopsize the main output and the materials used,

followes in the next page.



1.1.1.1 Calculation results, Phase_3 [Phase_ 3] (3/24), Materials plot

Materials plot
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1.1.2.1.1 Materials - Soil and interfaces - Hardening soil
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Colour B
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1.1.2.1.2 Materials - Soil and interfaces - Mohr-Coulomb
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ZOLOTA-PILE-LOAD-TEST

1.1.2.2 Materials - Plates -
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1.1.2.3 Materials - Beams -
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ZOLOTA-PILE-LOAD-TEST

3.1.1.1.1 Calculation results, Beam, Phase_3 [Phase_3] (3/24), Connectivity plot

11

Connectivity plot

jodoy SIXVId 2°d

Qo9



5.1 Chart 1

12

Output Version 2012.2.8698.7564

el Chart 1
/ -*— N60270(A)

IMstage[]
o

PLAXIS

Project description

ZOLOTA-PILE-LOAD-TEST

16/3/2015

Project flename

ZOLOTA-PILE-LOAD-TEST

Step

0

NTUA Soil Mechanics laboratory

ZOLOTA-PILE-LOAD-TEST

99

S1SMDUD (T§ SIUIWLDYHT 274ULT



ZOLOTA-PILE-LOAD-TEST

5.1.1 Chart 1(N60270(A))

prodey SIXVId ¢2°d

0 0 0.000 0.000

2 1 0.000 0.354

4 3 0.000 0.888

6 5 0.000 0.000

8 6 0.084 0.729

10 8 0.123 0.000

12 9 8.277 0.376

14 11 17.098 0.598
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16 13 26.019 0.726

18 15 34.953 0.829

20 17 43.893 0.910

22 19 48.363 0.945

24 21 52.834 0.975

26 23 56.186 0.995
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B.3 Additional output figures 69

B.3 Additional output figures

Figures representing results of the 3D FEM analysis, when the lateral load was ultimate

(XMgiage = 1).

Total displacements |u] (scaled up 20.0 times)
Masimum vae = 0.05180 m

(A) z=—0.5m

Total displacements |u| (scaled up 20.0 times)
Maximum value = 0.01159 m

(B) z=—-3,6m

z

L.,

Ficure B.3.1: Total Displacements, u
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Finite Elements 3D analysis

[*103 m]
60,00

56.00

52.00

43.00

44.00

40.00

35.00

32.00

23.00

24.00

20.00

15.00

12.00

8.00

4.00

0.00

-4.00

Ficure B.3.2: Displacement u,



B.3 Additional output figures

[*10°%]
&64.00

60,00

56.00

52.00

48.00

44.00

40.00

35.00

32.00

28.00

24.00

20.00

15.00

12.00

8.00

4.00

0.00

-4.00

Incremental deviatoric strain Ay _
Maximum value = 0.06080%10 (Element 73451 at Mode 40282)
Minimum value = 0.01055%10 (Element 72985 at Node 6947a8)

FIGURE B.3.3: Incremental deviatoric strain A~
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