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Introduction

Porous consolidation of clays. = Equillibrium equations of solid
coupled with equations of fluid flow

For lower frequency excitations =2 u-p formulation which requires
less computational effort

The soil behavior is described with the compressibility factor k, the
critical state line inclination of the soil c and the permeability k. In
this context, Modified Cam Clay models are implemented.



Introduction

* |n the stochastic finite element method there are two ways of
providing the spatial distribution of the input stochastic variables

1. The nodal points are considered as random variables and
deterministic shape functions are used for providing the material
spatial distribution

2. The spectral representation or the Karhunen Loeve sum, can be
applied for providing a random field of the variable under
consideration.



Introduction

* |n this work the material yield model proposed by Kavvadas and
Amorosi is adopted =2 accurate and reliable material model

e Valid quantitative results for predicting the response for porous
consolidation of clays under uncertainty

 The goal is to quantify the uncertainty of the output displacement in
relation to the variability of the input, the spatial distribution of the
material variables and the soil depth



Dynamic soil-pore-fluid interaction-The Biot problem

 Equation of equilibrium for the soil-fluid mixture
S'e — pit —pr(W+ wV'w) + pb = 0

 Equation of balance of the fluid
pr(w+wVw)

—Vp—R—pfil— n +be=0
*  Flow conservation equation
i KT . . n 1-— n npf .
Viw+ |1 ——)Ie+p(—+ ) +——+s5=0
KS Kf KS pf

e Darcylaw = kR =w

e  Stress-Strain material law and pore pressure stress equation
do' = Dde,;,0' =0 +p

. IIgounélzlary conditions of known pressures, displacements, water velocity and stresses in specific parts of the
oundary.



Dynamic soil-pore-fluid interaction-The u-p problem

 Equation of equilibrium for the soil-fluid mixture
STo — pit+pb =0

* Flow conservation equation

vTk(—V it ob) 4 (13 e (o™ ps—0
(=Vp — pru+ psb) ngpl(f K. § =

e Stress-Strain material law and pore pressure stress equation
do' = Dde,;,0' =0 +p

 Boundary conditions of known pressures, displacements, water velocity and stresses in
specific parts of the boundary.

* This formulation is valid in low frequency excitations in relation with the eigenfrequency of
the soil and in static problems.



Dynamic soil-pore-fluid interaction-FEM simulation

e Equation of discretized u-p formulation
Mu+ Cu+ Ku=F

m=[ o= lqz g]’K:[If)l i F=lo]e=1

Where M4, C4, K are the standard mass, damping and stiffness matrices
respectively and Q. , H, S are the coupling, permeability and saturation matrices
respectively and are expressed as

T n 1-—-n

Q. = f BTIN,dV,H = f (VN,) k(VN,)dV,S = f NyNp (Kf+ 7 )dV
S

|4 |4 |4



The material yield stress model

Bond Strength Envelope (BSE)

Czss+(ph—a)2 2=0

Plastic Yield Envelope (PYE)
|
— (s = 51): (s = 51) + (pp — P)? — (@)=

Intrinsic Strength Envelope (ISE)

1
Czss+(ph—a)2 2=0

The PYE is always inside BSE and ISE is the smallest possible BSE



The material yield stress model

Graphical representation of the constitutive model



The Karhunen Loeve Series

e For a random field with zero mean and an autocovariance function

, AX
Ch:O-deb

The solution of the integrodifferential Fredholm problem provide analytical
expressions for the eigenvalues A and sinusoidal expressions for eigenfunctions ©.
Therefore a robust equation of the random field and is expressed as follows

HGx0) = 100 + ) & 01605(w)
1

For M number of eigenfunctions chosen to achieve minimum error and ¢;(w) a
set of standard normal random variables.



The truncated normal distribution

* If the domain of definition of the probability is the [a, b] and we know the
normal distribution moments of the PDF in [—o00, o] (U, 04) then the PDF in [a,
b] is expressed as

0]0:6),
oq(P(B)-D(A))

g1(x) =

Where ¢ and O represent the standard normal probability and cumulative
distribution function respectively. The X, , B, A are the normalized coordinates
for x, a, b respectively. The mean value and standard deviation of g,(x) are
functions of the values (u, ;) and the values of  and ® in A and B



Algorithm for the determination of the failure load in the case of a ramp loading
time function

* Lettheramp load function be
defined. For determining the factor
A* at the time T a recursive relation
IS proposed:

¢ Aprr = 0,5(E2 + 1)

* The difference between two
adjacent iterations at the infinite

tends to O consequently
convergence is achieved.




Algorithm for the determination of the failure load in the case of a ramp loading
time function

Absolute

® O n Iy O n e i n it i a I t ri a I g U ess Bisection Bisection Bisection Proposed percentage

Algorithm Algorithm Algorithm Algorithm difference

* Smaller number of iterations for Tl

of failure stress

(KPa) 400 400 400 400
Conve rgence Initial value
of safety stress

 Computational time reduction in (kPa 20 50

Convergence

comparison with the bisection method in [ ' , 01

Number of trials

the ViCinity Of 35% conv::;ence 6 6 6 5

Displacement

e Relative error less than 1% of fallure at

convergence (m) 0,18283 0,18294 0,18300 0,18288

Load
of failure at
convergence (KPa) 362,797 363,085 363,671 365,687
Computational
time (mins) 10388 9138 9406 6938




Numerical tests on stochastic consolidation with random linear and non
linear material properties-Problem description




Numerical tests on stochastic consolidation with random linear and non

Imear material properties-Problem description
Porous problems and solid problems

« 3 depths h=20,40,50 m and dimensions X=Y=4h
and Unlform vertical load 150 Kpa

e 8 node Hexa with linear shape functions for u and p

* |nitial stresses =» Geostatic vertical stresses and horizontal stresses=0,85* vertical
stresses

 Boundary conditions = u(z=h)=0
 Deterministic calibration parameters, Poisson ratio, plasticity hardening parameters

e 100 samples of Monte Carlo simulations considering the Latin Hypercube Sampling



Numerical tests on stochastic consolidation with random linear and non
linear material properties-Problem description

K C Abbreviation

Constant Constant

Linear Constant

Constant Random

Linear Random

Solid analyses performed.



Numerical tests on stochastic consolidation with random linear and non
linear material properties-Problem description

Constant

Linear

Constant

Linear

Constant

Linear

Constant

Linear

Random Field,b=75

Random Field,b=100

Constant
Constant
Constant
Constant
Random
Random
Random
Random
Random Field,b=75

Random Field,b=100

Random Field,b=75
Random Field,b=75
Random Field,b=100
Random Field,b=100
Random Field,b=75
Random Field,b=75
Random Field,b=100
Random Field,b=100
Random Field,b=75

Random Field,b=100

Porous analyses performed.

P-Kc-Ce-Kge7s
P-K -Cc-Kpes
P-Kc-Cc-Kge100
P-K-Cc-Krr100
P-Kc-Cr-Krezs
P-K-Cr-Kge7s
P-Kc-Cr-Kgr100
P-K-Cr-Krr100
P-Kre-Cre-Kre7s

P-Kge-CreKrr100




Numerical tests on stochastic consolidation with random linear and non
linear material properties-Problem description
* K =2K(z=0)=0,008686 and R = k(z=h)/k(z=0) is random with R,ean = 0,469 and CVy = 0,25

K= k,=0,004074 and CV = 0,25

* czx™> Mean value of friction angle 23° and standard deviation of 2° and ¢ =

c.=> ¢=0,7336 for friction angle of 23°
* Kgr @ Mean value=0,008686, exponential autocorrelation function CV = 0,25, b=75 and 100

* gy "2 Mean value= 0,7336, exponential autocorrelation function CV = 0,25, b=75 and 100

3
* kg = Mean value=10"° 1’; i, exponential autocorrelation function CV = 0,25, b=75 and

100




Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure load and displacements
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Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure load and displacements

* When K, distribution is assumed, larger mean failure displacement and

smaller CV is obtained in relation with K. . The largest uncertainty for failure
load is about half the uncertainty of the input while for the failure
displacements is about the same of the input variability

* Critical spatial distribution for mean value and CV for both output variables
iS K

 Justification=» In k, the upper layers of the soil are more compressible
though with less variability so the strains are expected with less variability
and so it is expected the output displacement. When the constant
distribution for the compressibility is assumed more integration points have
the same or similar stiffness thus leading to larger failure loads.



Numerical tests on stochastic consolidation with random linear and non

linear material properties-Failure load and displacements
Porous analyses with determlnlstlc shape functions for k and C

b=20m | Kwr75.grau | K e 100 G rast y h“uly Dweaity Penctions Dunnity 1 e Pr yr
KcCp | KeCp [ K Cp | KiCp | KeCp [ KcCr | K-Cp | Ka-Cx | 0 0.2 FTE0S B
_ = _ _ o | =t e et Ay e -
Mean | 51621 | 51268 | 513.80 | 51107 | 322.38 | 51389 | 37039 [ 512.09 = P o s = v 0 o
Stdev 7822 | 659 3630 | 62.66 023 | 6505 3297 6343 v
CToV 00537 | 0.1323 | 0.0708 | 0.1224 | 0.0715 | 0.1322 | 00885 | 0.1237 »
MAX 505 &30 72 636 505 &30 35 631 = Pe - iom = ou
MIN 150 385 330 332 37 385 336 Rk ; o i § g
B 1.24 1.64 133 148 136 1.63 134 1.49 §w 5 Foos Foon
- : :
b=20m | Kue75 Gran | K v 100G 5ait | £ [ = o o oa
P [ K C) | e Cp [ K€y | K Cp | KeCp [ KcCr | K-Cp | K&-Ci | o
Mean | 35056 | 39088 | 377.60 | 37260 | 38088 | 20113 | 377.50 | 37260 - 2 ooz
Staev I3.93 53.08 5.01 3104 | 44.16 | 63.29 510 31,10 -
Tov 00897 | 0.130% | 0.0133 | DOS33 | 0.0901 | 01300 | 00135 | 00832 L 2 i ol P z o 2_<: Mg g oo
h{Ax i«) 676 385 435 530 67“7 334 4:‘6 [ nee at ny ¢z [ o o nm n: 200 N0 400 800 000 T™O0 200 M0 400 noo noo "o
MIN 300 300 366 00 300 200 55 300 IJQ:: '-":(:' nre :'-4{:n-:_'l mm F.::l o 1 KPa Far raaiol Ea
MHAX < 2 = 2 o Fha20m w) h=20 m (0] =20 m
praEy 1.40 1.69 1.05 141 140 1.60 1.05 1.41 ) sy o R AL AR . ; X 2
—_— f—tCa oo -
B=S0m | Kxr75-aren | K s 1009 et | o - i = e o
P- [ KCp | K Cr [ KChn | KiCr | KeCp [ e Cx | K-Cp | K-Cx | ot | == 4 oy a1 1 g
Mean | 35088 | 35256 | 35887 | 35743 | 360,25 | 25285 | 35887 | 35735
Stdav 35.03 S7.38 302 035 3048 | 5779 321 30,12 - $i < Diom L
Cov D.0847 | 0.1066 | 0.0110 | 00567 | 0.0858 | 0.1276 | 00117 | 00563 4 & § 2
MAX 30 572 370 %7 533 s73 370 386 g - i~ . a4
MIN 300 377 353 312 300 376 355 313 E - § 4 % ; B
HAX 32 2. 52 » 2 =4
| T 1.33 1.52 1.04 1.24 134 1.52 1.04 1.3 o - £ g
h=20m | KppTS 2 fair | kﬁ.mf)_uf‘,ﬂ | ”» »
P | KCo [ KCp [KCh | KiCp | KeCp [ Ko Cr [ K5-Cp | K5-Cs - m aaz ooz
Mean | 0.0805 | 00803 | 01302 | 0.1299 | 0.0680 | 0.0805 | 0.0007 | 0.1299 L X e a3 "o 200 0z e - - i
Stoev 0.0231 | 00253 | 0.0207 | 00237 | 00122 | 00252 | 00059 | 00236 o rrsr ey o ool 200 o 400 m00  noo o0 Qo0 00 400 w00 woo 700
Tov 02865 | 0.3152 | 0.1587 | 0.1822 | 01810 | 0.3160 | 0.0656 | 0.181 Fail s £ KPa £ loae i KA
MAX 01318 | 01381 | O.1621 | D.1747 | 0.0877 | 0.1385 | 0.1070 | 0.1743 0 Rchebity Doashy Panafions, 100 Probabiiey Density Fuunetens (b3 o 0 frem
MIN 00395 | 0.0406 | 0.0820 | D.08S42 | 0.0372 | 0.0%06 | 00848 | 00822 [ —r o "
| 333 340 1.08 207 235 320 126 207 "t i e y
» [ *
h=20m | Kr7S 2 ran | K 10022z | . B a '
P- [ KRG [ KRG [KCp [ KCp [ KRG [KeCrp | -G | -Gy | o -
" S w _008 o0n
Mean | 0.1068 | 0.1068 | 0.1653 | 0.1620 | 0.1068 | 0.1067 | 0.1632 [ 01620 4 8 z #
Sidev | 0.0233 | 0.0276 | 0.0130 | D.OIS3 | 0.0232 | 0.0276 | 0.0I31 | 00182 g §gw & 3
Tov 02105 | 0.258% | 0.0850 | O.I132 | 02195 | 0.2585 | 0.0866 | 01138 ¥ | i o 5" e
MAX | 0.1500 | 0.1610 | 0.1820 | D.1952 | 0.1500 | 0.1616 | D.1828 | 0.1952 ) i b 8
MIN 0.0515 | 0.0530 | 0.1286 | D.1329 | 0.0515 | 0.0530 | 01283 | 0.1335 » 2 L & 5o
wne 291 3.06 1.42 1.47 291 3.05 142 1.97 i o
0or o002
h=S0m | KrTS -8 [ K o 100 -2 gasit | Q w0
P | KeCo | KeCr [ K€ | Ki-Cx | KeCp [ KcCr | Ki-Cp | K-Cx | ) ax \ . ol \ 7 o ’ -
0 o LA na" a2 Q a9 (L) UALY L t}‘!‘ﬂ w0 Alln. 00 :‘-INI_ roo F.:IIU I‘ll‘l! J:I:T noo 0||l'-l_ o0
Mean | 01173 | 01163 | 0.1711 | 0.1703 | 01175 | 0.1163 | 0.1710 | 01702 [ne—— Duplacoton iam Fail ki KPa ol leadt iny KPR
Staev D.0256 | 0.0311 | 0.0031 | 00115 | 0.02%6 | 0.0310 | 00080 | 00115 Iy e (o) n=50 = {c) h=30 m
Cov 02342 | 02673 | 0.0572 | D.0673 | 0.0433 | 0.2667 | D.0370 | 0065
MAX | 0.1657 | 0.1736 | 0.18%7 | 0.1013 | 0.1685 | 0.1722 | D.1846 | 01907 . I . | .
SIN oot [oows [oisto [ 6.5 oot [omezs [ arsts [orsss Failure displacements (m Failure load (Kpa)
Tax 2; 2 22 2 237 2: 22 25




Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure load and displacements

The CV of failure loads is less dependent from the change of the depth than the
corresponding failure displacements.

For the same depth and material assumption in porous analyses larger output
variability in both monitored variables compared to the solid analyses

Maximum CV of failure load in porous analyses (kc case) is 47 % smaller than the
input CV and for failure displacements 26 % greater than the input CV, whilst for
linear distribution for k the CV of the output is negligible in all cases.

Porous analyses=®» Important variability reduction for failure load while for failure
displacements in the case of the constant distribution for the compressibility factor
significant variability increase occurs.

Justification = Bulk modulus K}, is a function of mean stress (Poroelasticity). So K, ,
in porous analyses is expected with smaller values and smaller uncertainrty. Similar
conclusions can be made for the failure displacements since there is no tensile
strength of the soil point and consequently there is smaller surface of the BSE leading
to the aforementioned results



Numerical tests on stochastic consolidation with random linear and non

linear material properties-Failure load and displacements
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Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure load and displacements

 Maximum CV of the output for failure load is 3,5 times larger than the uncertainty of
the input while for failure displacements is 2,2 higher than the variability of the input.

* Mean values of failure load are significantly smaller than the porous analyses with
deterministic shape functions for k and ¢ while for failure displacements when the
constant distribution for k is assumed larger mean values are expected in comparison
with the porous analyses with deterministic shape functions for k and c

* Inthe case of porous random field analyses the increase of the correlation length for
20 and 40 m reduces the CV of the output whilst for 50 m this reverses. The exact
opposite phenomenon occurs for the mean values.

 Justification = The integration point failure may be «from the wet side» (from the
left side of the vertical halfaxis of the ellipse) or «from the dry side» (from the right
side of the vertical halfaxis of the ellipse) consequently a large change of the value of
C may incorporate very large deviation of the stress point of failure leading to the
aforementioned results.



Numerical tests on stochastic consolidation with random linear and non
linear material-Analysis of the results (Kolmogorov Smirnov Test)

* Assumption = The output displacement follows the truncated normal distribution.
 Justification from Histograms =2 Graphically this holds

 Justification from numerical test = Kolmogorov Smirnov test for a sample following a
distribution.

 The largest absolute difference of the theoretical and the numerical CDF is compared to the
critical value. Since it is less than the critical value the null hypothesis holds and the sample
follows the truncated normal distribution. Therefore the null hypothesis at the 5% significance
level is satisfied to the randomly selected analyses presented to the histograms

e Despite the material non linearity the output displacement still has the Gaussian nature of the
randomness



Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure load and displacements

Kolmogorov-Smirnov Test

g b RRE T S G R IR g e B Largest Figure (b) | Figure (c) | Critical
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Difference
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level 5%
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Numerical tests on stochastic consolidation with random linear and non

linear material properties-Failure mechanism Solid analyses

* The distribution for the critical state line inclination cR provides the larger uncertainty and
the smallest minimum values of failure in both hydrostatic and deviatoric components.

 The same distribution maximizes the uncertainty of the strains which are in the order of
magnitude of 3-4 %o

* |n most cases the deviatoric failure occurs.

* |Inthe majority of the cases critical Gauss pointis (2,11, 2,11, 12,11)



Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure mechanism Porous analyses with

deterministic shape functions for the material variables

* cR case provides the maximum uncertainty and smallest minimum values of failure stresses
in both stress components in 40 and 50 m while for 20 m the deterministic assumption for c
provides the largest uncertainty of the output.

* The correlation length of the permeability influences notably the uncertainty of the output
in stresses and strains only in 20 meters depth.

e Kc-cR combination gives mostly volumetric failure and kL-cD gives mostly deviatoric failure

e Critical Gauss pointsare (2,11, 2,11, 12,11) for 20 meters, (2,11, 2,11, 32,11) for 40
meters and (2,11, 2,11, 2,11) for 50 meters and linear distribution for k while (2,11, 2,11,
42,11) is the critical point for 50 meters and constant distribution for k



Numerical tests on stochastic consolidation with random linear and non
linear material properties-Failure mechanism Porous Random Field analyses

In general, correlation length 75 m provides the maximum uncertainty at stresses.

For the strains the critical correlation length for the volumetric component is 75 m while for
deviatoric partis 100 m

In 20 and 50 m volumetric failure is critical while for 40 m deviatoric failure is critical

For 20 m depth and 75 m correlation length the point (2,11, 2,11, 2,11) is the critical whilst
for 100 m correlation length is theiz,ll ,2,11,12,11). For 50 m and all correlation length
the critical integration pointis (2,11, 2,11, 32,11). Finally, in depth 40 meters many equally
probable points may be the onset of the Meyerhoff spline.



Conclusions

Failure load, failure displacements and failure spline and corresponding
stresses-strains follow the Gaussian distribution despite the excessive
material non linearity

The compressibility factor k plays the most important role especially when it
has a Karhunen Loéve distribution. Same applies for the plasticity variable c.
Permeability influences to a lesser extent the uncertainty of the output.

The amplification of the uncertainty varies from 30% to 3,5 times.

The random field processes maximize the variability of the output to
stresses and strains at failure.

For random field processes at 20 and 50 meters the volumetric failure is
critical while for 40 meters the deviatoric failure is critical.

In the majority of the cases the integration point (2,11, 2,11, 12,11) may be
considered the onset of the failure spline.



Thank you all for your attention.
May you stay safe from the pandemic and soon enough to be
able to conference live .
Questions?



