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& Scope of the lecture

e Example of a building subject to the earthquake (using
Domain Reduction Method (DRM))
© Free field motion as 1D wave propagation problem

@ Basic requirements for mesh size and time step

@ Mesh and BC for rigid base model

© Application of earthquake signal to the model (relative vs
absolute)

O Signal processing (linear deconvolution, baseline correction,
Butterworth filtering)

@ Analysis of reduced model

@ Setting reduced DRM model (exterior and boundary domain
setting)
® Running DRM model

@ Pure periodic BC model
@ Application of nonlinear models to the problem
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& Problem: time history analysis of a building subject to the
Loma Prieta earthquake

Sand 6m

Clay 10m

bedrock a,(t)

@ To run this example we can use so-called Domain Reduction
Method (DRM)
@ It is the two step analysis that consists of
© Free field motion analysis

© Reduced model analysis (structure and small part of subsoil @
adjacent to it)

[m] = =



& Free field motion: layered subsoil subject to Loma Prieta

earthquake (1D) (single phase)

Target signal

E=100000 kPa, v=0.25, y=17 kN/m?

Sand 6m &=5%, vs=152 m/s
E=200000 kPa, v=0.25, y=18 kN/m?
10m
Clay &=5%, vs=209 m/s
=2%, vs=413 m/s
bedrock =10000000 kPa, v=0.25, y=23 kN/m3

5
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& Free field motion: estimating mesh size and time step

To trace wave propagation in the medium we need
approximately 10 nodes per wavelength

The mesh size depends on the maximum frequency fnax that is
to be represented

For typical seismic application fyax is limited up to 10 Hz
Hence the maximum mesh size should be smaller than

A_w
~ 10 10 fax

e

Hence the time step limitation can be formulated as follows (in
a single time step signal should not pass through more than
one element and v is the maximum wave velocity)

At < —
%
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& Free field motion: estimating mesh size and time step

Material data

Layer Depth E v ~ K nsitu G A
[l | kPal | (1 | /m’ | [T | [kPa] | [kPal
Sand 6 1-10° | 0.25 17 05 40000 40000
Clay 10 2.10% | 0.25 18 0.6 80000 80000
Bedrock [e's] 2 .10° 0.3 23 1.0 3846154 | 5769231
Layer Depth P Vs Vp he e At
[ | (KN s2/m] | /5] | /s | Im] | [ml | G
Sand 6 1.73 152 263 1.5 15 0.010
Clay 10 1.83 209 362 2.1 2.0 0.010
Bedrock 0o 2.34 1281 2396 12.8 | 12.0 | 0.009

Hence in sand layer we will use elements with h°=15 m, and for
clay h°=2.0 m



% General comments: Rigid base model

Real situation Model
: E. v
soil s s
ps &
Rigid base
bedrock Ev Vb a(t) / v(t) / u(t)
Py Ep

. Ps Vss
Impedance ratio o, =
Pr Vsr

— 0 (complex for nonzero damping) %
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% General comments: Rigid base model

@ Nodes at the bottom are fixed
@ (a) Motion is imposed by displacement/velocity/acceleration
boundary conditions (absolute format)
@ Output: absolute displacements/velocities/accelerations
e (b) Motion is imposed by application of global acceleration to
the whole domain (relative format)

© Output: relative displacements/velocities/accelerations (with
respect to the rigid base)
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& General comments: Compliant base model

Real situation Model
soil E, Vs soil E, Vs
pS S pS S
bedrock

bedrock Es Vb
Py Ep

. Ps Vss
Impedance ratio a, = ——
Pr Vsr

Compliant base

(viscous dashpots)
a(t)

—>

> 0 (complex for nonzero damping) @
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& Compliant base model: basic assumptions

@ Nodes at the bottom are free to move

@ Viscous dashpots are added to the base

@ Motion can exclusively be applied through the acceleration

record (seismic input)
© Output: absolute displacements/velocities/accelerations

@ Accelerations are integrated to velocities via Newmark method
(a(t) = vau(t))

@ Viscous shear tractions are computed and applied to the base

@ The input a(t) does not need to be compatible with a(t)
computed at the base (!)

L.H. Mejia, E.M. Dawson. Earthquake deconvolution for FLAC.
2006 (available on the web).



& General comments: Domain Reduction Method: General

idea
/

Ao
u”(t), u’(t), uA(t)

@ Goal: analyze computational model that concerns the
structure and only a small adjacent part of subsail
@ Single and two-phase formulations are supported
@ This model with a large subsoil zone and source of load P.(t)
is decomposed into two models:
e Background model ‘31

o Reduced model
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4 DRM: Background model

Ao
u®(t), ul(t), U°(t)

O In the background model structure is removed

@ Background model yields — free field motion:
u(t), u(t), i(t)
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4 DRM: Reduced model

Boundary layer
£ |

(o} QI rr Q

Qr Q- It oI Q

[ U O
Q
r
l—‘+
O
© Viscous dampers are added to [ to cancel wave reflections

@ Displ. decomposition in the exterior domain: ue = ug + we
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4 DRM: Consequences

© Continuum in the exterior and boundary layer must work in the
elastic mode

@ ZSoil freezes stiffness moduli in these zones at the begining of
the analysis

© The interior domain can be analyzed with a suitable nonlinear
soil model (HSs, Densification (DNS), HB)

@ For HSs, DNS, HB small strain stiffness is automaticaly taken
into account

@ For MC we have to adjust stiffness moduli (after static
analysis) by hands or by using load time function



4 DRM: Dimensions of background and reduced
models

@ Space dimension for background model can be lower than for
the reduced model

REDUCED MODEL (2D)

BACKGROUND MODEL (1D)

DA
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& DRM: Background (2D) Reduced (3D)

REDUCED MODEL (3D)
BACKGROUND MODEL
(2D) or (1D)
cohsuiunannnne enssnsnennns
Sacansusns e
T T




~ (3D)

% DRM: Background (2D-axisymmetric) Reduced

F=A sin(wt)
BACKGROUND MODEL
(AXISYMMETRIC 2D)

REDUCED
MODEL (3D)

DA
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& DRM: Background (3D) Reduced (3D)

REDUCED

BACKGROUND MODEL (3D) MODEL (3D)
_—




5 Coming back to our problem

Sand 6m

Clay 10m

bedrock

o We will use DRM method

@ Rigid base model is analyzed

a,(t)
—

DA
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& Free field motion: Model generation, step by step

O File/New - select Plane strain model

@ Fill Project preselection form (set ON option &)

© Under (Control/Units) set units system (use [s] for time unit)
O File/Save As : shear-layer-RB-rel.inp

Project preselection

Preselections.

Versiontype

Analysis type

Problem type

% Dynamics

€ Showmeeningful options only

[Basic

Plane Strain ~
Deformation ~

Project preselection-
™ Frames only. I Structures only

[~ Pushover

0|

) | ‘ Units

Unis X7

@
C Showall of

ul opt otherin gray|
piions (alin black color)

Unitsystem neme STANDARD > Add Delete

Projectiitle

Model
desciption

Author

Compeny

Unit system

|Zsm\ example

EE—
P
e

[STANDARD ~ Show

P
Fore —c| —
varg O C—
Angle deg ~]| | Angie deg ~
B —— —
Temperature e =1|| Temperaure ||
I~ Recalculate from old to new units

=]

[¥ Save sefings in CFG vep | [CoK Cancel | ‘ g
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% Free field motion: Setting material data

© Add three continuum materials for sand, clay and bedrock via
Assembly/Materials (material data is given in tabular form
in slide 6)

Viaterials x|

Add | Moty | Delete. |
List of defined materials
Name [Cont/Struct type | i i [ [ Elastic Open
= 1:sand Continuum Elastic
2:cley Continuum Elastic [ Unitweights Open
3: bedrock Continuum Elastic

¥ Flow Open

I~ Creep

¥ Initial Ko State Open

[~ Heat
I~ Humidity

[ Demping M

Add selected material to database | Import material from *INP |

Help for curent model |

I Advorced N | e @
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& Free field motion: geometrical model

© Use option draw rectangle from ribbon menu Draw

@ Draw 2 rectangles for sand and clay layers (so far we do not
know how big the reduced model should be; hence let us
assume £ 100m from the axis of the building)

© Create 2 subdomains using Macro-model/ Subdomains/
Create continuum inside contour

@ Apply materials to subdomains using ribbon menu
Parameters/Update par.

5
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& Free field motion: model discretization

© Create virtual meshes
(4 elements in sand layer, 5 elements in clay layer)
(use options from ribbon menu Mesh or right menu
Subdomain/Mesh/Create virtual mesh

@ Then convert virtual mesh to the real one

5
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& Free field motion: boundary conditions for rigid base
model

© Select 2 nodes at the base and fix them

@ Create an auxiliary vertical symmetry plane (at x = 0.0)

© Select nodes at the left wall (except one at the base)

Q Set periodic BC (use FE model/Boundary conditions/Periodic
BC/Nodes & Plane option)

5
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& Free field motion: Let us define seismic input (relative
format)

Q@ Go to Assembly/Seismic input option

@ By using this option our results will be output as relative with
respect to the rigid base

© Set scaling factor to 1.0 (or another), define if a given signal is
normalized (or not) by g value and edit the load time function
a(t)/g (or a(t)/1%) (click on Edit.. in the combo box
containing list of load time functions)

Sesmic nput

Label  [Loma Prieta eerthquake

Acceleration Direction Absolute/Relative Load function

Hp msa |k ~] [Relatvetog ] [1-LomaPrietarecord v ]
<
1 Loma Prista record

Label [Accel. [ Direction | N
[ Loma Prieta eerthqueke 1.0 X Releve tog T

Vet |

| Delete | Modiy |

<[ o J »

@ Rigid base model

€ Compliant base model Help | oK. Cancel ‘%

Scaling factor for acceleration record 25 /68



% Free field motion: Signal processing

Before we apply given earthquake record as a seismic input in our
model the following operations must be carried out

© Baseline correction and Butterworth filtering on the target
earthquake record

@ Deconvolution of a given signal to the base (only linear
deconvolution is handled in ZSoil)
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& Signal processing: baseline correction

Effect of baseline correction is well visible when earthquake signal is
applied as an imposed acceleration (at the base)(absolute format)

% ZPost3D [=T&=]
file Time Graph Option Settings View Selections Sections Info Export Troubleshooting Macro Save plot Layers Help

GH (000 | LLrt PO B @ BB IR Adosv | FEAS /T % |H|

7 (1630000 ]| ~ R SRR an - P EBRE S

] Layer-3m-NO-BASE-LINE Time history = | @ |52 | | @ DYN-TR-Layer-3m-NO-BASE-LINE [o@] =
e = L e N A A F (]

170
a0

licensed to ZACE (License: AT DEVE

Baseline correction is inactive

[m]

o)
I
i
it

5

Qe
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& Signal processing: baseline correction

Given set of points: a;(t;)

Goal: remove trend line from a;(t;) (qubic polynomial)
Method: solve optimization problem: 37 {a; — 4(t;)}* — MIN
Trend line equation: &(t;) = ao + a1 * t; + ap * t,-2 + a3 * t,-3
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& Signal processing: baseline correction

I I I I
— Baseline correction OFF

0.6 - - Baseline correction ON [

n /

0.4 / V
M\ N

0.2

u(t) [m]
<
<

0.0 n ‘ i

-0.2

0 12 14 16 18 ‘31
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& Signal processing: Butterworth filter

ignal i i T T AR Wan. [ x |

Baseline correction/Butterviorth fitering | Linear deconvolution,

Initial Butenworth fitering snd baseline correction

[¥|Butterworth fitter Low pass v 4horder v ] |
02 +
Franuencyfl s He oo | Nt 1t ;
R EEs? 2 He éww b M\nv»/lhl nA%A/\ ’lf\NAn/\'_wn\l
b a0 A AR L L LA
[ — 3 4 o 12 “l[s]‘s T 20 22 2 % 2
Updete
Butenvort fiter a()/g (ater bessine/fiteing)
02 {
\ o1 { - 1
£ o
Sl 2, Al x A AnA TPV
\ i i | WWV' U\o Vid WY v
1
U
0 2 W s e 7 1 R W 12 1 16 1 0 22 24 2% 2
f[Hz] tls]
Exporto Excel
| web cata benks [ voimer ] [_Tmagt ] (o/from) t=
Titp://nsmp.wr.usgs. gov/dota. il - Browise selected data bose -
[ addzerosier Add zeros right &=

Import (from local resources)

Cancel ok

NB. In most cases we will apply low pass filter to cancel high

frequencies (in earthquake engineering we usually use 10 Hz low
pass BF filter)

5
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% Free field motion: Signal processing: deconvolution

© Assembly/Load functions - a function and label it as
Loma Prieta
@ Press button \Acceleration time histories toolbox\ and then

in the foregoing dialog box | Import from local resources‘
record LomaPrieta-18-10-1989-Station-Corralitos.ear
© Set ON 4-th order, 10 Hz low pass X| Butterworth filtering ‘

set ON X\ Baseline correction \ and | Update | the signal

L]
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% Free field motion: Signal processing: deconvolution

@ select tab Linear deconvolution and fill the form with data

@ declare that the signal is given on top of layer 1 (sand) and is to be
transfered to top of layer 3 (bedrock)

© use Rayleigh damping (for i =2 Hz §; = 0.05 and for f; = 8 Hz
§1 = 0.05) (use button -] next to the combo box)

© add quiet zone (| Add zeros left ) to the record at the beginning

with At = 6m/150— + 10m/208— ~0.1s

Run deconvolutlon ‘ and press m to accept modifications

o

Baseline correcton/Butterworth fitering_Linear deconvolution

@ Rigd base model Target signal is given on top o layer T
v

®

Solllyers + bedrock (ast layer) o
Layer_[Lobel [oepm | [ Toorwa T

S [ Jomws [vo | comns o s | 2
| [ o e \"' i sl 12 00 it W Ao n
5 o 17 1519. i

oo om0 oz
won- | aous e Jazs - o o
ooma| oouo zeomee0 [03 |23 | 1o, ayesn 2]

g8

tisl

(1) (after deconvolution)

o WA\ At A
TN VY
i)

3 0 11 12 13 14 151
e — el

I

Web data banks

Tt | tmngx | Go/tomy 1=
[t s vsgs govdate bt = databe o
rdazeros o ndazros gt -
I import (from local resources) |

32/68



& Free field motion: shifting load time function in time

@ In order to be able to reuse this project as a free field motion
for the reduced one we need to shift the dynamic driver in time
(by 1s for instance)(will be explained later on why..?)

Loadfuncﬁona Fﬁ]‘
~Funciion defini
Number [1 Narme [Loma Prieta record o
Add | Modty | Delete | copy | 050
Acceleration time histories toolbax 045
Insert expression | 040
Function [1 Loma Prieta record ~] :I:
g
[oyvalue =If s 0% ﬁ A
LI -0 |
r g 015 il |
I Fo S o0 g |
Scalevalues by factor |1 005§ 3h--1i- :} ] ,!\ ’
Time [s] [value [ 000 i L) 1
0 -0001882723376 i . i fif l\ |l i | ﬂ' .” UJ Lills
002 -0.001710441892 e L i 1
004 -0.000707645505 & I |
006 0000178256973 o
008 -0.001346839633 o :
o1 -0.002309845827 0 11 12 13 14 15 16 17 18 19 ||
012 -0.000560397352 ulEl I
I

014 0003607706453 < Import Export Help Cancel
- &
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& Free field motion: Drivers

@ Set drivers (Control/Drivers)
@ Note that Default control for each driver can be different

[oriver [ype [ Tmesan |  Tmeend | Increment Mltpler | Nonl. solver settings _ Dy anal. s((llngs
it sute ) 01000 et
Dynamics Driven Load 1.0000 s) 18.0000 s] 0.0100 Is) D.fwll Default ’;I H
it \ \ !
Default for the Initial State Default for Transient Dynamics
Convol

Store RastryRsuntis ooch [T sops.

L ] | ] Dee




& Specific settings: Rayleigh damping

Stiffness proportional:
ag=0; E= fi‘— o

Mass proportional:
a,=0; &= —;—g;

,

e « (or a,) parameter applies to the mass (low frequency
damping, may represent viscous damping)
@ (3 (or a1) parameter applies to the stiffness (high frequency
damping, may represent hysteretic damping)
NB. If all materials have the same damping coefficients we can set %
them at the global level in settings for all dynamic drivers (will be
done later on). We can do it also at the material level. 35/68



& Free field motion: Dynamic settings

© Set dynamic settings in Control/Dynamics menu or by
pressing button -] in column Dynamic analysis settings
directly in the list of drivers

@ set up global Rayleigh damping coefficients, set ON @

integration scheme

Dynamics setti

Settings label

Defeutt ~ Add Delete

© Lumped
 Consistent

[~ Active

Evaluate damping coefficients from imposed values

D Frequency ~
~Rayleigh damping factors C = alpha* M+ beta0 *K-

@, [1.005309649 [1/s] o2 [1/s] & Joos i
Bo [0.001591549 [s] f2 o [1/s] & [oos i

o]

[T nlocalbese | Dfinelocal base

Il

Control perameters «, [T0030%a (/3] B, [0001591548 Bl
C Implicit Newmark (displacement) Solid Fluid
- o [03 o [o3 ok | camca | |
@ [HHT {displacement) 8 [z o & — = =
v o
[% Include inertial term in Darcy law ‘&
[~ Advanced oK Concel | Help
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& Free field motion: Computation and postprocessing

@ Displacements, velocities and accelerations are output as
relative to the rigid base

o
S

ax(t)/g

Computed relative target a_x(t)/g

TT \i TT
=
i

S
=

ax(t)/g

o Mf —— Computed total target a_x(t)/g
| * Giventargeta_x(t)

5
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% Reduced model: Geometry of the concrete frame

@ Concrete columns 60x60cm (spacing in Z direction: 6m)

@ Concrete beams 60x100cm (spacing in Z direction: 6m)
© Foundation raft 70 cm

i 18m |
41m -

Sand 6m

Clay 10m

bedrock a,(t)

DA
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% Reduced model: Creating new project

@ File/New
@ Select plane-strain

© In Project preselection set ON &

Q File/Save As reduced-RB-rel

@ Import data from free field motion project (in main ZSoll
menu use File/Import data from another *.inp file)

Importdata settings
Data Set for port oK |

Materials Cancel |

D

E}

Existence functions

Load functions Selectall |

Drivers [[unselectan |

Control settings

Dynamic settings

Pushover settings

Linear equation solver

Gravity setups.

Seismic input

Contact algorithm

Results content

|| NB: Selected dataitems willbe replaced by the existing W ’a
ones

39/68
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& Reduced model: importing meaningful data from free
field motion project

@ Add 3 new materials for the raft (material 4), beams (5) and
columns (6) (assume E = 30000000 kPa, v = 0.2, v =24
kN/m?3); in group X| Main | select
@’ Flexibility based formulation ‘ (single beam per member is
sufficient once mass lumping only at connections between
beams and columns is a correct assumption)

NB. In @’ Flexibility based formulation ‘ beam elements have 2
nodal points (as in standard) but stress resultants are output in 5
integration points (two of them are placed exactly at the
endpoints); mass is lumped at two nodal points; these beam
elements are mainly dedicated to structural aplications.




% Reduced model: Creating macro-model

@ Let us go to the preprocessor

@ First we will create construction axes (
X = {-50,-9,0,9,50}, Y = {0,10,13, 16,21, 26}
(here we have to be coherent with the free field motion
geometry 1) and then draw the geometry

£60.0 -9.0 0.0 90 500

3 subdomains (to have best quality meshes)

A
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% Reduced model: meshing (at the macro-level)

© The optimal situation is when at the left and right walls we
have mesh that is compatible with the one used for free field
motion

@ Therefore in the vertical direction we will have 4 elements in
sand layer and 5 elements in the clay layer

© After meshing continuum select all beam macro-elements and
create virtual mesh with split parameter equal to 1

£60.0 -9.0 po 9.0 50.0

1
lax30| 1 l4x30 —
5x 30 5x 12 5x 30
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% Reduced model: DRM setup (1)

@ Here interior domain is extended until the bedrock

@ Boundary and exterior layers are located at the left+right
vertical walls (single column of elements in each)

© On the exterior domain we have to add viscous dashpots
@ In our case setup (1) is optimal

VRRI\/!‘Dsetuen(version 1)

£60.0

| .
| Exterior domain

"\ ~,.,.A.. \};\§‘ ,~ ,,,,,, \ ; ..... ~,1

Boulndar domain
y viscous dashpots »
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% Reduced model: DRM setup (2)

@ Here interior domain is far from the bedrock

@ Boundary and exterior layers (still single layers of elements) are
located around the structure

© On the exterior domain we have to add viscous dashpots

DRM setup (version 2)

50

| ‘Boundary domain ‘Exterior domain ‘ |

Interior domain
1 I 1

17
R ER:IREREEE
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% Reduced model: real mesh, DRM domains

@ Once we have FE mesh we can define DRM exterior and
boundary domains (FE model/DRM domains/Create..)

o&

J1111

J1111

ISESESENESEEARERERANAREREENE

Selection for exterior domain

IS0 EENEENI

TIITTITTTIIT

Selection for boundary domain

[m]

=




& Reduced model: existence function and unloading
function for horizontal fixities

© Before starting dynamic analysis horizontal fixities must be
released but static equilibrium must be preserved

@ To do that we need to define one existence function for these
fixities in X-direction and one additonal load function that will
be used as an unloading one for reactions in released fixities
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& Reduced model: setting variable in time solid BC

© First we apply standard BC (FE model/Boundary
conditions/Solid BC/On box)

@ Then we can select nodes at both vertical walls (except those
at the base) and define BC using option (in same menu On

node) e
[ Trenslationa ——— — — — —
Imposed value LF EF U(T:;‘::g

Fx | O
rw - |
A p——

Cy Moy | O o
(% P
A p—

Fz [ | T
vz p—
A L

Fx X | T
v —
™A% I

v Fuy P F
- o
P F

rz Cu |
v ln— @
Inl |

|| ™ ntocalbase 47 / 68




% Reduced model: added masses

@ Remaining part of the structure add some mass to the system

@ Here we add 6000 kg at each nodal point in structure located
on axis of symmetry and 3000 kg in the remaining one

3000kg 6000kg 3000kg

3000kg 60Q0kg  30p0kg

3000kg 60Q0kg  3000kg

TTTTT

1
\
|
|
\

I
P o E Y ) @

& =~ [ 0

5
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& Reduced model: associate free field motion project with

current one

B Zsoil 2014 v14.03 x64 - reduced-RB-relinp - Z5oil T et T ——| |5 3

Project properties
© Setiings

Versiontype Basic
Units TANDARD
KN-m-deg-s-C
& Analysis and problem type.
Analysistype  Plane Strain
Problemtype  Deformation
B Project description
Projectite Zsoil example
Model description
Author 2acE

mpar

B Associated preprocessed projects
Heatproject
Humidity project
Free field moion..

& Functions and Materials

Loadtime 1
Existence 1
Material 6

E FE Model
Nodes 715

% Otwieranie

@'@c“, » Komputer » Dysk(D) » v14_ztuservs2012 b INP » course

¢ Komputer

< Dysk(@)
«» WD-E (E)

¥ Grupa domowa

& Dysklokalny ()

Organizuj ~  Nowy folder E- O @ |frana
D Autodesk360 4 Nazwa - Data modyfikacii  Typ Rozmiar on
T ) reduced-RB-relinp 2014-08-231642  PIKINP 316K8
3 Biblioteki ~ -
B Dolume [ shear-layer-R8-relinp 2014-08-231558 _ PIikINP 41k8
) shear-layer-RB-rel-cortinp 2014-08-231606  PlikINP 358 N
) shear-layer-R-rel-uncorrinp 2014-08231605  PIKINP 35K8
mation
te model

~ [l

Nazwa pliku: shear-layer-R8-relinp

D)

|Boit-smail mode|

Btimation toolb
model
entation
ments

5
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& Reduced model: computation and analysis of results

@ Tracing time histories of relative displacements and
accelerations of selected points

e Making envelopes in structures

@ Observe parasitic effect of high displacement amplitude at end
of shaking visible in displacement/acceleration time history plot

for top frame node (this is an effect of rigid base assumption)
B o . S G

File_Time Graph Option _Graph.settings Time history_Macro_Save plot._Help

sed to ANDRZEJ TRUTY (License:

uuuuuu

Ready

5
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& Reduced model: what about nonlinearities ?

@ Main sources of nonlinearities

@ In subsoil (plasticity, pore water pressure generation (in fully
saturated media) that may lead to liquefaction in case of loose
deposits)

@ In structure (cracking)

NB. Once we use nonlinear models for subsoil deconvolution is no
more unique (stiffness and damping are stress/strain dependent)

51/68



& Reduced model: nonlinear constitutive models for subsoil

O M-C, H-B models

o here we have to define small strain E modulus that is larger
than static one; to use different stiffness moduli within one
computation we can apply a load time function to this
parameter

e these models have built in hysteresis effect but for larger strain
values; therefore we have to be careful when setting damping
parameters; using low frequency damping (to mass) is correct
but stiffness proportional damping (if defined) is already
included (partially or fully) in the elasto-plastic law; in this
case we could define mass proportional damping parameter
a = 4nf¢ (at f = 2Hz for instance) while keeping 5 = 0.0

@ HSs, Densification models

o HSs and Densification models can be used for dynamic

analyses but we need to activate &‘ Small strain stiffness‘
option in both

e In both cases mass proportional damping is correct while ‘éll
hysteretic damping is fully embedded in the constitutive theory

52 /68



& Let us try M-C model for subsoil

@ Save data file for current reduced model as
reduced-RB-rel-MC.inp (File/Save As)

e Switch elastic model for sand to M-C (¢ = 30°, ¢ =1 kPa,
1 = 0°), activate group & and set a = 1.256 (5%
damping at f =2 Hz), 5 =10.0

e Switch elastic model for clay to M-C (¢ = 25°, ¢ = 10 kPa,
1 = 0°), activate group & and set a = 1.256 (5%
damping at f =2 Hz), 5 =10.0

@ In the preprocessor add initial stresses to sand and clay layers
(use option FE model/Initial conditions/Initial stresses)

@ In the preprocessor add contact interface between wall and
subsoil
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& DRM with M-C model: contact interface

Select continuum element edges adjacent to the concrete wall and

then use option FE model/Interface/On continuum element

edges
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% DRM with M-C model: analysis and results

@ Here we can see that in some periods of shaking plastic zones
are active near boundary layer

@ What about periodic BC ?
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& M-C model with periodic BC

@ Save data file for current reduced model as
periodic-RB-rel-MC.inp (File/Save As)
o Go to preproceesor
@ remove DRM domains
@ delete horizontal fixities at left and right wall
© select nodes at the left wall (except one at the base)
@ create auxiliary symmetry plane at x = 0.0 (use option from
ribbon menu Draw)
© use option FE model/Boundary conditions/Periodic
BC/Nodes & Plane
@ dashpots will not play any role (so we can leave them)
@ quit preprocessor

@ Delete free field motion project from project description

@ Run analysis

NB. Periodic BC can be used only for flat configurations
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& Let us use HSs and densification models

@ For loose sand layer we will use Densification model by Sawicki

@ For clay layer HSs model will be used
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& Densification theory by Sawicki (1989)

e Concept of common compaction curve (in simple shear)
0 =¢ GIn(1+ G 2)

1
0 z= 2 N ~2
@ Only the 2 parameters: G; i G
q

s D
S n ]

| DNS g0=7.74le04

« & Z50IL g0 = 7.741e-04
— DNS g0 =1548¢-03
@ e« Z50IL g0 = 1.548e-03
— DNS g0=3871e-03
« « Z50IL g0 = 3.871e-03
— DNS g0 =7.741e-03
« @« Z5OIL g0 = 7.741e-03

EPS-V
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& Global construction of densification model

@ Model is derived directly from HSs (Schanz, Vermeer)
@ Deviatoric plastic flow rule is adopted (¢ = 0°)

o Model is equiped with a current shear yield surface controlled
in addition by an external M-C surface

o B =E5 (27)"

O-ref

o Eo=E; (2)"

oref

o Elastic stiffness modulus E varies from E, — E,,

@ All volume changes are due to explicit densification mechanism
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& Global construction of densification model

G Hardin-Drnevich
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& Customization of the model

Model is very flexible and can be used in different contexts
(not only for loose deposits)

e Standard Mohr-Coulomb
(E(p) + <small-strain> + <densification>)

@ M-C + hardening
(E(p) + <small-strain> 4+ <densification>)
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& Simple shear test (static) (drained case)

im

100 kPa
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Monotonic undrained

simple shear test

Internal shear mechanism

is

inactive (no notion of Esg is included)
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g
<
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4 Monotonic undrained simple shear test

Internal shear mechanism is active (effect of Esg is included)
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& Cyclic undrained simple shear test

Internal shear mechanism is active (effect of Esg is included)
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4 So

let us use HSs and densification models

Here we will use periodic BC so let us reuse data prepared for

M-C model and make corrections for materials (save data as
periodic-RB-rel-HSs-DNS.inp)

For sand layer Densification model is used

E*f = 200000 kPa, v = 0.25, m = 0.5, y0.7 = 1074,

Eref = 60000 kPa, EfSf = 20000 kPa, OCR = 1.0, K3 =
05 G =87-1073 G =2-10°

Assume e, = 0.57 for sand (this is needed for densification
law)

For clay layer HSs model is used

E’*f = 240000 kPa, v = 0.25, m = 0.5, y9.7 = 2- 1074,
Eref = 80000 kPa, E[SF = 30000 kPa, E,eq = 30000 kPa ,
OCR = 20.0, K;R = KN¢ = 0.577

Assume e, = 0.48 for clay

Let's run and analyze permanent settlement of the building



@; Permanent settlements

Densification model allows description of permanent settlements
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& Permanent horizontal movement

Densification model allows description of permanent settlements
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