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Full 58t Rankine lecture is on Youtube!

https://www.youtube.com/channel/UCdAPBc WIRBG 708brXabkqg
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https://www.youtube.com/channel/UCdAPBc_wlRBG_708brXabkg
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Anthropocene: the current geological age, during which human activity has ARUP
been the dominant influence on the environment wikipedia)



Selsmic ground displacements imposed on below-ground structures
imadified, after Free et al, 2001}

Adjacent buildings

Ground

Basement Displacement

Closed arrows indicate free-field displacerment Cipen arrows indicate inertial force effecis
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Main components of dynamic SSI

Characterization of structural
loading: frequency, amplitude,
g regular, random?
ﬁ\ Modal mass participation?

~uihertial effects?

"9 Structural
B S I§J ematic response of soil
- - : "./ h ?
Inertial effects & = O structural loading”

# \articulation?
trom foundation 5l ﬁl\/ka%fs of soil partic;pating?
system? Strain rate effects”
Load pathways?
Boundary effects?
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The digital ‘twin’

Digital twin refers to a digital replica of physical assets (physical twin), processes,
people, places, systems and devices that can be used for various purposes.

The digital representation provides both the elements and the dynamics of how an
Internet of things device operates and lives throughout its life cycle.

As Geotechnical Engineers we need to be better at defining the properties of the
ground in the time domain: strain rate dependency, destructuration under repetitive
loading, in situ tests, long term behaviour and feedback.

A digital twin can be made for a rapid insitu test (CPT, Pressuremeter, DMT), the
construction process and completed installation.
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Vehicle deformation

FE analyses: EuroNCAP Pole Impact 50 km/hr (14 m/s)

Peak Intrusion Depth (mm)
POINT TARGET SLC
1 <230 110
2 <230 207
3 <230 262
4 <230 297
5 <230 326
6 <230 189
7 <230 294
8 <230 294
9 <230 285
10 <230 296
11 <230 107
12 <230 48
13 <230 51
14 <230 61
Survival Space (Door) (mm)
POINT TARGET SLC
10 > 405 547 ®

Peak Global Velocity (m/s)

POINT TARGET SLC
3 <8m/ls 8.3
5 <8m/s 8.2
10 <8m/s

Intrusion depth well wit

nin target for

all measuring points v/

= Survival space well within target v/

J

reference v/

®§/ = Intrusion velocity better than

VELOCITY (i)

What
happens at
the

foundation?

Reference
— SLC
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Transbay Transit Center, Transbay Tower, 181 Fremont Tower and
existing high-rise performance under 1 in 975 Return Period EQ
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D3PLOT: Rough Interface - Outer Reinforced - Kob DISPLACEMENT vector
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Instrumentation of the Transbay regeneration zone
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Napa earthquake, August 2014, ¢.60 km from San Francisco,
2.0 7Y +(1) Sentinel-1a’s first
: - ' interferogram showing
widespread ground
movement in the
aftermath of the August
earthquake
*(2) A blow-up from the
August image detailing
the surface fault rupture
 (white line) that was
- mapped by scientists on
- foot
 +(3)Asharp

»  discontinuity is visible in
. this September
- interferogram that
_ betrays afterslip on the

" fault of up to 2cm



http://www.bbc.co.uk/news/science-environment-30510268
http://www.bbc.co.uk/news/science-environment-30510268
http://www.bbc.co.uk/news/science-environment-30510268
http://www.bbc.co.uk/news/science-environment-30510268
http://www.bbc.co.uk/news/science-environment-30510268

12 storey low-rise with 5 level,
18m basement: accelerometer
data (CA Geol Survey) T —
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http://www.strongmotioncenter.org/cgi-bin/CESMD/iqrStationMap.pl?ID=SouthNapa_24Aug2014_72282711
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Mexico City: a mega-
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Spectral amplification at urban
recording stations deployed after
19 September 1985 EQ

(Reinoso & Ordaz, 1999) ARUP




Spectral
amplification at
urban recording
stations deployed
after 19
September 1985
EQ (Reinoso &

9 W k Ordaz, 1999)
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Mexico City, Lakebed zone, V. profiles
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New Airport site, Mexico City
Puebla EQ 19 September 2017
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Aux. Station, urban lakebed zone, Mexico City
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Gueguen et al (2002) Urban effect on ground motions (Mexico City)

Building-to-soil £, &5, h, 5
Kinematic energy E,. ZS H, f
ratio ‘

urbanlsatlon den3|ty bmldmg helght soft soil thickness resonance
SSRGS | ~- | (soil:building)

E../E\ = 0.87 at Aux
station site

(threshold for urban effect
Is 0.1, after Gueguen et al
(2002))
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CAQO Station, urban lakebed zone, Mexico City
- Beating 2" Phase
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Minimum requirements for numerical analysis of dynamic
soil-structure interaction: Non-Linear Response History
Analysis software (0’Riordan & Almufti, 2015)

* Pressure- and rate-sensitive non-linear shear stress/strain
soll properties

* Degrading G/Gmax curves for the soll

« Water pressures: recognise volumetric & shear strain rates
at excavation/construction and dynamic excitation stages

« Accurate representation of foundation systems

* Interface layers between structural elements and the soil
mass that represent disturbed soll

* Representation of structures, vehicles etc: equivalent mass,
stiffness and damping to capture dynamic behaviour

* Representation of construction installation sequencing

« Soil domain sufficiently large that boundary effects are
negligible during dynamic loading

» Able to provide ‘rupture to rafters’ (Ellison et al, 2017)
process for seismic loadcases ARUP



Ground Motion Levels
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Typical ‘backbone curve’ (modified after Atkinson, 2000)

=

Increasing strain rate
Increasing Plasticity Index
Increasing OCR

Decreasing strain rate
Decreasing Plasticity Index
Decreasing OCR

Secant G/Gmax

o

]
0-0001 0-001 0-01 0-1 1 10

Shear strain, . %
Dynamic methods

- -
Local gauges
- -
G 1 Conventional soil testing

|
I -

Gmax 14-,(5‘(?{1?)6E
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Conseguences for G/Gmax curves:
‘dynamic’ and ‘static’ soil behaviour
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Consequences for G/Gmax curves
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CPT in Mexico City clays in LS Dyna, with & without strain

rate (SRE), with destructuration and variable velocity

Cone Resistance (kPa)
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- T
Gautrain,
Johannesburg Pretc?:re[gg/-.f- y

/’

GAUTRAIN

FOR PEOPLE ON THE MOVE
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Gautrain: new railway for the soccer World Cup 2010

New Johannesburg>
Pretoria railway crosses
sinkhole-prone dolomite
residuum on viaducts
and ground slabs

Conventional Gl
technigue is air-flush
rotary, and measurement
of drilling rate.

Limited published soils
data, but ‘good’ history
of sinkhole occurrence.
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Viaduct Foundation

m Effective radius = f(r, h, z_,,)

j
Sinkhole radius, r “l
Wedge of soil
forces past piles —
passive pressures?
'
(

nle-pass gqroutic

S RUP



Pressuremeter test in Residuum/ ‘wad’
c'=7 kPa, @’ = 30° elastic-plastic, Mohr-Coulomb

Y=10*1to 10~ s* (~0.5 MPa/20s) Young's Modulus, E, '(MPa)
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Pressuremeter test in Residuum/ ‘wad’
c'=7 kPa, @’ = 30° elastic-plastic, Mohr-Coulomb
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Lateral pressures on pile during sinkhole collapse
After Sartain et al (2011)

Lines of pressure exerted on pile at increasing time (in seconds)
after sinkhole collapse initiated

—20s

Depth, z (m)

-50 -25 0 25 50 75 100 180s
Pressure (kPa)




3D SSI:
liguefaction effects prediction/simulation

a) heavy fluid, using Simplified Methods for triggering based upon CPT

b) bilinear soil with decoupled excess pore pressure generation, in offshore
situations we can allow partial drainage during wave loading

c) non-linear critical state soil model such as SANISAND (Dafalias & Manzari,
2004) with coupled excess pore pressure generation and dissipation




Wave loading:
Generation of excess pore water pressure around offshore
structures

ov\r-1—llgh excess pwWp

Extension

Compressuon




Excess pore pressure generation in sands
undrained DSS loading
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FE analysis, shallow medium dense sands modelled as Elastic/
Mohr-Coulomb (G~100 MPa / ¢'=36" )




Typical North Sea 6 hour design storm (after Hansteen, 1980)
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Probability Pj of waves > mean wave height occurring within a run
of | waves during deep-water storms (Longuet-Higgins, 1984)
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RANWAVE: greater
realism, requiring a
pseudo-random
approach to storm
wave composition
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Statistical outcome from RANWAVE (O’Riordan & Seaman, 1993)
and implementation in variety of FE platforms (Dingle et al, 2017)
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Comparison of RANWAVE with conventional
ascending ‘Hansteen’ approach

=
o

Hansteen storm under
the caisson base,
no dissipation

*Mean + 300f
'‘Random wave' design
storm with dissipation|
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non-linear critical state soil model such as
SANISAND (Dafalias & Manzari, 2004)
with coupled excess pore pressure
generation and dissipation




PEER blind liguefaction prediction competition 2018

r i 'II/'_: g

f Model prior to
L4y shaking

Fig. 1: Laminar Soil Box at UCSD Powell Laboratory (H2.9mxL3.9mxW1.8m)

Total mass of box and contents ~ 46 tonnes
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Plan View
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Cross Section View

Fig. 1: Model ground configuration

Input geometry (PEER,2018)

D3PLOT: LiquifactionMadel-akp1 - Run24 ein 0,654, with mu=04

¥ ©
b

7.799903

LSDyna model
(hexagonal elements
with single Gauss
point for SANISAND
elements)



Cyclic calibration : Test 17 (Dr=39%, CSR=0.1)

Cyclic loading responses of a loose specimen
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Cyclic DSS tests (Bastidas, 2016): calibration resu

under a 100 kPa sheared up to Y, =5%
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model (Dafalias & Manzari, 2004) shown in red. Overall calibration methodology
informed by Ramirez et al (2018).



Cyclic calibration : Test 23 (Dr=77%, CSR=0.16)
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Ottawa F65 sand parameters derived for 3D
Sanisand model (after Dafalias & Manzari, 2004)

o o A " v 0 AMB P \) 1 Al AT
AYER  SIGVE TERM CSR  ALPH KO0 RO RHOC THET \LPH EA LAMB CH ND ANISOKH  ZMAX CZ PAT
NATE A \C DA

- 100 s 01 0 1 1 2 150 -005 5500 037 0.8 0.8- 126 0.78 00287 07 06 S 0968 55000 0.735 05 03 031 1 11 200100328 008 20 1000
100 4on 0 1 1 2 150 005 $500 037 018 08 126 07800287 07 06 S 0968 $5000 0735 05 03 0333 1 11 200101328 008 20 1000
100 24 016 0 1 1 2 150 -005 SS00 037 0.8 0.8- 126 07800287 07 06 S 0968 55000 0738 05 03 0333 1 11 200100328 008 20 1000

Table 1 SANISAND soil parameters
Note: top 200mm of layer 1 replaced by Mohr-Coulomb material with G=10 MPa, ®* = 34deg
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Ime history for generation of excess pore

pressures at various depths in the box
(zero volumetric strain imposed)

40.000

35.000

30.000

Excess porepressure (kPa)

5.000

0.000

-5.000

25.000

20.000

15.000

10.000

An20 ein 0.654 mu 0.2
|

0.000 2.

.000

10.000 12.000 18.000 20.000 22.000 24.000

Time (sec)

14.000 16.000

2.485m below base slab Sclid 160771 Solid extra 3 (Clip)
2.107m below base slab Sclid 161071 Solid extra 3 (Clip)
1.821m below base slab Solid 161311 Solid extra 3 (Clip)
1.536m below base slab Solid 161551 Solid extra 3 (Clip)
1.470m below base slab Solid 161610 Solid extra 3 (Clip)
1.208m below base slab Solid 161850 Solid extra 3 (Clip)
0.818m below base slab Sclid 162210 Solid extra 3 (Clip)
0.500m below base slab Sclid 162510 Solid extra 3 (Clip)

0.233m below base slab Sclid 162750 Sclid extra 3 (Clip)
0.165m below base slab Sclid 162811 Solid extra 3 (Clip)
—— (.165m below base slab Sclid 162931 Solid extra 3 (Clip)




D3PLOT: LiquifactionModel-akp1 - Run24 ein 0.654, with mu=0.4 Solid Extra 3
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35.79
39.72
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47.57
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.000000000

Excess pore pressures (in kPa) within model elements



Test#1: Predicted vertical movements

akp1 - Run18 ein 0.654 Z Displacement

-460.35

-397.69

-336.02

-272.35

-209.68

-147.01

-21.68

40.99

103.66

166.33

228.99

29166

354.33

x 1.0E-03

L.

Predicted footing settlement= 460mm (thickness of 6 steel weights)
All excess pore pressures dissipate within 80 seconds after shaking



Measured footing settlement, Test#1: ~230mm
free-field settlement~ 25mm

‘On average, the participating teams underestimated the foundation
settlement by a factor of 2, whereas they overestimated the free-field
settlement by more than a factor of 3.” (Motamed et al, 2019)



Test #2: PGA=0.3g, GWT= 0.0m (Sand Ejecta)

Motamed, R. (2019) “Class B Blind Prediction of a Large-Scale Shake Table Test on a Shallow Foundation in Liquefied
Soils” PEER 2019 Annual Meeting: Seismic Resilience 25 Years after Northridge: Accomplishments and Challenges,
January 17-18 2019, UCLA Mong Auditorium, Los Angeles, CA.



https://www.chemeng.ucla.edu/locations/mong-auditorium-engineering-vi/
https://www.chemeng.ucla.edu/locations/mong-auditorium-engineering-vi/
https://www.chemeng.ucla.edu/locations/mong-auditorium-engineering-vi/
https://www.chemeng.ucla.edu/locations/mong-auditorium-engineering-vi/

Very soft Mexico Clays: seismic performance and design




Regional subsidence: satellite i Image, 2014 (ESA Sentinel 1-A radar scans)




Impulsora metro station overbridge
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Force transfer ‘springs’ at pile-soil interface

Shaft vertical shear example End-bearing example
A A
- -
DordD 22 D oraf

“Post-hole” — shaft horizontal

A 2 3,10 1

Smax

5 49 DordD




Mobilized
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All instrumented pressure cells & piles at Impulsora: FE simulation

Time history of load at pile head
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All instrumented pressure cells & piles at Impulsora: FE simulation

Time history of mat/solil interface stresses
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New International Airport, Mexico City




NAIM Air traffic control tower
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Michouacan EQ Motion 19 Sept 1985,
scaled to 1 in 2475 year return period
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NAIM Passenger terminal building under construction
January 2019




ITUNAM measured excess pore pressures and settlements under PTB raft
Puebla earthquake 19 September 2017
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Dynamic Soil Structure Interaction: extreme events,
acute & repetitive
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Increasing urbanisation has changed the nature of
geotechnical engineering

Everything is connected, and we can ‘instrument the
Anthropocene’, beyond mere construction monitoring

A resilient future will require much greater feedback
from performance of foundation systems

Dynamic numerical analysis can be used to calibrate
soil models against extreme events

This includes transient ‘extreme’ in-situ tests such as
the CPT and Pressuremeter, as well as output from
vertical arrays of seismic accelerometers




« Advanced, unified soil models and increasing
computing power enable progress towards
performance-based design and resilience

» We can look forward to increasing feedback from long
term instrumentation systems: ‘Big geotechnical data’

* We now have the tools to articulate to stakeholders
the consegquences of extreme events on foundation
systems through the use of digital ‘twins’
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