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KEM 5a

Cumulative effects of repetitive earthquakes on soll
settlement
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Research questions KEM 5a

Main question
« What is the effect of repetitive earthquakes on settlement?

Detailed questions

» What effects on near surface sediment settlement can be expected due to repetitive
earthquake tremors?

« Can the effect of repetitive earthquakes tremors cause damage to buildings (in relation to
the specific situation in the Netherlands)?

» If so, can the effect of repetitive earthquakes tremors be tested and quantified?

» Can the effects of repetitive earthquake tremors be disentangled from other comparable
processes common in soft soils in the Netherlands?
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Number of earthquakes

Jaarlijks totaal aantal aardbevingen Groningenveld

125
100
75
50

25

Totaal aantal bevingen per jaar

0 Il 1l
N oV 0 0 S\ P ’» o NG \J A
@ \gﬁ gs'b \QQ o> \qq \‘gb \QQ @Q "90 @Q N QQ QQ "&Q QQ ,19\ "9\ N '\9\ S '»Q\ "9\ N ”&\ "S\ '9

Jaar

Deltares

Intern gebruik

Jaarlijks aantal aardbevingen boven magnitude 1,5 Groningenveld

Totaal aantal bevingen per jaar

30 W 35-40
W 30-35
W 25-30
W 20-25
20 W 15-20

10

0
v o® © A D S 2 'o‘\ Qs »
R I S S e A ooy

Jaar BRON: KNMI

Source: https://www.knmi.nl/over-het-knmi/nieuws/jaaroverzicht-
aardbevingen-2021



Subsoll conditions, N-S profile
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Literature data
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Sand: liquefaction (effect pre-shearing)

Results CTX tests, Results shaking table tests, with several events
Wlth pre-Shearlng H1 trend r.=1 (HI case) H2 trend
= 100; ST 3 rFl (H-Z case) H3 trend r,=1 (H3 case)
: g .~ |Shakel, e} 0.754, D=22.9%
c S0y oOnce UD S 2
S -
© 30 - @Once D =
i i opo : = ‘
Q o 910 times UD 0’
g- o . d H d \‘
i 10 B ng;Jrr;lr::'Jne I o ~ Shake 2 & I)r_““ 2%
s F event 2: longer & 4
2 g oN : : <
o \ duration period full =
(S . . !
= \ liguefaction 9
S (b) - g 669 D =52.3%
.g 1 \ a 2
3 0 05 10 15 20 25 30 =
Prestraining shear strain amplitude y (%) event 3, 4, 5, 6: = 0 —
(Suzuki, Toki 1984) decrease amount of _ 3 g4 46642, D=61.6%
liquefaction, both S 2
Small hear- i amount and =
mall pre-shear: positive duration 0
Large pre-shear: detrimental . Shake s, d=0621, D,=68 9%
s 2
X
Deltares "o — -
Intern gebruik s 3 [Shake 6, 4=0.603, D=75.1%




Clay: loss and regain of strength
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Sand: application to Groningen

« Rate of densification may decrease with
subsequent earthquakes

+ Settlement due to densification will be
Instantaneous

 But: low PGA so far

— Uncertain if already some densification occured

— Uncertain if effect pre-shearing is already
present

Deltares

Intern gebruik

settlement [m]

0.1

0.2

0.3

0.4

0.5

0.6

PGA [cm/s?)

8 888 %888 8§ 888 888E8 8 8 88,8888
. - r = T
i
®
= - -
C

Huizinge Event 16-8-2012 (Westeremden station,

)

0.05

0.1 0.15

PGA [g]

0.2

0.25

— settlement

as rucnt
of PGA

— PGA, 95 year

return
period

——PGA, 475

year returmn
period

—PGA, 2475
year return
period

10



Sand: Settlement to date in Groningen

* Free field settlement, using Yoshimine approach
« NO measured data, estimated from available models
« Estimated free field settlement for design earthquake limited

Predicted liquefaction induced settlement
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Clay: application to Groningen

 Low PGA so far
— Uncertain if any degradation occurs

even If: effect will be negligible or small

* No information on settlement, will be difficult to distinguish from normal
consolidation settlement
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Answers to questions (KEM 5a)

What effects on near surface sediment settlement can be expected due to repetitive earthquake
tremors?

— In sand: cumulative settlement; in clay: no or only minor loss of strength

Can the effect of repetitive earthquakes tremors cause damage to buildings (in relation to the
specific situation in the Netherlands)?

— Not for the earthquakes to date, could happen for future (if stronger) earthquakes

If so, can the effect of repetitive earthquakes tremors be tested and quantified?

— Can be tested with cyclic tests on soil samples or geo-centrifuge tests
recommendation: assess shear strain amplitude due to present day earthquakes
option: install extensometers

Can the effects of repetitive earthquake tremors be disentangled from other comparable processes

common in soft soils in the Netherlands?
- In sand: possible as a ‘jump’ in settlement

- In clay: bearing capacity: possible as a jump’, for settlement: uncertain
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KEM 14

Liquefaction hazard and risk quantification
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Research questions and objective KEM 14

Questions from the public: Is it possible that for Groningen type earthquakes
(PGA's, PGV'’s) liguefaction occurs? If so, what effect can be expected for
buildings and infrastructure in Groningen?

Previous work in NPR9998 and at NAM.nl already describes how to assess
liguefaction for Groningen.

Main follow up questions in KEM14:

* Is there a method to link the probability of liquefaction to the risk for building
damage?

« What is the validity of such a link?
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Liquefaction

Definition:

The act or process of transforming any substance into
a liquid. In cohesionless soils, the transformation is
from a solid state to a liquefied state as a
consequence of increased pore pressure and reduced

effective stress.
(Marcuson, 1978)

Consequences liguefaction

- Loss of bearing capacity => large deformation,
failure

- Densification => settlement
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Liquefaction, Roermond 1992 earthquake
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Liquefaction assessment Groninaen

Hazard mapV6-T4 (2475 yr)
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Approach used in KEM 14

* |nitial approach: use index parameters

- link damage to a well established index parameter (e.g.),
advantage: it takes into account thickness liquefied layer and
effect of depth liguefied layer, no need for multiple complex
SSI calculations

* Required:
— Selection relation damage and index parameter
— Thresholds for index parameter
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in model chain

KEM 14 Liquefaction
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Index parameters from literature

« LPI (Liguefaction Potential Index)

* LPI, (Ishihara inspired Liquefaction Potential Index)
 LSN (Liquefaction Severity Number)

« LDI (Lateral Displacement Index)

« LBS (Liquefaction induced Building Settlement index)
* |AM (Induced dAmage Measurement)

LPI and LPI, are widely used, others mainly or only used by their originators
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Calculation of LPI and LPl, (Ishihara inspired LPI)

20m
LPI = j F(z2)W(z)dz
0

F(z) function of resistance against
liguefaction, F(z) is O (no liquefaction)
to 1 (full liquefaction)

W(z) is depth function (10-0.5z)

LPI, is an extension of LPI —
different weight function and
non-liquefiable crust
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Relation LPI and LPI to severity

« Commonly used classification LPI
— LPI < 5: no to minor liguefaction manifestation
— LPI > 15 : severe liguefaction severe liguefaction manifestation
— No direct link with building damage

« Commonly used classification LPI,
— No reports or papers linking LPI.,, to severity of liquefaction
— Common approach is to use same values as for LPI

10

8
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0

0 5

LPI LPI

(based on Maurer et al 2015 database) (based on Groningen database)
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Fragility curve linking LPl., to surface manifestation of

liguefaction
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Link LPI to building damage

* Investigated by Tonkin+Taylor
(2012) using database CES
(Canterbury Earthguake Sequence,

Observed Foundation Damage Observations

Christchurch 2010/2011) LPI LSN
° Relating bU||d|ng damage to LPI and 0 5 10 15 20 25 30 0 20 40 60 80 100 120 140
LSN 4 + + + + 4 N R 1 1
None - None - 1
» General trend is that damage
iIncreases with increasing LPI Minor -

 however: weak correlation

Moderate Moderate

« Not such an investigation available

using LPl., as index parameter M.-,,o.,,_- o |
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FEM calculations for NPR9998

« Aim of FEM calculations was to assess foundation settlement

« Variation of subsoil conditions and input signal

* Result was an expression for assessing amount of foundation settlement (is incorporated in

NPR9998)
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Results FEM calculations for NPR9998

re-analysis
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Selection threshold values for LPI.,, for model train

Procedure followed to select LPI,, value for model train:

« Starting point are requirements in NPR9998

« Limit for Near Collapse: rotation 20 mm/m
— Differential settlements 2/3 — 1 times total settlement et
— Building width: 5 m

cumulative probability of exce

— This gives as limit for total settlement: 0.1 m resp. 0.15 m
— 5% probability of exceedance 60%
- RGSUlt LPIISh — 25 50%
 Limit for building damage - e S
— Use the ‘standard’ value: LPIl, =5 10% |t 08 <overe Lpich
0% /W
0 10 20 30 40 )
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Summary of results / Answer to questions

Is there a method to link the probability of liqguefaction to the risk for building damage?
What is the validity of such a link?

« LPI and LPlig, are index parameters for surface manifestation of liquefaction
« LPlig, is an extension of LPI, taking into account effect non-liquefied top layer
« Correlation LPI and building damage is poor

* No other index parameters give better correlation

 Indicative values can be given for use LPl, as damage indicator
« A more refined approach is recommended
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Future work

« Recommendation
— Develop a full probabilistic approach

— Taking into account probabilistic
approach for liguefaction and for
buildings

« Work started at Deltares as part of the
TURNKEY project (work in progress)
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Contact

A www.deltares.nl ¥ @deltares in linkedin.com/company/deltares

= Iinfo@deltares.nl G @deltares f facebook.com/deltaresNL




Koninklijk Nederlands
Meteorologisch Instituut
Ministerie van Infrastructuur en Waterstaat
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Design PGA, V6, period T4, 2475 year return period
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PGA_max = 0.25¢g

Design value decreasing
with time

Max. PGA recorded is about

0.1g
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II

IIT

Shear deformation of
grain matrix

Grains want to move, pore
water needs to move
— water overpressure

When water has been
drained, the grains are closer
to each other = compaction
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Sand: |iquefaCti0n (effeCt Results shaking table tests, with several events
pre-shearing)
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Sand: cumulative densification

(Sawicki et al 2014)

Void ratio e [-]

0.65

0.64 |

0.63
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0.61

Number of cycles N [-]
(Wichtmann et al 2005)

Rate of densification dereases with increasing number of cycles

Deltares

Intern gebruik

-— Test No 1:e5 = 0.629
T Test No 2: eg = 0.636
N ~—= Test No 3:ey=0.644
i all tests: pav = 100 kPa,
N q3 = 77 kPa, gl = 55 kPa
I I NG : ! : : : e
R N T T
.......... Fn e S e b [deNtical void ratio -
‘é1 "‘ & | - &3 _identical stress
R e N s e S
e N i A S A o A Jebe
o~ &z eresl
| s S i S AT
! — : : :
i T~h L
0 2:104  4-10% 6-10* 8-10*  10°

39



Example for Zandeweer
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Peat

* Less published data
« Same mechanisms as for clay
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Summary

 No field data on cumulative settlement known

* From basic soil behaviour
— Sand: possible cumulative settlements, decreasing rate of settlement
— Clay/peat: minor loss of strength, regain of strength between earthquakes

« Model tests
— On sand: confirm basic soil behaviour
— On clay: no data
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Answers to questions (KEM 5a)

What effects on near surface sediment settlement can be expected due to repetitive earthquake
tremors?

- In sand: cumulative settlement; in clay: no or only minor loss of strength

Can the effect of repetitive earthquakes tremors cause damage to buildings (in relation to the
specific situation in the Netherlands)?

— Depends on amount of settlement during present earthquakes

If so, can the effect of repetitive earthquakes tremors be tested and quantified?

— can be tested with cyclic tests on soil samples or geo-centrifuge tests
recommendation: assess shear strain amplitude due to present day earthquakes
option: install extenso meters

Can the effects of repetitive earthquake tremors be disentangled form other comparable processes
common in soft soils in the Netherlands?

— depends on amount of settlement during earthquakes to date
for sand: possible as a ‘jump’ in settlement
for clay:
bearing capacity: possible as a jump’
for settlement: uncertain
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Severity of liquefaction

() Severe Liquefaction
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(Maurer et al 2015)
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Integrated modelling

« SSI modelling
— Complex calculations

— No known studies with both building and subsoil
modelled in detalil H

— In literature: simplified building, mat foundation

« Groningen specific calculations
— 2D calculation
— Aimed at obtaining foundation settlement
— Damage state from (differential) settlement

q varies ’ I . Structure, T,v
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