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Determining

Strain or strain rate from

Displacement or Velocitg feld
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tensors




Write it out
u, =1t + D..X.
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Again — this is “wrong way around”

We know
u and X
and want
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Now we have 6 un‘mowns and 2 equations



So we need at least b, data Points
That will give us 6 data
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An& again — the more the merrier — clo least squares.



For strain rate

Take time derivative of all terms.

But be careful

Strain rate tensor
s NOT

time derivative of strain tensor-.



SPatial (Eulerian) and Material (Lagrangian)
Coordinates

and the

Material Derivative

Spatial clescription Pic ks out a Particular location in
space, X.

Material clescription Picks out a Particular Piece of
continuum material, X.



So we can write

x =x(A,t) x(A,0)=A

x is the Position now (at time t) of the section that was
initia”g (at time zero) located at A.

or

A = A(x,t) A(A0)=A
A was the initial Position of the Particle now at x
This gives by definition

| A(x8),t| = x Al x(At),t|= A



We can ther@core write

flx(Ap).e| = F(Ar) £(x.1) = F A(x.1).t]
Next consider the derivative (use chain rule)
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Define Material Derivative
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E‘xample

Consider bar steadilg
' moving through a roller
A that thins the bar

Examine velocit9 as a function of time of cross section A

1



Alt=t) Alt=t,)

V(A1)

f

wa

The velocity will be
constant until the material
in A reaches the roller

At which Point it wil speecl
up (and geta little fatter/
wider, but ignore that as
seconﬁ order)

After Passing tlnrou?,lﬁ the
ro”er) its velocitg wil again
be constant




Alt=t;)

V(A, 1)

A(t=t.

Iif one looks at a
Particular Position, X,
however the Velocitg IS

constant in time.

So for any fixed Point
N space

av(x,t)

ot
So the acceleration seems
to be Zero

=0

(which we know it is not)
13



v(x,) v(x,)

The Problem is that we
need to compute the time
rate omc cl’\ange cnc the

material

which is moving through

space
? and déncorming

(not rigicl boclg)

(we want/need our
reference frame to be with
respect to the material, not
= -1 the coordinate system.




v(x,) v(x,)

We know acceleration of
material is not zero.

Df(A) _of(x.t) |

A(tztlj A(tztz) i /at' !

V (A, P )
( s = Term gives acceleratlon

as onc

follows the material

through space

(have to consider same
-t material at t, and t,)
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Various names tor this derivative

Substantive derivative
L agrangjan derivative
Material derivative
Advective derivative

Total derivative



GPS and deformation

Now we examine relative movement between sites




Earthquake/Geodetic
sampling interval

Paleoseismology Geologic
sampling interval _‘sampling interval

40Ar{39Ar, Fission Track, etc. —
I
Amino Acid, ESR E 2=

U-series -
Luminescence -
14 I

Cosmogenic Nuclides

Dating
Methods

Dendro/varve chronology TN

Tectonic Geomorphology

Paleoseismology[

Types of

Studies LR

Campaign GPS[___ |
Continuous GPS |

Seismic Moment Tensors |

Active fault structure

|Growth strata (high res.)
| Growth strata (seismic refl.)

geologic field studies
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FENNanenta.

Interseismic
loading
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coseismic
slip

>
"Slow"

Processes EQs

Visco-elastic
relaxation

Fault propagation & linkage

Mountain SUPer-
Building continent

formation
Basin formation
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Strain-rate sensitivitg thresholds (schematic) as
functions of PeriocI
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GPS and INSAR detection thresholds for 10-km
I)aseIines, assuming 2-mm and 2-cm displacement
resolution for GPS and | NSAKR, resPectiveIg (IﬂorizontaI

onIQ).

I'IITI:P: //www.iris.iris.edu/ USArray/ EllenMaterial/assets/ cs_Prcy'_PIan_Io.PcImc, thtP: //www.iris.edu/news/IRISnewsletter/EE.Fall98.web/ PIate.I’rtmI



Strain-rate sensitivitg thresholds (schematic) as
functions of PeriocI
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Post-seismic deformation (triangIes) ,
slow earthc]uaI«:s (squares) )
Iong—-term aseismic deformation (diamonds),
reseismic transients (circles),
ancID volcanic strain transients (stars).

I'IITI:P: //www.iris.iris.edu/ USArray/ EllenMaterial/assets/ cs_Prcy'_PIan_Io.PcImc, thtP: //www.iris.edu/news/IRISnewsletter/EE.Fall98.web/ PIate.I’rtmI



Stuclg deformation at two levels

Ay Ay Ay oy oy oy oy oy = =~ =~ =~ o~

~-Kinematics —
describe motions

(Have to do this first)

Ay Ay Ay Ay Sy o~ "y " —— o~ —— o~ o~ o~ o~

-Dgnamics —
relate motions (kinematics) to forces (Phﬂsics)
(Do through rheolog /constitutive relationship/ model.
Phenomenologiczﬁ) no first Principle Precliction)



Simple rheological models

elastic o=Ksg

e (0)

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. Pcﬂ:



Simple rheological models

1 O = aall 5
. VISCOUS =u B u
O, ° € 82_ (t)
O,
g, (t)
O,
>t : : 1 -t

APP|9 constant stress, 0, to a viscoelastic material.
Record deformation (strain, €) as a function of time.
£ iIncreases with time.

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. Pcﬂ:



Simple rheological models

| o= dall €
’ VISCOUS = U dr = U
€1t G O
i
— o, ®
£ UL
i — o
> t : : > t
t, t

Maintain constant strain, record load stress needed.
Decreases with time.
Called relaxation.

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. Pcﬂ:



viscoelastic

Kelvin rheologg
O=0 +0,
KT Ha E=¢€ =€,
€ - Es
6 G O=Ke + ue
I 9]
Creep  Relaxation, Recovery
U e rr T
Hanc”es creep and recovery g
Fairlg well
Q-l
Does not account 1Cor relaxation G‘

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. PCH: time



Handles creep badl
(unbouncﬁ:cl) ;

Handles recovery bac”g (elastic
onlg) instantaneous)

Accounts for relaxation Fairlg
well

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. Pcﬂ:

viscoelastic
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viscoelastic

Standard linear/Zener
(not unique)

1 L
SPrin IN series m= — Sprmg in para
with Kelvin | with Maxwe

\ = |1

Stress — equal among components N series

Total strain — sum all components N series

el
|

Strain — equal among Components N Para”e

Total stress — total of all components in paral

el

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. PCH:
www.mse.mtu.edu/ ~wzsmgh/ m3+6oo/ chaptcr‘I—.PPt



viscoelastic
Standard linear/Zener

a il

—

Instantaneous elastic strain when stress aPPIiecl
Strain creeps towards limit under constant stress
Stress relaxes towards limit under constant strain

Instantaneous elastic recovery when strain removed
Followed bg graclual recovery to zero strain

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. Pcﬂ:
www.mse.mtu.edu/ ~wzsmgh/ m3+6oo/ chaptcr‘I—.PPt



viscoelastic
Standard linear/Zener

TWO time COﬂS'taﬂtS Creep :Relaxation: Recovery
w ./IIHJJ’-E
/ Creel:)/ recovery under s L\
constant stress 7
_ Relaxation under constant o \
strain g |

http: // hcg{.eng.ohio-state.edu/ ~ce552/3rdMatoé_handout. PCH: :
www.mse.mtu.edu/ ~wangh/ my4600/ chaptcr‘I—.PPt time



Viscoelastic Response to
Long-Term Loading

Deforming
A Load
g (Spring,)
Elastic Portion | 1, Viscous Portion
(Spring,) (Dashpot,)
l—%—' (Dashpot,)
B Load
Spring,, Dashpot,, and
Dashpot, extend Deforming
t _Load Removed
5 i Spring
. -
gl |- relaxes
- | Spring,,
5 > Dashpot,,
exten%‘s' Dashpot, Deformation :»— Non-
A - — Recoverable
Load Time Creep
Applied

http:/ /www.dow.com/ stgron/ design/ guicle/ mode|ing.htm

Can make arbitraril
complicated to matc%)
many deformation/
strain/time

relationslﬁil:)s



Three tgl:)es faults and Platc boundaries
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How to model

Sy Sy oy Sy oy S -~ -~ —— S~ o~ o~ o~ —— o~ S~ S~ o~ o~

Elastic

Viscoelastic

Ay ' wy —wy ——"y ——" ——" ——" —— ——" —— —— —— —— —— —— —— —— o~ S o~

Half space
Lagers

lnhomogeneous



ceme
©

normalized displac

w(x)=(V/m)atan(x/D)

2-D model for strain across 5tri|<e~s|il:> fault in elastic half
space.

Fault is locked from surface to clepth D, then free to
imcinitg.
Far-tield clisplacement) V, appliecl.



ceme
o

normalized displac

w(x)=(V/m)atan(x/D)

w(x) Is tlﬂe equ:l brlum cllsplacement Para“el to Yy at
Posxtion X.

lwl is 50% max at x/D=.9%; 63% at x/D=1.47 & 90% at x/
D=6.%



Effect of fault chP

: The fault is locked

@ 3D 1Crom the surmcace to
ThickLithosphereMo; Thin L|thasphere Made| a Aepth D (ﬂOt a
down clxl:) leng’th O
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D

g Hy>D

Thick Lithasphere Madel

Thick Lithasphere Madel
with shallow ¢ reep

N

reltive fraction of farfie ld velocity
Z T T

Surface
deformation Pattem
is SAME as for
vertical fault, but
centered over M

dip end of cliPPing
| fault.

Thin L thasphere Model

X

3 ¢ ¢
we bocity in morndyrw ith res pect
tofarfield reference fe e

< —_—
theortizal; & P ’, ’,
| i K\ : Dip estimation from

e e e center O]C

velocity offsetof

b T R e deformation Pattem
"""" to surFace trace ancl

s lockin = clepth.

N5y et yaxis
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far field

surface

displacement (dip blue 90, red 70, green 45, cyan 30, magenta 5)

©

o
o
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plate -
movement deformation
90°
D=lock depth (for dip =90°)
or down dip length for dip #90°)
D D=20km

1
5 4 3 2 1 0 1 2 3 4 5
x/D (surface outcrop at x/D=0)

displacement (dip blue 90, red 70, green 45, cyan 30, magenta 5)

oo

0 1 2 3 4 5

x/D (surface outcrop at x/D=0)
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Interseismic velocities in southern California from GPS

Meade and Hager, 2005
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Total clﬂange In Vclocitg ~“42mm/ yron both.

Meade and Hager, 2005
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Meade and Hager, 2005



Modeling velocities in California
F

V(F)=QF)x7+ »Ges,
f=l1

Q s tlﬂe angular velocitg vector

eHect of interseismic strain accumulation is given bg an
elastic Green's function G

response to backslip Aistribution, s, on each of f, faults.

Mocleling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and Sega”, USGS NEHRP report.



F
V(F)=QF)x7+ »Ges,
f=l

In general, the model can accommodate zones of
distributed horizontal deformation if Q varies within the
Zones

latter terms can account both for the Earth's sphericitg
and viscoelastic response of the |owcr crust and upper
mantle.

Mocleling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and Sega”, USGS NEHRP report.
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F
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Where
a is the Earth radius
distance from each fault located at ¢ is a(9-¢9).

Each fault has cleeP-sliP rate
aAwsingy,
where Awy is the difference in angular vclocitg rates on
either side of the fault.

Mocleling Broadscale Deformation From Plate Motions and Elastic Strain Accumulation, Murray and Sega”, USGS NEHRP report.



