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Multi Temporal-InSAR

SLC SAR images acquisition

=  Same area

Slant range

= Different times

» Same acquisition geometry

Basics: Persistent scatterers (PSs)

Master domain Slave domain
(0,0) 0,0)

Method Bmes a,

| Model
\

= Co-registration =» Master =le s

slave

* 1 acquisitions = n-1 SAR Interferograms

Prase Istert: 20170812 20161203, B 30, Marrec 3078

SAR Signal Components:

Sample [pix]

= Atmospheric
= Residual topographic

= Deformation
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MT-InSAR Analysis on the Mosul Dam (2004-2015)
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P. Milillo et al. Space geodetic monitoring of engineered structures: The ongoing destabilization of the Mosul dam, Iraq, 2016
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MT-InSAR Analysis on the Mosul Dam (2015-2017)

Data Series — Linear Analysis
Nov 2014 — Nov 2017
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Data Series — Non-Linear Analysis
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Table 1. InSAR analysis results

Cumulative Displacement

2004-2010 ~ 12.5 mm/year
2014-2015 ~ 15.0 mm/year
2015-2017 ~ 12.3 mm/year
2017-Nov 2017 ~ 9.3 mm/year
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Geotechnical Numerical Model: Dam body

'80m
Section S-S

Table 2. Physical characteristics of the Mosul dam body

R AT T T e R
18.0 25.0 39.0 0.3

Clay (Core)

8.89 E+03 2.96 E+03 1.0 E-11

Sand (Shell) 19.5 4.67 E+04 2.80 E+04 0.0 1.0 E-07 37.0 0.1
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Geotechnical Numerical Model: Stratigraphy
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Kelly ], Wakeley et al. Geologic Setting of Mosul Dam and Its Engineering Implications, Final Report, U.S. Army Engineer District, Gulf Region, Baghdad, Irag, 2007
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Geotechnical Numerical Model: Stratigraphy

A first strongly approximation:
A single layer representing the

karstified foundation layers

= Limestone/GB

Failure Criterions adopted:

= Hoek-Brown:

Limestone /GB foundation layer

= Mohr-Coulomb:
Dam body materials, Soil-Clay and Soil

Sand foundation layers

Kelly ], Wakeley et al. Geologic Setting of Mosul Dam and Its Engineering
Implications, Final Report, U.S. Army Engineer District, Gulf Region, Baghdad, Iraq,
2007

Material Groups
‘Soil-Clay -low plasticity’
Limestone/GB
Soil-Sand:-wel-graded
‘SoikSand:Sand (Shel)’
B ‘Soil-Clay Clay (Core)’
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Geotechnical Numerical Model: Stratigraphy

Uniaxial compression tests on the cylindrical samples of gypsum
taken in the Mosul dam area

Average values of E; and o,;:

E,=2316.4 MPa
0., =10.52 MPa

Suhail A.A. Khattab. Stability analysis of Mosul dam under saturated and unsaturated soil conditions, PhD thesis, 2013.

Table 3. Hoek-Brown parameters of the ground layers foundation

| Material | s fm] | Y, [N/mf] | K[Pa] | GlkPal | c[kPa] | k[m/s] | @[]

Soil-Sand: well

28 17.0 2.78 E+04 2.08 E+04 0.0 1.0 E-07 35
graded
Limestone/GB 134 19.7 3.86 E+05 2.32 E4+05 - 1.0 E-09
Soil-Clay:low
55 19.7 8.33 E+07 6.25 E+07 1000 1.0 E-09 24

plasticity
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Geotechnical Numerical Model: Construction steps

Step Construction steps Vertical total stresses

Material Groups

I‘SoiLClay low plasticity’

Limestona/GB

Soil-Sand:wel-graded

‘Soi-Sand:Sand (Shel)’
B 'Soil-Clay Clay (Core)

VY-stress contours [kPa]
-5 0E+03
-4 DOE+03
3.00E+03
-2 00E+03
1.00E+03
0.00E+0D

il

e
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Geotechnical Numerical Model: Reservoir Water Load

9=Yv Zu
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Water pressure distribution and Saturation Comparison between o’,,
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Hoek-Brown failure criterion

= Compressive strength T = (cot¢, - cos¢) %

c Mohr-Coulomb

cr

, a

! ) 63 o.=0 ' a
01=O'3+G. m,——+.s5 ——> 0, =0 .5 =0
ci b 1 ci c

= Material constants

Qi o gl

GS7 —100
/ﬂb=/ﬂl.exp m
1 3
GS7 —-100
S=Xp| ———————— n
( 9-30D J

» Geological Strength Index: GSI
GS/ €[0+100]

= Disturbance factor: D

De[0+1]
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Degradation of the Gypsum foundation layers

Degradation of two Limestone/GB foundation layers:

» Different depth and thickness.
» Three different approaches.

Material Groups
‘Soil-Clay:low plasticity'
Limestone/GB
Limestone/GB_first_layer
Soll-Sand: well-graded
‘Soil-Sand: Sand (Shell)'
‘Soil-Clay: Clay (Core)'

First foundation layer:

z=70m
Ah =40
Yaisp = 1.25 cm

Material Groups

"Soil-Clay:low plasticty'
Limestone/GB_second_layer
Limestone/GB

Soil-Sand: well-graded
"Soil-Sand:Sand (Shell)
"Soil-Clay.Clay (Core)'

Second foundation layer:

z=160m
Ah=26m
T yg,=15cm
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Degradation of the Gypsum foundation layer: Method 1

Generalized Hoek and Diederichs

£ =£]0.02+ 12050
1+exp((60+150-G57)/11) Degradation of the 1%t foundation layer
0.=0, 5 Material Groups
m= f(GSI,D) s=f(GSI,D) a= f(GS/) fpcaaiiar i
GS7 €[80+10] SOk St Wit
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De [0.2 + O,9:| Soi-Clay:Clay (Core)

Degradation laws of E;
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Method 1 (E; reduction of 60%) - Results

Table 4. Values of the vertical displacements [cm] Final GSI (After Degradation)
for the E; reduction of 60 % 70 60 50 40 30 20 10
Initial GSI (Before Degradation) ——————— : : 0

— 2,5

ast | s0 | 70 | 60 | 50 | 40
\\ :
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? L |
S \ E
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o

® 60 | 03 | 03 125 &
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- 40 15 | 15 1,5 0 3
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Vertical displacements [m] after the degradation of the first layer from GSI=80 to GSI=40

J = -

h
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Method 1 (E; reduction of 40%) - Results

Table 5. Values of the vertical displacements [cm] Final GSI (After Degradation)
for the Ez reduction of 40 % 70 60 50 40 30 20 10

Initial GSI (Before Degradation)

GSI 80 70 60 50 40 o p— \ 0,25

3 801 - Initial GSI N 05 E
§ 70 | 0,25 2
o (G S[=80 0,75 g
© 60 [ 03 | 03 S
A —GSI=70 1 £
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T [ B
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= =
g

&9

30 4,5 4 4 - - \ 1,5
20 12,5 | 12,5 | 12,5 ° = 1,75

10 30 30 30

Y.displacement contours [m]

Vertical displacements [m] after the degradation of the first layer from GSI=50 to GSI=10
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Degradation of the Gypsum foundation layer: Method 2

Assumption: keep constant the ratio

between the strength and the elastic modulus Degradation of the 15t and the 27d layer
at any degradation step. Material Groups
£ =0 |— LinestonelOB st eyer
O . Soll-Sand: well-graded
< ‘Soil-Sand: Sand (Shell)

*Soil-Clay: Clay (Core)'

£ =cost=2316.4 [MPFa]

m,,s,a =cost

GS/7 = cost =80
D =cost=1
Degradation control parameter: o, Material Groups
Sol-Clay low plasticty’
Limestone/GB_second_layer
SHOES0S e c k = oc_k - 0.5 oc_k-1 Limestone/GB
Soil-Sanct well-graded

'Soll-Sand Sand (Shell)
'Soil-Clay: Clay (Core)'
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Method 2 (Degradation of the 15t layer) - Results

Table 6. Values of the vertical displacements [cm]

obtained by degrading the first layer Final Step (After Degradation)

2 3 4 5 6 7 8 9 10 11 12 13
Initial Step (Before Degradation) y i ! 0
Step | Stepl | Step2 | Step3 | Step4 | Step5 | Step6 —
0,5

Stepl | - | S
- LRl 0225 ) InitialStep | | | | | | N T
g Step3 | 025 | 0225 . | | ! L i
g Sl
§ Step4 | 025 | 025 | 025 - ——Step 1 g
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o = Step 2 g
2 Step6 | 03 03 03 03 - - 25 =
2 Step 3 &
&  Step7 | 035 0,4 04 04 2
S 3 (]
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(4]
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,
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Vertical displacements [m] after the degradation of the first layer from Step 1 to Step 11
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Final Step (After Degradation)

Method 2 (Degradation of the 2" layer) - Results

Table 7. Values of the vertical displacements [cm]

obtained by degrading the second layer

Final Step (After Degradation)

2 3 4 5 6 7 8 9 10 11 12 13

Initial Step (Before Degradation) ! 0

Step | Step1l | Step2 | Step3 | Step4 | Step5 | Step6

0,25
Step 1
Step 2 0,2 0,5
Step3 | 0,225 0,2

0,75
Step4 | 0,225 0,225 0,2
Step5 [ 0,25 025 | 0225 | 0,225 1
Step 6 0,25 0,25 0,25 0,25 0,225 1,25
Step 7 0,3 0,3 0,3 0,25 0,25
Step8 | 035 | 035 | 035 | 035 | 0,25 - 15
Step 9 0,4 0,4 0,4' 0,4 0,3 © - 1’75

e===Step 5

Step10| 0,5 0,5 0,5 0,5 0,45 -

2
Step11| 0,8 0,8 0,8 0,8 0,8
Step12| 12 1,2 1,25 | 1,25 1 2,25
Step 13 2 2 2 2,25 2

2,5

Y -displacement contours [m]
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0 D0E+00

' '
el

Vertical displacements [m] after the degradation of the first layer from Step 3 to Step 13
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Degradation of the Gypsum foundation layer: Method 3

Assumption: keep constant the ratio Degradation of the 1% and the 274 layer
between the strength and the elastic .
Material Groups
modulus at any degradation step, as in 'Soil Clay:low plasticly’
Limestone/GB
Method 2. Limestone/OB_first_layer
Soll-Sand: well-graded

‘Soil-Sand: Sand (Shell)'
‘Soil-Clay: Clay (Core)'

Degradation control parameter: GSI

( E‘ ]
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o
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GS/ [80 . 5] 'Soi-Clay Clay (Core)

D =cost=1
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Method 3 (Degradation of the 15t layer) - Results

Table 8. Values of the vertical displacements [cm]
obtained by degrading the first layer Final GSI (After Degradation)

o . 70 65 60 55 50 45 40 35 30 25 20 15 10 5
Initial GSI (Before Degradation) | , | | , , ,

T T T T T T T : : : : : O
GSI 80 70 60 50 _—\ 02>
0,5
80 - IS 0,75
- 70 0,225 : 1 7
2 InitialGSI —— = | 1,25 ©,
K 60 0,25 0,25 : 15 %
© 1,75
En 50 0,25 03 - - —(GS[=80 5 g
5 40 03 0,35 SI=70 2,25 %.
& —GSI= 25 @
< ) —
< 30 0,4 05 2,75 %
© 20 08 0,9 3 S
g 325 &
= 15 1,25 1,25 35 =
10 2 2 3,75
4
5 4,5 4 4,25
4,5

{-displacement contours [m]

4 .u'-’L V-.
-1 00E-02
7 S0E-03
S00E-03
-2 S0E03
0.00E+00

Vertical displacements [m] after the degradation of the first layer from GSI=80 to GSI=15

M

Geotechnical numerical model and COSMO-SkyMed /Sentinel-1 applied to the Mosul dam, Iraq




Method 3 (Degradation of the 2" layer) - Results

Table 9. Values of the vertical displacements [cm]

obtained by degrading the second layer Final GSI (After Degradation)
Initial GSI (Before Degradation) 70 65 60 55 50 45 40 35 30 25 20 15 10 5
—_—t 4+ 0
GSI 80 70 60 50
S 0,25
80
05 —

2 70 '
15 0.225 Initial GSI \ 075 g
S e 0,225 0,225 - ’ %
|
& = 0,25 0,25 0,25 - e (S[=80 1 £
a 3
g i 0,25 0,25 03 0,25 e (3S[ =700 1,25 =
S 30 0,35 0,35 0,35 03 -15 A&
7 ' : : : GSI=60 E
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g T ===GSI=50 g
- 0,6 0,7 0,8 0,7 2 >

e 1 1 1,25 1 595

5 2,5 2,5 2,5 2,25

- 2,5

placement contours [m]

Vertical displacements [m] after the degradation of the first layer from GSI=80 to GSI=10
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Conclusions

» Structural health monitoring (SHM) through InSAR techniques: a useful tool, alone or

as a support to the traditional techniques;

» Satellite data allow to monitor slow-evolution phenomena such as subsidence and/or

settlements of structures;

= Approximations in the numerical model of the Mosul dam due to the complexity of

phenomenon of gypsum-dissolution and a lack of some data;

» Modeling the phenomenon of gypsum-degradation: some approaches based on the
reduction of the Hoek-Brown mechanical parameters allow to reproduce the vertical
displacements of some target points on the dam consistent with the satellite time

histories;

» Further developments: efficiency of the jet grouting curtain and degradation of gypsum

as a function of water velocity during seepage.
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