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Dewatered Construction
of a
Braced Excavation
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Drained Properties for Sand and Clay Layers — Mohr-Coulomb Model

Sand layer

Clay layer

Dry density (kg/m>)
Young’s modulus (MPa)
Poisson’s ratio
Cohesion (Pa)

Friction angle (degrees)
Dilation angle (degrees)

1700
40.0
0.3

')
S

1600

10.0

0.35
0
25
0



Drained Properties for Sand and Clay Layers — Cysoil Model

Sand layer Clay layer
Dry density (kg/m?®) 1700 1600
Ultimate friction angle (degrees) 32 25
Ultimate dilation angle (degrees) 2 0
Multiplier, R 2.333 5.667
Gref 112.5 15.0
Reference pressure (MPa) 0.1 0.1
Poisson’s ratio 0.2 0.2
Cohesion 0 0
Power, mg 0.99 0.99
Failure ratio, R¢ 0.9 0.9
Over consolidation ratio, ocr 1.0 1.0
Cap yield surface parameter, o, 1.0 1.0
Calibration factor, 3 1.0 1.0



Drained Properties for Sand and Clay Layers — PH Model

Sand layer Clay layer
Dry density (kg/m?®) 1700 1600
Friction angle (degrees) 32 25
Dilation angle (degrees) 2 0
E™'so (MPa) 22.5 6.0
E'y (MPa) 90.0 24.0
E'oeq (MPa) 30.0 4.0
Reference pressure (MPa) 0.1 0.1
Poisson’s ratio 0.2 0.2
Cohesion 0 0
Power, m 0.55 0.55
Failure ratio, R¢ 0.9 0.9
Over consolidation ratio, ocr 1.0 1.0



Diaphragm Wall Properties

Equivalent thickness (m) 1.26

Density (kg/m?) 2000
Young’s modulus (GPa) 5.712
Poisson’s ratio 0.2

Moment of inertia (m?#) 0.167

Strut Properties

Cross-sectional area (m?) 1.0
Spacing (m) 2.0
Density (kg/m?) 3000

Young's modulus (GPa) 4.0
Moment of inertia (m*) 0.083



Wall/Interface Properties

kn (Falm) f.5e8
ks (Palm) f.5e8
Cohesion(FPa) 2500
Friction (deqg) 12.5

Dilation 0

Fluid Flow Properties

Forosity 0.3
k (mPa-sec) 1e-10
Kow (GPa) 0.1

Density (kg/m?) 1000



Step 1

Step 2

Step 3
Step 4

Step 5
Step 6

Step 7

Modeling Procedure

Generate the model grid and assign boundary conditions to represent the physical
system.

Assign the material model (Mohr-Coulomb, Cysoil or PH) and material properties.
Solve for the initial equilibrium state prior to construction.

Determine the initial in-situ state of the ground with the diaphragm wall installed.

Lower the water level within the region to be excavated to a depth of 20 m below the
ground surface.

Excavate to a depth of 2 m.

Install the horizontal struts at the top of the wall, and then excavate to a depth of
10 m.

Compare results for Mohr-Coulomb material, Cysoil material and PH material.
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The [GWFlow] and [Adjust total stress] configuration options, 5 Extra grid variables, the [Include structural elements] and [Include advanced

constitutive models] User Interface options will be used for this exercise.
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A project title is assigned, and a project file excavation.prj is created and stored in a working directory.
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A retaining wall i= modeled as a beam, connected

to the grid on both sides by interfaces. The wall stops
some distance from the model baze. Once the grid is set up,
it iz possible to excavate material progressively from the
region on the left of the wall.
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Step 1-1 Open the [Build]/[Generate]/[Library] tool and click on “Retaining wall, 2 interfaces” library item. (Note that half the problem is
modeled. A line of symmetry is assumed through the center of the excavation.)
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Step 1-2 Click [OK] and set the dimensions to 40m by 45m. The model virtual grid appears as shown above.
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Step 1-3 In the [Edit] tool, set boundary conditions by checking [Automatic boundary cond.] in [Boundary] stage.
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Step 1-4 Select [Set properties] mode to assign wall/interface properties.
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Step 1-5 Select [Use automated zoning] mode in the [Mesh] stage and input 45 zones in the horizontal direction.

15



[ excovation - RAC 60423

TTTTTTTT— T e =

-

—

(=10 -

file fdit Show Joos Yiew Help ()

attach aaide from 12,1 to 12,31 baide from 11,3 to 13,11

+ Beap-interfaces

aTrust node 1 (10.0,30.0)

struct node 2 (10.0,40.90)

STILCT beam dDegin node 1 end nede 2 prop 1001 seg 30 : ispld
struce prop 1001

! Incerfaces

interface ! aside frem 11,11 to 11,41 baide from node L to 3
interface 1 unglued Im=5.5E2 ka=5.5E3 coheaion=2300.0 dilacd
interface 2 aside from 12,11 o 12,41 baside from node 2 to 3
incerface 2 unglued n=5,5E% ke=5.5E8 cohesion=2300.0 uuo:‘
7 Fixed boundary condizicms

fax x 1= I=1,11

22x x y i=1,11 j=1

23X x 147 3=, 18

2ix x y £=12,47 j=1

fix x 1=l I=11,42

fix x 147 3=11,41

A 3 ] '
Sae| Bk (el

| Consae %ecord | Fon | hotes| : W g 8 ..!Z.@ 9B |8
. Eracad Excavation Wter Matenial In Stu Uthty Sructure Setings Fot fun | Gndl | Stetch | Generste | Witusl
Clnew Nod! |
Project.excavation.pn Bl
o Title:Braced Excavation /
etre> :
] Source: Retaining wall
: Grid file: C:\Program Filea\Itasca\FLACE00\gui\gridlib\val User-deﬁned Gfoups
config gwilcow ats extza & .'_% Q'OW
grid 46,40 Grid
gen 0.9,0.0 9.0,10.0 10.0,10.0 10.0,0.0 1=1,11 3=1,11 Grid boundary
gen 10.0,0.0 10.0,10.0 45.0,10.0 45.0,0.0 $=12,47 3=1,11 Marked Gridpoints
957 0.0,10.0 0.0,40.0 10.0,40.0 10.0,20.0 1=3,11 3=11,41 Fixed Gridpoints
gen 10.0,10.0 30.0,40.0 45.0,40.0 45.0,10.0 1=12,47 3=, 41| | |y portanae
model siastic 1=1,10 3=1,10
xodel elagtic §=12,46 31,10 Applied B.C.
model sisstic i=i, 0 s=il,d0 Sketch (0)
sodel elastic §¥12,46 1=11,40 Structures
; Aztach grids Grav'ty

valle—pas sl sty oEGrHE:D 00

0

e

(*10 both)

H

o

S

Step 1-6  Click [OK] to exit the [Edit] tool and then click on [Execute] to create commands and send to FLAC.
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Step 1-7 Select the [Material]/[GWProp] tool to assign porosity and permeability properties for all the zones in the model.
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Step 1-8 Select the [Structure]/[SEProp] tool to assign properties for the diaphragm wall. (Young’s modulus is changed to 5.95 GPA to covert from
plane stress to plane strain for the continuous wall.)
18



B excavation - RAC R04Z)

TTTT— L  WRPRR—

2

T Tt Bow Took Yew tists @

Conage  Recad a—lg!!:

. Beacsd Excavation
new
) [

o

No-tere >

+ Source: Retsining wall

s Grid file: C:\frogram Files\Itasca\FLACSGO\guilgridlibiwalls\cwalll.grd
|config guficw ata extra &

grid 46,40

;qen 0.0,9.90 0,0,30,0 30.0,10,0 10,0,0.0 i=3,11 j=i,11

{gen 10.0,0.0 10.0,10,0 45.0,10.0 48.0,0.0 1=12,47 3=1,11

{qen 0.9,10.0.0.0,40.0 10.0,49.0 10.0,10.6 1=1,13 3=2]1,41

|gen 10.0,10.0 10.0,40.0 45.0,40.0 45.0,10.0 1=13,47 j=11 41

ilndel elastic £=3,10 3=1,10

model =lsstic 1=32,46 3=1,10

lwodel elastic ivl,I0 3=11,40

[lodcl elaszic $=12,46 =11, 40

; Avvach grids

Ttach aside fram 12,1 oo 12,11 bside from 11,1 to 11,11

J Seam-interfacea

prruct node 1 (10.0,10.9)

srruct node 2 (10.0,490.0)

struct bean begin node 1 end pode 2 prop 1001 seg 30 ; implicit node 1dst
atruct prep 1001

; Inverfacens

interface 1 aside from 11,11 o 11,41 bside from mode 1 teo node 2
interface 1 unglusd kn=5,5Z8 ks=5,5Z2 cobesica=2500.0 dilaction=0.9 frictig
interface 7 aside from 12,11 to 12,41 baide from node 2 to fode L
interface 2 unglued kn=35,5E8 ke=5,5E2 cohesica=2500.0 dilation=),0 frictid
; Fixed boundary comditicas

fix x 1=l 3=1,11

fix x y 1=3,31 =1

5% x 1e47 4s1,11

£1x x y 2=12,47 =1

fix x 1wl j~il, 41

fix x 1=47 )=13,41

prop pore(.) pecmsl, 0E-10 notnull

struct prop 1001 e 5.53E9 area 1.26 1 0.167

S| Redd| ool

Project:excavation.prj
Title:Braced Excavation

User-defined Groups
[ No group
Grid

Grid boundary
Marked Gridpoints
Fixed Gridpoints
Interfaces

Applied B.C.
Sketeh (0)
Structures
Gravity

) Comvporents
L gatyiesdd 0.0

romitinad 9.0

ey

&1

04

valt=—as8suf ] tyoResHMEzD 0D

[

(10 bath)

-

Step 1-9 Turn on gravity using the [Settings]/[Gravity] tool.
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Step 1-10 Turn off groundwater flow and set water density to 1000 kg/m3 using the [Settings]/[GW] tool.
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Step 1-11 Save the model state as exc_grid.sav.
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Step 2-1 In the [Material]/[Assign] tool, select [Set all] and [Create] to open the Define Material dialog and assign the Mohr-Coulomb properties
for the sand and clay.
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Step 2-2 Assign the sand material to the lower half of the model (j=1,20) and the clay material to the upper half (j=21,40).
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Imitial Vertical Total Stresses

40,0
\

~, 0, -7a0000

Step 2-3 FISH function ININV.FIS assigns pore pressure, total stress and effective stress distribution for horizontally layered stratigraphy.

Input is water table location and effective horizontal to vertical stress ratios.
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Step 2-4 ININV.FIS is accessed from the [Utility]/[FishLib] tool. Click on [Fish Library]/[Groundwater]/[ininv] to call in the function. Select [OK]
and the Fish input dialog opens to enter the water table location and effective horizontal to vertical stress ratios
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Step 2-5 Calculate the equilibrium state using [Run]/[Solve] and [Solve initial equilibrium as elastic model]. Plot total vertical stress contours using
the [Plot]/[Model] tool. Save the state as exc_01mc.sav.
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Step 3-1 The wall installation is performed by adding the density of the wall in the [Structure]/[SEprop] tool.
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Step 3-2 Solve to reach a new equilibrium state with the diaphragm wall installed. Save the state as excO2mc.sav.
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Step 4-1 Dewater to a depth of 20 m inside the excavation region by first setting the pore pressure and saturation to zero in this region using the

[In Situ]/[Initial] tool. Note that displacements and velocities are also reset to zero with the [Clear? Displmt & velocity] button.
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Step 4-2 Pore pressure and saturation are fixed at zero in the [In Situ]/[Fix] tool
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Step 4-3 Groundwater boundary conditions are also set in the [In Situ]/[Fix] tool by fixing the pore pressure distribution along the right boundary

and fixing saturation along the top. (It is assumed the ground adjacent to the excavation remains fully saturated.)
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Step 4-4 Steady state flow conditions after dewatering are calculated as a coupled simulation. A coupled groundwater flow-mechanical calculation

to steady state is run by turning the flow calculation on (in [Settings]/[GW]) . The fast unsaturated flow calculation is checked (funsat), and the

fluid bulk modulus is set to 10000 Pa in order to speed the calculation to steady state.
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Step 4-5 Pore pressure histories are recorded in the [Utility]/[History] tool.



T M A

File Egt Shoer Tooh View Helr @

. . — . =@

Console | Rectrd | Fih | dotes

va

. Braced Excavation
I new
W exc_grid.sav
Hexc0ime.sav
H exc02mc.sav
)

o] vt

initial xdisp 0 ydisp 0
initial xvel 0 yvel 0

initial pp 0.0 1 1 11 j 21 41

fix pp i 111 j 21 41

fix saturation i 1 11 j 21 41
fizx pp i 47

fix saturation i 12 47 j 41
fix ppi 111 j 21 41

fix saturation i 1 11 j 21 41
fix pp i 47

set flow=on

water bulk=10000.0

set funsat=on

nistory 1 gpp i=4, j=17
history 2 gpp i=19, j=17
history 3 gpp 1=22, j=33
history 4 gwtime

Er =

initial saturation 0.0 i 1 11 j 21 41

EBEE MW BE VN
Bukd Alter Materal In it Lty Sccture Settrgs Pt

el | higturtal | svy |

Projectiexcavationpj |

Title:Braced Excavation \

User-defined Groups 't
W sand_mc
Bclay_me

Gnid

Grid boundary
Marked Gndpoints
Fixed Gridpoints
Interfaces

Applied B.C. ey
History Locations
1:Grid-pointpp ( 4, 17)
2:Grid-point pp ( 19, 17)

Solve options

., H |9 @
E!'“Uumlanﬁno

Dynamc
Oyran (skudstonn

Sobew 1ot QU e WaeTe sl

Tom phiase fow tmefme <age {00 -1

Dynaesc v bt e > 00 v Groundeater

Thernsd Gﬂw’ couging =
Thermil cakndstiors Conscidation tme bmit <age>0.0 %
Thetrasd tane beet, <age> (1.0 =H | Ausio {machanical a.betep)
Aol frechaics nintoy)  Fenperstee LIED = uncoupled method cuncupled>

Pt Upsaes Autosye model state afier sohee

1™ Lixiate astervus {53500 sac] 0 < e rave

| Beate || Cocd

|teb |

Two prase Som
Tom priese fom clcuesons

= BR Y

=
H

valte=—po8 | s M =T 1o le s

Step 4-6 The couple mechanical-groundwater calculation is run until steady flow state is reached using the [Run]/[Solve] tool.
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Step 4-7 The pore pressure distribution is plotted at steady state. The state is saved as excO3mc.sav.
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Step 4-8 Displacement vectors are plotted to show the amount of settlement due to dewatering.
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Step 5-1 Displacements are velocities are reset to zero in the [In Situ]/[Initial] tool, fluid flow is turned off and water bulk modulus is set to zero in
the [Settings]/[GW] tool Excavation to 2 m is performed by nulling zones to a 2 m depth between the diaphragm walls using the [Material]/[Assign]
tool.
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Step 5-2 The model is run to equilibrium with the [Run]/[Solve] tool. Displacement vectors indicate the heave that occurs. The state is saved as

excO04mc.sav.
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Step 6-1 A horizontal strut is installed at the top of the walls using the [Structure]/[Beam] tool. Click on the left node to locate the position at x=0,

y=40.

39



Project:excavation.prj
Title:Braced Excavation
Grid o
Grid boundary
- ]
41
o o ot
g H
2 £
i Ra
] H
imm
351 o
3] H
] tH
a H
a1 H
. i
=] 2 k] T E 5 10 12 14
: = (1 oty
[ ewwate || cocd ([ e |

(33

valt==pxs snfjae-F:vonerF@sD o

53 e e = of e et 12 o o ot sz

Step 6-2 Pin connection between the strut and wall is assigned using the [Pin] mode.
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Step 6-3 The left node at x=0 is fixed in the x-direction and rotation (appropriate for a node located at the line of symmetry).
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Step 6-4 Assign properties to the strut using the [Structure]/[SEProp] tool
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Step 6-5 Excavate to 10 m depth by nulling zones in the [Material]/[Assign] tool.
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Step 6-6 Moment distribution in the wall and axial force in the strut are plotted. The state is saved as excO5mc.sav.
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Step 6-7 Calculate surface settlement using FISH function SETTLE.FIS.
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Step 6-8 The settlement table is written to file tablelOmc.dat using FISH function log_it.fis.
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Step 6-9 Calculate wall deflection using FISH function WALL_DEFLECTION.FIS.
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Step 6-10 The wall deflection table is written to file table20mc.dat using FISH function log_it2.fis. Save the state as excO6mc.sav.
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Step 2cy-1 Create a separate branch starting from exc_grid.sav to repeat the simulation using the cysoil model.

-

Sl EME 2 Ne,

Buld Alter Material [n Stu Uity |Svucare Settngs Plat 7un

gL LB« B
ot | tstory Tabe nfo B Exiude LabiTess Grach2

voce gl apy | o | 6| sl momens st foce| sttt

Project:excavation.pr
Title:Braced Excavation

Grid boundary
Marked Gridpoints
Fixed Gridpoints
Interfaces

lied B.C.

etch (0)
Structures
Gravity

4
L

o

f |
(4}

G8Ymis

-

(10 botd

valte——msss anfu-fAA1 o iesABz0 00

49



BB et - T e, — T —— =@
et Soew Took View: Help @ - B — - — —
Tixn? Sl o ivaturion oy | 59 | oo |l rrments & st frcn | sesseman @
Crenges T - q Rarige ~
Project:excavation.prj  * wRacuge  ©
Title:Braced Excavation aow |8
12
Constitutive Models | |
B elastic =
Grid A g
Grid boundary @
Tables faste -
@ Plastc ','
Sroup rete ;,
-
52 H cn-day E
Pl
orucher =
toekbrown A
il
ke -
- nohrt a
Madel cyscf propestiex ! “ :buhu s
| 9 Advanced *
Propertes . - |
ensty ﬁ =0 tenson 0 | mk! diston_fag 1 ol I\
posson 0.2 | ﬁwﬂ;}%? | beta 1 vad né canie 1
woheson 0 oef0, 168 | #haw_scper VoS _raa At o
[ fcsomsz | sl | shew v et o | e A,

fxcton_meb 13,47 cap_prasnae o fagl (] frable
dasen 2 muiigher 2,333 sex _fag pn Eeadle g
ez densty (ho) dgin]
| o |[ coms || b |
o-
0 1 1 ) 1 s
(10 2éth) [ Sem ¢
= _breate || Caxd || rep |

e rane (5,1) m (96,70)

Step 2cy-2 Enter the [Assign]/[Model] tool, select the cysoil model, assign the group name sand_cy, and drag the mouse over zones from y=0 to

y=20. Enter the cysoil properties for sand.



B excanation - FLZ LT —— ——— G5
fwe fde Shaw Took Vww Melpg @ -
il Lt%? [ Ml | ayy | 50 | S| el mareritn okt force | settemens =
oo Project:excavationp 1 | i >
a 5 T . ’ - Pl o -
group 'sand_cy" notnull j 1 20 |modei cysoil group 'sand_¢ |1y 5o ad Exeavation mw‘ a
Constitutive Models - =
M elastic -
MW cysoil Lo Moden -y
Grid | O
Grid boundary Teex oo
Tables a Faca: .
Growp name Y
dev_Cy '"
Fassc
[ ¥ B camdlay E
{ =:mrwv. =
ot &
D;;&a ::.
Bl
"x{—bvm E
L D =
™ - T -
Mode cyzofl properties ﬂ =rdv'. &
7| Advanced ] =:-’th4 P
Properses. @ ®
density 1502 s w1 dlaton fisg { st [ Bt 2y
PO 3.7 e ref 159 a1 vod s clable '\
e p_ref Q) b shes _upper vod_max table: I
h:w:v apha 1 shear_loeer $icton_o ctable =
Fcton_mob 19.47 20 _presase ap flag! f fadle
Sation 0 multgher 5.657 Ve _fag o tare T
fraftoler an ourent plastc cp Mod AL 19 e claen bulk and chew mod, R g
[ ) [cmal | 1o
o]
0 i 2 1 :

Clesr

10 batt) | sew
bree | [(Ced | [ 10

e range {1,24) to (45,40

Step 2cy-3 Assign the group name clay_cy, and drag the mouse over zones from y=20 to y=40. Enter the cysoil properties for clay.
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Step 2cy-4 Click on [Fish Library]/[Groundwater]/[ininv] to call in the ininv.fis function. Select [OK] and the Fish input dialog opens to enter the
water table location and effective horizontal to vertical stress ratios.
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Step 2cy-5 FISH function cy.fis initializes mobilized friction, cap pressure, shear modulus upper limit and accumulated plastic shear strain which
are stress dependent.
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Step 2cy-6 Calculate the equilibrium state using [Run]/[Solve] and [Solve initial equilibrium

as elastic model].
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Step 2cy-7 Save the state as excOlcy.sav.
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Step 3cy Add the wall and solve to equilibrium in the same steps as Step 3-1 and 3-2. Save the state as excO2cy.sav.
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Step 4cy Repeat Steps 4-1 to 4-7 to dewater the excavation. Save the state as excO3cy.sav.
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Step 5cy Repeat Steps 5-1 and 5-2 to excavate 2m. Save the state as excO4cy.sav.
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Step 6¢cy-1 Repeat Steps 6-1 to 6-6 to excavate to 10 m. Save the state as excO5cy.sav.
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Step 6¢cy-2 Calculate surface settlement using SETTLE.FIS and store the results in tablel1cy.dat using log_it.fis. Save the state as excO6cy.sav.
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Step 6¢cy-3 Calculate wall deflection using wall_deflection.fis.FIS and store the results in table21cy.dat using log_it2.fis.
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Step 2ph-1 Create a third branch using the same procedure as in Step 2cy-1.

Model, assign the group name sand_ph, and drag the mouse over zones from y=0 to y=20. Enter the ph properties for sand.

Then, enter the [Material]/[Model] tool, select the p-hardening
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Step 2ph-2 Assign the group name clay_ph, and drag the mouse over zones from y=20 to y=40. Enter the ph properties for clay.
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Step 2ph-3 In the [Record] pane add the commands: PROP alpha=1.0 hc=3.1e7 group ‘sand_ph’ and PROP alpha=1.0 hc=2.3e6 group ‘clay_ph’

Press [Rebuild] to re-execute the commands in this branch.
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Step 2ph-4 Execute the ininv.fis function in the same manner as Step 2cy-4. Then, enter the [Fish] editor pane and execute setEffPstress.fis

to assign the PH model properties: sigl, sig2 and sig3.
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Step 2ph-5 Calculate the equilibrium state in the same way as Step 2cy-6 and save the state as excOlph.sav.
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Step 3ph Repeat Step 3cy to calculate the equilibrium state with the wall. Save the state as excO2ph.sav.
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Step 4ph Repeat Step 4cy to dewater the excavation. Save the state as excO3ph.sav.
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Step 5ph  Repeat Step 5cy to excavate 2m. Save the state as excO4ph.sav.
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Step 6ph-1 Repeat Step 6¢y-1 to excavate to 10 m. Save the state as excO5ph.sav.
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Step 6ph-2 Calculate the surface settlement in the same way as Step 6cy-2. Store the results in table12ph.dat.
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Step 6ph-3 Calculate the wall deflection in the same way as Step 6cy-3. Store the results in table22ph.dat.
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Step 7-1 Compare settlements from the three runs by calling in the table plot files using the [Utility]/[Call] tool.
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Step 7-2 Compare the wall deflection from the three runs by calling in the table plot files using the [Utility]/[Call] tool.
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Step 7-3 Plot displacement vectors and y-displacement contours to show heave in excavation for Mohr-Coulomb material.
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Step 7-4 Create a similar plot for Cysoil material. Heave is considerably lower primarily attributed to stress-dependent elastic moduli and stiffer
unloading response of Cysoil material.
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Step 7-5 Create a similar plot for PH material. Results are similar to the model with Cysoil material.
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