Numerical Analyses ofPVD Improved
Ground At Reference Section of
Second Bangkok International Airport



KEY ISSUES IN
NUMERICAL MODELING OF
PVD IMPROVED GROUND



Smear Effect
(Severe Disturbance at the Mandrel~Soill Interface
Induced during the PVD Installation

Smear|
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Smear Zone Caused by
the Penetration of Mandrel with Anchor Plate

Installation of PVD

Smear Zone




Estimation of Smear Zone ofPVD Installation
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Well Resistance of
Prefabricated Vertical Drain

BlDeterioration of the drain filter

BISilt intrusion into the filter and
enter the drainage channel

BlFolding of the drain due to
lateral movement

by

Zigzag PVD
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Conversion of 2D Radial Flow into
2-D Plane Flow ofPVD Improved Ground
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2-D Radial Flow 2-D Plane Flow



2-Dradialflow q,, =

BlThe total dischargecapacityfor the 2-
D radial flow (axissymmetric flow)
and2-D planeflow canberepresented

by:

m kpl(h82 B hAZ)
L

2-Dplaneflow g, =



BlConsideringthe condition of equaldischargerateanc
taking the sameheadboundariesat pointsA (h,) anc
B (hg) for boththe axsksymmetric(in-situ) flow and
the 2-D planeflow :

Permeabilityof soll to transformthe axissymmetric
flow into 2-D planeflow :



SOME CONSIDERATIONS
IN PVD NUMERICAL MODELING

Smear effect ofPVD:
(1) continuity of dischargerate
(2) distribution of excesgore water pressure

Well resistanceof PVD

(g,=discharge capacity of PVD and k,=vertical permeability
of PVD)

Conversionof 2-D radial flow to 2-D plane flow
(equaling the averageconsolidationrate for both flow models)

Simulation of PVD numerically
(1) drainage elementwith thin thickness
(2) interface element



Comparison of Numerical Tools InPVD Modeling

Tools| Smear Well Water PVD
Effect Resistance Flow Drainage
Crisp | Equivalent Finite 2-D plane | 1. drainage element
permeability | permeability flow ( with limit number)
K, K, 2. negative pore pressure for
vacuum simulation
Plaxis ke K, 2-D plane | 1. drainage element
flow (without limitation)
2. interface element
Flac3P Ke K, 3-D 1. drainage element
channel (drainage well)
flow




UNIT CELL THEORY OF
VERTICAL DRAIN



Some Parameters Considered in Unit Cell
Theory and Numerical Modeling ofPVD
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PBarronds Unit Cell TI

Barron (1948 presentedhe first exhaustivesolution
to the problem of consolidationof a soil cylinder
containinga central sand drain, and the solution of
Barron underideal conditions(i.e. no smearand no
well resistance on a saturatedoll.



Yoshi kuni 6s Unit Cel |l T
Yoshikuni, et al. (1974) presented a rigorous solution
for the consolidation of isotropic and homogeneous soils
by vertical drain well with finite permeabillity (well
resistance).












SMEAR EFFECT AND
WELL RESISTANCE IN
NUMERICAL MODELING OF PVD



Smear Effect

In the analysis, the smear effect of PVD can be
simulated by specifying an equivalent horizontal
permeability, (k.), for both smear zone and
undisturbedzone
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Considering the continuity of discharge rate and
distribution of excess pore water pressure
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Equivalent horizontal permeability for smear effect



Well Resistance

In the analysis,to considerthe finite permeability,

andthe correspondingvell resistancas simulatedby
specifyingpermeability (k,), asfollow:
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NUMERICAL MODELING OF
PVD IMPROVED UNIT CELL
(Crisp Axis-symmetric Analysis)






Soil | Loading E v 9, K, K,
model | (kPa) (kPa) (kN/m3) | (m/sec)| (m/sec)
Isotropic |15 | 10000 | 03 | 10 |1.0E08|1.0E16
Elastic
Height . M C, K K Kie
(m) (m?4/s) | (m/sec)| (m/sec)| (m/sec)
20 0.5 | 13462 | 1.346E05 | 2.0609 | 3.3E09 | 8.6E09




Drain length I4(m) 10
Spacing ration = dJ/d,, 25
Smear ratio =dJd,, 5
d, (m) 0.4
d.(m) 10
d,(m) 2
a,, (M3/s) 5.1E06
k,, (M/s) 4.058E05
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2-D NUMERICAL MODELING

of PVD IMPROVED GROUND at
REFERENCE SECTION

(Crisp Plane Flow Analysis)
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X=13639.0, Y=11845-81942.5
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Legends ype of Instrument Quantity (No.)
¢ DEEP SETTLEMENT GAUGE (DG) Deep Settlement Gauge 45
@ INCLINOMETER (IM) Inclinometer 6
© ELECTRICAL PIEZOMETER (PE) Electric Piezometer 36
v TION WELL (O ;
. i Observation Well 54
O SURFACE SETTLEMENT PLATE (SF)
Surface Settlement Plate 54

SURFACE SETTLEMENT MONUMENT (SM)




Subsolil Condition at Reference Section
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Depth Im We LL PL S,
Soil Types | (M) [(kN/m3)| (%) | (%) | (%) | (kPa) | Gs
weathered 0~2 15.7 70 100 | 30 | 26.5 | 2.60
crust
very softto | 2~10 | 13.7 | 110 | 115 | 40 | 19.6 | 2.60
soft clay
medium stiff | 10~15| 16.0 59 70 30 | 34.3 |2.61
clay
stiff clay 15~20| 17.3 40 70 30 | 785 |2.61




Height (m)

Stage 2:wait for a minimum of 6 to 11months depending on the
5 specifications and remove all surcharge fills to the stockpile area
. S Ty b
A Crushed rock N RO 1.0~1.5m
3 Stage 1:wait for 3 months
| 2.8
5 14 o . iy ¢ A Crushed rocl|<:_I S
T I P iler fabric
[ 7177 _ _ a : 4 . s a o . ~
4 4 3 L S L I L . RIS - R R e, a
S 4 7 Drainage layer \ G
,1 1:4 4 . : ) L 777ﬂ1\4 . 2
? v ‘4 a / . NS 4 A
oo " . sandblanket| | o Drain pip€é “
,O 777777 A e ‘q I | [ O U O Y N A S ol (I N (S O PV S U AT T S S —
Soft clay layer 12.07m ~
PVD@ 1m 1m square pattern
!
/ -




Total FLlLL HElQLRT (D

[y ]

Lad

[ =]

I I

SB-Sand Blarket

- |ep-gard Beatngge - |- - c - - - SE(2nd Stagel _ _ _ _ _ _ _ _
 [E-Surcharge ELLL | SF (1st Stage) f _________________
SEB-Surcharge Fill Eerm

______________________ E_FE_________ - - = =

m:TI b - - - - - - - T

5B/ 2

0 30 &0 %0 120 150 180 210 240 270 300 330 380 390 420 450 480 510 540 570 00

Time, Days

+



{m)

(1)

[ ]

[

Total Fill Height
L]

3. 6m =y

2nd itage Loading

IM-002f1

IM-001f1

1zt Etage Loading

f Drainage Layer \
| /| L T L |\ |

SP-007 SP-0pE SP-0098F-010 SP-011 8P -012 3P-013% 2P -014 3P-015 3P -016 SP-017
| | | | | | | | | | |
" 10.0 10,5 ' 11.0 ° i1.0 "&.0° io.5|" io.o "

AT




Boundary of PVD Improvement

1.7m
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Depth Soil d,
Model o e M 3
(m) Type (kN/m3) cs
Very soft .
2-10 | tosoft | Modfied | 1523 | 013 | 071 5.27 | 09 |0.31
Cam-Clay
clay
Depth E,
(n?) Soil Type Model kl\?/n 5 | —200Su| 3 C Y
(KN/M®) 1 (kNm2)
gep | WUEELEREE Wil 15.7 | 1.32E4| 030 | 30 | 28
crust Coulomb
gy | MEUMm | bl 16.0 | 1.71E4 | 0.30| 20 | 30
stiff clay Coulomb




Type | Model | pgy * | iy
sonket | Elasic | 10000 | 03 | 184
D;ﬁ]”;ge E[E‘IL 10000 | 03 18.3
et [ wow | 05 |




u

Depth S iy S i PWP P
(m) (kN/m?) | (kN/m?) NI (kN/m?2)
2 10.71 16.68 14.72 41.47
) 19.63 28.45 44.145 42.5
8 27.7 40.21 73.575 60.02
10 33.15 48.045 93.195 1.7
12 55.86 80.045 93.195 118.62
15 89.25 128.045 93.195 189.77




Depth Soll K,
Weather-
0~2 ed 1.63 | 2.46E9 | 1.51E9| 1.75 3.51E10| 4.72E8
crust
Very
10| SOft 1.63 | 7.98E9 | 4.9089| 1.75 1.14E9 | 1.53E7
to soft
clay
10~15| Medum | ) o | 5 50E9 | 15389 | 1.75 3.57E10| 1.53E9
stiff clay
Ak, &
S Tlaborator




Configuration of PVD Installation:

Square Pattern

Spacing ofPVD Installation: Sx S

Imx1m

Drain Length of PVD: |

10 m

Cross Section oPVD: axb

4 mmx98 mm

Mandrel Dimension: | xw

125 mmx45 mm

Equivalent Diameter of the Mandrel:d_ (= 2r,) 84.6 mm
Diameter of Smeared Zone:d, (= 2r,andr ,=2r_=d_) 169.2 mm
Diameter of Influence Zone ofPVD: d=2r_ =1.135 1130 mm
Equivalent Diameter of PVD: d =(atb)/2= 2r, 51 mm
Spacing Ratio ofPVD: n=d./d, =1.135/d, 22.2
Disturbance Ratio of Subsoil:d,/d, 3.3

Discharge Capacity ofPVD (Laboratory): q,=k,, IA

940.83 ni/yr
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Settlement

Surface Settlement along Centerline (Z=0m)
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3 Months after 1st

Ground Settlement Profile

0

.

Stage Loading Applied (H=2.8m, t=215~305days)
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Lateral Movement Profiles
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Excess Pore Pressuro
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Excess Pore Pressurea

Contours
Excess pore pressure [Nodal value][kN/m™2)

-4 035E-17 - 1.690111
. 1.690111 - 3380222
Drainage length dPVVD=10m 3330222 - 5070333
R.O70333 - 6760445
b.7R0445 - B 450556

Thickness of soil stratum=15m 8450555 - 1014057

10.14067 - 11.83073
11.83075 - 1352083
13.52083 - 15.217




PARAMETERIC STUDIES



40% H =4m —e— No PVD

30% —8—n =222

20% G =10MT/Y0) | s

10% —*—n=44.4
O% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Time (years

H=4m , q,=10(m3/yr)

B n=d/d,=1.135d,,



100%
90% I
80% | H=4m
70% r g, =10(*/ yr)
,\; 60% I d
< 50% | A,
= 40% |
—e—t=1 month
30% —&— t = 2 month
20% | —aA— t =3 month
—»— t = 6 month
10% —— t= 23 month
0% 1 1 1 1
11.1 22.2 33.3 44 .4 55.5 66.6

n

H=4m , q,=10(m3/yr)



H=1m;S( D) =3 8 0 ~ 35(9D )i =384 mn

q,, (m3year) 10 100 1000
n 22.2 33.3 44.4 22.2 33.3 44 .4 22.2 33.3 44.4
(=d./d,)
U (%) | t=6 month 74.4 50.8 36.8 77.4 55.1 40.5 78.0 55.5 41.0
t=23 month 97.0 86.9 74.8 97.7 89.5 78.6 97.9 89.7 79.0
H=2m;S,( D) =8 7 6 ~ 8%(0D )i =864 min
q,, (m3year) 10 100 1000
n 22.2 33.3 44.4 22.2 33.3 44 .4 22.2 33.3 44.4
(=d/d,)
U (%) | t=6 month 68.5 48.4 36.4 72.6 51.5 38.0 73.3 52.1 38.6
t=23 month 94.9 83.2 71.3 96.5 86.0 73.9 96.7 86.4 74.5
H=3m;S,( D) =125 4 ~ 1S(9E8), Jmr279 mrp
q,, (m3year) 10 100 1000
n 22.2 33.3 44 .4 22.2 33.3 44 4 22.2 33.3 44 .4
(=d./d,)
U (%) | t=6 month 71.3 514 38.8 76.0 53.8 42.0 76.4 55.0 42.5
t=23 month 95.8 85.1 73.7 97.2 87.7 77.3 97.3 88.5 77.8
H=4m;S( D) =144 1~ 154(868), Jma73 mn
q,, (m3year) 10 100 1000
n 22.2 33.3 44 .4 22.2 33.3 44 .4 22.2 33.3 44 .4
(=d/d,)
U (%) | t=6 month 74.2 54.4 43.2 78.6 57.8 45.8 79.2 59.1 46.2
t=23 month 96.5 87.0 76.6 97.7 89.5 79.8 97.8 90.2 80.2

U (%)=] S,(t)/S,( DI190% andS, ()= U (%)2S,( B) 1 / 1 00 %







THREE DIMENSIONAL
NUMERICAL MODELING OF
PVD IMPROVED GROUND

(Flac3P Analysis)



SUBSOIL CONDITIONS OF
TESTING EMBANKMENT AT

Nong Ngu Hao (NNH) FIELD SITE
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Depth (m)

Soil type

0~2 Weathered Clay
2~8.5 Very Soft Clay
8.5~12 Soft Clay
12~16 Medium Stiff Clay
16~below Stiff Clay
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MODELING OF
WELL RESISTANCE
AND
SMEAR EFFECT



Loading

[ ]

Ke




Sources Discharge Lateral Pressure
Capacity kPa
md/year
Jamiolkowski et al. (1983) 10-15 300-500
Den Hoedt (1981) 95 50-300
Kremer et al. (1982) 256 100
Kremer (1983) 790 15
Hansbo (1979) 50-100 Not given
Ricner et al. (1986) 100 Not given
Van Zanten (1986) 7901580 150-300
Holtz et al. (1989) 100-150 300500
Lawrence and Koerner (1988) 150 Not given
Koda et al. (1984) 100 50
De Jager et al. (1990) 3151580 150-300
Bergado et al (1996) 30-100 Field Tests




Z z
4,
i _
;b soil
PVD
Ke
smear K H
zZonhe
i rA7
g [ 71/,
B ey <«
¥ le S
S I
in field condition equivalent

horizontal permeability



NUMERICAL MODELING OF
PVD IMPROVED UNIT CELL

(Flac3P Analysis)



Loading 40kPa

ne

f11folI1H1F*

I'e=0.75m
|l ———————————

Tw

0.025m

%

AV
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il

VIV
(WA VILVIY

w@\/ 7 \/\@A
o K_vq!

VAN

10m
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Solil |Loading g o} ] 4 0 K G
model | (kPa) | (kN/m3) | (kN/m3) | (kg/m3 (kPa) | (kPa)
Linear| 45 | 145 | 720 | 743 |0.7| 1800 | 460
elastic
Ch kh ks ke
(mé/day) (m/sec) (m/seg (m/seg
3.13E01 1.00E04 2.950E05 5.64E05




Drain length 10m

Cross sectional area 1003 3 mn?

Mandrel dimension 1503 45 mn?

Spacing Ratio:n =d/ d, 30

Smear ratio: d/d,, 2.4
H r r. I r o K,
(M) (M) (m) (m) | (m) | (m3yr) | (m/day)
10 0.025 | 0.03 0.06 | 0.75 100 139.5
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3-D NUMERICAL MODELING OF
PVD IMPROVED GROUND

(Flac3P Analysis)



[ S4m:




1] i
] i
wr
i
s =1 Al 11
- ] i
= wr
FT i
= u
F1] A CH
FH \“
i gl i VgD uE
- \\n\ \\x\ H
NN g T
g a T Mg B O, i T
= —— 1 |1 HT1
...,....,.: N [ \\.\..\\..\\\qu A
iy o g o e OO HH-HHH
r.....rIH iy, 11 \\.IL.LL\ Ll a
By oA - H
Ny -1
[T T 7
FEEH =TT
T .rr.,J:rI.J|,|. H | |
ot iy e 111
5
rlHE = g I
|--1 B I =Ll =
1] - ./.....,..,.,...:.,
oy 5 - g g e 111 |
\...\\.. - e~ |
- ;,.frf{ﬁ 0l
e L | f//ﬁ I a
T H u a
1 Il [
[Tk a H
! 1 1 -
iy 1] H H
[ [
T [1] [ a
gy -
1] 5 |
] [
= 1 B




Equivalent Equivalent
Construction | Fill Height Incremental | Accumulative
Stage (m) Surcharge Surcharge
i s, (kPa) s, (kPa)
1 1.0 17.9 17.9
2 2.5 29.1 47.0
3 3.0 8.0 55.0
4 4.2 25.0 80.0
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Depth

9

K

G

M

P

(m) | (kN/m?) (kPa) (kPa) (kPa)

2~4 | 14.4 | 0.74 | 33.6E+03| 1.12E+02| 0.634|0.127| 0.9 |4.48E+01
4~6 | 145 | 0.71 | 5.60E+02| 1.59E+02| 0.569 | 0.114| 0.9 |3.41E+01
6~8 | 14.3 | 0.75 | 4.97E+02| 1.53E+02| 0.990|0.198| 1.0 |3.55E+01
8~10 | 14.3 | 0.74 | 1.02E+03| 2.19E+02| 0.573| 0.15 | 1.2 |6.37E+01
10~12| 15.4 | 0.67 | 1.39E+03| 3.62E+02| 0.421|0.084| 1.12 | 7.48E+01

Depth: 2~10m (very soft clay), 10~12m (soft clay)

Soil Parameter for Modified Cam Model
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Depth aq 0 K G C f u' )4
(m) (KN/m?) (kPa) (kPa) (kPa) | (deg) | (kPa) | (deg)
0~2
(weathered| 16.1 |0.72| 1.44E+05| 4.79E+04 | 30 28 [56.42| O
clay)
12~16
) 16.3 |0.67| 1.88E+06 | 4.91E+05| 20 30 [34.64], O
(stiff clay)
Backfill 18 3.33E+03 | 2.00E+03| 30 28 | 56.4 0

U=

c O /+tersion limits

Soil Parameter for Mohr-Coulomb Model




D(errlfl))th (cn|1(/hse§t (cmk/VseCt (Kefko | Cr | (Ki/ko)y (cmklsseﬁt
0~2 | 1.36E07 | 6.78E08 2 4 8 1.69E08
2~4 | 2.01EO07 | 1.00E07 2 4 38 2.51E08
4~6 | 2./3E07 | 1.36E07 2 4 38 3.41E08
6~8 | 2.73E07 | 1.36E07 2 4 38 3.41E08
8~10 | 4.12E07 | 2.06E07 2 4 8 5.16E08

10~12| 4.12E07 | 2.06E07 2 4 38 5.16E08

12~16| 2.33E07 | 1.1/7E07 2 4 38 2.92E08




Drain Configuration

Square Pattern

Drain Spacing : S 1.5m
Drain length : | 12m
Cross sectional areawidth a 2 thicknessb 1008 4 mn?
Mandrel dimension : 13 w 1253 45 mny
Equivalent diameter of PVD: d =(a+b)/2 0.052m
Equivalent radius of PVD: r, (=d,/2=(a+b)/4) 0.026m
Radius of the influence zone of the draint, (=d, /2) 0.847m
Spacing Ratio: n=(d,/d, )=(1.135/d,) 32.6
Radius of smeared zoner_ (=d,/2= 2 /2=4r /2 =2 ) 0.084m
Equivalent radius of the mandrel:r  (=d./2) 0.042m
Smear Ratio of Subsoil:(r,/r,)=(d,/ d,)=(2d,,/d,) 3.2




UlLuts (m3/q)zvea|) (m??/lvge() (Cnl1(/wse§t
1 day 100 3.17/E06 1.49E01
7 days 90 2.85E06 1.34E01
30 days 70 2.22E06 1.05E01
60 days 50 1.59E06 7.47E02
100 days 40 1.27E06 5.98E02
200 days 30 9.51E07 4.48E02




Sy=1.5m

]
30.5m’

PVD=13X13
Sy=Sx=1.5m
n=32.6

§=3.2
I'w=0.026

16m
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Settlement (cm)
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Settlement (cm)
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Contour of Z-Displacement

-3.3887e-00Z to 1.0000e-001
1.0000e-001 to 2.0000e-001
Z.0000e-001 to 3.0000e-001
3.0000e-001 to 4.0000e-001
4.0000e-001 to 5.0000e-001
5.0000e-001 to 6.0000e-001
£.0000e-001 to 7.0000e-001
¥.0000e-001 to B.0000e-001
8.0000e-001 to 9.0000e-001
4.0000e-001 to 1.0000e+000
1.0000e+000 to 1.1000e+000

1.1000e+000 to 1.2000e+000
1 2000e+000 to 1 F000e-+000

1.3000e+000 to 1.3249e+000
| rtera =1 oe-aai




Lateral Movement

Depth (m)
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At the End of Construction
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Contour of Y-Displacement
7 9231e-004 to 2 5000e-002
25000e-002 to 5.0000e-002
5.0000e-002 to 75000002
7 5000e-002 to 1.0000e-001
1.0000e-001 to 1.2500e-001
1.2500e-001 to 1.5000e-001

1.7500e-001 to 1.9952e-001
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Lateral Movement

Depth (m)

Latral Deformation at EOC (cm) Latral Deformation at END (¢
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Contour of Y-Displacement

Plane: on behind
0.0000e+000 to 2.5000e-003
2.5000e-003 to 5.0000e-003
5.0000e-003 to 7.5000e-003
1 TSDDDB_DDS tl:l 1DDDDB_DD2 |'|'|'|'|'|'|'|'|'|'-FI‘, R IIII.IIIIIIIIIIIh'.'.'.'.'.'.'.'.'.'.
1.0000e-002 to 1.2500s-002 o ————————————— i e S S

TT]1
1L
LIL
111

1.2500e-002 to 1.5000e-002 == i j

1.5000e-002 to 1.7500e-002

|| 1.7500e-002 to 2.0000e-00%

|| 2.0000e-002to 2.2500e-002 I _2
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Total Pore Pressure

Total Pore Pressure (kPa
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Total Pore Pressure

Total Pore Pressure (kPa
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Contour of Pore Pressure

Plane: on behind
0.0000e+000 to
1.0000e+104 to
2.0000e+004 to
3.0000e+004 to
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|| 5.0000e+004 to
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Z=10m, u=70~80 kPa
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2-D NUMERICAL MODELING oF
PVD IMPROVED GROUND

(Plaxis Analysis)



PVD

(a) unit cell with Prefabicated Vertical Dr:

t;

H element

interface

(b) unit cell with interface element
closed consolidation boundary
pore water flow

thickness of interface element




T S
Discharge capacity: - E i
g, = 1000~10m%/day on imertace ||
smear ks K H
Well resistance :

kw= (a,/pr,?) m/day
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(a) unit cell with PV Dn ( b) unit cell with interface element

: closed consolidation boundary

________ » : pore water flow

: thickness of interface element

Smear effect ; k, = KK In(re/;W) | — (kh)ln(re/rw)
. ks In(re/rs)+ kh In(rs/rw) In(re/rs)+(kh/ks)ln(rs/rw)




Equaling the average
consolidation rate for both cases

, S=smear ratio=(Jr,)
n=influence ratio=(rJr,,)

5

, r,~=(b+t)/4




