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RD pile retaining walls Korsvagen station: Predictions versus monitoring
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\
Station i . 2
i Teckenfdrklaring
g N == Tunnel in rock
m: = Tunnel in soil/clay
Within Valigraven
(the moat)

—= Surface railway

[l Contract Olskroken
Contract Centralen

B Contract Kvarnberget
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Contract Korsvagen
Overall contract for track,
electrical signal and telecom
works (in Swedish BEST)

HAGA

Korsvagen
station
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Southern tunnel
Slotts-

skogen

Vastlanken EO5 Korsvagen design & build contract: NCC and Wayss & Freytag Ingenieurbau JV with COWI A/S as main designer
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Reference: T. Kasper, M.B. Steffensen, C. Maier, J. Wachter (2023): Deep excavation design for Korsvagen
underground railway station in challenging ground conditions. Forschung + Praxis, U-Verkehr und unterirdisches

Bauen, Vol. 59, STUVA e V.

KORSVAGEN 2

- KORSVAGEN 1 RD pile RO11 & R015 +5.85
+3£_9_uﬁu_l_l_u_l T I M| M~ RD pile wall consists of
o Lt LT 813 mm/t = 20 mm piles

oo [NJHL with steel grade S355 and
AN ;E ) : LU c-c spacing of 877 mm.
14.65 U HARNHT [P+ Final excavation -14.65

Design rock surface

Full face rock surface determined during pile drilling

Deflection monitoring results in this presentation are average values of the two red marked piles
Strut force monitoring results in this presentation are average values of the two red marked strut rows



Lime cement (LC) block stabilization of the whole

excavation volume:

* Increase passive resistance — reduce wall
deflections and optimize retaining wall system

* Ease excavation and muck handling / transport

40 kg/m3 30/70 % lime/cement binder type
for RD piles

2800 mm LC-COLUMN o

Clay at Korsvagen station: Sensitivity 20 -150
C active (kPa) 2533
wy (%) 75
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Plaxis model for RD pile R011 00 0 o VT oM DB o e e s s e oM Do A0 M MO

Mohr-Coulomb material model: . S S SN SEASRSA

. . E 8 A A VAVAVAVAVAVAVAVAVAN

* Fill (Drained) oon 3 S Y R N ATV A AV AVAVAV

. . 3 NN NN

* Layered Sand/Silt/Clay (Drained) 5 s AVANAVAVAVAN

 Stratified Sand (Drained) . o wwm,,,m

* LCstabilised clay on passive side I : B A D — St

: _ _ 3 BeEkEecacltens ~ Isteatified Sand /)
(Undrained (B), E =40 MPa, c = :
100 kPa, phi =0 according to TK E
Geo) e
NGI-ADP material model: s
Clay layers on active side L

Groundwater level at ground surface

Hoek-Brown material model:
Granite rock
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Toe support

Without toe rotational restraint

-4,00
: 'qv‘v.‘-n‘v‘v ,':'A~ AE Y
-16,00 4 AOGCD
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5 DoAY
= ""‘%‘
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-18,00 I AVaNy
-20,00 3
22,00 J
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% HaAVAYAY.

WAVa¥s s L5 (AVAVAVAVIRRRSTY) AT % &5 nraVAVAYA

SSAB’s RD pile manual proposes low toe rotational stiffness for 3
diameter rock embedment length. 2 diameter embedment was
chosen to minimise rock drilling.

-> Design was therefore based on calculations both:
- Without toe rotational restraint (simple horizontal toe support)
- With toe rotational restraint (embedment modelling)

With toe rotational restraint

|

| JETINJEKTERING / JET GROUT

3. INJEKTERING AV GLAPP RUNT PALE | JORD SKA UTFORAS VIA

KK 16,00 SEPARATA ROR FOR INJEKTERINGSUTRUSTNING, SOM BORRAS FRAN
\J

AV TATAVIT AT AN TR N TATATAS A VB %
AN T
- L/ AY,
X ‘A"‘.""“‘.'A‘A'A:A

; PR eesbocacee oo MARKYTA TILL OVERKANT BERG PA VARDERA SIDA AV RD-PALAR. /
L 8 ATy 15 5% el : ,
ok X :’?A'%it 'ﬂ&'gﬁ'ﬁ.’:{: Al L 3. GROUTING OF THE OVER CUT ANNULUS IN SOIL SHALL BE DONE /

AOCUOOE R NS Via A SEPARATE GROUTING PIPE DRILLED FROM TERRAN UNTIL TOP

OZSKREPOREINANA OF ROCK ON EITHER SIE OF THE RO-PLE

2. INJEKTERING AV GLAPP RUNT PALE VID BERGFORANKRING OCH
VID UNDERKANT PALE SKA UTFORAS VIA SPONTLASENS

WaVa'
PAVA LS s &
S \WAVAVAVAVAY.S: & §

evvvevs Bl

KXRXRXRXXRXXX

—— 1. GJUTNING AV 2 m
BOTTENPLUGG /
1. CONCRETING OF 2 m
BOTTOM PLUG.

2. GROUTING OF ANNULUS IN ROCK EMBEDMENT AND THE PILE

INEKTERINGSKANAL. / e /
TOE SHALL BE DONE VIA THE LOCK INJECTION CHANNEL, —— |

SEKVENS FOR INJEKTERING AV RD-PALAR / SEQUENCE FOR

J

1500 /
1650

L

GROUTING OF RD-PILES
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Res!.|lts _ With toe rotational restraint
Design calculation: 10 . .
First excavation:
No markers — , . ,
Excavation | I_: - * 20 mm wall deflection (uniform
compression of the LC block)
Measured:
. calculated
With markers oo 0 . 3 deflecti d aft
/50 b0 s | 1 mm ? e§ ion m(.easure after
- - e excavation, increasing to 10 mm after
T ]
; -5 —  strut installation
it )
Lime cement (LC) stabilised clay ©
= —B=ifi - -10 q>)
,i,f'ﬁ,/’ m
S -15
' Rock level
"““”"E,;T.”J“,.‘r'fi‘n".,.,z)/‘ -/ U

Wall deflection [mm] 22
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Elevation [m]o

Resylts _ With toe rotational restraint
Design calculation: 10
No markers = =
Struts prestressed —p 1 _
Measured:
With markers e-e-= 0
150 100 50 0 5
‘ -5
‘%%:‘«
L= .| Lime cement (LC) stabilised clay 0
o | Ly
,i,i,,q \ ‘
'3
B i ! é -15
L \\
' '
Rock level \
““““"Epéffﬁi.i'fi‘n".,.vg)/‘ ' -ZU
l
25

Wall deflection [mm]

Prestressing of first strut level:

Measured backwards deflection
smaller than calculated ->
soil stiffness higher than assumed
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Res!.|lts . With toe rotational restraint
Design calculation: 10 .
Excavation to second strut level:
No markers — .
'5 * 30 mm measured until end of
excavation
Measured:
With markers ee—e- Excavation . 0
158 +60 5 . © =0
[ ] | |
— — . -
. A -5 —
= . S
Lime cement (LC) stabilised clay ©
Bl 5 -10 >
, @
,i,f'ﬁ,gf” LL]
AT e -15
' Rock level
/‘ -zU
25

Wall deflection [mm]
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Results
Design calculation:
No markers —

With toe rotational restrair11(’)c

Measured:

With markers sas Struts installed —

Second strut level installed over a 2.5

months period:

e 20 mm additional measured
deflection due to LC stabilised clay

A 1 i 0 i consolidation
1 5 U 1LUU ) 9 0
S - o - | |
- =5
, 5 E
- c
- O
Lime cement (LC) stab =
B - >
,iffffffq m
RO11 Deflection development at level -5.4
T s | - 1 5 90 . .
- 80 f .I} Y >
' Rock level g S
e TAn o AT - 2 O % 30 f ?
20 ? ! ?
. - 2 5 0 l . ; . 1
Wa I I d efl ectl O n [ m m ] 31-10-2021 08-02-2022 19-05-2022 27-08-2022 05-12-2022 15-03-2023 23-06-2023 01-10-2023

Date
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Results
Design calculation:
No markers —

With toe rotational restrai?(;c

Second strut level prestressed:

,;'5 e Measured backwards deflection
Measured: Struts prestressed s smaller than calculated ->
, ' with 4500 kN // soil stiffness higher than assumed
With markers e-e-- - 0
—>
156 — S56—% 5 =50
e T .,o,’ c
! -5 —
AN C
b o
Lime cement (LC) stabilised clay | §
\ "Q i)
,i,f'ﬁ,gf"’ ; ) \ Q LL]
| \\ < RO11 Deflection development at level -5.4
Q
T | : \ Q '15 ) . . o .
- \ © b b
\! ! ! !
' Rock level \ go N il O
"“““"”,AT.”!T.?'E“JH".,.VUJ‘ \ - Z U E 50 f b }/‘ 'I}
Ps %40 I 0/6: . E
: -25 o ) . :
Wa | | d efl ectl O n [ m m ] 31-10-2021 08-02-2022 19-05-2022 27-08-2022 05-12-2022 15-03-2023 23-06-2023 01-10-2023

Date
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Results
Design calculation:
No markers - —

With toe rotational restrai%

Excavation to third strut level:
° e 20 mm additional measured

> deflection until end of ti
eflection until end of excavation
Measured:
With markers « « « Excavation o
150 100 0 -50
e —— e -
— . -5 =
° -
o = o O
o (C
= | Lime cement (LC) stabvlllsed clay 10 ©
' 2
LLI
RO11 Deflection development at level -5.4
-15 o . .
i T o + |
' Rock level o |4 O S
"f‘1“2"5.,;7.”!“,.‘![1‘{.,.“)/‘ A % ” f ° ?
R A e
i -25 ? I 9 I . 3
Wa | I d efl eCtI O n [ m m ] 31-010-2021 08-02-2022 19-0;-2022 27-08-2022 ° 05-12-2022 15-03-2023 23-06-2023

Date

01-10-2023
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Results
Design calculation:
No markers - —

With toe rotational restrair11(’)c

Third strut level installed over a 3
months period:

5 .
Measured: * 15 mm additional measured
With markers . . deflect.lon .due to LC stabilised clay
o 100 b 4o consolidation
- - e Additional deflection at strut level 1
=i
- " Struts ins:csalled iz & 2 due to temperature effects and
= = 2 northwards deflection of both north
—— i Lime cement (LC) stabilised clay % and south wall
L
RO11 Deflection development at level -5.4
i 15 o to——
- 80 + ) . ——
J Rock level e | i ﬂ"’"’“ -
=20 | . b A }
T % 40 ; ./-r‘ } L :
[ (.
25 | R ;

. 0 .
Wa | | d efl ectl O n [ I I I I I I ] 31-10-2021 08-02-2022 19-05-2022 27-08-2022 05-12-2022 15-03-2023 23-06-2023 01-10-2023

Date
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Results
Design calculation:
No markers - —

With toe rotational restrai%

Third strut level prestressed:

S : e Measured backwards deflection
Measured: Struts prestressed 7 - smaller than calculated ->
. . , / . . .
. with 6500 kN soil stiffness higher than assumed
With markers ee- S . 8
b 4 /7
150 100 ’80,’ 0 50
L - o /
= | ) Ir / 5 E,
, ' s )
. ), c
=1 == Y o
[ — T/ rU
= | Lime cement (LC) st'alolllsed clay . ©
: \ » @
\ LLI
* \ ‘\ RO11 Deflection development at level -5.4
RN -15
LY 0 t——n
- \\\\ 80 f ? . )  —
' Rock level \ e — /’_@N““"““’
/‘ —0 %50 t ’ .t _,/': t
t %40 I o/fz ° E
. 25 i S D
Wa I I d efl eCtI O n [ m m ] 31-10-2021 08-02-2022 19-05-2022 27-08-2022 Date 05-12-2022 15-03-2023 23-06-2023 01-10-2023
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Results
Design calculation:
No markers —

With toe rotational restraiq’g

Final excavation:
* Onlyslight increase in measured wall

’ deflection in | t of wall
eriection in ijower part or wall.
Measured: P
With markers - 0
150 100 0 0 —EIJQ
D T E
_5 —
-
— o= @)
S
e O
I E i '10 >
| Excavation L
T I RO11 Deflection development at level -5.4
S e | g 90 . . o .
. 80 ¢ t . ¢ =
J Rock level g | 4 — P ‘L""""‘B‘“"‘
- -25 10 T L ’ ® :
Wall deflectlon [mm] 31-010-2021 ¢ 08-02-2022 19-0;-2022 27f08-2022 ° 05-12-2022 ¢ 15-03-2023 23-06-2023 01-10-2023

Date
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RO11 strut forces and temperatures

12000 40
11000 20
10000 0
9000 -20
8000 ——Force, Strut Level 1 -40 E
é 7000 ——Force, Strut Level 2 -60 g
v ©
(&) —
5 6000 ——Force, Strut Level 3 80 ¢
5 5000 ——Temp. Level 1 -100 E.
7 Temp. Level 2 E
4000 erp. leve Yty onlivuith 120 &
3000 —Temp Level 3 -140
2000 -160
1000 prirsdilioarcommiig -180
0 -200
31-10-2021 08-02-2022 19-05-2022 27-08-2022 05-12-2022 15-03-2023 23-06-2023 01-10-2023

Date

Measured strut forces notably smaller than calculated (except strut level 1)
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Observations:

1. Measured backwards deflections due to prestressing of the struts are smaller than predicted, i.e. soil
stiffness higher than assumed.

2. Measured deflections in lower part of the wall overestimated in all stages.

3. Significant increase in wall deflections during the strut installation phases of 2 to 3 months due to (full)
consolidation of the LC stabilised clay, i.e. transition from initial undrained to (fully) drained behaviour.

4. Second and third strut level: Measured wall deflections after excavation (undrained LC stablised clay)
are smaller than predicted. They increase during strut installation (drained LC stabilised clay).

5. Measured strut forces are smaller than predicted.
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Back analysis:

A first attempt of a back analysis to better represent the observed behaviour:

1.

ok wWN

Soil stiffness calibration to match the backwards deflections due to prestressing of the struts. (Strut
prestressing represents a large scale horizontal plate load test on the soil on the active side).
Reduce ground water level on active side by 1 m to actual measured level.

Lower the rock level by 1 m to actual measured level.

Remove the 20 kPa surcharge load.

Increase rock support to RMRbas60-80 = average value indicated in MUR Rock instead of RMRbas40-60.
Increase of wall stiffness between level -10 and toe of the wall to consider the pile strengthening

with welded plates and concrete infill with HE300B.

Drained (phi’ =32 deg, ¢’ = 0) LC block modelling to reflect the observed consolidation, and reduce
stiffness over depth from constant E = 40 MPa to 40 MPa at the top decreasing linearly to 3 MPa at the
bottom since the wall deflections would otherwise be notably underestimated and since missing
column overlap with depth is assessed to lead to a notable stiffness reduction (hypothesis). Regarding
3 MPa at the bottom, note M, =9 to 19 MPa and M = 0.75 to 1.3 MPa for the untreated clay.

Wall deflections for strut level 3 onwards corrected (based on temperature corrected strut forces).
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Soil stiffness increase factors (Gur in NGI-ADP model and E in MC model) to match backwards deflections

L VANVANVANZAN 20

48,00

Spotcheck: Stiffness increase factors for the Sands agree with the ratio between average
stiffness data in the MUR Geo and the cautious parameters used in the design
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Results
Design calculation:

No markers ——
Original Comparison

Measured:
With markers -eee- ?
P
g
s ——

/ ‘ i
e i : :
i : 150 100 50 : b

< _ | | -5
-10
WWW/WW/»% —tH—
II -15
s -20

Wall deflection [mm)] "2

Elevation [m] g

Back Analysis

10

150

100 50 0

Wall deflection [mm]

-10

-15

-20

-25

Elevation [m] &
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Results
Design calculation:
No markers —

Measured:
With markers e

S ————— 2 ST
! S
! —B=if-
g g
==
B i

Original Comparison

150 100

-25
Wall deflection [mm]

Elevation [m] &

Back Analysis
E (LC clay) = 40/3MPa

E (LC clay) = constant 40MPa ——

10

150

100

Wall deflection [mm]

-25

Elevation [m] S
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Results
Desig:m calculation:

No markers —
Original Comparison

Measured:
With markers e 10
5
iifi_i ] — 7;7_ :E‘-,
‘i_‘_._.t-’ i Ha= O
— : 150 100 -50
— =il 5 £
C
©
-10 o
>
@
- L
' .15
| 220
25

Wall deflection [mm] ~

150

Back Analysis

100

Wall deflection [mm]

-25

Elevatioh [m] &
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Results
Design calculation:
No markers —

Measured:
With markers eee-

_:_.E‘t
= .L’ ] ===
= -

! =1l 8

. &

o ——

W

150

Original Comparison

10
5
0
100 0 0 -50
s K
n
0
o
-10 g
@
Ll
-—
-20
25

Wall deflection [mm] ~

150

Back Analysis

10

100 0

Elevation [m] &

Wall deflection [mm]
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Results

Strut force

12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0

RO11 strut forces and temperatures

——Force, Strut Level 1
——Force, Strut Level| 2
——Force, Strut Level 3
—Temp. Level 1
—Temp. Level 2

——Temp. Level 3

40
20

0
20
-40
-60
-80
-100
-120
-140
-160
-180
-200

31-10-2021 08-02-2022 19-05-2022 27-08-2022 05-12-2022 15-03-2023 23-06-2023 01-10-2023

Date

Strut temperature [°C]

Original Comparison:
Solid lines

Back analysis:
Dashed lines — — —

Measured strut forces are
now shown as temperature
corrected values
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Summary and conclusions from back analysis:

1. Good agreement of wall deflections has been achieved.
2. Improved agreement of strut forces has been achieved, but actual strut level 2 & 3 forces are

still smaller.
A better understanding of the influence of various parameters has been achieved.

4. Further evaluations are ongoing.

w
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